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Les brillants résultats atteints par la recherche scientifique
au cours de ces derniéres anndes en se servant de techniques
trés fines, ont permit de déterminer la structure de beaucoup
de macromolécules d’intérét biclogique. Parmi ces molécules
gigantesques ont été étudices celles de l'insuline, de la myoglo-
bine, de I’hémoglobine, certaines hormones protéiques et, enfin,
les acides nucléiques.

Ces résultats ont contribué d’une fagon tré considérable 4 la
connaissance des rapports entre la structure des systémes molé-
culaires les plus complexes — tels, par exemple, les virus, les
génes, les chromosomes —, et la fonction biologique de ces
systémes macromotéculaires.

[.a connaissance de la structure primaire des protéines est
subordonnée 2 la connaissance du poids moléculaire, de la na-
ture des amino-acides qui censtituent les chaines protéiques et
de la séquence selon laguelle ces amino-acides se succedent le
Jong des chaines. La structure secondaire est déterminée par la
forme de la chaine formée par les différents amino-acides, tan-
dis que la structure tertiaire peut étre définie seulement, lors-
gu'on connajt aussi la conformation, & savoir la forme défini-
tive acquise par la molécule toute entiére a travers des replie-
ments particuliers. Ainsi, par exemple, dans les molécules de
la myoglobine et de I'hémoglobine, les caténes polypeptidiques
sont repli¢es d’une manidre accentuée antour du groupe central,
dit groupe prosthétique, ainsi qu’il résulle des madéles struc-
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turels oblenus par Kenprew ef PERUTZ respectivement, sur la
base d'une étude roentgenologique trés approfondie de leur
structure.

11 convient de souligner, toutefois, que les résultats obtenus
jusqu’ici représentent le fruit des recherches effectudes par des
chimiste, des physico-chimistes, des physiciens, des biologistes
et des physiologistes qui, grice & leurs études spécifiques ont
contribué A la connaissance des liaisons qui existent entre la
structure moléculaire et Vactivité biologique.

Presque tous les processus métaboliques sont catalysés par
les enzymes qui, comme on le sait, sont constitués de molécules
protéiques. A son tour, la synthése des protéines est contrélée
par les genes, et il est {rés probable que chaque géne contréle
la synthése de chaque enzyme particulier et détermine la struc-
ture spéeifique de la protéine.

Cependant la partic essentielle du géne n’est pas constituée
par des protéines, mais par d’autres macromolécules, c. 2 d.
par des acides nuciéiques. Ces derniers pouvent étre de deux
types différents; I'un peut étre Pacide désoxyribonucléique
(DNA), et l'autre, 'acide ribonucléique (RNA); ce dernier cst
typique pour cerfains petits virus,

Au point de vue chimique, les chromosomes sont composés
de DNA et de protéines, tandis que le RNA est présent seule-
ment dans quelques stades du cycle de la reproduction cellu-
laire et il manque de fagon absolue dans les spermatozoides,

Par conséquent, on peut exclure que le RNA ait la tAche
de transmettre les premiéres informations héréditaires dans les
organismes supéricurs, Pour pouvoir transporter 'information
génétique, les acides nucléigues sont disposés de felle fagon
qu'ils constituent ce qu’on appelle le « chiffre chimique », for-
mé d'une répétition régulire d'une certaine séquence qui est
réitérée régulicrement sur toute l'extension de la macromo-
lécule.

Chaque fois qu'une cellule se reproduit, il est nécessaire
qu’il existe un « couple » d'informations génétique dont e but
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est d’assurer & la « cellule fille » la coniinuité des caractéres
propres de la « cellule mére ».

Cependant, de nombreux doutes et beaucoup d’incertitudes
empéchent encore 'élucidation de la succession compliguée des
évenements aboutissant a4 la reproduction cellulaire crdonnée
ou chaotique.

De toute fagon, il existe des présuppositions qui permettent
d’espérer que bientét on powrra connaitre a fond la repro-
duction et la structure du matériel génétique, comme on con-
nait déja, du reste, la structure des systémes moléculaires plus
simples et te mécanisme de leur activité biclogique.

La présente Semaiue d’Etude se proposait donc de faire le
point sur 'état actuel des connaissances dans ce domaine et
elle poursuivait le triple but:

1) d’examiner les données acquises jusqu’a présent, afin
d’établir les relations éventuelles entre la structure chimigue et
spatiale des macromolécules d’intérét biologique, dun cdté,
et les fonction spécifiques, dont elles sont chargées dans les
Hres vivants, de Yauire;

2} de jeter les hases des recherches ultérieures aptes a
élucider le mécanisme compliqué de 'interaction entre les dif-
férentes moléeules d'intérét biologique, afin de pouvoir, entre
aufres, trouver des moyens appropriés pour la lutte contre les
maladies moléculaires ¢t les affections virales;

3) d’attribuer au probieme des systémes macromolécuiai-
res d’intérét biologique la place qu’il mérite dans le plus vaste
probléme de la vie, sans abandonner, cependant, le domaine de
la recherche expérimentale, en évitant ainsi les extrapolations
faciles, ingénues et sans fondement qui exercent une si grande
influence sur la formulation des théories concernant 'origine
de la vie,

PiiTro SALVIUCCI

Chancelier de P Académie



LA SEMAINE D’ETUDE
SUR LE PROBLEME DES MACROMOLECULES
D’INTERET BIOLOGIQUE
AVEC REFERENCE SPECIALE
AUX NUCLEOPOTEIDES



Le but des « Semaines d'Etude » de I'Académie Pontificale des
Sciences a été ainsi défini par son premier Président, S.E. le Rév.me
Pere Acosting GuMmeLrr O.17.0M.:

« Tandiz qu'on fixait, aprés sa fondation, les travaux de 1'Aca-
démie, un problme se présenta bien vite avec évidence: les sciences
posent chaque jour des probiémes nouveaux qui donnent lieu d’ordi-
naire & divers essals de solution, souvent contradictoires. Il arrive
ainsi constamment qae parmi les représentants les plus autorisés
d’une science ef, en particulier, entre ceux qui se sont consacrés a
I'étude G'une méme question, on renconire des opinions epposées,
De pareilles divergences se maintiennent parfois pendant de longues
périodes et constituent 4 la fois une grave difficulté pour 1'enseigne-
ment des sciences et fréquemment aussi un obstacle considérable 2
leur développement. I¥ailleurs, l'expérience montre que les mé-
thodes actuellement pratiquées dans la discussion des problémes
scientifigues, n’ont qu'une efficacité limitée au point de vue de
I'établissement d’une unité de doctrine. 11 serait hautement souhai-
table de promouvoir tout ce qui pourrait favoriser une entente sur
les points en discussion,

« Un tel procédé semble devoir étre particuliérement utile sous
ce rapport; savoir établir des contacts personnels prolongés entre
quelques représentants d’opinions différentes an sajet d'une ques-

tion déterminée »,
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Dans ce but, 'Académic Pontificale des Sciences a réalisé une
nouvelle « Semaine d’Etude » ayant pour titre: « Le Probleme des
Macromolécules d'intérét biologique avec référence spéciale aux nu-
cléoprotéides » (1),

Bien que ces derniers temps un travail intense ait été fourni sur
les divers aspects de ce probléme, il restait cependant quelques ques-
tions de détail & résoudre, et de nouvelles questions s'étaient de plus
posées pendant ces dernidres anndes,

Etant donné qu’on n’avait pas encore provoqué un débat appro-
fondi 4 ce sujet et que le moment semblait propice pour le faire,
I Académie Pontificale des Sciences s’est proposée de réenir un nom-
bre restreint de savants spécialistes de la question. Son bui était
de recueillir, an cours d’une discussion approfondie, les synthéses des
nombreuses recherches effectuées dans ce domaine; de formuler clai-
rement 'état des différents probitmes gui s’y rapportent; et par la
de pouvoir fixer les directives de recherche les plus logiques, les
plus persuasives et les plus prometteuses, étant donné I'état actuel
de la science.

A cet effet ont été invités par I'Académie des experts qualifiés
en chimie, en physico-chimic, en physigue, en biologie et en phy-

("} Cette « Semaine d'LEtude » sur « Le Probléme des Populations Stel-
laires » est Ja quatritme de Ja série.

La premiére « Semaine d'Etude » a cu lien dn 6 au 13 jnin 104
elle a ¢té dédide an « Probleme biologique du Cancer », et a ¢lé p:eszdvv
par I'Académicien Pontifical 5, T, Prirro RONDONI, meesaeur de Patho-
logie Géndrale et expérimentals & 1'Université de Milan; y ont participé
personellement 15 savants tandis que 3 autres ont envoyé des mémoires.
Tes comptes-rendas de la « Semaine d'Elude » ont 6é publids dans le

-eme volume des « scripta Varia » de 1'Acaddmie; ils représentent un vo-
lumo de 3064 pages,

La deuxiéme « Semaine d'Etude » & en lien du g an 26 novembre 1957;
elle a été dédide au « Probleme des Microséismes », et a &té presidée par
I"Académicien Pontifical 5. 15, Francesco Verciinr, Directeur de I'Institut
Thalassographigue et de I'Observatoire Géophysique de Trieste; y ont par-
ticipd personnellement 15 savants tandis que 4 antres ont envové des mé-
moires, Les compies-rendus de la « Semaine d'Eiude » ont &é publids
dans le 7z-¢me volome des « Scripta Varia » de 1’ Académie; ils forment un
volume de 400 pages.

La hmswm( « Semaine d'Etude » a en liew du 24 avril au 2 mai 1955,
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gologic qui, grice A leurs études spécifiques ont contribué a la
connaissance des laisons qui existent entre la structure moléculaire
et Vactivité biologique.

La présidence de cette « Semaine d'Etude » sur « Le Probléme
des Macromolécules @’intérét biologique avec référence spéeiaic anx
nucléoprotéides » a &lé confide par le Président de 1'Académie Pon-
tificale des Sciences, S.KE. le Rév.me Monseigneur GRORGES LEMAT-
e, & I"Academicien Pontifical S.E, Arng Tiserrus, Professeur de
Biochimie a YUniversité de Uppsala, et Vorganisation générale au
Chaneelier de " Académic Pontificale des Sciences Dr. PIETRO SAL-
VIUCCI.

Ont ét¢ invitée a la réunion les savants suivants:

Prof. Dr. CuristiaN BosMER ANFINSEN, Directeur du « Labo-
ratory of Cellulary Physiology and Metabolism, National Heart
Institute ». - Bethesda, Md. (U.S.A).

Prof. Dr. Huperr CHANTRENNE, Professeur 3 U'Université libre
de Bruxelles et directenr du Laboratoire de Chimie biologique. -
Bruxelles (Belgique).

elle a été dédide au « Probléme des Oligodléments dans la vie végétale et
animale », et a ét¢ présidee par I"Académicien Pontifical, 5. E. Jost Maria
ALparupa Hrreera, Directenr de Plnstitut de Pédologic el de Physiologie
végétale de I'liniversité de Madrid, Secrétaire Géndral du Conseil Supérient
des Recherches Scientifiques d'Ispagne; y ont parficipé personnellement
19 savants tandis qu'un autre a envoyé un mémoire, Les comptes-rendus
de ja « Semaine @'Btude » ont ¢té publiés dans l¢ z4-tme volume des
« Scripta Varia » de 1'Académie; ils forment un volume de 630 pages.

La quatritme « Semaine d'Etude » a en lien du 20 au 28 mai 1457,
elle n 416 dédide au « Probléme des Populations stellaives », et a &té présidée
par FAcadémicien Pontifical Surnuméraire le Rév.me Pere Daxnn J. K.
O’Conxen, Pirectenr de ko « Specola Vaticana » de Castelgandolfo; y ont
participé personellement 21 savanis. Les comptes-rendus de la « Semaine
d’'Etude » ont été publiés dans le 16-tme volume des « Scripta Varia » de
I’ Académie; ils forment un volume de 615 pages,

L’organisation générale de chague « Semaine <'Etude » & 6&é confide au
Chancelier de Y Académie Pontificale des Sciences, le Dr. Prerro Sanviuvecr.
Toutes les réunions ont 6té tenues au Sitge de VAcadémie A la « Casina i
Pio IV » dans les Jardins dn Vatican,
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Prof. Dr. Erwin Cuarcarr, Directeur du Laberatoire de Chimie
cellufaire et professeur de Biochimie & la Columbia University.
« Cell Chemistry Laboratory, Department of Biochemistry, Colum-
bia University ». - New York, N.Y. {(US.A)).

S.E. Prof. Puter Joser WiLvtiam Desve, Académicien Pontifi-
cal, président du « Depariment of Chemistry » de la « Cornell Uni-
versity », - Ithaca, N.Y, {U.S.A).

S.E. Prof. Grorgr Cuarris D Hevesy, Académicien Pontifical,
professeur de Biochimic & V'Université, - Stockholm (Sudde).

Prof. Dr. Hemz L. Iranvken-Cosgar, Chercheur virologiste au
Laboratoire des Viras de la « California University » et professeur
de virologie & la Section de Virologie. - Berkeley, Calif. (U.S.A.).

S.E. Prof. Dr. Grorpano Gracomerro, Académicien Ponlifical,
professeur de Chimie pharmaceutique et directeur de 1 Institut de
Chimie phanmaceutique et toxicologigue & 1'Université. - Roma
(Ttalic).

Prof. Dr. Frangors Jacor, Chef du Service de génétique micro-
bienne de I'Institat Pasteur. - Paris (France).

Prof. Dr. ¥ruramm KarcHanski, Directenr du Service de bio-
physique au « Wetzman Institute of Science ». - Rehovoth (Lsragl),

Prof. Dr, Joun C, Kenprew, Vice-directeur du Groupe de biolo-
gie molécnlaire du Censeil des recherches médicales pros le « Ca-
vendish Laboratory ». - Cambridge (Grande-Bretagne).

Prof. Dr. Incvar Liwnevist, Professeur chercheur adjoint & la

« Uppsala Universitet Kemiska Institutionen ». - Uppsala (Sudde).

Prol. Dr. IFrrrz Liraann, Professcar de Chimie biologique et
membre du « Rockefeller Institute ». - New York, NY. (U.S.A).

Prof. Dr. Avronso Mawxia Liguorr, Directeur de 'Instituté de
Chimie physique de I'Université ». - Napoli (Italic).

Prof. Dr. Marteew MesgLson, Professcur de Biologie moléeu-
laire & la « Harvard University ». - Cambridge, Mass. {U.S.A.).
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S.E. Prof. Dr. Paur San-Teuire MizusHina, Académicien Pon-
tifical, directeur de 'Institut des recherches scientifiques « Yawata »
de I'Université de Tokyo et professenr émérite de Chimie & la méme
Umiversité. - Tokyo (Japon).

Prof. Dr. Max Ferpinang Prrutz, Directeur au « Medical Re-
scarch Council Laboratory for Molecular Biology ». - Cambridge
(Grande-Bretagne).

Prof. Dr. Paur Purzavs, Professear de Biochimie 4 I'Université
catholique. - Lowwvain {Belgique).

Prof. Dr. Suvio Ranzi, Directear de Institut de Zoologie de
PUniversité de Milan, professear de Zoologie 2 la méme Université, -
Milano (ltalie),

Prol. Dr. Avexanpir Ricn, Professeur de Physique biologique
au « Massachusetts Institute of Technology ». - Cambridge, Mass.
(U.S.A).

Prof. Dr. AvLessannro Ross1-Fanernl, Directeur de VInstitat de
Chimie biologique de I'Université, - Roma (ltalie).

Prof. Dr. Micurr Ruslo Husrres, Chercheur scientifique &
PInstitut de microbiologie « Jaime Ferran » du « Consejo Superior
de Investigaciones Cientificas », - Madrid (Espagne).

Prof. Dr. Gernarn ScHraMM, Directenr du « Max-Planck-Insti-
tut fiir Virusforschung » de Tubingen et professeur 4 la méme Uni-
versité, - Tubingen {Allemagne).

Prof. Dr. Noris Siuipranpl, Direcleur de Ulnstitut de Chimie
biologique de FUniversité de Padone, - Padova (Halie).

Prof. Dr. Sel SemcrLyan, Professeur de Mierobiologie 4 1'Uni-
versité d'lilinois. - Urbana, M. {U.S.A)).

Prof. Dr. Huco TurerenL, Professeur de Chimie et directenr
du « Biokemiska Avdelningen, Medicinska Nobelinstitutet », - Stock-
holim (Sudde),
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S E. Prof. Arng Trsrrivs, Académicien Pontifical, Professenr
de Biochimie & 'Université. - Uppsala (Suéde).

Prof. Dr. Hans Turey, Professeur de Riochimie 4 'Université. -
Wien Autriche).

Prof. Dr. Paurn ZamucNick, Professeur d'Oncologic et directenr
du « Warren Laboratories » & la « Harward University ». - Boston,
Mass. (U.S.A),

Le Président de la « Semaine d’Etude » a fait appe! 4 sen col-
legue 1'Académicien S.J. Giorpano GIacomELLo pour [organisation
scientifique de Ja réunion A laquelie ont participé comme Secrétaires
scientifiques: le Dr. Craunio Borri en qualité de Chef du Groupe,
le Dr. Franca Asconr, le Prof. Grovamnt Glovanwozzr et le
Prof. ALESSANDRO VACIaGo, Secrétaire du Groupe: Mlle Arpuon-
SINE GRUBER.

Le « Riglement des Semaines ¢'Etude » prescrivant que le
nombre des Participants doit éire rigoureusement limité, a malheu-
reusement empéché d'inviter d’autres illustres savants,

Ont aussi participé a la réunion: en qualité d'interpréte et
chef de Secrétariat Mme VALENTINE PREOBRAJENSKI; en qualité de
sténographes polyglottes de séance Mlies Hermione MonTANER et
Pamira Surton; en qualité de sténo-dactylographes polyglottes
chargées des Procés-verbaux: Mlle Varuria Craja, Mlle JosgpHiNg
Lucas et Mme PauvrLerte Rossaipi; en gualitd de technicien pour
Ienregistrement et la projection, Mr Mauro ErCeLE, assisté par des
opératears de Radio-Vatican. Le Burcau de Presse était confié
an Dr. Frawcesce Sanviucen, coadijuteur du Chancelier de I'Aca-
démie.

Le Comité de Réception pour les Dames dirigé par Mme Hirgne
Lorri, était composé de la Comtesse Karna Carvi i Cornzo.
Mlle Grovanna Lorrr, Mme Paoiiwa Punzi.
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Les séances de la « Semaine d’Etude » se tenaient deux fois
par jour, le matin de g h. 30 & 12 h. 30 et Paprés-midi de 16 h. a
19 h.; chague séance était présidée par Pun des Parlicipants 4 la
réunion et les discussions des differents rapporls se déroulérent grou-
pées selen Vaffinité des sujets.

l.a réussite de la « Semaine d'Etude » a pleinement satisfait les
illastres congressistes qui ont voulu enveyer les télégrainmes sui-
vantes:

« 8. 1. GEorcrs Lemaltre, Président de 1'Académie Pontificale
des Sciences. Cité du Vatican. — Les participants & la Semaine
d'Erude sur les macromolécules d'intérét hiologique tiennent a expri-
mer an Président de 1'Académie Pontificale des Sciences leur sincére
et profonde gratitude pour les inoubliables journées fécondes en
importants résultats scientifiques passées au cours de la Semaine
d’Iitude dans I'accueillante atmosphére de la Casina Pio TV dans un
climat de parfaite liberté et indépendance. — ANFINSEN, CHAN-
TRENNE, CHARGARE, DEpyE, Di Hivesy, Frarskien-Conrar, GIACO-
MELLO, Jacos, Karcuarsi:, Kensrew, LINDQVIST, Lipman, Li-
gUorl, MusErson, MmusuiMa, Prrurz, Purzevs, Rawzi, Ricu,
Rosst-Fanvrrrr, Runio-HUERTOS, SCHRAMM, SILIPRANDL, SPIEGEL-
man, Tnarorsry, Tiserrus, Turepy, ZAMECNIK ».

« Dr. PietrRo Sanviucct, Chancelier de I'Académie Pontificale
des Sciences. Cité du Vatican, — Les Parlicipanis de la Semaine
d'Erude sur les Macromolécrles d'intérét Diologique remercient cha-
leareusement le Chancelier de 1'Académie Pontificale des Sciences
pour la parfaite hospitalité et les conditions idéales de travail qui
leur ont été offertes grice auxqguelles ils espérent aveir accompli un
trawvail ntile & la sclence et & humanilé tout entiére, —— ANFINSEN,
CHANTRENNE, CHARGAYY, Depve, D Havisy, TFRapNkEL-CONRAT,
GracoMiELLo, Jacos, Karcuarsxr Kenprew, LINnQvIsT, Lipman,
Liguorl, MeseLsoN, Miusuina, Prrotz, Purzevs, Rawzi, Rich,
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Rossi-Fawenn:, Rusio-Huerres, SCHRAMM, SILIPRANDI, SPIEGRYL-
Man, Turerirn, Tisgrius, Turepy, ZAMECNIK »,

A la fin de leurs travaux, les Participants & la « Semaine
d'Etude » ont tenu & exprimer an Saint Pére leur profonde gratitude
et Jeur trés sinctre admiration pour cette manifestation scientifique
si réussie, en envoyant & 'Auguste Pontife, anmimateur et mécéne
de TAcadémie, le télégramme suivant:

w Sa Sainteté le Souverain Pontife Jeanw XXIII. Cité du Vai-
can. .— Les participants de la Semaine d’8tude sur les macromolé-
cules d'intérét bioiogique, profondément attristés de n'avoir pu ex-
primer au Scuverain Pontife leurs sentiments de profond respect,
souhaitent un prompt rétablissement & Sa Sainteté. lis prient Sa
Sainteté de daigner accepter expression de leur admiration et de
leur gratitude pour les conditions idéales de guidtude et d’indépen-
dance qui leur ont consenti, grice & Sa Munificenze, de travailler et
d'avoir en pleine liberté des échanges de vues hantement profitables
au progres de la science ot de Phumanité, - Anrinsen, CHAN-
TRENNE, CHARGAYF, Dipye, De Hevesy, Frapvxer-Congat, Gia-
COMELLO, Jacon, Karcuarsxr, Kanpriw, Linpgvist, Lirsan, L
Quorl, Mesersown, MizusmiMa, Perurz, Purzevs, Ranzi, Ricu,
Rossi-Fanriny, RUBIC-HUERTOS, SCHRAMM, SILIPRANDI, SPIEGEL-
waN, TurorerL, Tiserius, Turry, ZAMECKIN »,

A ce télégramme Chommage et de remerciement, le Saint Pére
a daigné répondre par le message suivant, envoyé au Président de
la « Semaine d'Etude » 5.E. I'"Académicien Pontifical Arne Tisk-
L1Us et signé par Son Eminence le Cardinal Grovasny AMLETO
CrcoGrany, Secrétaive d'Etat de Sa Sainteté,

« Tris touchd sentoments exprimds par Parlicipants Semaine
Etude sur Macromoldcules Intérdt Fiologigue Sowverain Pontife ve-
nouvelle towl coenr remerciements pour message delical el vifs regrets
wavowr pu qccuetlliy personnellement illustres semainiers stop Se
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réjouissant échanges profitables de celte récente rencontre Sa Sain-
teté felicite volontiers Ses savanis hiles el encourage lewrs labeurs
en vue développement science véritable ».

Dans les pages qui suivent, aprés le « Réglement des Semaines
d’Etude », sont imprimés les rapports originaux présentés 4 Ja Réu-
nion, et les discussions qui les ont suivis.

Les « Conclusions » de la « Semaine d’'Etnde » sc trouvent a
la fin du présent volume,

Pendant la Semaine, les travaux scientifiques se pourswivirent
sans interruption sauf le matin du jéudi 20 pour visiter les Musées
Pio-Clementino, Chiaramoenti, Elrusque, Egyptien; le Braccio
Nuovo: les Galeries des tapisseries, des cartes geographiques; les
Stances et e Loggia de Raphaél, la Chapelle de Fra Angelico, la
Chapelle Sixtine, I"Appartament Borgia ct la Pinacothéque Vali-
cane avee lassistance du Prof. Comm. Tmirro Macr et du
Dr. Deccrecio Repie pe Campros de la Direction Générale des
Menuments de la Cité du Vatican.

s ont aussi visité la Bibliothéque Apostolique Vaticane et les
Archives Seerétes Vaticanes sous la conduite des Rév.mes Préfets
Mons, Marrine G1ustt et Pére Abbé Ansuimo ALsarmna, 0.5.B.
ot la Station de Radio-Vatican qui leur fut présentée par le Di-
rectenr, le Rév.me P. Anronio Strranizz 5.1

Au cours de la méme journée de jeudi 26, les Parlicipants et
leurs épouses dinérent a Castelgandolfo, ot les savants élaient atten-
dus par le Dr. Gr. Uff. Eario Bowomernl, Directeur des Villas
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Pontificales qui leur a fail visiter en détail Je Palais des Papes, les
ruines de la villa romaine de Domitien, Vex-Palais des Barberini,
ef les autres dépendances.

L’aprés-midi les Dames visitérent les Jarding de Ienceinte extra-
territoriale suburbaine du Vatican, tandis que les savants poursuivi-
rent leurs travaux dans une salle du Palais Barberini,

Le samedi 28 cctobre il y avait exactement vingt-cing  an-
nées que ce grand mécéne des hautes éudes que fut le Sou-
verain Pontife Pie X1 (Achille Ratti) déeida de fonder P Académic
Pontificale des Sciences avec le but précis d’honorer la science pure,
ot gquielle se trouve, d'en assurer la liberté ef d’en Tavoriser les
recherches qui constituent la base indispensable du progrés des
sciences appliquées.

Et ¢’est, en effect, par la date du 28 octobre 1¢36 qui précéde
la signature du grand Pontife, que termine le document officiel,
a savoir le Mot Proprio « In muilis solaciis », au moyen duguel
il créa I"Académic Pontificale des Seiences, placée sous la haute
el directe protection du Souverain Pontife et composée de soixante-
dix Académiciens Pontificaux appartenant 4 quelque Nation et con-
fession religicuse que ce soit et choisis parmi les spécialistes les plus
nsignes en sciences mathématiques et expérimentales du monde
entier.

Clest pourquoi, le Souverain Pontife avait choisi celte journée
pour recevoir tous les Académiciens Pontificaux présents 4 Rome
ainsi que les Participants & la Semaine d’Etude en une Audience
Solennelle an Palais Apostolique du Vatican en présence des Car-
dinaux se trouvant & Rome et du Corps Diplomatique accrédité pres
le Saint-Sigge,

Aprts I’Audience Pontificale aurait ¢ avoir lieu & la Casina de
Pie TV wne Séance Extraordinaire pour commémorer ie vingt-cin-
quitme anniversaire de la fondation de U Académie,

Maiheurensemente, aw  dernier moment, une légere indispo-
sition empécha le Souverain Pontife de réaliser son projet ot faute
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d’Audience, 11 eut amabilité de faire envoyer le texte dn discours
qu'll §’était promis de prononcer et qui fut lu par le Président de
I'Académie et suivi avec une attention recucilie par tous les as-
sistants (voir & la pag. xxx1).

Ensuite eut lieu la Séance Extraordinaire pour commémorer le
vingi-cinquitme anniversaire de la fondation de 1’ Academie,

L’orateur officiel fut 1" Academicien S.E. Sir Huen Storr TAvLOR,
un des premiers soixante-dix savants choisis poeur cette fois 1a por-
sonellement par le Pape TFondateur.

Suivirent les différents discours des Académiciens S.E. GrampBaT-
Tista Boming, SIE. Orro Hauwn, S.E. Epuarno Cruz Coxik et
S.E. Pavro-San-Icuiro Mizusnia,

Le Président de la « Semaine d’Etude » 5.1, Arng Tisrrius
voulut ensuite exprimer de vive voix toute le gratitude et les
remerciements des Participants a cette réunion scientifique qui fut

si bien réussie.

i.e lundi 30 oclobre le Souverain Pontife, qui ¢’était entretemps
rétabli, voulu, par un geste de paternelle bienveillance,, recevoir les
savants qui demcuraient encore & Rome.

La rencontre eat lien en une salle de I Appartement Pontifical au
Palais du Vatican.

Ce fut une Audience certes hors de l'ordinaire par I'atmosphéere
d’intime recucillement dans laquelle le Sain Pére a tenu 4 la con-
duire quasi comme une compensation en 'absence de la plus grande
solennité qui éfait en programme.
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Le Présidente LEMAITRE A celte occasion s’adressa au Saint Pére
en ces termes:

« Frés Saint Péere, laissez-moel vous exprimer Ja jole qui rempli nos
coeurs en voyani combien rapidement, et, nous Uespérons, combien
complétement Vous avez pu Vous remetire de lindisposition qui
nous a privé de I'Audience Solennelle que Vous nous aviex réservie.

« Vous avez bien voulu me permetire de prononcer les augustes
paroles que Vous avier préparées 4 cette occasion. Elles ont été un
précieux encouragement pour nofre Académie, en ce jour de son
vingtcinquiéme anniversaire. Elles resteront longtemps dans notre
mémoire comme un gage de paternclle bonté ef de sollicitude pour
notre Académie Pontificare des Sciences que Vous continuer a com-
bler avee munificence suivant exemple de vos illustres prédéces-
seurs le Pape Pie XI, fondateur, dont Vous avez donné le nom 4 la
médaille d’or que Vous nous avez donné de décerner au Professsur
Woodward, et le Pape Pie XIT d'immortelle mémoire qui I'a con-
duite 4 son plein développement.

« Je puis Vous dire que malgré la grande déception qui nous a
privé de Votre auguste présence, notre Session Pléniére, et plus en-
core la Semaine d'Etude sur les ~"Macromolécules d'intérét biologi-
que’” que Vous nous avez donné d'organiser a été un plein sucees.
Je suis Vinterpréte de fous les *'Participants”
feur profonde reconnaissance.

en Vous exprimant

u Les quelques privilégiés qui ont pu prolonger leur séjour & Rome
et sont ici préseats ont &t¢ particulicrement sensibles au bonheur
qu’ils Vous doivent de pouvoir Vous exprimer cux-mémes leurs
sentiments de gratitude et de filial attachement ».

Le Souverain Pontife répondit alors aux paroles du Président
Leaarree en Se félicitant des manifestations seientifiques de Son
Académie qui venaient de se dérouler ef Se plat & raconter, par des
expressions simples mais efficaces, certains épisodes qui Tud etaient
arrivés et dont 1l rattachait familicrement le souvenir aux activitds
des savants présents.

Le Saint-Peére S'entretint ensuite aves le Président LeMattre, les
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Académiciens Pontificaux, le Chancelier Sarviucer et les savanls
« Participants » 4 la « Semaine d’Etude » trouvant pour chacun
d’aimable paroles de félicitations et de souhaits,

L assistance exprima enfin ses remerciements an Saint-Pére pour
le don Inespérd qu'll avait daigné leur faire et — avec le regret pour
les Collégues déja partis — renouvela au Souverain Ponlife sa recon-
naissance émue ol sa profonde gratitude.

Enfin, le soir di méme samedi 28 octobre, un diner ¢’adien a
été offert, sclon de contlime, anx savants participants a la « Semaine
d'Etudes »,



LE DISCOURS DU SAINT - PERE



Messteurs,

Nous sommes hewreux de recevotr aujourd hui pour la pre-
micve fois le nowveau Président et les membres de votre ilusire
et docte assemblée. Ce jour anwiversawe de Noive Election se
trouve Stre anssi celui de la conséeration épiscopale de Pre XI,
le sage fondatewr, ow pour parler plus exactement, le restaura-
tewr de celte Académic qui s"honore du titre d’ Académic Pon-
tificale. Notve coniemtement est & aulani plus grand que vos
rangs se sont owverls récemment & d autres personnabids de
plusicurs pays, que recommandent leurs hauls mériles el
Udtendue de leurs conmaissances scieniifiques.

Répondani ¢ Nolre inuvilation covdiale, vous vous éles ras-
semblés depuis plusieurs jours pour temir une session pléniére
ginsi qu'une nowvelle semaine & éiude sur la sirdiuwre des
macromoldeules d’intérét biologique.

Laissez-Nous wvous vemercier de lout coewr de Iempresse-
ment avec lequel, malgré vos nombreuses occupations, vVOUs
avez vépondu & cette invilation, et vous dive la fierté qu’dprouve
I'Eglise de woir réunie dans la Cilé Valicane powr de savanls

échanges de vue une pareille élite de chercheurs.
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Vous constitues wvraiment, Messicurs, par la diversité de
vos origines ¢t pav la variété de vos compéiences, comme un
veflet fidéle du monde savant contemporain el vous allestez
Paccord complet qui a loujours existé entre I'Eglise et la vi-
ritable science.

Ce n'est pas, wvous le squez, par souci de fidélité & des
tradilions humanistes hévilées de la Renaissance, que I'Eglise
vous accuetlle. C'est dans la conscience d’accompliv 1o une
partie de sa mission constanie de méve et &’ éducatrice. Pavioul
ow clle s'est implantée, elle a toujours imprimé un élan rewmar-
quable au développement de la cultuve intellectuclle.

Tel était d’aillewrs le noble dessein que poursuivait Notre
Prédécesseur Pie X1 en [ondant, voici exactement un quart de
sigcle, I Académie Pontificale des Sciences. Ce but I avail con-
duit a insérer dans le texte dw motu proprio de Uinstitution la
luminense affirimation du premier Concile du Vatican sur les
rapports entre la foi el la raison, gu'il Nous plait de rappeler
wt: « Now seulement la foi et la vaison ne peuvent jamais
s'opposer, mais elles s'apporient une aide véciprogue ». Et le
méme Pontife en concluail: « C'est Nolve sowhait ardent ef
Notre ferme espérance que par cel Insiitul, qui est & la fois
le Notre et le lewr, les Académiciens Pontificaux contribuent
tougours davaniage e mieux aw progrés des sciences. Nous ne
lewr demandons rien d autre, car en ce dessein géndreux el
ce noble labeur consiste le service, en favewr de la vérilé, que

Nous attendons de lewr part » ().

() Motu Proprio in Muitis Solacils, 28 oct. 1936, A.A.S, 28, PPeoogar.
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Cetle altente est ausst la Ndire, soyez-en Dien persuadés.
Vous savez tous Uimportance que Nous atlachons personmnel-
lewment auw ravail intellectuel et & 'investigation scientifique.
Nowus avons toujours en d coewy d' emplover les loisirs que Nous
laissaient Nos diverses fonctions a des rvecherches d’ordre pasto-
ral et historique. Aussi est-ce avec joie gue Nowus avons salué
en son temps la création de voire Académie. Dans cette perspec-
tiwe, Nous tenons a dvoquer mujourd hud la mémoire de son
premier Président, Agostino Gemelli, qui §'est montré fidéle &
Uadmirable programme lracé par wvolve fondatewr: sa vie a
honoré I'Eglise el la science. Il Nous est aussi agréable, d’ autre
part, d’ apprécier & sa valewr I heurvenx choix que volre illustre
compagnic a fait en conférant la médaille d'or de Pie X] au
Professeur Roberl Burns Woodward, de ['Université de
Harvard, dont I activité scientifique dans le domaine chimique
est pleine de réalisations ef de promesses.

En effet, bien loin de redouter les découwvertes les plus auda-
cieuses des hommes, U'LEglise estime auw contraire que toul pro-
grés dans la possession de la vérité appelle un épanouissement
de la personne hwmaine, constitue un acheminement vers la
Vérité premicre ainst qu'une glovification de I'oeuvre créairice
de Dien. La Sainte Ecviture revient souvent sur ces imporian-
tes pensées et sans doute vous arrive-t-il parfois. Messieurs, de
laisser chanier en vous, dans Ienthousigsme de la recherche et
de la décowverte, le magnifigue cantique que rapporie le livre

de Daniel: « Benediciie ommia opera Domini Dowiino » (1),

{"} Dan. 3, 57.

i
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A la suite des irots enfants d’Isvaél saisis & admivation devant
les merveilles de la nature, comment ne pas appeler les anges,
les astres el les dléments, les antmanx, les plantes et les mi-
névaux, les hommes les plus saints et les plus écoutés de Dieu
a interpréter nos sentiments de lowange aw Créateur?

Dans Iassurance que wous collaborez de toutes vos forces
& cetle entreprise du savowr el de la lowange, Nous tnvoguons
volontiers sur vos fravaux et vos persownes, en gage de Notre
paternelle bienveillance, une lavge effusion des divines béné-

dictions.






LES “SEMAINES D'’ETUDE"”

ET LEUR REGLEMENT



Lorsque 1'Académie Pontificale des Sciences fut fondée par le
Souverain Pontife Pic XI, de vénérée mémoire, par son « Motn
Proprio » du 28 octobre 1936 « In multis solaciis », celte initiative
suscita dans les milieux scientifiques un mouvement général de
sympathie et d’admiration. Cette institution unique au mende, qui
groupait en une méme assemblée des représentants de toutes les
Nations civilisée, était appelée, en effet, & de hautes destinées dans
le développement de la pensée scientifique.

D’antre part, cette osuvre de coopération fut accueillic avec un
véritable soulagement par tous ceux gue plongeait dans le désarrol
le plus profond la période qui suivit 12 guerre 1914-18. On voyait,
en effet, ¢'altérer profondément les caracttres d’objectivité et de
desintéressement propres au travail scientifique, et s’affirmer méme
une lendance 3 asservir la science & des fins pragmatiquces,

Tout au contraire, dans Yimmortel « Mot Proprio » du 28 octo-
bre 1636, le Pape Pie XI proclamait solennellement la dignité de

A general movement of sympathy and admiration was aroused in
scientific circles when, in 1936, the Dontifical Academy of Sclence was
founded by His Holiness Pope Tius XI, of venerable memory, by means
of his « Motu Proprio » of October 28, « In Multis solaciis ».  This insti-
tution, the only one of its kind in the world, which brought the represen-
tatives of all civilized nations into touch with each other, was, in fact
called upon to play a leading role in the development of scientific thought.

This worle of cooperation was, moreover, welcomed with a sense of
real relief by all those who were plunged in a deep state of confusion in
the period following the r1914-18 war.

Signs of drastic changes were, in fact, discernible in the objeciive and
disinterested nature of scientific work ond even a tendency to make science
subject to pragmatic aims,
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la recherche de la vérité pour elle-méme (*), et, éevant sa pensée
au-dessus de toute préoccupation utilitaire, affirmait qu'il ne deman-
dait rien d'autre aux nouveaux « Académiciens Pontificaux » que de
sc consacrer, avec une ferveur toujours plus grande, au progrés de
la sclence et, par 14, an culte de la vérité: « C'est Notre souhait
ardent ef Notre ferme espérance: que par cet Institut, 4 la fois
Notre et leur, les “Académiciens Pontificaux” contribuent toujours
plus ¢t mieux au progrés des sciences. Nous ne leur demandons pas
auire chose; car en ce dessein généreux et ce noble labeur consiste
le service, qu'en faveur de la vérité, nous attendons de lewr part ».

La consécration pratique de cette idée, par la nomination d’un
certain nombre de non-catholiques panmi les nouveaux Académicicns
Pontificaux a fait une profonde impression sur beaucoup d'esprits,
comme l'ont montré les réactions de la presse internationale de
I'époque el de nombreux témoignages individuels d’hommes de
science et des plus grands savants du monde,

(*) « Nobis antem in volis expectationeque est, fore ut “Pontificii Aca-
demici” vel per hoe Nostrum suumgque studioram Institutum, ad scientiarum
progressionen: fovendam amplius excelsiusque procedant; ac nihil practerea
aliud petimus, quandequidem hoe eximio praeclaroque labore famulatus ille
nititur servientivm wveritati, quem ab iisdem postulamus ».

In his immortal « Motu Propric » of October 28, 1936, Pope Pius XI,
on the centrary, solemnly proclaimed the dignily of the search for truth
for its own salee (*) and, raising his thoughts above all preoccupations of
a utilitarian nature, asserted that all he asked of the new « Pontifical
Academy » and its members was that they should dedicate themselves,
with increasing fervour, to the furthering of the progress of science and,
consequently, to the cult of fruth: « It is Qur ardent wish and firn hope
that, by means of this Institute, which is both Ours amd theirs, the
"Pontifical Academicians’ will contribute to an increasingly great extent
to the progress of science. We ask nothing more than that from them
Lecause the service in favour of truth that We expect from them consists
in this generous intention and nohle work ».

By including a certain number of non-Catholics amongst the new
Pontifical Academicians, the practical application of this idea made a deep
inpression on many persons, as is proved by the reaction of the interna-
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Beaucoup de préjugés & Végard de I'Eglise ont éié fortement
ébranlés par ce geste du Souverain Pontife qui a obligé & reconnatre
la place éminente réservée aux valeurs purement intellectuelles dans
I'Eglise Cathelique,

Pour toutes ces raisons, la fondation de I' Académie Pontificale des
Sciences & été hautement appréciée dans le monde scientifique et y
a fait naitre de grands espoirs quant aux possibilités d’action d'une
mstitution si opportune.

Le Saint-Pere Pie XII, qui avait collaboré avec son Prédécesseur
aun projet et & la fondation de ’Académic et qui l'avait représenté
comme Légat personnel lors de Pinanguration sclenneile, ne s'est
pas borné & maintenir & son égard ses sentiments de haute estime
par sa présence & de solennelles séances académiques, olt il daigna
prononcer ses discours d’une haute portée scientifique; if a fenu en
outre & lui donner un nouveau témoignage de son augusie satisfaction
en accordant A ses membres le titre ¢'Exeellence par le Bref Aposto-
lique du 25 novembre 1940.

Les sciences posent chague jour des prohlémes nouveaux qui
donnent lieu d’ordinaire i divers essais de solntion, souvent contra-

tional press of the time and by the innumerable individual tributes paid
by scientists and by the greatest scholars of the world.

Many prejudices against the Church were very deeply shaken by this
gesture on the part of the Sovereign Pontiff, since it called attention to
the lofty place reserved for purely intellectual values in the Catholic Church,

For all these reasens, the foundation of the Pontifical Academy of
Science was greatly appreciated by the scientific world and aroused high
hopes as 1o the prospects open to such a timely institution.

His Holiness Pepe Pius XII, who had helped his predecessor to draw
up the plan and to found the Academy, and who had represented IMim as
His personal Legate at the time of its solemn inanguration, did not confine
himself to the expression of lofty sentiments when attending selemn academic
gatherings, where he deigned to make speeches of great scientific importance,
but he also afforded proof of his auguost satisfaction by granting the title
of Excellency to the members of the Academy, by an Apostolic Brief of
November 25, 1940.
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dictoires. I1 arrive ainsi constamment que parmi les représentants les
plus antorisés d’une science, ef en particulier parmi ceux qui se sont
consacrés a I'étude d'une méme question, on rencontre des opinions
opposées, Pareilles divergences se¢ maintiennent parfois durant de
longues périodes et constituent & la fois une grave difficulté pour
I'enseignement des sciences cf fréquemment aussi un obstacle consi-
dérable & lewr développement.

Par aiileurs, Pexpérience montre que les méthodes actucllement
pratiquécs dans la discussion des problemes scientifiques n’ont qu’une
efficacité limitée au point de vie de Pétablissement d’une wnité de
doctrine,

II serait dés lors hantement souhaitable de promouvoir tout ce
qui pourrait favoriser un accord sur les points en discussion,

Un procédé semble devoir étre particulicrement utile sous ce
rapport: 4 savoir, I'établissement de contacts personnels prolongés
entre quelques représentants d’opinions différentes au sujet d’une
question déterminde,

En effet, le contact personnel entre hommes de science constitoe,
sans aucun doute, le moyen le plus efficace de résoudre les confro-
verses scientifiques,

Dans ce but, I Académic Pontificale des Sciences a déeidé d’orga-
niser de pareilles rencontres scientifiques. L’organisafion de ces ren-

Lvery day science raises new problems, which usually give rise to
warions, and often contradictory, solutions. Consequently it often happens
that amongst the most authoritative representatives of a given branch of
science, and particularly amongst those who are engaged in studying the
same guestion, one meets with contrasting opinions.  Divergences of this
kind often exist over long periods of time and are a serious obsiacle not only
to the teaching of science but also to its development,

Ixperience shows, morcover, that the methods at present in use in
the discussion of scientific problems have only a limited efficacy in so far
as concerns doctrinal unity,

It would, thercfore, be highly desirable if everything that could favour
agreement on controversial points were to he promoted,
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contres qu'on a appelées « Semaines d'Etude » a été établie de la
maniére suivante:

REGLEMENT DES SEMAINES IYETUDE

1. - ’Académic invite quelques illustres savants, parmi ceux
qui, ayant étudié spécialement une guestion déterminée, sont arrivés
A des conclusions différenies, & se rencontrer & Rome, & son sitge, la
« Casina di Pio IV », a Vintérieur de U'Etat de la Cité da Vatican,
afin d'y procéder en commun, en dehors de toute autre préoccupa-
Hon, un examen général de toutes les données dn probiéme.

2, - Le bul essentiel de ces discussions est de chercher & formuler
de fagon précise les raisons qui sont & la base de la divergence des
opinions. Les savants conviés aux réunions s’engageraient d’avance
4 concentrer leurs efforts dans celie direction,

3. - Un examen critique de ces raisons aboutira soit 4 un accord
sur une solution délerminde, soit & la constalation qu'a P'état actuel
des connaissances, il est impossible d’établir une unité de doctrine
au sujet du probléme envisagé.

One process that would seem fo be particularly useful from this point
of view would be the establishment of prolonged personal contacts between
some of the representatives of different trends of thought on a given subject.

Personal contacts amongst scientists are, in fact, the most efficacious
means of solving scientific controversics,

With this aim in mind, the Pontifical Academy of Science decided to
organize scientific meetings of this description. These meetings, known as
« Study Weeks », were planned on the following lines:

STANDING RULES FOR « STUDY WEEKS »

1. - The Academy invites a number of illustrious scholars — comprising
those who lhave especially stodied a given question and have arrived at
different conclusions — to meet in Rome at its headquarters, the « Casina
di Pie IV », sitvated in the Vatican Citv, so as to make a joint examination,
free from all other preoccupations, of all data concerning the problem.

2, - The ehief aim of these discussions is fo endeavour to formulate
precisely the reasons which are at the root of the differences of opinion.
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Dans ce dernier cas, les savants invités auront pour tiche:
a) de préciser les motifs pour lesquels un accord s’avére pré-
sentement irréalisable;
b) de définir le genre de recherches qu’il serait scuhaitable
d’entreprendre en vue de résoundre la guestion.

4. - L'invitation ne sera adressée par I’Académie qu'a an irds
petit nombre de représentants de chaque science: ceux-ci seront
choisis parmi les personnalités étrangeres & I'Académie, auxquels se
joindront, dans la discussion, les Académiciens versés dans la méme
discipline, Cette invitation, de plus, ne se rapportera qu’a I'étude
d’une question déterminée, pour chaque science.

5. - Les discnssions auront un caractére sirviciemeni privé; elles
prendront la forme de cenversations particulitres, sans autre assis-
tance que celle de quelques membres de 1’ Académic Pontificale des
Sciences particuliérement compétents dans Ja matidre,

Des interprétes polyglottes, des sténographcs, des rapporteurs,
etc., scront mis & la disposition des savants réunis.

6. - Les « Conclusions » des discussions seront publiées sous Ja

The scholars invited to these meetings undertake in advance to concentrate
their eflorts on this,

3. A critical examination of these reasons should lead, either to
agreement on a given solution or eise to the conclusion that, on the basis
of the information actually available, it is impossible to establish doctrinal
unily on the problem envisaged,

In the latter event the scholars concerned will be called upon:

@) to define the reasons why agreement appears to be impossible
for the present;

b} to speeily the kind of research work it would be desirable to
undertake with a view to solving the preblem.

4. - The invitation will be addressed by the Academy to only a small
namber of representatives of each branch of science: these will he selected
from amongst those who are not connected with the Academy. They will
be joined during the discussions by Academicians wversed jn the same
discipline,  This invitation, moreover, will apply only to the studv of one
precise problem in each branch of science.
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forme d'une « Note Collective Finale » {4 laquelle pourront éventuel-
lement éire jointes des annotations individuelles), mentionant;
@) les points sur lesquels un accord aurajt été réalisé;
b) les points sur lesquels un accord n’aurait pas paru réalisable;
¢) les raisons pour lesquelles Paccord n’aurait pu étre réalisé:
d) des suggestions relatives aux recherches paraissant les plas
aples 4 résoudre les difficultés.

7. - Les « Conclusions » seront aussitdét imprimées et communi-
quées, par le soins de 'Académic Pontificale des Sciences, 2 tous
les centres scientifiques qu’elles seralent de nature & intéresser.

8. - Tous les frais de voyage et de séjour & Rome des person-
nalités invitées seront & la charge de ["Académic Pontificale des
Sciences. I hospitalité sera assurée dans I'un des principaux hotels
de Rome. .

L’Académic se fera un plaisiv d'offrir la méme hospitalité aux
épouses des savants invités, 4 lexclusion toutefois des frais de
voyage.

5. - The debates will be strictly private and will take the form of
personal talks, im the presence only of a few members of the Posntifical
Academy of Science with special knowledge of the subject under discussion.

Polyglot interpreters, stenographers, reperters, ete. will be placed at
the disposal of the participants.

6. - The « Conclusions » arrived at will he published in the form of
4 « Collective Note » {to which may eventually be added individual notes)
mentioning:

&) the points on which agreement was reached;

#) the points on which it was impossible to reach agreentent;

c) the reasons why it was not possible to reach agreement;

d) suggestions regarding the research work which appears most
suitable for arriving at a solution of the difficulties.

7. - The « Conclusions » reached will bLe immediately printed and
transmitted, by the Pontifical Academy of Science, to all the scientific
centres which might be interested therein.

8. - All travelling expenses, and aceommodation in one of the best hotels
in Rome, of the persons invited to the meetings will be borne by the Pon-
rifical Academy of Science.

The Academy will be pleased to offer similar accommodation to the
wives of the scholars who are invited, but not their traveliing expenses.
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INTRODUCTION

This study week organized by invitation of the Pontificia
Academia Scientiarum » has as subject of the discussion: Ma-
cromolecules of biological interest with special reference to
nuclear proteins.

This field is to day, no doubt, one of the most important
domains in the whole of science.

The rcason is, T belicve, that at this section of the rapidly
advancing scientific frontier, we have perhaps come closer to
an understanding of some of the fundamental processes of life
than in any other field,

During this weck we have discussed how the glant molecules
of, for example, proteins and nucleic acids which govern life,
are built up, that is to say their structure in detail, how they
look and how they behave in the living organism, how they are
formed and how they interact,

Some of these substances are of fundamental importance for
reproduction and for inheritance.

Others may be dangerous, contagious agents which may
even destroy life.

It is rather interesting that one particular useful material in
this work is found among the so-called bacteriophage and
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among the viruses which, althcugh they may destroy life, are
able to give us perhaps the most useful information to day in
this field.

[ shall not bore you with technical details about these in-
teresting phenomena here.

I chall have to point out, however, that in these fields there
is at present a terrific concentration of intellectual effort all
over the world.

It is therefore particularly gratifying that the Pontifical
Academy of Sciences at this time has called upon a selected
gronp of specialists from many different countries to discuss
their problems under the auspicies of the Pontifical Academy.

This week has been extremely stimutating to us all, and 1
can only say that we agree in many, perhaps in most things.

We should also, according to the rules of these study weeks,
report where we disagree, and why.

Of course, we disagree in many points.

If we did not disagree, we should not be scientists, and
especially not scientists working at the frontiers.

[ think we are also supposed to recommend how this disa-
greement should be resolved, how we should come to an agree-
nent.  And there the reply is very simple: just more expe-
riments.

It now remains for me, to express our deeply felt thanks to
His Holiness the Pope, to the Academy and to all those who
have helped to organize this meeting, for their most generous
aid and hospitality as well as for the initiative for this important
meeting and for all the work that has been done to make this
week a unique experience.

ArnE Tisrrrus

Pontifical Academician



FACTORS INFLUENCING THE FORMATION
AND MAINTENANCE OF THE SECONDARY
AND TERTIARY STRUCTURE OF PROTEINS

CHRISTIAN B. ANFINSEN

Laboratory of Cellular Physiology and Metabolism, Natlional Heart Instituie,
Bethesda, Md. (U.S.A)

It has now been weil documented, both theoretically and by
direct experimentation, that polypeptide chains do not antomat-
ically assume specific three-dimensional structures in solution
in the absence of stabilizing intrachain cross-links. Thermo-
dynamic calculations made by John ScyrFLLMAN [1] indicate
that the helical and random chain forms exist with nearly equal
probability under conditions of aqueouns solution at neutral pH
and moderate ionic strength. Considerations of this kind make
it clear that the exactly defined geometry of proteins in solution
is determined by an equally exactly defined set of interactions
which may be either covalent, non-covalent, or both.

In general terms, covalent cross-linkages endow protein mo-
lecules with stability toward denaturing conditions, Classical
examples of such very stable proteins are ribonuclease and egg-
white lysozyme, both of which contain a number of disulfide
bridges and are devoid of free SH groups. (The presence of free
SH groups in a protein which is otherwise highly cross linked
introduces a special case of instability, probably due to the pos-

{1] Anfinsen - pag. «
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sibilities for disulfide interchange. Egg albumin is a good
example of an easily denatured protein in this category.)

Covalent cross-linkages are not necessarily a prevequisite for
intrinsic stability to denaturing conditions. Another Iysozyme,
namely that from bacteriophage T4, contains no disulfide
bridges and is apparently a single chain dependent entirely
upon its momcovalent interactions for the determination of its
three-dimensional configuration [2]. After unfolding in strong
urea solution, for example, this molecule can find its way back
to the native, catalytically active configuraticn upon removal
of the denaturing agent.

I would like to consider in this brief lecture some of the
biological principles that may underly the elegance of « de-
sign » of proteins and some of the structural factors that lead
to what appears to be an invariably correct geometry., My
interest in this area stems from experiments that we have been
carrying out over the past four or five years on the « predeter-
mination » of secondary and fertiary structure in ribonuclease
and, more recently, on several other proteins [3]. These
studies have employed as a major toel the process of complete
reduction of disulfide bridges followed by reoxidation of the
resulting sulfhydryl groups under a variety of conditions. TFor
orientation, Figure 1 shows the covalent structure of ribo-
nuclease, which contains four disulfide bridges. If, as appears
more and more likely in the light of contemporary studies on
protein biosynthesis, the polypeptide chain is formed as a
random coil, possibly oriented on a template surface and sub-
sequently cross-linked by pairing of half-cystine residues, one
would guess that biosynthesis involves the conjugation of
cysteine rather than cystine.

In a typical experiment, the protein is reduced by incuba-
tion in 8 M urea in the presence of a considerable excess of
mercaptoethanol.  After acidification to pH 3, the reduced
protein is isolated by passage through a Sephadex column {4].
Experiments may now be carried out on this material to de

[1] Anfinsen - pag. 2
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Fioure 1 — The covalent structure of hovine pancreatic ribonuclease, The
studies leading to this structure are described in the following articles:
CHAW, Hms, 5 Moors and W.H. Symx, [, Biol. Chem., 235, 633
{x96o);

DI, Srackaany, W.IH, Sramv and S, Moors, [. Biol. Chew., 235, 648
{19Go);

R.R, Revrip and C. B. Awwxsex, J. Biol. Chem., zz2r, 383 (1936);

Co B Axwesey and Fo H, Wurrg, Jr., in The Enzyines, Second Rdi-
tion (P.D. Bover, ed.), Vol. 5, pp. 95-147, New York, Academic
Press, 1967,

DG Saryrz, WML Stemx, and S Moonre, J. Biol. Chem., 237, 815 (1962}

P T Porrs, AL Burckr, J.P. Cooxy and C, 13, Anwwsux, J. Biol. Chem..
237, 1851 (1962},

termine, first of all, the adequacy of the « genetic information »
coded into the primary sequence for the determination of proper
pairing of SH groups and, secondly, the nature of the environ-
mental factors which can disorient this pairing. As shown in
Table I, essentially complete re-formation of the native enzyme
molecule can be achicved under conditions of proper acidity

(1] Anfinsen - pag. 3
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TasrLe 1

OXIDATION OF REDUCED RNASE OF VARIOUS PROTEIN
CONCENTRATIONS

The solution of reduced protein was adjusted to pIH 8,5 and allowed
to stand without stirring at room temperature for zo hours, at which time
the proportion of soluble protein and the enzyme activity of this fraction
were estimated,

Activily of soluble

Conceniration of vy Yield of soluble fraction; 9/, of cquivaient 9, Regeneration
reduced protein protein conccmrﬁtg?an;eof native of activity
mgimi
7.0 27 31 8
4.8 42 70 29
2.3 87 75 65
0.9 100 7’7 ’77
0.35 100 04 94

and protein concentration [4]. In more concentrated solutions,
only a fraction of the reoxidized mixture is soluble. The in-
soluble material probably confains disulfide-linked trimers, as
suggested by uliracentrifuge studies in strong urea solutions.
Some dimers are present in the soluble fraction but in amounts
that approach zero with the use of more and more dilute protein
solutions during the oxidation process. Dr. Fred WHItE [5]
has examined a number of physical properties of the re-formed
native protein, and preliminary X-ray crystallographic studies
have been made on this material by Berro and Harker [6].
The protein isolated from the reoxidation mixtures appears to
be nafive in all respects and shows full catalytic activity.

We have recently examined some of the physical events
occurring during various stages of reoxidation [%] and some of
these are summarized in Figure 2. Optical rotatory properties

[1] Anfinsen - pag. 4
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Frours 2z — Changes, during the oxidation of reduced ribonuclease, in SH
groups as followed by titration with p-chloromercuribenzoate (@) and
by reaction with radicactive iodoacetate (0}, in optical rotation (ay,
and in enzymatic activily as measured against ribonuclele acid (&) and
against uridylic2,3'-cyclic phosphate (A).

and the disappearance of free SH groups follow a smooth first-
order-like curve in spite of the fact that no activity appears
during the considerable lag phase shown in the figure.
Dr. Warte and I have recently studied, in a preliminary way,
the pairing of half-cystine residues at various times during the
reoxidation. Tt is possible to state with reasonable certainty
that the absence of activity during the early period is attribut-
able to the relatively random pairing of SH groups. These
« incorrectly formed » bridges, then, must undergo disulfide
interchange with the cventual formation of the correct set of
disulfide bouds.

The likelihood of this rearrangement is made quite high by
experiments carried out on the reactivation of certain derivat-

f1] Anfinsen - pag. 5
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ives of ribonuclease formed by oxidation of the reduced chain
under adverse conditions [8]. Tf reduced ribonuclease is allow-
ed to reoxidize in air in the presence of urea or guanidine, as
shown in Table I, orienting interactions are disturbed, and

Tasre II

EFFECT OF DENATURANTS ON OXIDATION OF REDUCED RNASE

Concentration Activity

Compound (molar) 04y of native
Urea . . . . . . . 0.25 I00
Urea . . . . . . . 1.0 02
Urea . . . . . . 2.0 40
Urea . . . . . . 4.0 25
Urea . . . . . . . 6.0 10
Urea . . . . . . . 8.0 S
Guanidinium chloride . . . 1.0 88
Guanidinium chloride . . . 2.0 25
Guanidinium chloride . . . 3.0 4
Guanidinium chloride . . . 4.0 <1
Kl I.0 101
KCi 3

0 04

the native configuration is not produced. Such derivatives,
possessing only the enzymatic activity to be expected for a
completely random mixture of half-cystine pairings {about 1%, ;
105 possible combinations of SH groups are theoretically pos-
sible), have physical propertics remarkably similar to those
of native ribonaclease, except for some not unexpected changes
in optical rotatory properties and viscosity. The spectra of
these materials are anomalous and show ultraviolet light ab-
sorption with a maximum at 276 rather than 277.5 Mt 4as is

[v] Anfinsen - pag. 6
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observed for proteins containing tyrosine residues with anomal-
ous resonance characteristics.

When these abnormal ribonucleases are dissolved in buffer
solution to which relatively small amounts of sulphydryl rea-
gents have been added, a slow rearrangement occuwrs with the
regeneration of nearly full enzymatic activity, as shown in
Table TIT [8]. 1t would appear that nature has evolved the

TapLe ITT

REARRANGEMENT OF INACTIVE RNASE DERIVATIVIS
TN MERCAPTORTHANOL

Activity after 24

Activity afler hours incubation
) initial activity 24 hours incuba- at plf 8.0 in
Material y tion at pil 8.0 presence of
0, 100-fold molar
w eXCess mercap-
toethanol
RNase oxidized at pH 5 7 i 83
RNase oxidized in urea <0 T < 74
RNase oxidized in gua-
nidiniuny chloride . <l 1 S 55

most probable geometric form, selecting a specific amino-acid
sequence which predetermines the tertiary interactions required
for activity. This statement is perhaps a truism. It is, ne-
vertheless, reassuring to find that the structure occurring in
nature is, indeed, the one that forms spontancously. It may
not be necessary to scarch for varieties of genetic information
beyond that determining primary structure. The formation of
three-dimensional structure may be an automatic process.

We have been able to obtain some evidence on the nature
of the interactions that direct the refolding of reduced ribo-
nuclease by carrying out reoxidations under conditions of low

(1] Anfinsen - pag. 7
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pH, in the presence of various analogues of tyrosine, and
following substitution of epsilon amino groups with polyamino-
acid side chains of various lengths. Table IV shows a list of

Tasre IV

EFFECT OF TYROSINE ANALOGUES AND OTHER COMPOUNDS
ON REGAIN OF ENZYMATIC ACTIVITY (*)

Final activity of

Concentration oxidized RNase-

Compound

(molar) 9, of native

Phenol . . . . . . 0.1 <1
p-OH-phenylacetic acid . . 0.1 <1
Catechol S 0.1 <1
pcresol . . . . . 0.1 1
p-chlorophencl . . . | 0.05 ¢
I-naphthol . . . . . 0.04 <1
Tyrosine-glutamic acid copoly-

mer 1:1 . . . . . IX107° <1
Polyaspartic acid . . . §x 104 6y
Bengoic acid 0.2 89
p-OH-benzoic acid 0.5 76
Phenylacetic acid 0.2 60
Phenylalanine 0.17 104
Cyclohexanol 0.2 88
Benzyl alcohol 0.2 39
Methanol 1.0 88
Dioxane 1.0 100
p-nitrophenol 0.1 45
Aniline . 0.1 &y
Bovine serum albumin 1% 74
Gelatine . 1% 67

(*} [Reduced RNase] = 1.4x107% M.

[1] Anfinsen - pag. &
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substances that were cffective as inhibitors of correct refold-
ing [8]. The common characteristic of these inhibitors is the
presence of a phenolic hydroxyl group and the absence of an
ionizable group on the ring. Many of these substances bear
a strong structural resemblance to tyrosine, which is, of course,
precisely the reason they were chosen since native ribonuclease
appears to depend, in part, on tyrosine interactions for the
integrity of its three-dimensional form. As 1 mentioned a few
moments ago, various inactive derivatives are characterized by
an absorption spectrum more like that of free tyrosine than of
proteins in which anomalously titrating tyrosine residues exist.

A particularly interesting modification of ribonuclease has
been the derivative produced upon treatment of the native en-
zyme with the N-carboxyanhydrides (the Leuchs anhydrides)
of alanine and of tyrosine [¢]. In the case of alanine, it appears
that 8 of the 11 amino groups of ribonucicase may be substi-
tuted and that even in the most highly substituted derivative,
in which the 7 polyalanine side chains average 6-8 alanine
residues per chain, activity against RNA is still 65%, of native
activity, and activity against synthetic uridine 2’, 3'-cyclic
phosphate is approximately 20% ot normal. The polyalanin-
ated enzyme may be separated from polyalanine itself and from
native ribonuclease by purification on a phosphorylated cellu-
lose column as shown in Figure 3. The preparation, whose
purification is shown in this figure, was fully active against
RNA and showed a shifted, « active type » spectrum with a
maximum at 277.5 mp. Following complete reduction of its
disulfide bridges, more than 75% of its activity was restored
upon oxidation in air. These experiments indicate that the
epsilon amino groups, themselves, are not prerequisites for nor-
mal interaction and suggest that the critical feature about these
groups is the positive charges which they bear and which may
be moved out from the surface of the protein by a distance
corresponding to at least four or five alanine residues without
scrambling of the sequential information content.

(1] Anfinsen - pag. o
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Froure 3 - Iselation of pelyaluwinaled ribonuclease.  After reaction of
native ribonuclease with the N-carboxyashydride of alanine {(weight
ratio 1i2) at pll 7 in 30%, dioxane; 70% o.05 M phosphate bufler, 50C,
the mixture was dialyzed against water and lyophilized. The dry pro-
duct was subjected to chromatography on phosphorylated cellulose (7 mIl
capacity /gram of ion exchanger) using the buffer gradient system -
0.0z M citrate bufler, pH 4.2, 0.2 M citrate bufer pit 4.2; 0.2 M
sodinm citrate pil 7.4, With this system, polyalaning and native ribo-
nuclease are well scparated from the polvalaninated derivative,

The three amino groups that are unreactive to anhydride
treatment are presumably buried within the fabric of the enzy-
me, ‘lhelr identity is not yet definitely established although
it seems nearly certain at the moment that one of the three

[v] Anfiusen - pag. 1o
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may be identified as residue 41, This residue is, incidentally,
the lysine which is dinitrophenylated in the inactice mono-DNP
ribonuclease prepared by Werner Hiks and his colleagues {10].

Dr. Wurre and Dr. Charles EpstEIN have examined the
reversible reduction and reoxidation of other proteins in an
attempt to ascertain whether the primary sequence is sufficient
for refolding as a general principle. Efforts with several pro-
teins, including trypsin, chymotrypsin, trypsinogen, and chymo-
trypsinogen, have been generally unsuccessful because of the
marked solubility of the reduced proteins. Dr. WHItE has,
however, been able to regenerate a large fraction of the activity
of reduced lysozyme, as has also been demonstrated recently
by Dr. IsemURrA and his colleagues at Osaka University [171].
Dr. EpsTEIN has had some success with trypsin by attaching
the protein to carboxymethyl celluiose through the azide deri-
vative of the ion exchanger to prevent its apggregation. In-
soluble columns may be prepared which very rapidly hydrolyze
the subsirate benzoylarginineamide. If such columns are ex-
posed to mercaptoethanol in 8 M urea for several hours, they
become completely inactive, due presumably to complete re-
duction of 55 bridges. After washing the column with o.1 M
acetic acid, the S groups may be oxidized with, as yet, a
modest regeneration of activity by the passage of neuntral buffer
solutions, saturated with air, through the material. Experi-
ments are in progress to determine the exact extent of reduc-
tion and the catalytic and physical properties of the re-formed
enzyme after oxidation. It would seem, at any rate, that, with
several catalytically active proteins, that portion of the tertiary
structure necessary for function is regeneratable on the basis
of the « instructions » inherent in the primary sequence alone.

What use can we make in the practical sense of this phe-
nomena? One of the more obvious applications is the utiliza-
tion of the automatic refolding process as part of the chain of
events in the synthesis of protein molecules from smaller
peptide fragments. Although our experiments along these lines

[+t Anfinsen - pag. 11
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are very preliminary, Dr. Robert GoLpserGER and I have
recently begun studies on the reversible blocking of functional
groups in ribonuclease, including the amino and carboxyl
groups, and the SH groups after reduction. Encouraging de-
grees of reversibility have been achieved, and it has also been
possible to fragment the blocked, reduced polypeptide chain
at a limited number of points by controfled trypsin digestion.
I shall not outline the details of the varicus sleps we have
examined but might suggest that this is a topic that would be
of possible general inferest in our subsequent discussions.
There is, at least, some place for optimism in looking ahead to
the total synthesis of an enzyme molecule and to the study
of the mechanism of enzyme action through the systematic
organic modification of restricted positions of the polypeptide
chain.

1] Awnfinsen - pag. oo
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DISCUSSION

THEORELL

May I add ecarly examples to Dr. ANFINSEN’s collection of un-
folding and spontancous recoiling reactions. In 1934 I dialyzed the
« hold yeliow enzyme » against 0.c2 N HCI; the FMN went out, and
when 1 neutralized the celourless solution from the interior of the
cellophane bag, the protein precipitated in a « denatured » shape.
When instead of neutralizing the sclution, it was dialyzed against
water, no precipitation occurred, and the protein could now be
recombined with FMN. Sedimentation constant and activity were
identical with those Dbefore the separation, This shows that, in
agreement with Dr. Anrinsen’s views, spontaneous recoiling can
occur even in a melecule as large as 103,000, By the way, the
sponfaneous rearrangement of ternary protein structures is one of
the rare examples of reactions in biologicai materials not needing
enzymatic catalysis. You will have a very hard time to find many
examples of this kind.

Ricn

There are two interpretations possible for the fact that you get
10%, activity back when you have about 509 of the coiling. The
one is that 10% of the molecules have renatured fully and they are
therefore active; the other is that a larger percentage of the molecules
have refolded partially and you measure somne sort of partial acti-

[1} Anfinsen - pag. 15
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vity. I wonder if it is experimentaliy possible to differentiate these
aiternatives.

The other question is: Can you isolate by hydrolysis some of
these postulated incorrectly crosslinked -5-5- bridges and show that
the wrong cysteines are joined?

ANFINSEN

1t has been possible to show that under the conditions of oxida-
tion employed intermolecular -3-S- bridges are predominately formed
and fhat these rearrange through disulfide interchange to yield the
native, fully active eazyme, When oxidations are permitted to
occur at lower concentrations of reduced protein, such incorrect
bridging can be avoided almost completely and theoretical yields
of native enzyme are obtained in 30 minufes or less without a lag

period.

FRAENKEL-CONRAT

1 must confess that until recently I entertained a very small
element of doubt in how far we couid interpret these elegant experi-
ments as proving that the conformation of proteins is completely and
entirely dictated by the amino acid sequence. From our experiments
on renaturation of the TMV protein we got the impression that this
was possible from 8§ M urea solution where the -SH group remains
somewhat masked, but not from guanidine salt solutions, where it is
free. We therefore wondered whether retention of some folding was
after all a prerequisite for perfect refelding. The complete absence
of interaction and retention of a minuscule focus of structure in the
denatured protein would indeed be difficult to prove. Recent expe-
riments, however, have shown us that renaturation of TMV protein
is possible even from guanidine solution if the -SH gronp is protected
by the addition of mercaptoethanol, and thus no experimental basis

exists for the doubts expressed above.

{x] Anfinsen - pag. 16
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SCHRAMM

1 feel the rematuration is not so difficult if the protein is pure
and if the concentration is so low that intramolecular reactions are
preferred.

In the case of TMV the secrological properties of the native pro-
tein and the denatured protein were studied.  Are similar studies
carried out with ribonuclease?

ANTINSEN

The native protein and the material produced upon reoxidation
of reduced ribonuclease are serologically identical. Tt is diffienlt
to study the « denatured » protein in this way since denaturation,
inciuding the sort resulting from incorrect -5-S- bridging, is easily re-
versible and the preparation of antibodies to dematured RNase
might, therefore, be extremely difficuit. It is true, however, that
ribonuclease with « scrambled » disulfide bridges is not cross-reactive
with anti-native rihonuclease.

SCHRAMM

I have another question. Is renaturation generally possible after
substitution of some minor groups in the ribonuclease?

ANFINSEN

Renaturation appears fto be generally possible after substitution
if the substituted protein is active. Such observations suggest that
the active center may be a major foree in the direction of proper
folding.

I{ATCHALSKI

Your interesting studies, Dr. AxrINsEN, indicate that the reform-
ation of the three dimensional structure of ribonuclease from the
correspending randomly coiled, reduced polypeptide, is made pos-
sible by a continuous conformational fluctuation in the intermediate
macromolecuiar structures formed, In this connection it is pertinent

[1] Anfinsen - pag. 17
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to note that chemical and physical chemical data suggest that the
shape of some proteing may change reversibly under the suitable
conditions. In the case of bovine serum albumin, for example, we
found (!) that the volume of the molecule increases at pH values
above 8.0 or below 3.0. The « molecular swelling » is accompanied
by the exposure of some of the -5-5- groups of the protein, which
become susceptible to reduction. The swelling is reversible in the
pH range of 2.0 to 10.5. At neutral pH the albumin seems to
attain the most favorable and most compact conformation, It should
be noted, however, that irreversible denaturation is known to occur
in so many cases, that it is perhaps premature to draw any gene-
ralizations as to the factors determining the stability of the three
dimensional structure of a protein moleculs.

KATCHALSKI

Two additional comments. Polypeptidy! enzymes were useful in
your studies. We have recently completed the preparation of poly-
tyrosylirypsin by initiating the polymerization of N-carhoxy-L-tyro-
sine anhydride with trypsin (2}. The modified enzyme differs mark-
edly in its solubility characteristics from trypsin. Its suhstrate spe-
cificity, however, resembles closely that of the parent enzyme. No
loss in enzymatic activity occurred during the modification proce-
dure adopted.

While studying the restoration of the enzymatic activity of ribo-
nuclease, you recorded the corresponding changes in optical rota-
tion. In this connection it is worth mentioning that from the data
so0 far accumulated on the optical rotatory properties of poly-a-amino
acids (%) it can be concluded that the changes in optical rotation

(") . Karcuarsxi, G.S5. Bexyaminy and V. Gross, [. Am. Chem. Soc.,

79, 409G, 1957.

() AN, Guazer, A. Bar-EL: and E. Karcuarsxy, J. Biol. Chem., 237,
1832 (1962},

() E. Karcuarskr and I. Stminperg, Asfnuel Rev, Physical Chem., 12,
433, 1967,
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reflect the corresponding conformational changes in relatively short
helicai regions. Alterations in the hydrodynamic parameters, on the
other hand, measure the change in the overall shape of the molecule,

ANFINSEN

I might only add that the rapid increase in optical rotation of
reduced ribonuclease during the early stages of its oxidation (during
which incorrect and intermolecular -3-S- bridges are being formned)
indicated that perhaps completely random covalent cross-linkages
may be sufficient to pexmit the formation of helical structures.

LirMANN

Do copper or other heavy metals catalyze reoxidation? Is mer-
captoethanol oxidized and are cross links to mercaptoethanol formed
that then rearrange, or is it a re-reduction-opening of -5-S- and
reaggregation of ZSH--$-5- linkages?

ANFINSEN

I believe that the remarks I made in answer to Dr. RicH's
question would cover this point.

{1} JAnfinsen - pag. 19



ON THE MODE OF ACTION OF AZAGUANINE
ON PROTEIN SYNTHESIS

M. CHANTRENNE

Laboratoive de Chimie Biclogique, Université Libre de Braxelles,
Bruxelles (Belgique)

The growth of a variety of viruses, bacteria, and of animal
and plant cells is inhibited by certain structural analogues of
purines and pyrimidines (see MaNDEL, 1g50). For instance,
when 8-azaguanine is added to a culture of Bacillus ceveus,
the rate of prowth as estimated from turbidity measurements
is decreased, and it was at first believed that azaguanine exerts
a general inhibitory action on the complex process of growth.
Upon closer examination, the effect of the guanine analogue
was found to be much more specific. The most dramatic
action is on protein synthesis: ten minutes after the addition
of azaguanine, the rate of protein synthesis is reduced to about
10%, of the normal figure, and formation of active enzyines is
completely blocked. On the contrary, the rate of synthesis of
RNA (in mg per ml of bacterial suspension) is not much de-
creased; it can actually be increased when the analogue is
added to bacteria in the late growth phase. The synthesis of
DNA is practically not touched when the concentration of
azaguanine is low (e.g. 4 pg/ml) although sufficient to block
enzyme synthesis completely. If the concentration of analogue
is increased to 40 pg/ml, the rate of DNA synthesis eventually
diminishes, but DNA synthesis continues for many hours. Ti-

[2] Chanirenne - pag. 1
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nally, the synthesis of cell wall material, including the peptides
it contains is completely insensitive to azaguanine. These re-
sults, that we reported a few years ago (CHANTRENNE, 1958;
CHANTRENNE and DEVREUX, 1958, xg60), have now been con-
firmed by others (RicHMOND, 195¢9; MANDEL and ALTMAN,
1960; RoopYN and MaNpEL, 1960; OTAKA, 1960).

Azaguanine thus specifically inhibits the formation of pro-
teins, without doing much harm to the production of the other
macromolecules. In this respect, the effects of azaguanine on
B. cereus very much resemble those of chloramphenicol upon
E. coli.

CHANGES IN RNA CAUSED BY AZAGUANINE

Azaguanine does not prevent RNA formation, but the RNA
made in its presence is abnormal in several respects: part of
the guanine is replaced by azaguanine, the amount of non
sedimentable RNA is greatly increased and the RNA which
contains azaguanine is more labile in acid medium than normal
RNA. Thus azaguanine changes the composition, the distri-
bution and the properties of RNA at the same time it inhibits
the synthesis of proteins. (CHANTRENNE and DEVREUX, 1958;
Otaxa, 1g60).

A first question to be asked is whether the effect of the
analogue on protein synthesis is linked with the incorporation
of azaganine into nucleic acids, It is clear that the inhibitory
action of azaguanine depends on the incorporation of the ana-
logue into nucleotidic material, for azagnanine resistant mutants
derived from a sensitive strain differ from the original strain
by the loss of the enzyme which reacts guanine and azaguanine
with phosphoribosyl-pyrophosphate forming guanylic acid or
its analogue. (BrockMaN et al., 1950, 1961).

Among the nucleotidic compounds into which azaguanine
is incorporated, special attention must be paid to azagnano-
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sinetriphosphate (Aza GTP), since this substance plays a part
in the passage of amino-acids from transfer RNA to the nascent
polypeptide on the ribosome. Recent research by Rov et al.
(1961) showed that in rat liver preparations, Aza GTP does
not interfere with this process: it can even reactivate prepa-
rations lacking GTP.

The almost complete inhibition of amino-acid incorporation
into protein material therefore cannot be explained by a failure
of the system at the level of GTP. What matters is apparently
the incorporation of azaguanine into polynucleotides. For
instance, Tetrahymena geleii vequires uracil for continued
growth; when deprived of uracil, it stops making RNA but
can continue to incrcase its mass. (HeingIcH et al., 1952).
Under such conditions, azaguanine exerts no effect on protein
synthesis. On the contrary, if the medium contains uracil,
RNA synthesis is ohserved, and protein synthesis is inhibited.

NATURE OF THE RNA INTO WHICH AZAGUANINE IS INCOR-
PORATED

In Bacillus cereus, it takes only ten minutes for the inhibi-
tion of protein synthesis by azaguanine to be completely ex-
pressed. The RNA made in 10 minutes amounts to a 10%,
increase of the total RNA present at the time of addition of
the apalogue. If the inhibition of protein synthesis is due to
the formation of RNA in which azaguanine is substituted for
part of the guanine, it must be concluded that the appearance
of a relatively small amount of abnormal RNA is enough to
reduce all protein synthesis to a very low rate, and that further
production of abnormal RNA does not make things worse.

The turnover of ribosomal RNA is very low in bacteria
(DAVERN and MESELSON, 1960); it is clear therefore that most
of the ribosomal RNA present at the time of addition of the
analogue persists when protein synthesis stops.

[2] Chantrenne - pag. 3
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Research by P. CAMERMAN in our laboratory indeed showed
that azaguanine is incorporated only into RNA molecules that
are assembled after the analogue was added: it is not incor-
porated by any kind of exchange process into old RNA mo-
fecules. Unless it is assumed that the active life of ribosomes
is short, and that most of the ribosomes of a bacterium are
useless, it must be concluded that the inhibition of protein
synthesis by azaguanine is not due primarily to an action on
ribosomal RNA, Other RNA fractions must be involved.

Fractionation of bacterial extracts by centrifugation 10
minutes after adding azaguanine — i.c. when the inhibition
of protein synthesis is completely expressed — indeed shows
that non sedimentable RNA contains much more azaguanine
per mg than does sedimeniable RNA.

This observation and the facts reported above led to the
conclusion that the general inhibition of protein synthesis
caused by azaguanine is due to its incorporation into a soluble
RNA fraction which is fairly rapidly renewed (CHANTRENNE,
(1958).

In order to gain information on the nature of the RNA
which is replaced during the first ten minutes of action of aza-
guanine, we used the method of VorgiN and ASTRACHAN
(1957); that is the study of the distribution of P among the
4 nucieoside - 2'(3")-phosphate obtained by alkaline hydro-
lysis. This distribution closely reflects the composition of the
RNA made during P incorporation.

The results of such experiments differed considerably ac-
cording to the stage of growth of the bacteria. With bacteria
in the logarithmic phase of growth, the composition of the RNA
made during the first 10 minutes after azaguanine addition had
the same composition as the RNA made in the control, except
for the replacement of about 30% of the guanine by azagua-
nine (Fig. 1 « and ), in agreement with previous observations
by MaNpEL and MARKHAM, 1G58,

f2} Chantrenne - pag. 4
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The results are different when the bacteria are taken during
the phase of diminishing growth rate, TFor instance, when
bacteria are taken at a time when their mean generation fime
is 180 min. (i.e. three times that corresponding to the maximal
rate of logarithmic growth) and transferred into fresh medium,
the composition of RNA which is made approaches that of a
complementary RNA with equal amounts of A and U on cne
hand, and of G and C on the other, This phenomenon is similar
to that reported by Havasur and SPIEGELMAN (1g61).

If azaguanine is added to such bacteria, it again replaces
part of the guanine in this particular kind of RNA. In several
experiments, we observed that azaguanine can even shift the
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composition of RNA from the normal one to that of comple-
mentary RNA, as if the analogue would favour the formation
of complementary RNA and depress that of the normal RNA
assorfment {Fig. 1 ¢ and 4). This result, however, depends
on the state of the bacteria in a way that we were not able to
solve yet.

In any case, our resuifs indicate that azaguanine can be
incorporated into RNAs which have a base composition similar
to that of the DNA of the bacterium. Rapid renewal and a
composition similar to that of DNA are two properties of the
informational RNA or messenger RNA of bacteria, the signi-
ficance of which is discussed in the reports by Dr. Jacos and
Dr. SPIsGELMAN in the present book. Another feature of in-
formational RNA is that it can form hybrids with the cor-
responding DNA.  (HarL and SPIEGELMANN, 1961). Recently,
Orara et al. (1g61) reported that azaguanine is incorporated
info an RNA fraction which is found in association with DNA
in bacterial extracts. There is every reason to conclude that
azaguanine is rapidly incorporated into informational RNA.
The same conclusion was also reached by Gros and Naowo
{1961) for another analogue, 5-fluorounracil.

The inhibition of protein synthesis by azaguanine may be
due to structural modifications on the informational RNA which
cannot accomplish its normal function,

It should at present be possible to test such an RNA di-
rectly in view of the recent results reported by NIRENBERG and
Martuaer (1961).  Such experiments would indicate directly
whether the transcription into polypeptides is prevented by the
presence of azaguanine in messenger RNA,

EFFECTS OF AZAGUANINE ON THE SYNTHESIS OF INDIVIDUAL
PROTEING

The experiments considered above dealt with the inhibition
of protein synthesis in general. In B. cereus, the inhibition

{2} Chanirenne - pag. 6
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is drastic: it amounts to go%, under our experimental con-
ditions for the bulk of the protein material and it is complete
for the enzymes studied (catalase, penicillinase, respiratory
system).

With other types of cells, a less general inhibition by aza-
guanine can be observed: for instance, in S. awreus and in
plant fissues, the analogue can inhibil the synthesis of certain
enzymes selectively - without affecting the formation of other
enzymes (Creaskr, 1956; HEYES, 1950}, A comparable phe-
nomenon is observed with B. cerens during the restoration of
protein synthesis after inhibition by azaguanine (CHANTRENNE
and DevrREUX, 1g60). Guanosine can indeed completely release
the inhibition but the restoration of protein synthesis becomes
more and more sluggish as the period of azaguanine inhibition
increases. A striking fact is that the synthesis of penicillinase
is not restared at the same tine as that of the average protein
material (Fig. 2); a lag of more than two hours can be observ-
ed between the recovery of protein synthesis and the recovery
of penicillinase production. This result is obtained with strains
of B. cereus which are inducible as well as with penicillinase
constitutive mutants, and it is immaterial whether the inducer
(penicillin G} is added before azaguanine, together with it, or
together with guanosine,

Catalase formation, on the contrary, is restored rather more
rapidly than the average protein synthesis (Fig. 3).

Beside the general inhibition that it exerts on the synthesis
of all proteins, azaguanine thus causes other lesions which do
not affect equally the synthesis of all enzymes. These secon-
dary lesions develop rather slowly and they are not rapidly
cured.

When an enzyme activity fails {o increase, this does not
necesseraly mean that the synthesis of the enzyme protein is
completely arrested. It may be that certain enzyme activities
fail to increase becausc the protein forming system makes
mistakes, and produces slightly modified proteins which are

(2] Chantrenne - pag. 7
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guanosine causes a good recovery of phenylalanine incorporation into protein
material but little recovery of penicillinase production.

devoid of enzyme activity. In E. cok, there is good evidence
that the yield in -galactosidase activity is reduced by 5 F-uracil
or 2-thiouracil simply becausce the enzyme made in the presence
of the analogue is slightly abnonnal (Naowo and Gros, 1960;
Hamers and Hamers CasterMaN, 1961). The catalase made
during restoration after azaguanine inhibition may also be
slightly abnormal. It does not differ from the normal enzyme
in its affinity for two typical inhibitors, hydroxylamine and
azide, but it is more thermolabile than normal catalase
(H. CHaNTRENNE, 1961).

{21 Chantrenne - pag. §
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Our secarch for abnormal proteins during restoration con-
centrated on penicillinase. Serious technical difficulties were
encountered in our attempts at fractionating the proteins se-
creted by B. cerests. — among which penicillinase is found —
due mainly to the production of proteolytic enzymes by the
bacterium. In the present state of our research, conducted
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in collaboration with J.F. PrcuEre and J. ZANEN, we have
not detected the formation of any protein which would cross
react with penicillinase anti serum. 1t would seem at present
that during the period of recovery the synthesis of penicillinase
remains inhibited for a rather long time, and that either no
abnormal peniciilinase-like protein is made, or if such a protein
is made, that it is different enough from penicillinase to have
lost both the enzyme activity and the serological properties of
normal penicillinase.

It is difficult under these conditions to establish whether or
not an abnormal protein controlied by the structural gene of
penicillinase is made during the phase of the restoration period
when no recognizable penicillinase appears. The use of a
general fractionation method, like electrophoresis, and of an
inducible mutant will possibility help solving this matter.

If no protein depending on the structural gene of penicil-
linase is produced during the restoration of protein synthesis
while other proteins are being formed, a disparity in the control
of synthesis of individual proteins would be indicated; further
research will be necessary to establish whether the observations
reported can be accounted for by the current theory of the
control of protein synthesis, or whether the disparity among
protein synthesizing systems is real and raises new problems,

The formation of well defined abnormal proteins under the
action of F-uracil and possibly of azaguanine, leaves other
questions unanswered. It is easy to understand that replace-
ment of a normal base by an analogue in messenger RNA or
in any part of the reading mechanism might result in the pro-
duction of abnormal proteins because the information becomes
difficult to read, or because the reading machine is damaged
and likely to make mistalces.

It is clear however that each substitution of an analogue
for its normal counterpart does not result in a mistake in the
amino acid sequence, otherwise one would observe the form-
ation of a variety of nonsense polypeptides, not the production
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of rather homogeneous and slightly abnormal proteins. One
wonders then under which circumstances a mistake is made
in the assembly of the polypeptide,

It is not known whether replacement of guanine by azagua-
nine is completely random; the probability of substitution
might depend on the nature of the neighbouring nucleotides.
Another puzzling observation which was reported for F-uracil
is that the analogue apparently causes the substitution of cer-
tain residues of a given amino-acid species by another, but
not the substitution of all the residues of that species. A dege-
nerate code would afford an explanation, for it may be that
substitution in one only of the various coding sequences corres-
ponding to an amino acid would result in a mistake. A re-
dundant code could explain that in spite of a high percentage
of replacement, few mistakes are made.

Although the nature of the coding principle and the code
itself are about to be solved hy direct experiments (NIRENBERG
and MATTHAEI, 1g6T), it is our opinion that analysis of the
effects of analogues may afford valuable information about
the nature and properties of the reading mechanism.

{21 Chantrenne - pag. 11
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DISCUSSION

THRORELL

Have you made, or intended to make, attempts to crystallize and
analyze the catalase formed with and without azaguanine? Deter-
minations of catalase activity in Impure exiracts may easily be
misleading, but there probably should be no partieniar difficulties
in isolating catalase in a crystalline shape, and to make analyses
of the total amino acid composition. T think very interesting dif-
ferences could be revealed which would not necessarily interfere with
the activity, and thus escape observation by activity measurernents.

CHANTRENNE
No we did not try fo purifly catalase; cur main effort is on the
isolation of penicillinase and on the search for modified penicil-

linases,

SPIEGELMAN

It would be awfally interesting o arrance a condition in which
one gels the analogue into the transfer RNA rather than in informa-
tional (I think that really can be arranged) and then to see whether
that has an effect on the production of abnormal protein. It may
be that we have to use «in vitro » systems fo accomplish this.
1t is relatively easy to separate complementary RNA from transfer
RNA on the Hirsuey column, ie, kieselguhr coated with methyl-
albumin. This column does recognize base composition as was
indicated in the very early work of CHARGAFF.
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CHANTRENNE

I might menticn that Osawa and Ocara did some experiments
i the direction you suggest. They showed that transfer RNA in
which 25% of the guanine is replaced by azaguanine still acecepts
amino acids as does normal transfer RNA, with no apparent change

in specificity.

SPIRGELMAN

This is not decisive. Because when you isolate s-RNA by the
usual procedure, it is heavily confaminated with complementary
RNA.

CHANTRENNE

This may very well be, OGaTA’s experiments at least indicate
that one of the functions of {ransfer RNA is not changed by azagua-
nine, namely the capacity to accept amino acids,

f2] Chanlrenne - pag. 14



THE PROBLEM OF THE PRIMARY STRUCTURE
OF THE DEOXYRIBONUCLEIC ACIDS

ERWIN CHARGARI

Cell Chemistry Laboratory, Department of Biochenistry,
Columbia University, New York, N.Y, (US.A)

The first requirement for an understanding of the primary
structure of a high polymer is the knowledge of the number and
nature of its constitwents and of the manner in which these
are linked. In the case of those nucleic acids that have so far
been studied, this may be said to have been more or less ac-
complished in the course of the last 15 years [1]. It must,
however, be admitted that this statement can apply only to
the relative, but not to the absolute, number of monomeric
constituents.  In almost ne case has a clear agrecment been
reached concerning molecular weight and acceptable criteria
of integrity and homogeneity of a nucleic acid. This is not
surprising; quite apart from the great difficulty of handling
a family of substances of very high molecular weight and
closely similar physical properties, it must be assumed that
the more intimately related a compound is to the central life
processes, the more precarious it will be to decide in what form
and association it acts in the living cell.

Of the isolated and chemically investigated deoxyribo-
nucleates (DNA) the statement can be made that they are
built of chains of four or five principal deoxyribonucleotides
that are linked by 5':3’ phosphodiester bridges. The existence

(3] Chavgaff - pag. 1
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of minor constituents cannot be excluded; nor are general-
izations permissible when dealing with nucleic acids that have
not yet been investigated in detail.

If the important role currently assigned to DNA as genetic
determinants is accepted, it stands to reason that the “in-
formation” coded into DNA must find its chemical expression
in the sequence of purines and pyrimidines on the sugar phos-
phate backbone. There may, of course, exist also other
aspects of expression, ¢.g., physical or, better, geometrical;
but the shape in which a nucleic acid functions in the cell —
for instance, in the form of a nucleoprotein — is completely
obscure. The remaining decisive problem in the chemical defi-
nition of the primary structure of a deoxyribonucleic acid is
without doubt the development of methods for the determina-
tion of nucleotide sequence. The conceptual definition of what
is meant by a nucleic acid molecule also remains to be achieved.

Only four or five letters, consequently, make up the “al-
phabet” of a DNA; but the words thus spelled are truly
gigantic: the estimates vary from 10,000 to 200,000 nucleotides
per chain; and even more enormous is the number of possible
isomers of any given total composition. The baffled crypto-
grapher is faced with a most intractable task. He may hope,
while laboriously developing the trends of nucleotide arrange-
ment characterizing different DNA specimens, that other, more
convenient and less ambiguous, scanning procedures will be
discovered. He may fear that even the successful perusal of
an entire DNA text will prove less informative than is expected
at present.

Whereas in most other respects the nucleic acids are infini-
tely more refractory to sequence determination than arve the
proteins, they stand out through one fortunate feature, namely,
the differences in the stability of the glycosidic linkages of
their component nucleotides, so that the bonds attaching the
purines to the sugar are much more easily cleaved by acid
than are those holding the pyrimidines. We made early use
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of this method of differentiation in our studies on the pro-
duction [2] and degradation {3] of what we called apurinic
acid.

It is on this early work that the more refined procedures
of the analysis of the distribution of solitary pyrimidines [4]
and of pyrimidine clusters or bunched pyrimidines [5] are
based. TFor purposes of definition it may be said that a pyrimi-
dine nucleotide flanked, within the polynucleotide chain, only
by purine nucleotides will be referred to as « solitary ». Pyrimi-
dine nucleotides occurring in stretches of two or more, flanked
on both sides by purine nucleotides, are designated as « bunch-
ed » or, for long tracts, as « clusters », Solitary pyrimidine
nucleotides can be determined with relative ease, since they
will be released, through a series of elimination reactions, in
the form of the corresponding nucleoside 3',5'-diphosphates
by mild acid treatment [4]. Similar procedures lead to the
isolation of the various pyrimidine oligonucleotide clusters,
consisting of sections of different length, each carrying phospho-
monoester groups on both sides at positions 3" and 5°, respect-
ively. The pertinent literature can be found in the papers
quoted; the main conclusions from our studies have been
reviewed recently [0].

Such gradual and controlled degradations can teach us a
greal deal about certain features of the nucleotide arrangement
in DNA. The general conclusions of our work on tendencies
of pyrimidine distribution may be summarized as follows.
1) The method of pyrimidine distribution analysis permits the
distinction of deoxyribonucleic acid specimens that are in-
distinguishable by the analysis of their purine and pyrimidine
composition. Specimens having identical total nucleotide con-
tents, though derived from different organisms, differ widely
in most sequence characteristics that can be developed by the
distribution procedure. - 2} A large proportion — in many
cases 60% or more — of the pyrimidines occurs as tracts of
three or more pyrimidines in a row. - 3) The nucleotide arran-
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gement in most deoxyribonucleic acids examined so far is not
random. This may be taken as an indication that a deoxyribo-
nucleic acid chain couid represent a meaningful text. It must,
however, be understood that it is only through the intelligence
of the reader, or hearer, that an array of lelters, or sounds,
can acquire significance,

The convenient, if somewhat misleading, slogan « biological
information » is another example of the motorized anthropo-
morphism that disfigures much of our biological reasoning at
present, This concept postulates the existence of a chain of
information in the cell which is thought to be represented by
a series of signals, as it were, emanating from a specific deoxy-
ribonucleic acid and transmitted by a specific ribonucleic acid
messenger of matching composition to the unspecific ribo-
nucleoproteins of the ribosomes, thus instructing the latter to
proceed to the manufacture of specific proteins. Our ignorance
of the first causes thus is concealed by a terminological scaffold
which, while lacking the beauty of an allegory, retains its
vagueness.

Sequential specificity of high polymers of cellular origin is,
as we have learned in the recent past, one of the principal
marks of the specificity of the cell. Now that sequence studies
on proleins are being carried out so widely, we are becoming
familiar with the statement that, in a particular peptide se-
quence, a given amino acid A is « replaced » by another
one, B. This is an easy statement to male; but what does
replacement mean in biological terms? We have attempted
to explore this question in the field of the nucleic acids in which
the replacement of one constituent occupying a definite position
in the chain by another must be at least as significant, if the
réle currently assigned to the nucleic acids is correct. In this
field, statements have been even more sweeping than in the
case of the proteins; and this thanks to the pairing principles
which since their first announcement [7] have become well
established.  Just as, in the total molar composition of a
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deoxyribonucleic acid, adenine equals thymine and guanine
equals cytosine, we know that guanine also equals the sum
of cytosine and s-methyleytosine in polymers containg the
latter pyrimidine. Similarly, in ribonucleic acids some of
the uracil can be «replaced » by s-fluorouracil [8]. We
shonld, therefore, be inclined to say that one 6-amino pyri-
midine can replace another; and the same would hold for
6-keto compounds, An example for such a conclusion will
he found in Table I, taken from a previous paper [4].

TapLe [ — Composition of deoxyribonucleic acids of rye
germ and wheat germ

Rye germ {Wheat germ

Moles 100 g-atoms P

Adenine .. . . . . . . . . P 270 28.1
Guanine ., . . . . . . . . . . 22.0 21.8
Cytosine . . . . . - .« . . . . .| 1064 16.8
Methylcytosine . . . . . . .. 5.9 5.9
Thymine . . . . . .. .. .| 24 274

Molar ratios

Adenine + thymine to guanine + eytosine + methyl-

eytosine . . . . . ... 1.23 1.25
Purines to pyrimidiges . . . . . . . . 1.01 1.0
Adenine to thymine S e 1.01 1.03
Guaning to eytosine + methyleytosine . . . 1,01 0.90
Cytosine to methyleytesine e e 2,78 2.85

One could have surmised — and many have done so

— that this « replacement », for instance, of cytosine by
s-methyleytosine, means that any cytosine molecule within the
chain has an equal chance of being substituted by a methyl-
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cytosine molecule. But is this really the case? Ewven our first
findings served to throw doubt on such a generalization. It is
possible fo fractionate deoxyribonucleic acids through the frac-
tional dissociation of the nucleoproteins or of artificially pre-
pared histone nucleates or similar salts with other basic pro-
teins [9]. When such preparations from wheat germ or rye
germ were examined, they were found to differ with respect
to the relative proportions of cytosine that had been « replac-
ed » Dby s-methyleytosine (Table II, taken from previous
publications [4, 10}). It is quite clear that in the process of
the assembly of the polynucleotide chain a discrimination be-
tween the two 6-amino pyrimidines must have taken place.

Even if it were assumed that the methylation of part of the
cytosine occurs after the formation of the polymer —- and there
have been no indications of such a reaction so far —— this
would only serve to localize such a predetermined and specific
discrimination in the enzyme performing this hypothetical and
rather improbable step.

Even more surprising were the results of distribution stu-
dies. The relative abundance of solitary pyrimidine nucleoti-
des in the total deoxyribonucleic acid of rye germ and in seven
fractions isolated therefrom is shown in Table TIT (taken from
a previous paper [47). It will be seen that methylcytosine
has a much higher tendency to occur as a solitary unit inter-
jacent between purines than has the other G-amino pyrimidine
cytosine. It reseinbles, in this respect, thymine. Tt is clear
that one cannot speak of a random replacement of cytosine by
its methyl derivative; much rather could one conclude that
it is the two 5-methyl pyrimidines that go together.

In conclusion, a few words should be said about the recent
attempts of my laboratory to develop a method for the separa-
tion of all pyrimidine clusters that occur in a given deoxyribo-
nucleic  acid interspersed between two or more purine
nucleotides, TIn this manner, a much more complete account
can be given of the array of pyrimidine oligonucleotides. We

13} Chargaff - pag. 6
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have investigated several nucleic acid specimens by this pro-
cedure; as an example our preliminary results on calf thymus
deoxyribonucleic acid are reproduced in Table 1V taken from
a recent paper [5]. It may be of interest to list the various
pyrimidine oligonucleotides which were isolated, in collabora-
tion with Dr. J. H. Spencer, from the nucleic acids of calf
thymus and rye germ. Irom the compilation in Table V
it will be seen that even pentathymidylic acid occurs in both
specimens, whereas the largest exclusive oligonucleotide of
cytosine is the trinucleotide.

TaBLE IV — Disiribution of pyrimidine nucleotide clusters
i calf thymus DNA (¥)

Fraction Number of Total phosphorus: Total pyrimidine Proportion
No. pyrimidine in fraciion phosphoerus in of DNA
nucientides fraction phosphorus
in fragment
" o moles & moles Oy
I 1 7.51 ] 3.75 10,1
it 2 553 3.69 0.6
1 3 4.34 3.25 8.7
v 4 3.57 2.80 7.7
Vv 5 2.40 2.08 5.0
Vi 6 1.79 1.54 4.1
Vil 7 1.40 1.22 3.3
VIII 8 0.80 0.77 2.1
IX e 1.98 : 1.81 4.9

{*} The hydrolysate subjected to fractionation contained 37.31 p moles
of DNA phosphorus of which 5.7¢ 1 moles had heen released as inorganic I,
recovered in br, 1, The total recovery amounted to ¢8.69% of the DNA
phosphorus,

(#%) This {raction comprises the nucleotide clusters Py,p,,, in which =
equals g or more. The average chain lengtl of this fraction corresponded
to # v 11, The values referring to this {raclion in the last two columns
are based on this estimate.

(3] Chargaff - pag. 9
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TABLE V — Pyrimidine nucleoside 37, s5'-phosphates isolated
from DNd (*)

RYE GERM CALF THYMUS
T T
Mononucieotides
C C
M M
T, T,
cT CT
Dinucleotides e ¢
M,
M¥
T, T,
T.C
Trinucleotides TG G
C, o
C,M.
7,0
T, T,
T, T
Tetranucieotides T TG,
TC,
M
Ty Ty
T T,
Pentanucleotides TGy TG,
1,0,
T.M

(*) Positional isomers are nof distinguished in this list. T designates
thymine; C, cytosine; M, s-methyleytosine.
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[5]
[6]
{71
(8]
[9]
[10]
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DISCUSSION

FRAENKEL-CONRAT
What is the status of hydrazinclysis as a method fo obtain
apyrimidinic acid?

CHARGAFF

Unfortunately, the methods described heretofore for the pre-
paration of apyrimidinic acid are not very satisfactory. In our
hands, at any rate, the specimens so obtained often contained still
traces of pyrimidines and they are, moreover, depolymerized to a
large extent. It is, thercfore, questionabie whether they can be
utilized for sequence studies. We are, however, working quite
actively on this problem since it would be of obvious interest to be
able to compare our previously determined pyrimidine sequences
with the purine sequences from the same DNA. Within certain
limits, it should thus be possible to arrive, for the first time, at a
chemical decision on the existence of base-pairing in all regions of
a polynucieotide sequence.

SCHRAMM

It is very surprising that after incorporation of the bromouracil
such great changes in the total sequence occur. A number of solitary
pyrimidines are changed. Are there any possibilities to explain
this fact?

[3} Chargaff - pag. 13
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P o
)

I remember that Frepsg has investigated the reason for this
mutation. He thinks that bromouracil can replace to a certain
extent also cytosine, not only thymine. It may be fo a very small
extent, DBut it is enough to explain the mmutations.

CHARGAFF

Farther investigations on the effect of the incorporation of bro-
mouracil into DNA have failed to confirm our original conclusions
as to a severe distortion of the pyrimidine arrangoment in K. coli
DNA.

We are now preparing for publication a report on guite extensive
studies with two dilferent mutants that have led us to correct our
previous observations.  We have also found bromouracil to be an
excellent tool for the study of the mode of replication of bacterial
DNA. A report of this work is also being prepared for publication,
It is, however, possible that the brominated analogne disturbs what
might be called the « micro-sequence », namely, in certain predeter-
mined spots. There must after all be a reason for the occurrence
of preferred locations of mutability arising from the incorporation

of bromouracil,

Jacos
What is the netl increase in DNA content when you replace thy-
mine by bromouracil?

CHARGAFF

I cannot provide quantitative data to answer your question.

In K. coli x5 t~arg= it is possible to get several replication cycles
with bromeuracil in the entire absence of thymine.

[3] Chargafi - pag. 14



CRITICAL OPALESCENCE AND THE RANGE
OF MOLECULAR INTERACTION

P, DEBYE
Department of Chewmisiry Cormell University - Tthaca, NY. (U.S.A))

When molecules have dimensions large enough to be com-
parable to the wavelength of visible light, observation of the
dependence on the angle of scattering of the intensity of the
light scattered by dilute solutions can be used to determine
those dimensions experimentally [1]. The scattered intensity
of polarised light observed in a plane perpendicular to the clec-
trical vibration decreases with increasing scattering angle. This
dissymmetry cffect has been used to show that in the case of
coiling molecules the average distance between ends of the
molecular chain is very nearly proportional to the square root
of the molecular weight. In this way the analogy between
the flexible chain and the mathematical problem of the random
flight is established. Polystyrene of a molecular weight of one
million dissolved in benzene has an average end-to-end distance
of about 1100 A. The practical limit for measurements of
these dimensions lies at about 300 A where the angular dissym-
metry becomes too small to be measured with some accuracy.

In 1950 B. Zmvm 2] observed angular dissymmetry of the
light scattered by mixtures of two liquids consisting of small
molecules, provided the experiment was carried out in the
vicinity of the critical mixing point. It is well known that

(4] Debyve - pag. x
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the theory of ScarcHarn-HiLpesrann predicts for such mix-
tures that the curve representing the osmotic pressure of say
liquid B in A as a function of the concentration does exhibit
a critical point that is an inflexion point with a horizontal
tangent (parallel to the concentration axis) for a definite critical
temperature. The abscissa of this point defines the critical
concentration. Above the critical temperature the two liquids
are miscible in all proportions; below this temperature sepa-
ration in two phases occurs.

In the vicinity of this critical point the osmotic work nec-
essary to separate the mixture in two components becomes
very small, zero in the critical point itself. If now a light
scattering experiment is performed, say at the eritical con-
centration but above the critical temperature, it is observed
that the scattered light becomes very strong. The nearer the
temperature comes to the critical temperatnre the higher the
intensity. This is readily understood since the osmotic work
concerned in separating the two liquids becomes very small,
zero in the critical point itself. The thermal motion therefore
can produce strong fluctuations of the concentration and con-
sequently of the refractive index. This has been known for
a long time. What was added to this as a result of the obser-
vation of ZiMm was that the increasing intensity is coupled
with increasing angular dissymmetry, although the moelecules
in question are small (carbon tetrachloride and perfluorated
methyleyclohexane).

It is to be expected that something else {not the molecular
dimensions) has hecome comparable to the wavelength of visible
light in the wvicinity of the crifical point. What this is becomes
clear when we try to visualize the geometrical structure of the
instantaneous distribution of the refractive index in the mixture,
If we plot this index as an ordinate along a line AB of length »
in the liquid we observe a curve representing fluctuations
around an average valne of the index which are characterized
by two featnres. The one feature is their amplitude, the other
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feature is the distance over which a given amplitude persists
before it changes say from a positive value to a negative value,
This second feature can be measured exactly by introducing
the so called correlation or autocorrelation function [3]. Take
for a given distance r of the points A and B the product of the
fluctuations A, and Ay and establish the average of this pro-
duct. TFor zero distance this product becomes equal to the
average value of A2 Dividing Av <A, Ap> by Av <A2>
we obtain a number which will depend on the distance
AB=y. This represents the correlation function C(#) which
according to this definition will start with 1 for 7==0. We can
predict that C(r) will tend to O for large values of 7, since
under these circumstances what will happeu in B will be totally
independent of what happens in A.

The theory, based on MaXWELL’s equations, now predicts
the following connection between the correlation function and
the intensity distribution. If C(#) is known as a function of #
the scattered intensity I can be calculated as a function of the
scattering angle ®, which appropriately can be measured by
§=12 sir 52)— Also the opposite is true. If the intensity [ is
known as a function of S, the correlation function C can be
calculated as a function of the distauce ». The qualitative effect
is such that a slow decrease of C with increasing » acts the same,
as far as scattering is concerned, as a big molecule in a diluted
sclution.

Mathematically it is appropriate to define the square of a
persistence-length L by the second moment of the correlation
function. If this is done it can be said that the angular dis-
symmeftry of the scattered intensity will be the more pronounced
the bigger the persistence-length is. From the rate of decrease
of I(s) plotted as a function of §? for small angles an exactly
defined value of I? can be derived. In the case of ZiMM it
turned out that at a temperature distance of 0.02° from the
critical temperature the persistence-length L 18 1500 A,

{41 Debye - pag. 3
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The next question [4] to be considered was how the per-
sistance-length 7. depends on the temperature-distance from the
critical temperature T, Zivm’s experiments show that for
experiments performed at the critical concentration the re-
lation is

= T

I
in which 7 is a constant length much smaller than 7, which in
Ziv’s case turns out to be I=14.7 A. _

This relation generates at once the desire of a theoretical
derivation.  This can be performed if we start with an inter-
pretation of EINSTEIN's theory of light scattering introduced by
Brirrours [57 and apply it to a background provided by a
molecular theory of the equation of state. The most simple
case, which can be considered is that of the effect of density-
fluctuations in a gas of one component in the vicinity of the
critical point, commonly considered in this case as characterised
by an inflection-point with horizontal tangent of the critical
isotherm.  Considering the light scattered under a definite
angle @ with the direction of the primary light, BrirLLoumN's
calculations show that if a FoUriEr analysis is made of the
instantancous density-fluctuations there is only one component
of this analysis which determines the intensity for the angle,
This component represents a wave with a front making the
angles 8 /2 with the primary and the secondary direction. This
front acts so to say as a mirror on which the primary light is
reflected.  Of components with such a front there are a very
large number contained in the analysis cach characterised by
a wavelength A which goes from A=oo to a wavelength of the
order of the mutual distance of neighboring molecules. Only
one component however is important, namely that component
which has a wavelength A which is related to the wavelength A
of the light by Bracc’s relation, making

[
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A X
The intensity of the light scattered in the direction @ now i
proportional to the square of the amplitude of this FourEk-
component.

Measuring the intensity of the scattered light in going from
@=0 to ®=180° therefore amonnts to measuring the square
of the amplitudes of partial Fourier-waves; their sum repre-
senting the total thermal density-fluctvation. The wavelength
A of these partial waves starts with oo for ®=0 and ends with

A . .
A= —for @=180° Obviously this merely covers a small part

of the total thermal spectrum of the fluctuations {(which extends
to much smaller wavelengths) at least as long as only visible
light is considered,

In his original paper EiNstEIN [6] imiplicitly calculated
the energy connected with one of the thermal waves from the
compressibility of the liquid. He concluded in this way that
this energy was independent of the wavelength. Applying the
equipartition principle he then came to the conclusion that
the amplitudes of all the different waves to be considered are
the same in thermal equilibrium and independent of their wave-
length. This leads unavoidably to the conclusion that no an-
gular dissymmetry of scattering should exist.

There is no question about the fact that under the prevail-
ing circumstances the equipartition principle will hold. What
has to be investigated is whether the energy of a wave of a
given amplitude is indeed wholly independent of the wave-
length. The vicinity of the critical point is characterised by
the fact that (in our example of the density fluctuations) the
compressibility becomes very large, infinite in the critical point
itself. The calculated energy for a fluctuation of a given ampli-
tude 4 will become the smaller the nearer we are to the critical
point. In this region it will therefore be necessary to investigate
whether there exist no other reasons for an energy additional

{a] Debye - pag. 5
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to the compressional energy. In any molecular theory of the
equation of state as for instance the classical theory of van per
WaaLs the potential energy of a molecule with respect to its
surroundings has to be introduced. Commonly this energy is
calculated from the molecular interaction energy between two
molecules by supposing that the variation of the density around
the central molecule can be neglected over distances which are
of the order of the range of the molecular forces. Strictly this
is of course not quite right [~]. The density around the central
molecule can be developed in powers of the coordinates around
this point. Tf this is done and only the first terms of this de-
velopment are retained it turns out that not only the average
density but also the local variation of the density is involved
in calculating the potential energy of the central molecule. If
this is followed through it ultimately turns out that for a fluc-
tuation represented by a wave of wavelength A the energy is
still proportional to the square of its amplitude a. The factor
however now contains an additional term which is proportional
to the square of the ratio: range of molecular forces [ to the
wavelength A. Since as we have seen this wavelength obeys
Brace's law and varies with the angle, equipartition now de-
mands that the square of the amplitude of the special thermal
disturbance responsible for the scattered light at the angle ®
decrcase with increasing angle. This effect will be the more
important the higher the value of the energy-correction due to
the local density variations is as compared to the amount of
compressional work. This shows why a special effect has to
be expected in the vicinity of the critical point where this com-
pressional work becomes very small.

The same kind of reasoning can be applied to concentration
fluctuations in mixtures. The only difference is that instead of
one range-constant I we will have another range-constant which
is composed of three constants measuring the interactions
AA, BB, and AB in a case of a mixture of two components
A and B. In the most simple representation of the theory,
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along the lines of van peEr WaaLs for a simple gas the value
of I is the sccond moment of the curve representing the inter-
action-energy as a function of the distance of the two interacting
molecules [8].

Ultimately the prediction is that if a plot is made represent-
ing the reciprocal of the scattered intensity as a function of 2
a series of slanting straight lines (all parallel to each other)
is obtained. The stope of these lines is a measure of /. In
ZivM's case the value of { so obtained was I=14.7 &, in the
case of a mixture of methanol and cyclohexane the experimental
value of { was 12.7 A. The remarkable fact is, that by measur-
ing the angular intensity-distribution of the scattered light in
the vicinity of the critical point it is possible to measure mo-
lecular inferaction-ranges of the order of 1o A with visible
light of a wavelength of the order of 3000 A.

After these interconnections were established it seemed in-
teresting to apply the method to coiling polymers lg]. Ina
solution the average space occupied by such a molecule is
mostly filled with the solvent. So for a polystyrene molecule
of ope million molecular weight, which in a benzene solution
occupies approximately a spherical space with a diameter equal
to a measured average end-to-end-distance of II0O A the
average density in this space due to the polymer is only
2.4-107% g/ce. The centers of gravity of two polymer-molecules
which are approaching cach other will get much nearer than
the end-to-end-distance. It seemed inferesting to determine
experimentally with the new method what the range of interac-
tion for such molecules would be and to compare such ranges
with the size for different molecular weight. This has been
done for polystyrene In cyclohexane ranging in molecular
weight from 69,000 to 2,820,000. Similar measurements were
also made for a few samples in ethyl-cyclohexane.  The so-
mewhat surprising result was that the interaction range was a
good deal smaller than the expected and measured coil-dimen-
sions. The values of I for the different molecular weights men-

(4] Pebye - pag. 7
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tioned above varied from 24 A for the lowest molecular weight
to 66 A for the highest. In order to see whether this surprising
result was real a second method for the determination of 7 was
conceived. Light passing through a solution is lost solely as
a result of scattering. This scattering due to thermal fluctug-
tions can Dbe rather large in the vicinity of the critical point,
Apparent absorption coefficients « of the order of T cm~! have
been observed. Theoretically such apparent absorption-coeffi-
cients can be calculated by integrating the scattered intensity
over all angles of a sphere. The formula which is obtained
in this way will show o as dependent on the wavelength A of
the light, since the angular distribution depends on X, - The
cocfficient will theoretically become infinite for the critical
temperature T,. If the results of such a calculation are plotted
for a given wavelength X in the form 1 /& as a function of the
temperature T a curve is obtained which is a sloping straight
line for larger values of T- T, Approaching the critical fem-
perature this straight Hne curves down and reaches the T-axis
at T=T,. To different wavelengths X belong different curves.
All end at 1/e=0 for T=T, but their straight parts have dif-
ferent slopes. If these straight parts are extrapolated they hit
the T-axis in different points depending on the wavelength. In
this way the impression is created as if the critical temperalure
T, depends on the color of the light by which it is observed.
An experimental investigation [10] with a spectro-photometer
of a polystyrene solution in cyclohexane with a polymer of a
molecular weight of 147,000 yielded a series of straight lines
for 1/a for wavelengths ranging from 3,600 A to 4,800 A.
Extrapolation of these straight lines leads indeed to different
values of T, Now the theory predicts that if those values
of T,* determined in this way are plotted themselves as a
function of 1/2% a straight sloping line should result and the
slope of this straight line should be a measure for the values
of I. Such a line was indeed obtained and the value of I derived
from its slope was I=2¢.1 A&. Tor the same polymer [ had
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been measured previously by observing the angular dissym-
metry of the scattered radiation and from this the value
I=28.4 A had been derived. No doubt seems to be left of the
fact that indeed the polymer-molecules are peuetrating in each
other to a large extent before appreciable interaction occurs.

It will have been noticed in the previous part that the
theory so far put forward as an explanation of the observed
dissymmetries is only an approximation. In the case of den-
sity-fluctuations for instance the density around a central mol-
ecule was represented by a development in powers of the co-
ordinates around that melecule and only the first terms of this
development were retained. This approximate calculation is
of course not necessary and a final result can be reached without
making use of such a development. In this way one is led
to the observation that it should be possible to derive for
instance the interaction energy befween two molecules as a
function of their mutwal distance, frem another curve which
represents the scattered intensity as a function of the scattering
angle observed under appropriate circumstances. So far the
observed curves of this kind have been very simple. The
reciprocal intensity plotted as a function of §? was represented
by a straight line. What we are looking for are deviations of
this straight line. Presumably they should occur if we can
make cbservations of the angular intensity curve near enough
to the critical temperature. Unfortunately this has not been
possible for polymer solutions up to now. The available poly-
mers which have a nominal molecular weight are as a matter
of fact mixtures of a range of motecular weights. It was sup-
posed that the molecular weight distribution curve of the poly-
mers which were available to us would be rather sharp, since
their guotient: weight average to number average molecular
weight was near 7. So for instance for a sample, mentioned
before of a nominal molecular weight of 147,000 this quotient
was given as 1.04. Thinking this over it appears very soon
however that the nearness of this quotient to unity is a very
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bad measure for the sharpness of the distribution curve. In
the special case of the quotient .04 it is easily shown that half
the width of the distribution curve at an ordinate which is
50% of the ordinate at its maximum is equal to 30% of
147,000, the molecular weight at the maximum. The existence
of this relatively broad distribution prevents an approach nearer
than 0.%° to the apparent critical temperature of the mixture.

Samples with sharper distribution curves have kindly been
made available to us in the meantime by Dr. BREITENBACH in
Vienna and Dr. WERGER of the Mellon Institute in Pittsburgh.
However they are still not sharp enough for ocur purpose.

Under these circumstances it seems that another approach
to the case of polymer solutions is more promising, at least for
the time being. What is measured primarily is the correlation-
curve counecting fluctuations in different points of the solution.
To perform this measurement an interference-effect is used.
Generally in such an effect the scattered intensity distribution
depends on a variable of the form L s/ in which L is a
length determined by the special circumstances. Therefore it
is possible to observe the more details of this curve the larger
the range of values s/ is, which can be covered. The angular
variable s can only range from o te 2. This indicates that
our goal might be reached by substituting X-rays for visible
light. Trom the already known magnitude of the persistence-
lengths L in practical cases it is clear that these X-ray measure-
ments will have to be made at small angles. Such measure-
ments have been started, At this moment not enough work
has been done to say more than that the results confirm in a
qualitative way our expectations that for larger values of s/
deviations from the straight-line representation of ’/I occur
indeed.
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DISCUSSION

ANFINSEN
What about the possibility that the globular proteins might be

unwound?

Depyr
The method should work independent of the special molecuiar

structure.

ANFINSEN

How high must the molecular weight be?

DrEpYE
There is no lower limit, Ordinary small molecules are also ap-

propriate.

Purziys

The molecular field of the solvent molecules, such as benzene,
manifests itself by a nearly complete depolarization of the scattered
light. Is there any effect on the depolarization in this case?

Dipve
This has not been investigated. However I do not expect

anything special.

(4] Debye - pag. 13
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SCHRAMM
What kind of molecular forees act at these distances?

Denye
All forces which are responsible for instance for lguefaction

and which are somelimes called van nErR WaaLrs forces,

KATCHaLsKI
Does the theory developed apply also to native rigid macromole-
cules which possess the shape of elongated ellipsaids of revolution?

Drsye

The theory applies to any kind of molecules and any kind of
interaction.  For rigid molecules 1 do not expect the oblainable
information to go much beyond information about size or form.
It seems more interesting at least to me and at this moment to do
experiments aboul coiling molecules especially since it was found
for polystyrene molecules that the range of inferaction is a good
deal smaller than the size, indicating muftval penetration of the

molecules.
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IRON TRANSPORT RATE
IN THE NEOPLASTIC ORGANISM

G DE HEVESY

Institudionen {Gr kewmi och biokemi,
Kungl. Universitetel ¢ Stockholm, Stockholm (Sverige)

A guarter of a century ago HeimevER and PrLorTRER have
drawn atfention to the diagnostic importance of the determina-
tion of the plasma iron concentration. TFollowing up the above
suggestion an immense amount of useful information was since
obtained. Such informations can be enlarged by determining
not atone the concentration of the plasma iron but also the rate
at which the iron atoms present in the plasma are cleared.

Under physiological conditions about go p.c. of the iron
atoms of the plasma find their way into the bone marrow and
are replaced by iron atoms coming from the iron depots, The
plasma ivon clearance rate supplies thus some information on
the rate of haemopoiesis going on in the bone marrow.

‘Fo determine the clearance rate of plasma iron atoms we
have to label it with the radioactive Fe®" and follow the exodus
of the radioactive atoms from the circulation. The labelling is
carried out by incubating the plasma sample with minute
amounts (I g or less per ml) of with Fe®™ labelled iron citraie
for about 20 minutes, as first done by Hurr and associates.
The iron atoms added get combined with B,-globulin molecules
present In the plasma. It is bound to B,-globulin that all
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plasma iron is present under physiological conditions. At
intervals of 20 minutes bicod samples are taken, their plasma
isolated and the activity of a known plasma volume compared
with that of a known aliquote of the incubated sample. From
the rafe of decrease of the radioactivity of the sample and the
colorimetrically determined iron content of the plasma the mil-
ligrams of iron can be caleulated which left the circulation in
the course of an hour, which amounts under physiological con-
ditions to about 1.4 mg.

Is the haemopoiesis accelerated, as it is the case in the
height where anoxia prevails, the flow rate of plasma iron is
spectacularly increased as demonstrated by John LAWRENCE
and his colleagues who compared the plasma iron transport
rate in students on sea level and in the Andes mountains.

In cancer and a number of other diseases the life cycle
of erythrocytes is often shortened, hacmoglobin is leaving the
circulation at an accelerated rate and correspondingly anoxia
prevails. This induces, presumably through an increased hae-
mopoclin supply, an increased rate of haemopoiesis. Such an
increase neccessitates a more copicus iron supply to the bone
mayrrow, a more rapid transport rate of plasma iron.

In advanced cancer the increased rate of hacmopoiesis does
mostly not suffice to fully compensate the erythrocyte (haemo-
globin) loss due to the shortening of the life cycle of the erythro-
cytes and correspondingly anaemia sets in.  In non-advanced
cancer almost full compensation may take place. This was the
case for patients of the Radiumhemmet of Stockholm suffering
from invasive carcinoma of the uterine cervix, the iron clear-
ance of which was studied in our laboratary prior to and 1 year
after radiation therapy.

As seen from Fig. 1 stating the mean value of 27 cases taken
from a paper of my collaborator Lockrer the only haemato-
logical data which significantly differ prior to and after therapy
are plasma iron transport rate expressed as half-disappearance

5] De Hevesy - pag. 2
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time (13%) of the labelled plasma iron or as mg. iron leaving
per hour the plasma, furthermore the plasma volume.

After successful treatment the plasma iron transport rate
was reduced in the average with about 40%,. The mean value
of the mg iron/hr/l red blood corpuscles was before treatnient
1.22 and after successful freatment .75 (p<0.001). No de-
crease of the transport rate took place when the treatment was
not successful.  In some cases the tfranspoert rate was found
even considerably increased in patients with radio-incurable
or recurrent carcinoma. In three patients the iron turnover
increased several weeks Dbefore the recurrent carcinoma could
be diagnosed clinically.

1t is not always casy to decide if a plasma iron clearance
rate is pathological or not in view of the fact that the clearance
rate in healthy subjects is showing quite a large variation.
This difficulty did not arise in our investigations as we based
our conclusions on results oblained by investigating the same
person prior to and after therapy. Trom the fact that the
clearance rate was reduced affer successfnl therapy we could
conclude that it was enhanced prior to treatment. The patients
investigated have not shown a significant difference in their
haemoglobin content or body weight prior to and after therapy
and thus from the difference in the iron transport rate before
and after treatment some conclusion could be drawn as to the
effectiveness of the therapy.

From the rate of disappearance of Cr°' fabelled red cor-
puscles we can conclude only on the decrease of the number
of viable erythrocytes present in the circulation with time,
while even the formation of short living erythrocytes or reticu-
locytes, furthermore ineffective erythropoiesis going on in the
bone marrow is indicated by the iron clearance rate figures.
The measurement of plasma iron trasport rate leads therefore
to a further going information than does the measurement of
the life cycle of erythrocvies.
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DISCUSSION

SPIEGELMAN

Your explanation for the observation of increased clearance
observed in carcinematous patients would suggest that other patho-
logical condition might also lead to the same result. Have any

been found?

De Huvesy

In almost every case in which the life cyele of the erylhrocyfes
is shortened, we find an increased clearance rate of plasma iron.
The shortening of the life cycle of the erythrocytes leads to anoxia
which in turn predoces an accclerafed haemopoiesis, an accelerated
haemoglobin formation, an accelerated plasma iron transport rate.

In advanced cancer and several other diseases the accelerafed
haemoglobin formation does mostly net suffice to compensate the
loss of the haemoglobin content due to the shortened life cycle of
the erythrocyles and correspondingly anaemia sels in.

In non-advanced cancer, the haemoglebin Joss due to life cycle
shortening of the erythrocytes may be fully compensated by an
increased 1ate of haemopoiesis which necessitates a correspondingly
increased rate of plasma iron fransport rate. This was the case n
the jnvestigation deseribed,

After a successful therapy the transport rate normalised.

We do not draw conclusions from a change in the clearance
rate alone but from the difference in the clearance rate obscrved

prior to and after therapy.
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Lirmann

There is no direct relation between this comment and Professor
D Hevesy’s lecture, but nevertheless T would like to mention what
Dr. Braun of the Rockefeller Institute told me about iron transport
through plant membranes. He finds that inositol deficiency abolishes
iran transport, which is promptly resumed on inositel addition. This
reminds of Hopkin's demonstration that in animal systems the pho-
sphate turnover of inositol-phosphate is connected with iron trans-
port, such as transport of potassiom (K+)} and sodium (Na+) ions.
Is anything similar known for jron fransport in mammalian celle?

D Hrvesy

We have extensive information how different suhsfances influence
extracellular iron transport and also the incorporation of iron into
haemin inside the celi, but not much is known on the mechanism
of celiular intrusion of iromn.
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STRUCTURAIL AND FUNCTIONAIL RELATION
BETWEEN THE NUCLEIC ACID AND PROTEIN
OF VIRUSES

H, FRAENKEL-CONRAT
Virus Labavatory, University of Califernia, Berkeley, Calif, (U.S.A)

All viruses consist primarily, if not exclusively, of protein
and nucleic acid. The nucleic acid is either of the deoxyribose
type (DNA) (animal and Dbacterial viruses), or of the
ribose type (RNA) (animal, bacterial and plant viruses). The
PINA containing viruses vary in shape and size, as well as in
DNA and protein content over a wide range. There are some
viruges resembling organisms (e.g., vaccinia virus), and others
showing the sharp edges and symmetries usnally associated
only with crystalline arrays of molecules (e.g., the tipula iri-
descens virus). The RNA viruses also show great variabilify,
but have one striking feature in common: their absolute con-
tent in RNA is approximately constant, corresponding to a
molecular weight of 1.5 to 2.2 x 10% Since their protein content
varies greatly, the RNA/protein ratio of these viruses ranges
from about ¢.01 to ©.40.

A seemingly common feature of ali viruses is the archi-
tectural relation of protein and nucleic acid, It appears that
the protein always covers the nucieic acid. Thus, all surface
properties of viruses are determined by the protein coat, and
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the nucleic acids are rendered accessible only by disruption
of the particle.

The virus which has been the subject matter of the greatest
number of studies, and which has marked most of the mile-
stones of virology, is the tobacco mosaic virus, TMV. It was
the tobacco mosaic disease which led to the discovery of a
new type of infective agent, a « filrable virus » over 6o years
ago. It was this particular virus which about 26 years ago
led WM. Sraniey to the conviction that viruses are physico-
chemically definable and uniform particles which can be crys-
tallized. It was again TMV which led to the advances of the
past seven years in our understanding of the rele of the two
viral components, which represents the subject matter of this
lecture.

TMV is a rod-shaped virus, compoesed of about 2,200 pro-
tein molecules aggregated in a macro-helical array around one
RNA molecule.  The protein molecules (or subunits of the
virus particle) are scemingly identical peptide chains, held
together in helical array and thus forming the virus particle
only through their high affinity to bind one another in specific
manner, This binding is due only to secondary forces such as
hydrogen bonds, hydrophobic interactions and ionic honds.
The native protein retains this associative affinity even when
separated, and will reversibly aggregate and disaggregate de-
pending on conditions of pH, ionic strength, and temperature.
If the RNA is also present, a coaggregation of the two com-
ponents gives a considerably more stable structure than that
formed by protein alone, and complete virus is thus prefe-
rentially formed under suitable conditions. It was the discovery
of this « reconstitution reaction » in our laboratory in 1055,
which has triggered the present era of virns research.

While it is now recognized that the RNA of viruses carries
their genetic activity, it is obvious from the above discussion,
and other data to be discussed later, that the proteins play an
important and specific role in the structure and function of
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viruses. This has led chemists to elucidate the structure of virus
proteins, and in the case of the protein of TMV, the complete
amino acid sequence analysis has been achieved at the Virus
Laboratory of the University of California, Berkeley, as well
as at the Max Planck Institute fiir Virologie at Tibingen.
Much of the structure was reported by the Berkeley group in
1958, while the first positive contributions from TUBINGEN
appearcd in 1960, An almost complete structure was proposed
by each of these groups during that year [1, 2}. Most of the
minor differcnces have largely been corrected, but slight un-
certainty remains in the part of the molecule which 1s near
the single -SH group of this protein. One feature of particular
inferest in the virus protein is the absence of a terminal amino
group, this being acetylated. All virsses which have been
investigated show this same feature, but acetylation was re-
cently observed to block the terminal amino groups also in
several non-viral proteins (MSH, ovalbumin, fibrinogen).
Another scemingly important feature of the TMV-protein is
the proline residue near the C-terminus, which limits enzym.-
atic attack from that end to the release of only the terminal
threonine. While the native TMV protein is water soluble, and
forms rods by aggregation, as described above, treatment by
various denaturants leads to an intractable material, insoluble
over the range of pI1 3 to ro. Recently it was shown, however,
that this denaturation could under suitable conditions be re-
versed, and seemingly native protein could be regenerated.
This important obscrvation of ANDERER's [4] in conjunction
with similar ones made with other proteing such as pancreatic
ribonuclease strongly suggest that the chain conformation of pro-
teins, which is responsible for their 3-dimensional structure, is
a consequence of their amino acid sequence. Thus, sequential
information becomes of greater importance then anticipated.
Since the biological role and function of TMV-protein is largely
if not entirely structural, elucidation of the detailed mechanism
by which sequence leads to chain conformation becomes of
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primary importance. Such studies have only recently been
initiated, and nothing definite can as yet be concluded. How-
ever, an inspection of the amino acid sequence reveals features
which may be of significance in this connection, Thus, over
half of the leucines and iscleucines are bunched in pairs or
greater numbers, and the same is true of the amide groups, and
of the serine residucs. Also 12 of the 16 serine residues occur
within 15 residues from either end of the 158-residue chains,
and 11 ol the 15 COO~ groups are centrally located. Tuture
studies may well reveal the functional significance of these
observations,

We will now turn our attention to the RNA of the virus.
As mentioned earlier, the RNA has a molecular weight of
about 2 x 10°  All evidence favors the concept that this is a
single unbranched polynucleotide chain, consisting of about
6500 nucleotides. The length of such a polynucleotide can be
calcutated to be about 30,000 A°, and measurements from elec-
tronmicrographs are in accord with this calculation. It can
also be calculated that a helix of RNA of the diameter and
pitch derived from the architecture of TMV would be 3000 A°
long, and this is the actual length of the TMV rod. Thus, it is
now clear that the length of the stable rod is the result of the
lengths of the RNA molecule. In the virus rod there is no
interaction of bases along the palynucleotide chain, but in salt
solution the purine and pyrimidine bases fend to interact in
RNA as they do in DNA, with the resultant decrease in U.V.
absorption (hypochromicity), and increase in optical rotation.
Since this interaction is a secondary and freely reversible phe-
nomenon, it is not regarded as critical to the biclogical func-
tion of the RNA.

The biological function of viral RNA is the same as that
of the DNA of ather viruses, and all organisms, namely that
of transmittal of genetic information. Tt was shown in 1956
in Berlkeley and Tiibingen that TMV-RNA alone can initiate
the infection, and it was shown in further work from our
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laboratory that the nature of the disease produced by the RNA
was indistinguishable from that produced by the complete virus.
TMV, like most viruses, represents a generic term, covering a
great number of variants or strains, and it was shown by
Knight that these strains wsually show detectable differences
in their amino acid composition. This definite phenotypic
expression wags utilized in establishing the genetic activity of
the RNA. TFor it was possible to show that RNA infection
Jeads to progeny virus identical even in its protein structure to
that of the original vires from which the RNA was prepared.
And this was true, even if the RNA was reconstituted with a
heterologous strain protein: the progeny had protein homol-
ogous to the RNA, and different from that wsed for reconsti-
tution and inoculation. Thus the RNA was unequivocally
shown to carry all the genetic information necessary to describe
a Vvirus.

The fact that the RNA is very much less infeclive in the
free state than in combination with the protein (about 0.2%)
is atiributed to its great sensitivity to enzymes. Nucleases and
phosphatases are ubiquitous, and it is believed that the en-
zymes of the test leaf inactivate much of the RNA before it can
initiate an infection. This belief is supported by many observ-
ations showing that the relative RNA infectivity varies mark-
edly under different test conditions. The recent observation
that the application of bentonite, an RNase inhibiting clay, to
the leaf surface greatly potentiates the infectivity of RNA sup-
ports this belief.

From these and other experimental observafions the con-
cept has arisen and become widely accepted, that infective
RNA consists of a population of polynucleotide chain molecu-
les, unform in nucleotide sequence and number. Each pre-
paration of RNA contains also some (25-50%) shorter poly-
nucleotides, presumably largely fragments of the former, and
inactive. This concept calis for elucidation of the specific
nucleotide sequence of a given RNA, a task of enormous dif-
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ficulty which will probably require several decades for ifs sue-
cessful completion.  The difficulty is primarily due to the
length of the intact polymer (6500 residues), and to its lack
of characteristic features (only four components, adenylic,
guanylic, cytidylic, and uridylic acids).  Methods are now
available to determine the end groups of the chain, and the
difficulties of applying these methods to so large a polymer
were found surmountable, largely through the wvse of virns
carrying sufficient radioactive label to detect one in 6500 vesi-
dues.  We have employed predominantly P# and CM labelled
virus, containing several million cpm/mg virus. These studies,
performed by Mr. T. Sucivama and Mrs. B. Smcer in our
laboratory have led to the conclusion that TMV-RNA carries
unphosphorylated adenosine on both ends of the chain [47.
Cuarrent studies by Dr. P. WiItreLy give as yet preliminary
information about neighboring residues.

An alternate approach to the chemical nature of the in-
fective molecule is through the preparation of derivatives. The
nucleotides in the RNA can be subjected to a variety of chem-
ical or physical agents. Thus methyl groups and higher alkyl
groups can be introduced, as well as bromine, hydroxyls, etc.
The most interesting of these reactions is that with nitrous
acid which replaces amino by hydroxyl groups [5].

By means of extrapolation, or of direct analysis (when
radioactive reagents were employed), it was possible to show
that the infectivity was lost when one or two of the 6500 nu-
cicotides werc altered by any of these reagents.

Of particuiar interest was the observation that some of
these reagents led to the appearance of mutants among the
surviving particles.  Such mutants, like natural strains or
variants, were detected by the altered diseasc symptoms they
produced.  Mutants were observed not infrequently after me-
thylation and bromination. Very frequent mutation, however,
characterized only the deamination reaction [6]. This dramatic
effect, first observed by MunbprY and GIERER, has since been

[0] Fraenkel-Conrat - pag. 6



SEMAINE D'ETUDE $UR LES MACROMBLECULES DINTERET BloLocigur 79

amply confirmed in other laboratories, and extended to other
systems.  Almost all survivors appear to be mutants if RNA
i$ treated with nitrous acid. This extraordinary mutagenic
efficiency may be attributed to the fact that this, and only this,
reagent when acting on RNA (not DNA) transforms one nu-
cleotide (cytosine) inte another typical RNA compound, wuracil.
Thus, this reaction may alter the genctic message by changing
one letter in the script, without introducing disfigured letters,
as do other mutagenic reactions, such as methylation, hromin-
ation and others.

All types of mutants can be propagated and progeny virus
can be isolated from them. Since many natural strains show
differences in the amino acid composition from common TMV,
it appeared of obvious interest to ascertain whether chemically
evoked strains also show differences,  This problem was at-
tacked both by Wirrmany in Tiibingen, and by Tsucrta in
our laboratory.  WirrMany has concentrated his efforts on
strains which are biologically not very different from the parent
strain, while our laboratory has investigated more of the strains
differing greatly from common TMV, Both laboratorics have
found strains not distinguishable from the parental in amino
acld make-up. Tn both laboratories many strains were also
detected, which differed by one replacement of an amino acid
for another {7, 8]. In our laboratory several strains were also
detected which showed 2 or 3 replacements, and another group
(of 3 strains) showing 16 and 17 replacements and resembling
a natural variant of TMV much more closely than they re-
semble the parental strain, Much further work is required
before this last mentioned phenomenon can be rationally in-
terpreted. At present it appears certain that the same type of
protein alteration can result from different mutagenic reactions,
and that actually there is a marked tendency for the same
amino acid residues to become interchanged. Changes appear
to be correlated with distinet hiological effects, and to result
with similar probability from any mutagen.

0] Freenkel-Conrat - pag. 7
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Recent studies on the viabiiity of various strains, as ascer-
tained from the infective centers present in a single local lesions
under standard conditions, have led to some interesting con-
clusions. It appears that all strains, whether natural o1 chem-
ically evoked, are less preductive, or viable, than common
TMV. The interpretation suggests itself that common TMV
is the strain optimally adapted to the natural enviromment,
and that all mutations lead to more or less inferior particles,
of lower survival value under the existing circumstances. This
conclusion is beautifully illustrated by the more detailed study
of a particular mutant (4 171) isolated in our laboratory [g].
This mutant had 3 amino acid interchanges. One of these,
the loss of one proline residue, was shown by Tsucira to
involve the proline near the C-terminus of the peptide chain,
which as previously mentioned limits the attack of the enzyme,
carboxypeptidase A, to the release of one residue, threonine.
In contrast, from strain =~ 171, threonine, alanine and leucine
are rapidly released. This clearly shows that this particular
preline had been replaced by leucine in strain = 171,
Furthermore, this observation illustrates how a chemical change
in the RNA {deamination} can lead to a chemical alteration
of the protein coded by that RNA (amino acid replacement),
which directly can result in biological inferiority, due to an
increased susceptibility fo a degradative enzyme. Thus, a
beginning understanding of virus structure and function has
enabled us to consider evelution in chemical terms.

The rapid advances taking place in the field concerned with
the mechanisms of transfer of information from DNA to RNA,
and from RNA to protein, coupled with the availability of
pure genetically interrelated nucleoprotein system i the
viruses, presages a complete elucidation of the physico-chemical
principles of heredity in the not too distant future.

[6] Fraenkel-Conral - pag. 8
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RISCUSSION

Rica

I suppose it wouid be quite reasonable that one might imagine
that yon could detect a mutant showing an amino-acid exchange
near the end of the protein and you might find a difference in the
end group of RNA?

FRAENKEL-CONRAT

This would be quite possible, and we are investigating this pos-
sibility.

SCHRAMM

We did some experiments (o degrade RNA by phosphorylase,
and we found that the degradation is very slow. I wonder whether
some experiments are done in your taboratory about stepwise Je-
gradation by phosphorylase?

FRAENKEL-CONRAT

We have not at our disposal a sufficiently pure polynucleo-
tide phosphorylase, bul have done exfensive work using snake
venom phosphodiesterase in limited and stepwise manner. We have
n this manner terfatively established the sequence of § nucleotides
from the glycol end.

Turey

Does TMV-protein, in YOur opinion, cemline with other species
of ribonucleic acids 1o form rods?

{6} Fraenkel-Conrat - pag. 11
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FRAGNKRL-CONRAT

Only with the RNA of other strains of TMV. We get no definite
rod formation when we let TMV protein inferact with yeast RNA
or with ascites tumor RNA.

Jacos

With respect to the mutants in which no change in the amino-
acid séquence of the viral profein can be detected, 1 would like o
ask whether there exists any evidence for or against the existence
of an «early » protein, say an enzyme necessary for the maliipli-
cation of the viral RNA? Is it known, for instance, whether inhibi-
tion of protein synthesis at an early phase of infection prevents
the synthesis of viral RNA?

FRAENKEL-CONRAT

Unfortunately the TMV-tobacco leaf system does not lend itself
to the type of experiments neccessary to answer conclusively the
questions raised by Professor Jacos. As far as T know, no definite
information is available concerming those questions,

'l Fraenkel-Conval - pag. 12



SUR LE MODE IYACTION DES GENES
ET LEUR REGULATION

FRANCOS JACOB et JACQUES MONOD

Services de Généligue microbicnne el de Biechimie cellulaive,
Tustitut Pasteur, Paris (France)

Les méthodes de la biologie expérimentale, comme celies
de la biochimie et de la génétique sont avant tout analytiques.
LEiles visent & disséquer la cellule en ses éléments. Au cours
des cingquants derniéres anndes, ces méthodes ont permis de
réunir une masse étonnante de renseignements sur la structure
des macromolécules, les voies de biosynthése et le métabolisme
énergétique de la cellule. Dans chaque cellule, un (ou deux)
exemplaires d’une séquence donnée de nucléotides détermine
une fonction différente de celle déterminée pay d’auvtres séquen-
ces de nucléotides el il en est ainsi pour des milliers de fone-
tions différentes. Aujourd’'hui, il ne semble pas déraisonnable
d'espérer comprendre, dans un avenir proche, comme sont
formées les macromoléeules spécifiques constitvant la cellule.

Dans le méme temps, i} est apparu clairement que chacun
des éléments gui constitue le systéme celiulaire fonclionne dans
des conditions beaucowp plus subtiles dans la cellule intacte
qu'aprés isolement « in vitro ».  Nous commengons i recon-
natire non sculement les mécanismes gui permettent & la cel-
lule de produire un constituant essenticl, mais aussi ceux qui
lui permettent de ne pas le produire quand i n’est pas né-
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cessaire, Ainsi, de méme qu'un organisme pluricellulaire re-
présente une société de cellules intégrées pour former 'indi-
vidu, de méme une cellule correspond en quelque sorte a une
société de molécules organisées pour coopérer. Une société
exige que chacun de ses membres soit soumis aux régles géné-
rales de la communauté; la désobéissance  ces régles pouvant
se traduire par la destruction de I'harmonic communautaire,
c’est-d-dire la mort de Pindividu ou de la cellule. Une société
implique douc un systéme complexe et précis de communica-
lions et de signaux enfre les constituants membres de la com-
munauté.  Chez les organismes pluricellulaires, 'existence de
systémes complexes de communications intercellulaires chimi-
ques ou nerveuses est connue depuis longtemps. A Uintérieur
de la cellule, au confraire, ¢'est au cours des demiéres années
qu'ont été mis en évidence de tels systémes de communication.
Ce sont les systémes réglant Ie {ransfert d’information inter-
venant dans la synthése des protéines qui seront discutés icl,
Ces résultats sont encore limités aux scules bactéries, organis-
mes chez lesquels les différents modes de iransfert de matérict
génétique se prétent particulidrement bien a U'analyse des mé-
canismes biologiques an niveau de la cellule.

TRANSFERT I INFORMATION STRUCTURALE DANS 1A SYNTHDLSE
DES PROTEINES

II est généralement admis aujourd’hui que la structure des
protéines est déferminée par les génes. Plus précisément la sé-
quence des acides aminés dans le ou les polypeptides consti-
tuant une protéine particuliére semble représenter une « trans-
cription », selon un chiffre qui reste a découvrir, de la sé-
quence des uucléotides dans un segment d’acide désoxyribo-
nucléique.

Toutefols, il existe de nombreuses raisons de penser que
['agencement des acides aminés en cbaine polypeptidique ne
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sc fait pas directement sur le matériel génétique méme, mais
dans le cytoplasme, au niveau de centres formateurs de pro-
téines, vraisemblablement les ribosomes. Le processus de trans-
cription implique donc au moins deux étapes: synthése par le
géne d’'un « intermédiaire » cytoplasmique porteur de 1'infor-
mation génétique; synthése par l'intermediaire de la chaine
polypeptidique.

Ce n’est que récemment qu’on été obtenues, chez les bacté-
ries, des précisions sur le mécanisme de transfert d’informa-
tion des génes aux centres formateurs de protéines et sur la
nature de l'intermédiaire. Ce dernier parait ére un polyribo-
nuciéotide, désigné sous fe nom d’ARN messager, de poids
moléculaire élevé et formé A 'image de la séguence de désoxyri-
bonucléotides du géne correspondant, par un enzyme spécifi-
que. Cet ARN messager posséde, en outre, la propriété de se
fixer aux ribosomes et d’étre métaboliquement instable, se re-
nouvelant rapidement. Sclon toute vraisemblance, les riboso-
mes se comportent comme des machines non spécialisées ca-
pables de former différents types de protéines. Clest I"ARN
messager qui, en se fixant sur un ribosome lui dicte les
« instructions » pour la synthése d’une protéine donnée. Le
fonctionnement de PARN messager entraine rapidement sa
destruction,

Selon ce schéma, qui fait du produit primaire des génes
un intermédiaire métaboliquement instable, le seul &lément cel-
iulaire contenant de facon durable l'information structurale
pour la synthése des protéines est le matériel génétique lui-
méme. I'expression d’un géne exige un flux continu d’infor-
mation structurale du matériel génétique aux centres forma-
teurs de protéines par l'intermédiaire d’ARN messagers. Les
seules erreurs de copie affectant de fagon durable la cellule
sont donc celles qui atteignent le matériel génétique méme,
¢’est-a-dire les mutations.

{7] Jasoh - pag. 3
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SYSTEMES GENETIQUES REGLANT LE TRANSFERT D'INFORMATION
STRUCTURALE

Sila présence d’un géne donné est une condition nécessaire
pour la synthése de la protéine correspondante, elle n’est sou-
vent pas une condition suffisante. Chez les organismes pluri-
celfulaires, par exemple, il cst généralement admis que chaque
cellule contient Pensemble des génes de 'organisme quoique
les cellules appartenant & différents tissus produisent des pro-
téines différentes. n outre, I’expression d’un géne donné dé-
pend souvent des conditions de milieu. Chez les bactéries, par
exemple, la synthése de certaines protéines peut &tre provo-
quée (induction) ou inhibée (répression) sous Vinfluence de
facteurs spécifiques d’origine externe.

L’analyse de ces phénoménes a moniré que, chez les hacté-
ries, la transcription des génes de structure, ¢’est-A-dive des
génes qui déterminent I'organisation moléculaire des protéines,
est réglée par des systetmes complexes de signaux spécifiques
intracellulaires. Des génes, dits régulateurs, gouvernent 'ex-
pression des génes de structure par P'intermédiatre d’un produit
cytoplasmique spécifique ou répresseur. Un méme géne régu-
lateur, et par conséquent un méme répresseur peut inhiber
Pexpression de plusieurs génes de structure et, par conséquent,
la synthtse de plusieurs protéines appartenant & unc méme
séguence biochimique. On ignore encore la nature exacte du
répresseur, mais il semble bien que ce soit par interaction avee
les répressemrs endogeénes que les facteurs externes exercent
leur effet, soit en activant le répresseur endogéne (répression),
soit en Pinactivant (induction).

Le répresseur inhibe la transcription des génes de structure
par combinaison avec un récepteur spécifique désigné sous le
nom d’opéralenr. IL’analyse a moniré que, dans certains syste-
mes au moins, un seal opératenr gouverne expression de plo-
sieurs génes de structure adjacents, situés sur le méme chro-
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SEMAINYE D ETUDE SUR LES MACROMOLECULES D INTERET BLOLOGIOUIE 89

mosome. En d'autres termes, un opérateur sensible 4 un ré-
pressenr donné peut gouverner 'expression de plusieurs génes
de structure adjacents. Le segment chromosomique centenant
un opérateur ct les génes de structure adjacents dont il gou-
verne expression conslituent une unité de transcription coor-
dennée 4 laguelle a été donné le nom 'opéron. I a pu étre
montré récemment que la régulation agit divectement aw nivean
du matérie]l génétique sar la premigre transcription, ¢’est-a-dire
sur la synthése des ARN messagers par les génes de structure.

Les phénoménes de régulation bactériens comportent donc
des systémes émetteurs-récepteurs de signaux intracellulaires
spécifiques. A tout instant, en fonction de 1'état du cytoplasme
et des conditions du milicu, ils déterminent le taux de trans-
cription des génes de structure en permettant ou en bloguant
la synthése des messagers correspondants.

RicuraTtion BT EVOLUTION

Cette analyse des bactéries démontre que le matériel géné-
tique ne contient pas seulement les plans d’architecture dé-
terminant la structure de molécules protéiques individuelles,
mais un programme de synthéses coordennées et les movens
dont on controle 'exécution. Les phénoménes d’adaptation par
mutation suivie de sélection peuvent donc affecter aussi bien
que les structures protéigques elles-mémes, les systémes de régu-
lation qui déterminent les taux de synthése. 11 est évident, par
exemple, que toute modification du matériel génétique qui chez
une bactérie permettra & une macromolécule de n'étre syn-
thétisée que lorsque nécessaire, donnera & Porganisme un avan-
tage sélectif immédiat sur un organisme similaire dépourvu de
ce systéme. On admet généralement gue les génes gouvernant
une série de réactions séquentielles peuvent s'étre formés par
reduplications successives suivies de modifications. La méme
hypothése pent étre appliquée pour rendre comple de appari-
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tion des systtmes émetteurs-récepteurs que constituent les gé-
nes régulatenrs-opérateurs.

Chez les bactéries, les systémes de régulation oni essentiel-
lement pour fonction de maintenir un état homéostatique et,
en fonction de I’état des bactéries et des conditions de milieu,
de déterminer & tout instant quelle fraction du génome est
transcrite. Ce systéme est adapté 4 la croissance rapide d’un
organisme unicellulaire chez lequel la régulation est parfaite-
ment réversible, tout élément du génome pouvant A tout instant
étre exprimé si nécessaire.

La régulation des organismes pluricellulaires présente un
ordre de complexité supéricur, car selon le principe des sociétés
organisées, la faculté d’effectuer certains groupes de fonction
est déléguée a certains groupes de cellules par la différentia-
tion. Dans une ceflule d'un tel organisme, aux systémes de ré-
gulation homéostatique et réversible s’ajoutent donc des systé-
mes entratnant I'inactivation permanent de certaines fonctions.
Bien que les mécanismes qui régissent la différenciation restent
totalement inconnus, i} sembie probable qu’ils agissent aussi
au niveau du matériel génétique pour déterminer quelies frac-
tions du génome pourront étre transcrites el bloguer de fagon
permanente la transcription du reste du génome. L’intérét des
systemes régulateurs-opérateurs, tels qu’ils peuvent &tre définis
chez les hactéries, est de fournir les éléments de base avec les-
quels il est possible de construire des modéles de circuits ré-
pondant aux exigences les plus diverses. L'analyse génétique
de cellules somatiques difféxenciées devrait permettre dans un
proche avenir de reconnaitre si la différenciation cellulaire est
bien le résultat d’activation, ou d’inactivation, de segments
génétiques par de tels clresits,

Note — Les arguments expérimentaux ot les références concernant les
problemes du transfert d'information et de sa régulation dans la cellule
bactérienne ont &té rapportés en détail dans Varticle: Jacos 19 et Moxoo J.,
J. Mol. Biol., 3. 318-350 {(1961). Ce travail a bénédficié de subventions de
la « National Science IFoundation » et de la « Jane Coffin Childs Memorial
Fund » des Jitats-Unis d’Amérique, ainsi gue du Commissariat & 1'Energie
Atomique.
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DISCUSSION

CHANTRENNE

It will be interesting to find out to what extent this type of
regulation mechanisms is operative in higher organisms and whether
their operation can result in cell differentiation.  The fact that
protein synthesis continues for a long time after enucleation in
Acetabularia and in reticulocytes indicates that the messenger has a
longer life in higher organisms than in £, ecoli. There is also
evidence from enucleation experiments that the synthesis of certain
proteins is more sensitive to enucleation than that of other proteins,
as if certain messengers had a much longer average life than others,

Jacos

With respect to your second question, one must clearly say that
very little is known as yet about messenger RNA in organisms
other than bacteria and yeasts. The only clear report, which
has recently come from several laboratories, is that short pulses
of radicactive bases to certain cells of mammals result in a pre-
ferential labelling of an RNA fraction which is distinct from
rihosomal RNA, exhibits a rapid turnover and scems to have a
higher molecular weight than transfer RNA. These properties seem
to be very similar to those of the messenger found in bacteria. On
the other hand, even in bacferia, we do not know precisely the rate
of renewal of messenger RNA because of difficalties in estimations
of the size of the nucleotide pools. 1t is not yet known whether onz2

{77 Jacab - pag. 7
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messenger molecule can act as a template for the synthesis of one
or several molecules of a protein. Tt is certainly an intercsting
possibility that different messengers may have a differential rate
of renewal,

With respect to your first question, it is not possible for the
present time to determine to what extent the type of regulation
mechanisms found in bacteria ave operative in higher organisms
and play a role in differentiation, One of the paradox in differen-
tiation is that, whercas the same set of genes seems to be present
in all the cells of an organism, the cxpression of these genes varies
from cell to cell.  The problem is somewhat different from that
raised in bacteria.  In the bacferial eell, the regulation mechanisms
which operate kave been sclected because they satisfy the require-
ments of an homeostatic system. At any time, any gene of the
bacterial cell can be expressed or not, depending on the environ-
mental and nlracellelar conditions. In differentiation, the genes
appeared to be turned on or ofl n a permanent way according 1o
a precise lime schedule.

The study of regulation mechanisms in bacteria, however, pro-
vides a2 model which may acconnut for the differential expression of
genes in the cells of higher organisms. What the study of bactera
unravels are the clements of regulation circuitery: regulator genes-
repressors-operators.  In the same way as an engineer, given the
clements of elecironic circniteries sach as valves, relays, efe., is able
to build electronic circuits satisfying the most various requircments,
it is possible, using more or less complex systems of regnlator genes-
repressors-operators, {o devise a variety of regulation civcuits,  For
instance, one may produce a model circuit such that a group of
genes could be swilched from the inactive to the active stale by
transient confact with a specific inducer, produced for example only
by another tissue, Once activated, the system could not be switched
back, Snch a medel could account for some known features of
eellular differentiation and it should be amenable to experimenial

test in the near future.

[77 Jacob - pag. 8
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ZAMECNIK

Is it possible that a ribosome which is involved in making a
particular protein at a rapid rate, snch as would be the case where
one had an induced emzyme, has a shorter life-span than the
average ribosome in the same cell? One might regard the ribosomal
template as becoming imperfect and no longer usable as a result
of repeated use in (he synthesis of a given long pepiide chain. If
one locked at the problem in this way, wounld it be possible to consi-
der the labeled messenger RNA simply as a template being used
more rapidly than the average ribosomal template, and therefore
undergoing rencwal at a similarly rapid rate?

Jjacon

This scems to me rather anlikely for two reasons.  IFirst, as
investigations proceed, we learn that the rate of synthesis of move
and more proteing is under the confrol of some « inducible » or
« repressible » system. Until a few years ago the synthesis of enzy-
mes belonging to biesynthetic pathways was considered to be
weonstitutive», that is to be independent of environmental conditions
until their repressible character was discovered. Reecently, the syn-
fhesis of the enzymes of the Krers cycle in bacteria has also been
found, in Dr. Krips' laboratory, te obey some regulatory mecha-
nism. I really think that the synthesis of most, if not all, proteins
will turn ouf to be regulated i some way. Furthermore, in the
systems studied so far, ie, catabolic systems such as lactose or
salactose utilizalion, and biosynthetic pathways snch as tryptophan
or arginine synthesis, the breakdown of onc regulation system hv
mutation results in an enormons constitutive preduction of the
corresponding proteins.  This production amounts to nearly 10%,
of the total profein synthesis in the Investigated cases, It is clear
therefore that a bacterial cell could not swrvive the breakdown of
many regulation gystems. T would like to think that all structural
genes work in a similar way and in particular that they all even-
tually may be cxpressed at a similar maximal rate, The second
argument comes from studies of protein synthesis in phage infected
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bacteria. 'When E. coli are infected with T even phages, protein
synthesis proceeds linearly, but no detectable amount of new ribo-
somes is made. The messenger RNA of the phage becomes asso-
ciated with the ribosomes which were formed before infection and
which, before infection when associated with bacterial messenger
RNA, were manunfacturing bacterial profeins. After 1o or 12 mi-
nutes, some 70 to 80% of the fotal profeins produced correspond
to one molecular species, the phage head building block. It seems
that after infection, the amount of ribosomes present is the factor
limiting the rate of protein synthesis and that the bulk of the ribo-
somes is engaged in the production of phage head protein.

MESELSON

Doctor Sypney Brexner and I have done heavy isotopic labeling
experiments with ribosomes to see how long a ribosome once syn-
thesized is conserved as such. We found that most of the 50 and
305 ribosomes of E. coli remain intact for many generations after
they are synthesized. Oniy a small fraction of the ribosomes could
be unstable in the manner suggested by Doctor ZAMECNIK.

LAMECNIK

Do you have a picture of how the messenger RNA fits on the
ribosome?  Does it overlay an RNA molecule which is already

wound around it?

Jacos

Unfortunately, we have no picture as yet. We begin to detect
the various species of the system: the transfer RNA with {he amino-
acids which bring the building blocks, the messenger RNA which
provides a template and the ribosome which apparently is the
synthesizing machine. How these pieces fit together and how they
work remain {o be shown.
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CHARGAYY

There are some slight chemical difficulties in understanding the
very rapid turnover of the so-called messenger RNA.  Chemically
spealding, there is really not much difference or no difference what-
gver in the type of linkage holding together the nucleotides in s-RNA,
in ribesome RNA and the messenger. You would have 1o postulate
a very mystical type of structure to understand why this particular
messenger RNA which is said to mimic a DNA should break down
so particularly rapidly.

Moreover, there is really no proof that the messenger RNA e
if it exists — imitates the sequence of DNA. All one can say is that
in the total base composition, it is somewhat similar or more similar
than the rest of the regular s-RNA. But this is in itsell not suf-
ficient.

Jacon

I agree that chemically speaking we do net know of any if-
ference in the type of Hnkage in the varions RNA species, Yet there
are some known differences in their properties. Tor instance, i
secems that ribosomal RNA and, I believe, transfer RNA are phos-
phorolized very slowly by the polynucleofide-phosphorylase, whereas
TMV-RNA is phosphorolized at a much faster rale. Recent reports
indicate that messenger RNA is also phosphorolized at a faster rate
than ribosomal RNA.

Of course, there is no proof that the nucleotide sequence in the
messenger RNA is indeed a copy of the sequence in the DNA since,
for the present time, nobody can determine a nucleotide sequence,
The total base composition and the DNA-RNA hybridization are
the only available fests and it just happens that they fit for mes-
senger but not for other RNAs.
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WATER-INSOLUBLE ENZYME DERIVATIVES.
THEIR PREPARATION, PROPERTIES AND USE
IN THE STUDY OF NATIVE MACROMOLECULES

EPHRAIM KATCHALSICI

Department of Biophysics, The Welumeann Institute of Science,
Relowoth (Israel)

The conversion of enzymes into water-insoluble products
possessing specific catalytic activity is of interest since such
« water-insoluble » enzymes may readily be removed from the
reaction mixture, and can be used for the preparation of co-
lumns with enzymatic activity. If stable, they may be emp-
loyed repeatedly to induce specific chemical changes in relati-
vely large amounts of substrate. A short incubation of low
or high molecular weight native substrates with a water-inso-
luble enzyme may facilitate the detection and isolation of some
important intermediates formed during an enzymatic reaction.
Furthermore, the study of the biological properties of the water-
iusoluble enzyme derivatives may shed new light on tbe pro-
perties and mode of action of the native water-insoluble en-
zymes. In order to strengthen the linkage between the enzyme
and the water-insolnble carrier, the attachment was carried out
via covalent inks with functional groups non-essential for en-
zymatic activity.

In the work hitherto carried out in our laboratory [1]
hydrolases were the enzymes chosen for coupling with the water-

(8] Katchalshi - pag. 1
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insoluble carrier. The synthetic procedures worked out, how-
ever, can be extended to other enzymes. To ensure high en-
zymatic activity different synthetic procedures were employed
in the preparation of the various wafer-insoiuble enzymes. A
direct coupling of the enzyme with the chemically reactive po-
lymer was carried out in the case of papain [2] and ribo-
nuclease. A water insoluble pepsin was obtained by reacting
pepsinogen with a water-insoluble polymer and subsequent acid
activation of the inscluble pro-enzyme [3]. The attachment
of the enzyme to the carrier by polymeric side chains which
ensure frec movement of the catalyst molecules in the reaction
mixture was used in the case of trypsin and chymotrypsin [4].
In all the enzymatic preparations investigated, a copolymer of
p-amino-DL-phenylalanine and L-leucine was used as carrier.

Since papain is known to have a relatively high content of
tyrosine (13.7%) and approximately two-thirds of the molecule
are nonessential for its activity [5], the enzyme was directly
coupled with the diazotized copolymer of p-amino-DI.-pheny-
lalanine and L-leucine. The water-insoluble product obtained
retained most of the activity of the original papain. It showed
hydrolytic activily towards low and high molecular weight
substrates parallel to that of the starting water-soluble papain.
The insoluble papain derivative, which could easily be freed
of reducing agents, was found to act on proteins in the presence
of negligible amounts of cysteine. It was thus possible to carry
out the digestion of proteins without reduction of substrate or
products.  Immune y-globulin hydrolyzed briefly under such
conditions, although susceptible to fragmentation by reduction,
showed no alteration in its rate of sedimentation or in its ability
to precipitate antigen [2].

Five minute incubation of rabbit y-globulin with water-
insoluble papain caused, in the absence of cysteine, the hydro-
lysis of approximately 3 to 5 peptide bonds per molecule of
globulin, No appreciable change in the sedimentation (6.2 )
or the diffusion cocfficients of the globulin occurred during this

18] Katchalski - pag. 2



SEMAINE D'ETUDE SUR LES MACROMOLECLILES D' INTERET BIGLOGIQUE 49

procedure. However, when the papain-free hydrolysate was
treated with cysteine or thioglycolic acid, the y-globulin was
completely transformed info three fragments with a sedimen-
tation constant 3.3 S, similar to those described by PorTER [6].
When ovalbumin was treated with a papain treated anti-oval-
bumin globulin, and the precipitate formed was reduced with
thioglycolic acid, complete dissolntion of the precipitate oc-
curred. The solubilized precipitate gave two peaks in the
ultracentrifuge with sedimentation coefficients of 9.4 § and
3.6 5. The component with the high sedimentation constant
(9.4 S) was shown to consist of molecular aggregates, each com-
posed of several antibody fragments bound to one antigen mo-
lecule {7]. The slowly sedimenting material, on the other hand,
was found to represent the antibody fragment which is devoid
of any combining site. TIsolation and evaluation of the mo-
lecular weight of the fast sedimenting component enabled the
conclusion that the soluble molecular complex consists, on the
average, of 4.08 antibody fragment molecules attached to one
antigen molecule. The soluble complexes of antigen and anti-
body fragments could be dissociated into their original com-
ponents, at neutral pH, in the presence of detergents. Dis-
sociation occurred also on lowering the pH to pH 4.0. By tech-
niques similar to those described above complexes containing
several different protein antigens, e.g. bovine serum albumin
and lysozyme, have been isolated, their molecular weights have
been determined, and they have been used for various disso-
ciation studies [7]. Dissolved precipitates which contained
antigen and antibody in moelar ratios varying over a wide
range from the region of antibody excess up to equivalent pro-
portions, have been investigated by means of velocity sedimen-
tation methods. The findings obtained have been used to
further elncidate the nature of the original insoluble antigen-
antibody aggregate.

Preliminary experiments have indicated that trypsin is
readily inactivated by the diazonium salts of p-aminobenzoic

18] KNatchalski - pag. 3
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acid or p-amino-DI-phenylalanine. Water-insoluble products
of low enzymatic aclivity were also obtained on coupling the
enzyme with diazotized poly-p-aminophenylalanine or diazotiz-
ed copolymer of p-aminophenylalanine and leucine. The direct
binding of trypsin to a water-insoluble carrier via azo bonds
was therefore abandoned and a different route for the prepa-
ration of the water-insoluble enzyme worked out. A polyty-
rosyl trypsin containing tyrosyl peptide side chains was pre-
pared by initiating the pelymerization of N-carboxy-L-tyrosine
anhydride with trypsin. The trypsin derivative thus obtained
was water-soluble and refained full enzymatic activity [8]. On
coupling with a diazotized copolymer of p-aminophenylalanine
and leucine it yielded the required water-insoluble trypsin.

The rate of hydrolysis of benzoyl-L-arginine methy! ester
by water-insoluble trypsin at pH 7.8 and 25° indicated that the
catalytic activity of the bound protein amounts approximately
to a fifth of that of the free enzyme. The enzymatic activity
of water-insoluble trypsin dropped slowly with time when kept
under 0.0025 N hydrochloric acid at 2°. A decrease in activity
of about 25%, was recorded after a period of two months. The
relative stability of the water-insoluble trypsin is most likely
dve to the blocking of the z-amino groups of the enzyme on
the one hand, and to the fixation of the enzyme molecules to
the water-insoluble carrier on the other. The former leads to
a decrease in the number of enzyme peplide bonds susceptible
to tryptic digestion, while the latter inhibits interaction between
trypsin molecnles, thus diminishing autedigestion. The pro-
teolytic and esteratic activities of water-insoluble trypsin are
inhibited by di-isopropyl fluorophosphonate. The rate of inhib-
ition is, however, considerably slower than that of trypsin.
Addition of an excess of soybean or pancreatic trypsin inhibitor
caused only partial inhibition of the enzymatic activity of the
water-insoluble enzyme.

The water-insolnble trypsin was used to digest rabbit
myosin to light and heavy meromyosin.

(8] Katchalski - pag, 4
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A frypsin column was prepared by mixing water-insotuble
trypsin with an inert polyvinyl resin and pouring the mixture
into a glass column, On passing through the column a solution
of poly-L-lysinc hydrobromide, the effluent was found to con-
tain dilysine, trilysine, tetralysine and traces of lysine. Pro-
tamine and insulin, oxidized by performic acid, could also be
digested on the columm.

An equation describing the effect of enzyme concentration
(E,), height of column, 4, and rate of flow, V {given in cm. /sec.)
of the substrate, S, on the extent of hydrolysis, may be derived
readily from the well known Michaelis-Mention relation:

_AB) L AENS) )
A Ky + (S '
In eq. (1) Ky is the MrcHatL1s constant and % is the specific
constant determining the rate of decomposition of the enzyme
substrate complex. Eq. (7) yields on integration:

(S

(gfi = A(E)  (2)

{So) = (5)) + Kyln
where (S,) is the initial concentration of substrate and (5,) that
of the effluent. Substitution of the time of exposure of sub-
strate to enzyme in the column by the ratio h/V, gives

Se L
69— &)+ K G0 =1 § )

h

Eq. (3) shows that the extent of degradation of substrate is
determined by the effective concentration of enzyme, by the
height of the column, and the rate of flow of substrate,

When (S) > Ky eq. (3) reduces to eq. {4)

(So) - (Sh) i /"(Eo)/"

CRRE A (4)
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The last equation could be verified experimentally for the
case of L-arginine methyl ester. In the presence of a relatively
large excess of substrate the amount of ester hydrolysed was
inversely proportional to the rate of flow and directly propor-
tional to the height of the column.

Water-insoluble ribonuclease and deoxyribonuclease were
prepared by coupling of the corresponding enzymes with a
diazotized copolymer of p-aminophenylalanine and leucine.
Both preparations showed low activity towards RNA and DNA
respectively. Preliminary data indicate, however, that water-
ingoluble RNAse has a relatively high activity towards the low
molecular substrate, cytidine -27,3"-cyclic phosphate. It is thus
possible that the interaction befween the chemically bound
enzyme and the high molecular weight substrates is sterically
hindered by the water-inscluble carrier. In this connection it
is pertinent to note that most of the hydrolases acting on high
molecular weight substrates appear in the cell in free form;
enzymes acting on small molecules, on the other hand, such
as the oxido-reductive enzymes, are often attached in the cell
to water-insoluble membranes. In the first case it is the enzyme
which approaches the high mwolecular weight substrate, while
in the second case it is the low molecular weight substrates
which approaches the enzyme,

The examples given above illustrate some of the possible
methods for the synthesis of water-insoluble enzymes. The
principles used, particularly that of attachment of the enzyme
to the water-inseluble carrier via a linear polymeric chain,
might be used for the preparation of other water-insoluble pro-
teins with biological activity. In such cases it will be of pri-
mary importance to determine the functional groups which are
non-essential for the activity, and to find the suitable chemical
reactions for forming the desired biologically active water-inso-

luble products.

[8] Katchalski - pag. 6
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The water-insoluble hydrolytic enzymes prepared so far
should be of particular use, as demonstrated above, in the
degradation studies of peptides, proteins and nucleic acids.

The columns with enzymatic and other biological activities
open up new possibilities for basic and applied research. They
may lead to new models for the study of specific surface reac-
tions, and to the development of novel laboratory and industrial
techniques for the isolation and medification of biologically
important compounds.

(8% Katchalski - pag. 7
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DISCUSSION

TisrLiUs

Thank you Dr. Karcuarsxi for this very interesting presen-
tation, You certainly gave us the impression that one can do a
great many things in these new solidified cnzymes, May I perhaps
ask if there is evidence from your presentation that one could use
this method to follow successive steps in the successive enzymatic
breakdown of large molecules as proteins, nucleic acids and so on
on columns of the materials prepared by you. In this connection
it would be extremely interesting if you could isolate the very first
stage in the breakdown.

Furthermore, what have you done with your antibodies?

KATCHALSKI

The data obtained so far suggest that water-insoluble derivatives
of hydrolytic enzymes might be of considerable use in the study
of the successive stages of the enzymatic hydrolysis of high mole-
cular weight substrales, such as proteins and nucleic acids, as well
as in the preparation of the very first degradation products. By
means of water-insoluble trypsin, for example, it was possible to
degrade 1nyosin under controlled conditions, and to preparc light
and heavy meromyosin after a very limited extent of hydrolysis (1).
Water-insoiuble papain was used to hydrolyse various proteins, such

(M A, Bar-Enr and E. Karcaansk:, Nefure, 188, 856, 1900.
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as bovine serum albumin, ovalbumin and ~y-globin in their native
state. 'When rabbit antibody to ovalbumin was incubated wiih the
water-insoluble enzyme for three to five minutes, three to four
peptide bonds were split. The thus modified y-globulin retained full
immunological activity (2). The water-insoluble papain was also
useful in the preparation of soluble complexes of antigen and anti-
body fragments (}). These complexes represent a most suitable
system to elucidate the natere of the forces prevailing between
antigen and antibody. I hope that they will be of use in the
evaluation of immunological paraineters such as specificity and
valence of antigen.

TrsELIUS

About the theoretical treatment of these columns: If you have
some components which are retarded in their movements through
your enzyme column, will they have more time to become atfacked?
In this case you will get a rather complicated theoretical treatment!

KATCHALSKI

The theoretical treatment put forward to deseribe the extent
of substrate degradation by an enzyme-column is a very elementary
one. T feel, however, that it can readily be extended to more comp-
licated cases. If some of the components formed are retarded in
their movement throngh the column, their contact with the enzyme
is prolonged and further degradation can be expected.

SPIEGELMAN

Doubts have been recently raised concerning the precision with
which one can define PorTer’s fractions I and II.

1 wonder whether your experience has led you to any conclu-
sions on this question?

¢} I.]. Cemra, D, Givor, HM.I. Siemax and E. Karcuarskr, J. Biol
Chem., 236, 1720, 1961,
() J.]. Cesra, D, Grvor and L. Karcuavssy, f. Biol. Chem., 237,

751 (1902},
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KATCHALSK]

We have not carried out any new experiments to characterize
PorTER’s fractions 1 and II. We could, however, repeat with ease
the scparation of the fractions by the procedure described .

Jacon

Do you know whether the antibodies treated with the polymer
containing papain, without freatment with cysteine, still cxhibit
their allotypic specificities?

KaTCHALSKY

No attempt was made till now fc determine the allotypic spe-
cificities of antibodies trcated with water-insoluble papamn in the
absence of cysteine. Such a study might be of considerable interest.

LipMANN

May I ask more information about insoluble RNAse?

KATCHALSKI

The water-insoluble ribonuclease {RNAse) was obtained by the
coupling of RNAse, via azo links, to a copolymer of p-aminophe-
nylalanine and leucine. Preliminary data indicate that the water-
insoluble enzyme has a relatively high activity towards cytidine-2’,
3/-eyclic phosphate (20% of that of intact RNAse) and a relatively
low activity towards RNA (1.5 (0 2% of that of RNAse). It seems
that the aclivity of the bound enzyme, particularly towards the high
molecular weight subsirate, is hindered sterically by the insoluble
carrier. It is possible that a water-insoluble enzyme with a consi-
derably higher activity towards RNA wil! be obtained by the attach-
ment of the enzyme to the insoluble carrier via a long, flexible,
hydrophylic side chain.

(Y R.R. Porrer, Biochem. J., 73, 139, 1959,
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MYOGLOBIN : STRUCTURE AND FUNCTION (*)

J. C. KENDRIEW

Medical Research Council - Laboratory for Molecular Biology,
Cambridge {ngland)

The X-ray analysis of a crystalline protein became feasible
in principle when it was shown by Perutz ¢f al. [1] that the
method of isomorphous replacement could be applied to crystals
as complex as those of proteins. This method involves the
labelling of each molecule in the crystal with various groups
containing heavy atoms, the consequent changes in the inten-
sities of the X-ray reflexions being used to determine the phases
of the reflexions: solution of the structure then hecomes a
straightforward problem in computation — straightforward but
of such great magnitude that it is necessary to make use of the
fastest electronic computers available. The amount of data to
be handled is roughly proportional to the molecular weight of
the protein; myoglobin was sclected by the present author
partly because, as proteins go, it is a very small one, and partly
because it is a representative member of the class of haem pro-
teins. Though myoglobin itself has been relatively neglected,
the physical chemistry and physiological functions of haem pro-
teins as a class have probably been studied more intensively
than those of any other kind of protfein.

Even the simplest protein is so much more complex than

(¥} The discussion of this paper follews Prof. Prrurz's lecture.
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the molecules generally studied by X-ray analysis that a com-
plete solution at one stroke would be too much to hope for.
By attacking the structure in stages, of increasing resolution,
the method could be tested out as the work progressed and suc-
cessively sharper pictures of the molecule could be obtained.
The stages chosen in myoglobin were resolufions of 6A., 2A.,
and 1.5-1.3A.: these involved the handling of about 400,
10,000 and 25,000 reflexions respectively (the number of re-
flexions increases as the cube of the resolution desired). The
first stage of the myoglobin analysis was completed in 1957
and the sccond in 195¢; the third stagt is still in progress. One
reason for the choice of these particular steps was that they cor-
responded roughly to the degree of resolution required to
« see » the tertiary, the secondary and the primary structures
of the molecule, respectively — that is, the spatial arrangment
of segments of polypeptide chain producing a compact mole-
cule, the type of folding in individual segments of chain, and
the identity and interactions of the side chains. In the event
it transpired that more information could be derived at each
stage than had been predicted.

MYOGLOBIN AT GA. RESOLUTION

The first stage of the analysis [2] resuited in a three-dimen-
sional representation of the molecule at a resolution of 6A.,
which was insufficient to reveal the side chains or even the con-
figuration of the polypeptide chain itself, but which did give a
picture of the general arrangement of the polypeptide chain and
of the haem group — in other words of the tertiary structure
of the molecule (Figure 1). This tertiary structure proved to
be unexpectedly irregular and complex: clearly the simple geo-
metrical arrangements proposed in many ecarlier theories of
protein structure could not be correct.

(o] Kendrew - pag. 2
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I, 1 — Moedel of the myoglobin molecule derived from the 6A. Fourier
synthesis.

{9] Kendrew - pag. 3
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MyYOGLOBIN AT 2A, RESOLUTION

More recently the resolution of the analysis has been in-
creased to 2A. [3], [4] (see Figure 2). Although neighbouring
covalently bonded atoms are still not distinetly resolved, it is
now possible o separate atoms which are hydrogen-bonded or
in van pER WAALS contact, with the resalt that the atomic
arrangement of most of the molecule can be inferred. At this
resolution the appearance of the haem group with its central
iron atom corresponds closely with theoretical expectation (see
Figure 3), thus providing a valuable check on the correctness
of the analysis, and it can be seen that the iron atom is attached
to a neighbouring polypeptide chain by means of a group which
is almost certainly the imidazole ring of a histidine residue.
Most of the polypeptide chain consists of a series of segments
of right-handed e«-helix, with parameters closely corresponding
to those proposed by PaurLing and Corey in 1951 [5] (see
Figure 4). This was the first time that the «-helix had been
directly seen in a protein molecule; the results confirmed earlier
plausible evidence that this configuration was important in the
structure of globular proteing as well as in those of many fi-
brous proteins. It turns out that the myoglobin melecule con-
sists of eight segments of «-helix joined by irregular regions
of varying length: the helical segments comprise 75% of the
amino-acid residues, in agreement with estimates made on the
basis of optical rotation and deuterium exchange studies.

One reason for the choice of 2A. as the resolution of the
second stage of the myoglobin analysis was that the secondary
structure (or polypeptide chain configuration) should be clearly
revealed at this resolution, as indeed proved to be the case; it
was not anticipated that side chains would be identifiable, so
that progress could be made towards a direct determination
of the amino acid sequence by X-ray methods alone. In the
event expectation was much exceeded, for it was possible to

[0} Kendrew - pag. 4
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Fi, 3 — The haem group at 2A. resolution as observed in the myoglobin
Fourier synthesis (above], Below is a theoretical Fourier synthesis at the
same resolution, for comparison,



Frc, 4 - {«&) Cylindrical section of a helical segment of polypeplide chain,
in the 2A. lourier synthesis of myogiobin; a length of PauLing g-helix
is superposed for comparison. (b)) Key to the structure of the g-helix.
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see the individual side chains as dense regions emerging from
the helical main chain at intervals corresponding to the para-
meters of the a-helix, and a close examination of these regions
often made it possible to identify side chains with certainty;
in other cases some ambiguity remained but the choice of side
chain could be reduced to two or three (see Figure 5). At the
present resolution about one-third of the side chains can be
identified with certainty, and another third with fairly high
probability (see Figure 6}. It now becomes possible to cor-

F16. 5 — An example of a side chain at 24, resolution, as seen in the
zA. Yourier synthesis of myoglobin.

[9] Kendrew - pag. 8
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Fra. & — Model of the myoglobin molecule derived from the zA. Fourier
synthesis, incloding most of the side chains.

relate these X-ray results with the preliminary data obtained
by Dr. A. EpMunpsor, whoe is engaged in working out the
amino acid sequence of myoglobin by chemical methods [6].
He has broken down the molecule into short peptides by means
of tryptic digestion, and he has determined the composition,
and in a few cases the internal sequence, of these peptides. By

comparing his results with our own it has proved possible to

[o] Kendrew - pag. g
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place almost all the tryptic peptides along the polypeptide chain,
and the order of peplides thus ascribed corresponds with the
order suggested in a few cases hy EnMunnson on the basis of
preliminary work using chymotryptic digestion. Although some
discrepancies remain and although the amino acid sequence
has not yet been conipletely determined, its main features are
now beyond doubt. We are at present engaged in an attempt
to increase the resolution of the X-ray results still further,
and we hope that the remaining ambiguities will then be re-
moved.,

GENERAL NATURE OF THE STRUCTURE

Without going into details, we may summarize some general
features of the structurc as it has so far been revealed.

1) The molecule is compact. There is no water inside the mo-
lecule, with the exception of a very small number of single
water molecules presumably trapped at the time the mo-
lecule is folded up. There are no channels through the
molecule.

2} Almost all the polar groups are on the swrface. With very
few exceptions all the Iysine, arginine, glutamic, aspartic,
histidine, serine, threonine, tvrosine and tryptophan residues
are on the outside of the molecule; the rare exceptions are
polar side chains performing a special function within the
molecule, e.g. the haem-linked histidine.

3) The interior of the molecule is made wp of non-polar resi-
dues, almost everywhere close packed, in van pEr WaaLs
contact with their neighbours. Not all the non-pelar resi-
dues are inside; some, especially the short ones {glycine,
alanine) are at the surface.

4) Bound water molecules are attached to all polar groups at
the surface, including main chain CO and NH groups. Apart

o] Kendrewe - pag. 3o
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from these bound water molecules there is no obvious sign
of order in the liquid regions; these regions have not yet,
however, been studied in detail.

In general it is clear that the vaN pEr WaaLs interactions
between non-polar residues are quantitatively much more im-
portant in stabilizing the structure than are electrostatic and
hydrogen-hond interactions between polar groups. On the other
hand it may well be that certain key polar interactions have a
special significance in determining the overall configuration of
the molecule. In particular, interest is focussed on the non-
helical regions and on the forces which determine the point at
which each helical segment ferminates, Proline, which cannot
be accommodated within an a-helix, is clearly important here,
but there are 8 non-helical regions and only 4 prolines. Several
types of polar interaction seem also to be important in this
connexion, but they do nof occur more than once each, so
generalization is impossible — indeed all the non-helical seg-
ments are different.

The interactions of the haem group deserve special consi-
deration, since they are largely responsible for the physiological
function of myoglobin, An isolated haem group does not
exhibit the phenomenon of reversible oxygenation; its special
behaviour in myoglobin and haemoglobin must be a conse-
quence of its interactions with the protein moiety of these mo-
lecules. We have seen that the fifth co-ordination position of
the iron atom is occupied by a ring nitrogen atom of a histidine
residue; on the other side of the haem group, and occupying
its sixth co-ordination position, is a water molecule, as would
be expected in ferrimyoglobin in the region of pH 7. Beyond
the water molecule, in a position suitable for hydrogen-bond
formation, is a side chain which is almost certainly a second
histidine. These results strikingly confirm earlier suggestions
based on chemical evidence (for a discussion of these, see the
review by Wyman) {7]. The polar propionic acid side groups

[o} Kendrew - pag. 13
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of the protoporphyrin are at the surface of the molecule; the
rest of the group is in the interior and is surrounded almost
entirely by non-polar residues with which it is in vaN DR
WaaLs contact. Tt is difficult to see how at any rate the larger
ligands known {o combine with the haem group can do so
without causing a substantial rearrangement of side chains, for
the sixth co-ordination position of the iron atom is by no means
exposed to the ambient solution.

STRUCTURE AND TFUNCTION

Though we can now specify with some precision the envi-
ronment of the haem group in myoglobin and haemoglobin, we
do not yet know by what mechanism this special environment
modifies the properties of the group so that it combines revers-
ibly with oxygen and displays the other subtelties of behaviour
which have been studied in such detail by several generations
of biochemists. The solution of this central problem lies in the
future — as does that of a much wider one, the problem of
explaining profein behaviour gencrally in terms of protein struc-
taure. The structural features observed in myoglobin no doubt
exemplify general principles, some of which may emerge from
the comparative studies of myoglobin and haemoglobin now in
progress. It is now clear, however, that proteins display great
variety of structure as well as of function: generalization will
not be possible until the structures of some other proteins have
heen worked out in detail,

[9) Kendrew - pag. 12
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STRUCTURAL STUDIES
OF METAL ION -ENZYME INTERACTION

I LINDOVIST

Uppsale Universitet, Kemiska Tistibutionen, Uppsala (Sweden)

By tradition the inorganic chemistry and the biochemistry
have been considered as representing the two branches of pure
chemistry most different from each other. Accordingly the
mutual knowledge of the other field has often been very small
without causing much trouble for any part. When it comes
to the role played by metal ions in biochemical reactions, and
particularly in enzymatic processe, such ignorance might, how-
ever, be unfortunate. The biochemist ignorant about basic
inorganic chemistry, might very well suggest mechanisims and
models which are in serious disagrecment with our basic know-
Jedge about the laws governing the complex formation of metal
jons in aquecus solutions. In the same way the inorganic
chemist with a rather dim view about the biochemical processes
might belicve that he is studying model systems for some bio-
chemical reaction although a serious consideration of the
kinetics of that reaction would show that this cannot be the
case.

During the last ten years many steps have been taken
towards a deeper understanding of the function of metal ions in
enzymatic catalysis and these cfforts have been excellently
summed up in some recent review articles [1]. It has thus

(10} Lindguist - pag. 1
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been shown that the kinetics of the process must first be studied
in detail in order to prove that the metal ions are really activat-
ing it. ILven then it remains fo investigate if the metal jons
can interact with both enzyme and substrate strongly enough
to justify the suggestion that the metal ions can have the func-
tion of joining the two reactants. Studies of this type have
been carried out for a number of metal ion activated enzymes
during the last years and it therefore scems to be proper time
to start accurate crystal structure determinations to obtain a
better knowledge about the detailed nature of the inferactions
involved. This cannot possibly be achieved only by structure
determinations of the whole enzymes, because, as has here
been pointed out by KrxprEw and PERUTZ, in a protein strue-
ture determination we cannot hope to come down to a better
resolution than 1.5 A, We must thus study some model com-
pounds and the information we reach in this way is of course
not confined to interaction with enzymes but will help the
understanding of all metal ion - protein interaction.

As an example of a possible model for metal ion-active site
interaction we can choose the zine ion interaction with carboxy
peptidase. It has recently been presented strong evidence (2]
that the zinc ion is bonded to one cysteine and to one nitrogen
containing residue (possibly histidine) of the carboxypeptidase
molecule, and that the chelation with z2-mercaptoethylamine is
a model for this interaction. We had indepently come to the
same conclusion and therefore started a structure determination
of the zinc salt Zn(SC,H,NH,), (STRANDEERG and AKERBY).
The structure has not been finally refined but the present pic-
ture, given in Fig. 1 cannot be much changed, The most
obvious features are: 1) the distorted tetrahedral coordination
around zinc; 2) the assymmetry of the molecule formed. (We
will try to separate the two enantiomorphic crystal types and
study the optical activity); 3) the Zn-S bond length is 2.374,
almost the same as in ZnS(2.35 A&); 4) the Zn-N bond length
is 2.06 &; 5) the hond angle S-Zn-N within each chelate ring

[vo] Lindquist - pag. 2
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is as small as 89°. Any model considerations of chelation with
zinc must thus take the possibility of great variations in the
bond angle into account.

The weak point of this model is certainly the amino group
which is rather different from the imidazol group in histidine.
One possibility would be to fry to compare a more similar
chelate but first we wanted to cee if the Zn-N bond lengths with
imidazol would be very different. (The great stability of a
chelate is mainly due to the entropy term and not to a dil-
ference in bond strengths}, Crystals of ZnCl,.4C;N,H, and
Zn{NO,),.4C;N,H, have therefore been prepared and the
crystal structures are being studied. No final resulfs have,
however, been obtained as yet. Parallel studies of the imida-
zol salt obtained with zine in alkaline solutions, Zn(C;N,H,),,
give rather surprising results, shown in Tig. 2 (STRANDBERG).
The average Zn-N bond length (in the unrefined structure) ig
as short as 1.8 A. Tven if we could expect a stronger interac-
tion with the negative ion, the negative charge being equally
distributed on the two nitrogen atoms, than with the molecule,
the difference from the value found in the preceding compound
is remarkable, In fact the imidazol molecule could very well
give as strong bonds as the negative ion, if the resonance form
placing a negative net charge on the ligand nitrogen atom
and a positive net charge on the other nitrogen atom is of
importance. All these questions will find an answer when the
structures of the neutral imidazele complexes have been
studied.

It is not only the interaction with the protein that is of
interest but also with the substrate. The structural studies
have also so far mainly dealt with peptides as substrates.
Extensive studies have been made by FrEEMAN in Sydney of
the structures of copper complexes with different polypeptides.
The detailed resulls will not be given here, only some general
observations of interest. The terminal amino group is always
invelved in the complex forination and also the terminal car-

{10] Lindquisi - pag. 4
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boxylic group. In some cases chelation can be obtained with
the carbonyl group next to the terminal amino group. The
peptide nitrogen is never used . for complex formation, unless
the proton is split off, making a lone electron pair available for
complex formation. This is the case in the copper compound
studied by us Cu(NH,CH,CONCH,C00).3H,0. The struc-
ture [3] of the chelate molecule (two independent molecules)
is shown in Fig. 3. Interesting feafures are the short bond
length to the peptide nitrogen, o.15A shorter than to the amino
group and the fact that this strong interaction does not change
the general shape of the dipeptide appreciably. The addition
of a fifth ligand (a water molecule) on a much longer distance
is also noticeable. The dichelate molecules are joined with
hydrogen bond to each other and to interstitial water molecules.

It is obvious that the structural studies made so far does
not solve any biochemical problems but the information obtain-
ed about bond lengths and bond angles will certainly be ne-
cessary for the final clarification. We have tried to use the
information we have obtained so far by considering the pos-
sibility of chelate formation between zinc ions and a straight
helical chain, We have then used the same assumptions abont
the structure of the chain as KeNDREW in the detailed discus-
sion of the myoglobin structure and added our knowledge
about the complex formation with zinc ions. We then find as
a general rule that chelation with two side groups is only poss-
ible if there are three amino acids between the two chelating
groups. Even then there are rather restricted possibilities, but
it was shown that cysteine and histidine can and should chelate
in these positions. A systematical study was made of all possi-
bilities and will be published when the models have been
checked carefully. The study of such chelation might be of
some diagnostic value in the study of the tertiary structure,
if it is remembered that chelation of straight chains might be
masked because the chains are imbedded in the tertiary struc-
ture and that on the other hand chelation might be obtained

[10] Lindgvist - pag. 6
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Fre. 3 @ and b — The coordination around the copper {ITy ions i copper (IT)
monoglycylglycine trihydrate. In a the bond distances and in b the bond
angles are given for both the independent molecules.
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from quite different parts of the protein. If the number of zinc
ions which can be attached is greater than what can be pre-
dicted from the amino acid sequence such crosslinking chelation
must be of importance, If on the other hand the number of
zinc ions attached is much smaller than predicted there cannot
be many straight helical chains available for chelation for one
reason or ancther.
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DISCUSSION

Prrurz

[ am interested in Prof. Linpgvist’s copper coordination com-
pound because copper is one of the few jons which inhibit crystal-
lization of hemoglobin in very small amounts: 2 equivalents of
copper per molecule of hemoglobin inhibifs crystallization, and
according to his results, copper could chelate at many different poinis
and thereby produce random distortions of the hemoglobin moleeunle,

KATCHALSKI

May I ask whether the interesting investigations of Prof. Linn-
ovisT on the structure of zinc-imidazole and zine-thioethanal-amine
have led to any hypothesis or suggestions as to the role of zinc in
defermining the enzymatic activity of carboxypeptidase?

Poly-L-histidine has been prepared in our laboratory some time
ago (1), Tf readily combines with zinc and other cations. Tn col-
laboration with Dr. Brour, it has been shown recently that poly-
L-histidine attains three different macromolecular conformaticns in
the suitable selvent systems, Wounld i, therefore, be desirable to
study the structure of the zine derivatives of poly-L-histidine,
which have been obtained under conditions favoring a helical or
a random coil conformation?

(") A, Parcnorxix, A, Berorr and B, Karcaanske, J. 4w, Chem. Soc.,

79 5227, 1957.
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LinngvisT

I think it is too carly to propose even hypotheses about the
role of zinc. 1t would be very interesting to study metal complexes
of poly-L-histidine,

SCHRAMM
I don't know whether this copper reaction has to deo with the
biuret reaction?

LinpgvisT

The biuret reaction requires that more strong Cu-N bonds are
formed.

hie] Lindguwist - pag. 1o



STUDIES ON THE SYNTHETIC FUNCTION
OF THE RIBOSOME-AMINOACYL-sRNA SYSTEM

FRITZ LIPMANN, DANIEL NATHANS,
and GUNTER VON EHRENSTEIN

The Rockfeller Institute, New York, N.Y. (U.S.A.)

The probiem of replication of the genetic material in deoxy-
ribonucleic acid (DNA) has been resolved into a coupling be-
tween polymerization [r] and base pairing [z] through
hydrogen bonding to the mother DNA.  An entirely analogous
mechanism has now been found for the replication of DNA se-
quences in ribonucleic acid (RNA) [3, 4], and a continuity
of information transfer through sequence replication by base
pairing extends from DNA to RNA, which means to the
template for protein synthesis. Therewith, the problem of
protein synthesis emerges even more clearly as represeniing a
translation of a message contained in the g-symbol langnage
of the nucleic acids into the 2o-symboi language of polypeptide
sequence.  The molecules involved in this transformation pro-
cess are presented in Fig. 1. On the left side are the four bases
of RNA, leaving out the unusual ones. On top, the two pu-
rines; below, two pyrimidines, adenine pairing with wracil
and guanine with cytidine. On the right side we see the array
of amino acids characterized by the monotonous presence of
the carboxyl a-amino configuration with the enormous variety
of chemistry in the side chains.

[11] Lipmann - pag. 1
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g BASES SO AMING  ACIDS
TRNA)
GLYGCINE LYSINE
ARGININE
ALANINE HISTIDINE
VALINE TRYPTOPHAN
ADENINE LEUGINE
- ISOLEUGINE &~ AL ANINE
GUANINE TYROSINE
GLUTAMIC ACID
.
URACIL GLUTAMINE SERINE
CYTOSINE ASPARTIC ACID  THREONINE
ASPARAGINE
CYSTEINE
PROLINE METHIONINE

IfiG, 1

An important advance came when it appeared that amino
acid-specific activation enzymes catalyze not only the amino
acid-ATP reaction, but also transfer the activated carboxyl to
the corresponding soluble ribonucleic acid {SRNA) [5, 6]. The
process is pictured in Fig. 2z, which describes, as an example,
the activation of threonine which we studied more extensively
with Harrmann {7]. The activation by displacement of the
pyrophosphate in ATP to form the adeny! derivative of the
amino acid is followed by transfer of the activated carboxyl
to the adenosine terminal of the sRNA. Tig. 3 shows this
interesting bonding in greater detail. The link forms between
the carboxyl group and the 2”7 or 3" hydroxyl group of the
ribose of terminal adenosine {8]. The energy of this ester bond
is rather high, and is equivalent to the phosphoryl bond in
ATP. The over-all equilibrium constant is near . The bind-
ing of amino acid fo its specific SRNA represents the translation
of amino acid into polynucleotide coding; the positioning of

T30 Lipmann - pag. 2
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the amino acid in the prescribed sequence can be imagined to
occur by a pairing of an amino acid-specific sequence of 3 to
4 bases throngh hydrogen bonding between sRNA and temp-
late RNA, as proposed by Cricx [g]. A rather primitive
picture of this process is attempted in Fig. 4.

The product formed in the activation-transfer step, the
aminoacyl-sRNA, seems to be freely diffusable in the cyto-
plasm. The mixture of 20 amino acids, linked to their specific
RNA’s, can be obtained by reacting a mixture of amino acids
containing a radioactive one as marker, with a mixture of
activating enzymes, ATP, and sRNA, and then isolating by
phenol extraction [10]. The activating enzymes are present
in the 100,000 x g supernatant fraction of cell homogenates.

We have concentrated on the study of protein synthesis
using aminoacyl-sRNA’s as donors of active amino acid for
peptide bond formation on the ribosome. That we are really
studying here a process of protein synthesis was proven when
this system was shown to produce hemoglobin [1T]. The

Sequenticl Peptide Syntnesis on Template

Ad Ad :
Cy} Cy }
Cy/ Cy s

/
/
'
"

U GquPd UAdCyG

Ad CyGu U Ad U Gu Cy

]?Jbosoma] RNA
e, 4
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mixture of the aminoacyl-sRNA’s had appeared to be unspe-
cific with regard to species or to the protein formed {12]. To
convince ourselves more thoroughly of this remarkable non-
specificity, meaning a universality of code, we used in our
hemoglobin synthesis the aminoacyl-sRNA mixture obtained
from the activating enzymes and the sRNA’s of E. coli. The
ribosomes were prepared {rom reticulocytes according to
Scuwegr [13]. In addition, a supernatant fraction, GTP, and
free sulfhydryl groups are essential. This minimal system is
outlined In Table 1.

TasLe 1

Componenis of Protein Synthesis Sysiem
3 3

Aminoacyl-sRNA

Ribosome, Mgt™

Peptide polymerase, in supernatant factor
Other enzymes in supernatant factor?
TP

Sulthydryl groups

Using this system, the newly formed hemoglobin was col-
Jected and, after addition of some carrier hemoglobin, the
mixture was fractionated on an carboxymethyl cellulose co-
lumn. As shown in Fig, 5, radioactivity and color analysis
give nicely matching peaks, indicating that the radioactive
material is hemoglobin. A further confirmation was obtained
by the trypsin digest « fingerprinting » method of InGrRam
which, in Fig. 6, shows an overlap between the radioactivity
and the ninhydrin reaction, indicating clearly that the labelled

f11] Lipmann - pag. 3
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amino acid, leucine, was incorporated inte the peptides of
hemoglobin,

Some progress toward a better understanding of the specific
roles of the components of this system was obtained by a puri-
fication of the supernatant factor containing the peptide poly-
merase.  For assay of the factor, the ribesomes had to be
washed with a surface active reagent using 0.5% deoxycholate,
which removes the strongly adsorbed transfer enzyme. Pre-
parations of transfer factor have been obtained from liver {r2],
from reticulocytes [r1], and from K. colt [10]. In view of
our greater experience with the £. coli system, further studies
were done with it, TFig. 7 shows an assay for the supernatant
factor using washed ribosomes, and Tig. 8 indicates a peak
obtained by chromatography on a DEAE-cellulose celumn.
The tested amino acids all fall on to the same peak, and similar
tests have been done with three more amino acids (Fig. 9).
This indicates that we are dealing with a single lactor that
is identical for all amino acids.

1. .
CPM C*-leucine trensferped

l. e d PP —

BETRE T
44 proten

16, 7
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We have pointed out that the aminoacyl-sRNA appears to
be non-sclective with regard to the ribosome. Therefore, we
were somewhat surprised fo find that the supernatant factor is
species specific.  As shown in Table 2, the K. coli supernatant
will not supplement liver particles, nor will liver supernatant
supplement coli particles. In all cases, E. coli aminoacyl-sSRNA
was used as amino acid donor. This supernafant specificity
seems interesting.

TasLe 11

Ribosome Specificity of Transfer Faclor

N Supernagant I Ciiden trans., |
Ribosomes .

fraction c.pam. ‘

E. coli None Go :

E. coli Liver 8o

E. coli E. coli : 665

Liver None 21 1

1

Liver E. coli 19 ;‘

Liver § Liver | 244 |

Chloramphenicol and, from the work of YARMOLINSKY
et al. [14], pwromycin, have been shown to inhibit protein
synthesis rather specifically. Puromycin, which in its structure
(Fig. 10) has a great similarity to the amino acid-carrying ade-
nosine terminal of sRNA (cf. Fig. 3), was proven to be a
general inhibitor of the transfer from the aminoacyl-sRNA {o
the ribosome. In our hands, however, chloramphenicol has
shown activity only with microbial systems. Table 3 shows
that chloramphenicol at a high concentration does not inhibit
the reticulocyte system, while puromycin inhibits both the reti-
culocyte and the microbial systems, The same is true for liver
(unpublished experiments).

{11] Jdpmann - pag. o
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N{CH3),

HOCH, O N N/I

NH OH
|
NH,

Puromycin

16, 10

Tasre 111

Inhibition of Aminoacyl-sRNA---Ribosome System (¥}

J Ribosome Inhibitor
I Reticulocyte . None .

3

Reticulocyte . . 107% M chloramphenicol

Reticulocyte . . 5.107% M puromyein .

E. coli . . None .
E.ocoli ., . z.107" M chloramphenicol

E. coli . . . 4107 M puromycin .
{*) E. coli amincacvi-sRNA used in all,

frx] Lifnmann - pag. 10
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In the cowrse of studying the puromyein effect, it appeared
that in the presence of puromycin, amino acid incorporation is
replaced by an equivalent amount of amino acid fixation in
a trichloroacetic acid and 60Y% alcohol soluble fraction. The
puromycin-promoted fixation shewn in Table 4 is dependent
upon all the components that are necessary for protein synthesis
and is essentially equivalent to the amino acid incorporation.
Chloramphenicol does not have a comparable effect and, as
seen in line 4, it inhibits the puromycin effect of fixation in
a low molecular fraction. A better identification of this low-
molecular fraction is now being attempted.

TasLe IV
TCA-Soluble Compounds- vs. Prolein-Synihesis

I Per cent Per cent

! Lubibitor I TCA-seluble i protein
(1o None o 0 . .0 a, o 35,30
‘2. Puromycin 5x3107* M . i 29,3t  1.2,0.8
3. Chloramphenicol 5x1o~% M a, o 15, 15

e g,i2  : 1.8,1.4

The recent discovery by Nikenser et al. [16] that poly-
uridylic acld will act as template in an exclusive manner for
the polymerization of phenylalanaine and poly-cytidylic acid
for the polymerization of proline, has opened new avenues for
studying the template problem. T will present some data with
the NIRENBERG system, using phenylalanyl-sRNA with our
transfer factor and washed Z. coli ribosomes. Since the basic
experiments of NIERENBERG et al. were done in a crude system
using the supernatant, ATP, and phenylalanine, we were quite
eager to check their observation with our minimal system using

1] Lipmann - pag. 1
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phenylalanyl-sRNA, transfer factor, and ribosomes. The cha-
racteristics of this reaction using « active phenylalanine » as
the precursor are shown in the next tables and figures. They
bear out our presumption that this system can be considered
a standard one for the study of the mechanism of protein
synthesis,

In table 5 it can be seen that all factors required for the
incorporation of leucine into protein are also required for
the polymerization of phenylalanine on poly-uridylic acid.
Figure 12 presents a time curve and shows a brief induction
period which seems to be real and worth attention. We next
figure, 12, brings out the fairly low ribosome concentration
at which safuration is reached, about 1/6th to 1/5th of that
generally used in the previous experiments. If phenylalanine
is tested with increasing poly-uridylic concentration, an upper
limit is reached at a ratio of uridylic acid to phenylalanine in-
corporation of 3.2, after which the curve plateaus (Fig. 13).
A similar ratio obtains if poly-uridylic acid is kept constant
and the amount of phenylalanyl-sRNA made available is in-
creased (IFig. 14). Here again, a plateau develops when the
ratio of uridylic acid versus phenylalanine incorporation is 3.8.

TaprLe V

Cofactor Reguivements for Polywridylic acid-dependent Incor-
poration from Phenylalanyl sRNA

Companents epm muMoles
1) Complete system . . . . . . . 562 0.0097
2) ~PolyU . . . . . . . . 28 0.0048
3} - Supermatant factor . . . . . 12 0.0021
4) - Ribosomes . . . . . . . . 0 0
57 - GTP, PEP and binase . . . 14 0.0024
0) +CY- Phenylalanine (I pMole) . . 590 0.702

[17] Lipmmann - pag. 12
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Time Curve for $al Fixation with Polyundyhc Acid
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Fig, 13

These observations were to be in accord with the assumption
that this template cannot be re-used, and an upper limit value
of 3 could correspond with a 3-nucieotide symbol for the amino
acid. Dr. NIRENBERG informs us, however, that in his experi-
ments with the cruder system, after first finding a ratio of
about 3, their values recently have tended to go down to
almost 1, which does not fit in with a non-catalytic function
of the template since a code of less than 3 is difficult to imagine.
This would be in better accord with our experience with the
reticulocyte system which does indicate a stable template.  In

[a1] Lipmann - pag. 14
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Pal-sRNA Concenlrollon/¢oi incorporation
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preliminary results, it was found that the living reticulocyie,
using radicactive phosphate as a tracer, shows only a very
slow incorporation as compared with the incorporation of amino
acids (Table 6). The incorporation of phosphate, however,
cannot be equated without reservation with the turnover of the
RNA without alse assessing phosphate incorporation into the
nuclentide pool which may be rather slow in the reticulocyte.
Further experiments on this problem are now in progress.
Nevertheless, the present resuits, fogether with SCHwWEET s
recent work [16] encourage the assumption that in the reticulo-
cyte, and possibly more generally in the mammalian cell, the
template RNA may be rather stable in contrast to the high
turnover of the template or messenger RNA in the microbial

[i1Y Lipmann - pag. 15
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Taprw VI

Incorporation of Phosphate into RNA Fractions and of Amino
Acids into Hemoglobin by Rabbit Reticulocyles

peM per 10 ml

lncorporation )
of packed cells per minute

Amino acids . . . . . ., 0G0,000
Scluble RNA . . . . . . 52

| Ribosomat RNA
1 M NaCl precipitate .
1 M NaCl supernatant . . . 4.5

Debris RNA
M NaCl precipitate . . . . 27
1 M NaCl supernatant . .“_ 30 j

cell. Tt is best, therefore, to postpone a definite decision on
the rather crucial question as to.whether a breakdown of the
template RNA is coupled with the synthesis of the polypeptide
chain of a protein, or if the linking of the amino acids takes
place on a stable polynucleotide chain which may serve many
times over.

No discussion of our problem can be complete without
touching upon the undoubted role of guanosine triphosphate
(GTP). Studies are complicated by contamination of the
system by « GTPases » of varicus kinds. We are attempting,
with some success, to clean up the system, but so far not enough
to yield any reasonable chemical correlation. TPresent results,
obtained by R. Moxro indicate only that it is the terminal
phosphoryl of GTP that reacts,

[1v] Lipmann - pag. 16
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DISCUSSION

ANFINSEN

As far as understood about two weeks ago, polyphenylalanine
was casily detected because of its insolubility. This was the macro-
molecular substance which, upon hydrolysis, gave only phenyl-
alanine, There was no clear idea of the size of the polymer. There
is one important point that might be kept in mind, i.e. that poly-
amincacids composed of all L, or all D nonpolar amino acids have a
tremendous lyophobicity.  Sach lyophabicity would constitute a
strong driving force due to precipitation and might help drive a non-
specific reaction.

Lipmany

Against such unspecific precipitation of an insoluble product
speaks the nced for all the components of the systern known to be
essential as shown in one of my tables. In ifs requirements for
activation of amino acid, supernatant factors, and GTP, polyphenyl-
alanine synthesis corresponds exactly to the systems proven to syn-
thesize specific protein,

FRAENKEL-CONRAT

In cooperation with Dr. NireNBErG, TSUGITA and I have been
attempting to establish the nature of the protein synthesized by the
E. coli systemn under the direction of TMV-RNA. It appears that
a good part of the labeled material is related to TMV coat protein,

{r1] Lipmann - pag. 19
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but rot quite identical with it, as judged both from reconstitution
experiments and from protein structural work, i.e., isolation of
labeled peptides after trypsin digestion of the protein.

Lirnmann

I understand that in the i witro synthesized TMV protein the
terminal acetyl group is missing, as one might expect, TFor this
reaction, a particular enzyme system should be required, This
alone might explain why this protein cannot combine with RNA {o
form a good virus. For obvious reasons, I have been rather curious
about the nature and production of this acefylation enzyme.

KaTcHaLSKI

Has any study been made on the chain length or physical chem.-
ical properties of the polyphenylalanine oblained in NIERENBERG’S
gystem?

Lirniann

I' think Nimexsgre has made atiempts towards defermination
which seem to be difficult becanse of the difficulty to find a solvent
for the phenylalanine polymer,

{11} Lipmenn - pag. zo
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INTERACTION BETWEEN DNA AND
POLYCYCLIC AROMATIC HYDROCARBONS

AN, LIQUORY
Centra Nagionale di chimica delle Macromolecole
Istituto Climico dell’ Universidd, Napoli (Italia)
F. ASCOLIL, €. BOTRE

Istitute di Chimica Farmaceutica dell Universitd, Roma  (Ttalia)

The ability of several purines to solubilize polynuclear aro-
matic hydrocarbons which are virtnally insoluble in water has
been reported long ago (WEIL-MALHERBE, 1046; BROCK,
Druckrey and HaMrery, 1938).

Crystalline molecular complexes between purines and aro-
matic hydrocarbens have also been reported to form from or-
ganic solvents {BooTH and Boviasn, 1953; Boors, Boviann
and ORrr, 1954).

Mixed crystals containing a very small number of aromatic
hydrocarbons in the lattice of the purine have also been studied
{(Boorn and al., rg54).

GEOMETRY OF PURINE-HYDRCCARBON COMPLEXES

An X-ray investigation of the crvstal structure of 1:1 and
1:2z molecular complexes between a purine, namely 1-3-7-0
tetramethyluric acid (TMU) and aromatic hydrocarbons such
as pyrene, henzpyrene and coronene was underfaken a few

fr127 Liguori - pag. x
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years ago in our laboratory with the aim to obtain information
on their geometry which could in turn give some indication
on the kind of forces promoting both complex formation and
solubilization of aromatic hydrocarbons in purine water so-
lutions.

The crystal structure of TMU was studied first.  Centro-
symmetrical pairs of TMU molecules lying in parallel planes
with a perpendicular separation of 3.4 A were found in one
crystalline modification by D Sawvtis, GiGrio and LIQuorr
(1gb0) {a=15.59 A; b=8.87 A; c¢=8.40 A; 3=118; P2,/c;
z=4) (sce fig. 1). The same type of structure, although with
a different mode of packing was independently established by
Sutor (rgbo) for a second crystaliine modification.

Frs, 1% — Arrangement of centrosymmetrical pair of molecules in the
lattice of THMU.

Next the crystal strueture of the 1:1 complex between
TMU and pyrene was investigated {(a=g¢.71 A; b=8.00 A;
c==15.04; B=117°; z=z2+2; P/c- C%) (DE Santis, GIGLIO,
Liguorr and Riramontr (1961).

{(*) Reprinted from Nature, 188, 46 (1obo).

fva} Liguori - pag. 2
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FOURIER projections on two planes of the unit cell revealed
the presence of alternate stacks of pyrenc and TMU molecules
lying in parallel planes with a perpendicular separation of
3.4 A (sce fig. 2).

A graphite-like displacement from coincidence of the per-
pendicular projections of the atoms in one molecule with res-
pect to the atoms in the next molecule can be observed. This
mode of packing is typical of molecular complexes the stability
of which is commonly ascribed to « polarization bonding »
between the components (Warrwokk, 1961), the complexes
between aromatic hydrocarbons and s-trinitrobenzene being a
well known example, Weak charge transfer and electrostatic
iuteractions between the polar purine and the polarizable aro-
matic molecule must therefore make the dominant contribution
to the stability of these complexcs.

The crystal structure of the 2:1 complexes between bez-
pyrene and TMU and between coronene and TMU is still under
study. The results thus far obtained have already shown that
a plane to plane stacking is present also in these complexes.

In these cases however a sandwich-like arrangement of the
aromatic molecule between the two purine molecules rather
than an infinite stacking characterize the geometry of the mo-
lecular complexes.

It is interesting to notice that the TMU molecule retain in
the 2:1 complexes the same arrangerient they have in their
own crystal lattice.

These studics on the erystal structure of molecular com-
plexes between purines and aromatic molecules are still in pro-
gress but the results thus far obtained have provided a very
convincing evidence that perpendicular interactions can be
established between aromatic molecules and purines, which may
be ascribed to polarization bonding. Furthermore it may be
inferred that the same forces promote the solubilization ability
of purine water solutions toward aromatic hydrocarbons observ-

{12} Liguori - pag. 3



SICsings

196, 2zee (¥} — TFourfer projection of the electron
density on (100},

Fie. 2-b () — Schematic drawing of the perpendi-
cular separation of the molecules in one stack
through the unit cell.

(*) Reprinted from Natwre, rgr, gouo {1901},
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ed by Weri-MaLEERBE, by formation of aggregates essentially
similar to those present in the crystalline complexes.

Considering the arrangement of the purine and pyrimidine
bases within the core of DNA double stranded helix we were
induced to think of the possibility, that vertical interactions of
the above described type might confer to this molecule the
ability to solubilize large aromatic hydrocarbons by occluding
them in its core, provided that some degree of disorder could
be introduced into Crick and Warson structure which can be
regarded under many respects as an anphiphillic system.

An investigation was therefore carried out with the colla-
boration of D, Ascori, Dr. Borrg and Dr. TrASGATTI with
the aim to exploit this possibility using two large aromatic
hydrocarbons, benzpyrene (BP) and dibenzanthracene (DBA).

The number of solubilization sites available for the hydro-
carbon molecules was determined in various conditions and
U.V. absorption and fluorescence spectra of the solubilized
hydrocarbon were recorded.  Some preliminary microspectro-
graphic observalions have also been made by Prof. i LerMa
in order to investigate the possibility of inferactions between
benzpyrene and the nuclear components of living cells, which
will be reported elsewhere,

SoLUBILIZATION oF AroMAaTiC Hynrocarpons v DNA
WATER SOLUTIONS

The solubilization of BP and DBA in solutions of calf thymus
DNA prepared according to Kav and al. (1g52) was determined
at 20° C., a) at different DNA concentrations in absence of
salt and b) at a single DNA concentration in presence of
10-2 M NaCl following exposure of the solutions to different
temperatures, between 40° C. and. 95° C.

In order to determine the maximum amount of the hydrocar-
bon which could be solubilized, the solutions were equilibrated

f12] Ligwori - pag. 5
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with very fine crystals of the hydrocarbon for one day or more,
in black glass tubes,

After careful filtration across a sintered glass, known vo-
lumes were extracted with known volumes of cyclohexane or
benzene and the hydrocarbon content in the organic phase was
analyzed spectrophotometrically.

The number of hydrocarbon molecules solubilized per mo-
nomer unit is plotted in fig. 3 against DNA concentration for
BP (curve o) and DBA (curve b)., Both curves show a remark-
able frend.

The number of hydrocarbon molecules solubilized per DNA
monomer unit remains practically invariant with DNA con-
centration until a range of dilution is reached which marks
the onsct of a very steep rise.

In a previous investigation (Ascorr, BoTre, CRESCENzI,
Liguore and MELE, 1g5¢a) on the influence of counterion hind-
ing on the conformational stability of DNA, the existence of
a crifical narrow range of concentration has been pointed out
corresponding to the « dilufion-denaturation » of DNA first
observed by Cavarnierl, Rosorr and ROSENBERG (1056).
Comparison with the curves of fig. 3 shows that the stecp
increase of the solubilization power of DNA is observed at the
onset of dilution denaturation.

These results therefore indicate that a small number of solu-
bilization sites are available in the DNA molecule which are
independent from the number of DNA molecules present in
solufion. At the critical dilution, where denaturation of the
structure takes place, many niore sites are rapidly created.

This interpretation is strongly supported by the results of
the solubilizafion experiments carried out on the beat treated
DNA solutions in presence of 10 M NaCl, which show that
the number of BF molecules solubilized per DNA monomer
unit depends critically on the temperature of the heat treatment.
Also in this case, it may in fact be inferred that a large number
of new solubilization sites are created in the DNA molecule in

{12} Liguori - pag. 6
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a very narrow femperature range, where the well known order-
disorder transition or thermal denaturation of DNA occurs
(Dory et al., 19509).

In fact, fig. 4 shows that the critical changes of optical
rotation, optical density at 260 mp (Dory et al., 1g59) and
activity of Na' jons (Ascorr et al., 1g61) which DNA under-
goes on thermal denaturation, occur in the same narrow tem-
peraturc range where the increase of solubilization sites avail-
able for the aromatic hydrocarbon is observed.

U.V. Apsorrrion AnD FLUORESCENCE SPECTRA

U.V. absorption spectra of the optically clear solutions of
DNA containing solubilized BP were recorded hy means of a
DU BrckmMaN spectrophotometer in a region where the absorp-
tion of DNA does not interfere with the characteristic spectra
of the hydrocarbon. TFor comparative purpose, BP was solu-
bilized in several purine and pyrimidine wafer solutions and in
a sodium laurylsulphate solution,

The position of the characteristic absorption peaks in the
near ultraviolet spectra of BP dissoived in a DNA sofution
{7.9x107* Mp) in cyclohexane, in water solutions of caffeine
and sodium laurylsulphate ave reported in Table I.

Tagrr 1
1 . . : }\ nax )\ max )_ max
HRAPYrene m
L mp mp
Cyclohexane . . . . . 347 363 383
Sodinm lauvrylsulphate . . . 348 305 386
Caffeine water solution . . . 153 370 380

DNA water solution . . . 354 373 304

[v2] Liquori - pag. 8
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Fra. 4 — Percent of total variation in specific rotation, activity of Na™ ions,
optical density at 260 snp and number of moles of BPP dissolved per DNA
monomer unit, as a function of previous thermal treatment of IDNA solutions,
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As it may be seen, the positions of the maxima in the near
ultraviolet spectra of BP dissolved in caffeine already reported
by Boorw et al. (1953, 1054) and in DNA solution are both
slightly red shifted with respect to the spectra in cyclohexane
or in water containing sodium laurylsulphate.

Though the effect is not very large, it may be taken as an
evidence that caffeine and DNA exert a similar perturbation on
the electronic transitions of the hydrocarbon molecule.

The aromatic hydrocarbon occluded within the core of the
micelles formed by the sodium lazrylsulphate may be consi-
dered instead as dissolved in an inert solvent like cyclohexane
(McBav and Hurciinson, 1959; KLEVENS, 1048 and 1950}

Even more evident are the environmental influences on the
fluorescence speetrum of BP. TFig. 5 shows the cmission specira

LN
g
eE
3

=Hé.58'7* ¥y
5016
Hgh047

16, 5 -~ Fluorescence spectra of BP in different environments:
1} BP in cyclohexane solution
2z) BP in DNA solation
3) BP in caficine solution
4} BF in caffeine mixed crystals.
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of BP in a cyclobexane solution (1), in DNA water solution (2),
in caffeine water solution (3), in mixed caffeine crystals (4)
prepared according to WEIL-MALHERBE (1046).

The spectra were recorded both with a Zrrss and a Hircer
constant deviation emission spectrograph with a glass prism.
The emission was excited with light of wave length 3650 A
{not strictly monocromatic) from a mercury lamp. A fluo-
rescence microscope was connected to the spectrograph when
the mixed caffeine crystals were examined, according to the
technique described by Dr Lerma {1958).

Like the U.V. absorption spectra in the spectral region of
388¢ A and 5016 A, the fluorescence bands of BP in DNA
and in cafleine water solutions, as well as those in caffeine
mixed crystals are red shifted and considerably broadened with
respect fo the spectrum in cyclohexane, It is of interest that
similar broadening effects in the emission specira of typical
charge transfer complexes between aromatic hydrocarbons and
trinitrobenzene have been observed (WaLLworx, 1961;
REm, 1952).

The results very strongly suggest that the solubilization of
the aromatic hydrocarbons in DNA solution is due to interac-
tions other than Vax per Waars with the purinic and pyrimi-
dinic bases. Tt seems very plausible to aseribe such interactions
to weak charge transfer complexes formation and to dipole
induced dipole interactions. MHowever, a more quantitative
analysis of the spectra will be necessary in order to obtain
a more detailed information.

The above described experiments show that large aromatic
hydrocarbons such as BP and DBA are solubilized in DNA
water solutions to an extent depending in a very critical way
on the degree of order of the DNA structure. In fact, under

{12} Ligwori - pag. 11
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conditions which do not alter the stability of Crick and Warson
struciture, a limited number of solubilization sites are available
for the aromatic hydrocarbon. When denaturation of the
structure of DNA is induced either by thermal treatment or by
simple dilution at room temperature in salt free solution, a rather
large number of new solubilization sites are created. In fact
M /M, increase from o0.4x107? at 41° C. to 1.4x 1072 at
95° C.

As to the specific nature of these sites, the previously re-
ported solubilization ability of several purines corroborated by
our own experiments on the sotubilization ability of some pyri-
midines (not reported), strongly suggest that the bases contained
in DNA confer to this molecules its solubilization power toward
aromatic hydrocarbons.

Spectroscopic evidence indicates that the interactions bet-
ween the bases of DNA and the hydrocarbon molecules, al-
though rather weak, must imply the same kind of polarization
bonding which would account for complex formation between
purines and aromatic hydrocarbons,

Our previous studies on the changes of the charge density
of DNA brought about by dilution {AscoLt et al., 1950a) or
thermal depaturation (Ascovrr, Botrit and Liguori, 1961) of
DNA have pointed out the possible coexistence in the di-
sordered structnre of denatured DNA of sections with Crick
and Warson helical conformation and sections with less ordered
and much more extended conformations, whose population
increases upon heating or on dilution below a critical range.

The average repeat of the extended conformations would
correspond from a gross estimate based on polyelectrolyte theo-
ries (Oosawa, 1957; AscoLl et al., 1959b) to about twice the
characteristic repeat of Crick and WaTsoN helix.

All the above evidences suggest that the solubilization sites
in DNA molecules might be identified with empty spaces bet-
ween neighbouring paired bases in the stretched conformations.

[12] Liguori - pag. 1z
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It should be mentioned that recently a similar mechanism
has been proposed to explain the interaction between DNA and
acridine orange or other related cationic dyes (LERMAN, 1061).
1t seems plansible to reconcile such a proposal with the com-
monly accepted view that electrostatic interactions play a very
important role in these cases (PEACOCKE and SKERRET, 1956;
BrapLey and FRLSENFELD, I1950) by assuming that the two
mechanisms, intercalation and clectrostatic binding, are com-
peting.  Such competition is ruled out for the aromatic poly-
cyclic hydrocarbons chosen for our studies because of their
virtual insolubility in water and the lack of polar groups.
However, it might be reasonable to attempt to correlate the
fraction of acridine molecules intercalated in DNA from the
results obtained with the aromatic hydrocarbons.

As already mentioned the work described has  been
carried out also in collaboration with Dr. TrasciaTT and
Prof. Dr LErMaA and it is a pleasant duty to acknowledge them.

fr2] Liguori - pag. 13
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DISCUSSION

Ricu
Is the DNA employed in your experiments denatured or native,
and what happens if you do the experiments with salts?

Liguor:

We have employed in our experiments with consistent results
several samples of calf thymus DNA which were native according
to the values of the optical density and optical rotation as measured
in standard conditions.

As I have mentioned, the solubilization experiments were carried
out both with DNA salt free solutions in a range of concentrations
{0.5—8.10"7 Mp) and with DNA solutions at a given concentration
{8.10-3 Mp) in presence of ro-* M NaCl following heat treatments
at different temperatures (30°-100°).

Before use, the salt free DNA solutions were kept at concentra-
tions well abave the critical range of concentrations where dilution
denaturation takes place (r-z.10-3 M) ().

SPIEGELMAN
It might be interesting to use such agents as dimethylsulfonate
to disrupt the hydrogen bonds rather than heat.

(y AN, Lrguortr and cow., Nature, 184, 1482 (1959).

[r2] Liguori - pag. 13
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Have you examined binding the aromatic hydracarbons by RNA?
And what kind of RNA have you used?

Liguor:

We will certainly try to follow your suggestion in planning fature
experiments. 1 feel however that the formation of solubilization sites
in a DNA molecule avaiable to the aromatic hydrocarbon might not
necessarily require hydrogen bond fissions between the bases.

We have made some exploratory experiments with ribosomal
RNA and have not been able to demaonstrate a significant solubiliza-
tion ability. We plan to repeat these experiments using a more
sensitive method,

CHARGAFF

Then it cannot be a purine effect actvally, because you would
have the purine even more accessible in RNA than in DNA.

Liguort

DNA probably acts as an anphiphillic system with respect to
its solubilization ability toward aromatic molecules. The occlusion
of the hydrocarbon within the core of DNA would be promoted by
perpendicular interactions with the bases. These anphiphilic sites
might be present in a much smaller number in ribosomal RNA
which is believed to be single stranded.

CHARGATF

Pyrimidines have no effect in solubilizing these aromatic hydro-
carbons?

Liguort
Pyrimidines also solubilize aromatic hydrocarhons but to a smal-

ler extent than purines,

{1z] Liguori - pag. 16
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CHARGAFY
Is the absorption of the DNA bases changed by uptake of hydro-
carbons?

Liguort

It would be extremely difficult to try to detect changes in the
absorption spectrum of the bases of DNA in presence of the aromatic
hydrocarbons because of the smali fraction of bases which actually
interact with the hydrocarhon molecules, On the contrary significant
shifts both in tbe absorption and emission spectrum of the hydro-
carbon can easily be detected,

CHARGATF

Did you measure directly the amount of hydrocarbon taken
up or extrapolate from the actual absorption spectrum of the DNA?
Do you know the absorption of the amount of hydrocarbon which
has been taken up, so that you could reconstruct this spectrum?
1 have wondered whether you see a hypochromic or a hyperchromic
effect?

Lipuort

We have measured the amount of benzpyrene solubilized by
a given amount of DNA by extracting the DNA water solutions
containing benzpyrene with known volumes of cyclohexane and
measuring the optical density of the hydrocarbon in this solvent.

A hypochromic effect besides & bathochromic shift can be noticed
in the spectrum of benzpyrene solubilized in DNA water sclutions
with respect fo that of the hydrocarbon dissolved in cyclohexane.

SPIRGELMAN

It may be that the chain of soluble RNA was not a happy one
since evidence snggests that it is much more extensively hydrogen
bonded than ribosomal RNA.

frz} Liguor: - pag. 17
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Liguory
[ am sorry about some misunderstanding. We have used ribo-
somal RNA.

Ranzr

All these hydrocarbons are carcinogenetic substances. Ts it pos-
sible that the point of attack in the carcinogenetic process is an
interaction between hydrocarbons and DNA or RNA?

Liguori
This is obviously a possibility but I would not like to make any
speculative extrapolation of our results at the present stage.

Rusio Husrtos

About the experimnents witl cells. Has the nucleous a selective
absorption of the product? I mean, is it just the nucleous which
takes up the hydrocarbon and not the cytoplasm?

Liguor:

Professor De Liraa has been able to show that when dissolved
in the cytoplasm of rat liver cells, benzpyrene gives an emission
spectrmn essentially similar to that of the hydrocarbon in a lipo-
philic solvent, The emission spectrum of benzpyrene localized in
the nuclei is very close to that of benzpyrene in DNA water solution

or in caffeine mixed crystals.

Prrurz

1 have not quite understood the nature of this intercalation. You
obtained much larger absorption of benzpyrene when you denatured
the DNA. Have you ever (ried to anncal the DNA afterwards
according to Dory and Marmuzr and see whether the benzpyrene still
stays in the DNA or whether geis out again?

f12] Ligquori - pag. 18
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Liguory

The hydrocarhons we have selected for our studies are virtually
insoluble in water and it might prove experimentally very difficult
to demonstrate that on annealing, the benzpyrene is extruded from
DNA.

However I shouid again point out that the denaturing conditions
we have used in all the experiments T have reported do not allow
to assume strand separation.

vi2] Liguori - pag. 1y



GENETIC RECOMBINATION
AT THE MOLECULAR LEVEL

M. MESELSON

The Biological Lebovatories Harvard University
Cambridge, Mass, (U.5.A.)

Genetic methods of analysis have been of crucial importance
in the study of biological processes at the molecular level but
the mechanism of genetic recombination itself is largely
unknown., However, many of the problems can be formulated
precisely in molecular terms and some central features of
mechanism have been established. Recombination by breakage
and joining of DNA molecules is thought to occur with bacterial
viruses and very probably with bacteria as well. The processes
of molecular breakage and joining are not understood, nor is
it known whether breakage and joining is the only mechanism
of genetic recombination. The ensuing general discussion con-
siders the present state of some of these problems.

Genetic information is carried by molecules of DNA and in
the case of certain micro-organisms there is no doubt that the
sites of genetic recombination are predominantly, if not entirely
intramolecular. The number of mutant sites between which
recombination has been observed in various bacteria and bacte-
riophages is far greater than the nnmber of separate DRNA
molecules they contain. In fact, there appears to be only one
DNA molecule in bacterial viruses and in the nucleus of
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. coli [1] {2] [3] [4]. This situation may extend even to
the chromosomes of organisms with recognizable meiosis, since
the DNA content of an Aspergillus, Newrospora, or Drosophila
chromosome is close to that of a nuclens of £. coli.

Our lmowledge of recombination involving RNA is derived
from a few studies of its occurrence between RNA viruses
where, however, it might result from segregation of separate
RNA molecules [5] [6]. In this discussion we wish to consider
only that recombination which seems to occur at inframolecular
sites in DNA.

The hereditary information carried by DNA is thought to
reside in the linear sequence of its nucleotides. Chemical,
electron microscopic, and autoradiographic examinations of
DNA indicate the complete absence or extreme rareness of bram.
ches in its structure, In striking parallel, genetic linkage maps,
which summarize the frequencies of recombination betwoen mu-
tations, show no evidence of branching. The simplest conclu-
sion is that the nucleotide sequences of DNA molecules and the
recombination maps of the genetic information they carry are
co-linear. The assumption of co-linearity is supported by stu-
dies of physical and genctic linkage in transformation [#7,
bacterial conjugation [8], and bacteriophage recombina-
tion [2] [37].

The co-linearity of physical carriers of heredity and genetic
maps has been established for many years for organisms with
chromosomes susceptible to detailed cytologic invesigation [g]
[z0] [11]. However, it is not yet clear whether those recon-
binations which can be correlated with chromosome morphology
occur within or between DNA molecules.

How do two or possibly more homologous DNA molecnies
inferact to produce molecules whose nucleotide sequence is
partly that of one of the interacting molecules and partly that
of another? Whatever the process, it is exceedingly exact in
that rearrangements of map order or mutations of other sorts
seem never to result from recombination except in certain rare
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cases which can be atiributed to inversions or other gross inho-
mologies between the interacting genetic structures.

Possible models for genetic recombination may be classified
according to whether or not recombinant molecules are synthes-
ized de mwovo or, instead, contain lengths of the polynucleotide
chains of the inferacting parental molecules. In the first case,
called copy-choice, parental molecules would act alternately
only as templates for the direct or possibly indirect specification
of the recombinant sequence. In the second, breakage of at
least one of the interacting parent molecules is required and
is followed by utilization of a fragment or fragments thereof
for the construction of recombinant molecules. According to
this scheme, a recombinant might be constructed entirely of
parental fragments in which case the process may be described
as break-and-join, or the recombinant could consist of seme
parental fragments and some DNA synthesized de novo on a
parental template. This variant of breakage recombination
might be called break-and-copy.

Both models, breakage and copy choice, have been enter-
tained as explanations for recombination in bacteriophage and
bacteria, and for énfer-cistronic recombination in organisms
with recognized meiosis [12] [17]. It is not known whether
recombination at these two levels occurs by similar molecular
mechanisms. However, it is natural that older considerations,
drawn primarily from studies of énter-cistronic recombination
in Dvosophila, maize, and fungl, have been applied to the ex-
planation of recombination in bacterfophage and bacteria. Tn
spite of the usefulness and hopefulness of this comparison, it
has occasionally resulted in confusion, This confusion has con-
cerned the question of whether breakage must be associated
with reciprocity in the prodaction of recombinants. It is found
in higher organisms that infer-cistronic (but not intra-cistronic)
recombinants are produced almost invariably in reciprocal
pairs. Such recombination is thought to occur by reciprocal
breakage and joining of chromosomes. Although there is no
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direct proof for this mechanism, it provides a simple explana-
tion of three and four strand exchanges and of certain other
genetic and cytological observations. Because of the apparent
association of reciprocal recombination with breakage and join-
ing in higher organisms, it is sometimes said that the two
are necessarily connected. Whether or not such a connection
exists, neither it nor any other connection between breakage
or copy choice and reciprocity is logically necessary. Never-
theless, the apparent lack of reciprecity, especially in bacterio-
phage recombination where extensive efforts [18] [19] [20]
have failed to detect it, has occasionally led to the view that
copy choice rather than breakage is at work in such cascs.
Certain other arguments have been raised against brealkage
recombination in bacteriophage, but they are not much more
compelling than the argument based on analogy to reciprocal
inter-allelic exchanges [21] [22].

It has recently been found with the aid of heavy and of
radioactive isotopic labels that recombinant bacteriophages con-
tain specific lengths of parental DNA [2] [23]. The details
of the distribution of parental isofope among bacteriophage of
various recombinant genotypes emerging from crosses between
labeled parental phage performed in unlabeled cells lead to
the following conclusions:

I. Recombination occurs by breakage of parental DNA mo-
lecules although other mechanisms cannot be excluded.

2. Recombination can proceed without separation of the two
strands of DNA, and therefore may not require DNA repli-
cation,

3. Distances along the genetic map are proportional to lengths
along the viral DNA molecule at least for the intervals
exarnined.

Evidence for the presence of fragments of parental DNA in
recombinants comes also from studies of bacterial transforma-
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tion [24] [25], so that there is now little room for doubt that
breakage of parental DNA molecules and the incorporation of
their fragments into recombinants is a general aspect of re-
combination at least in bacterial systemns. Tt is not yet clear,
however, whether breakage is followed by joining or instead
by copying. A strong indication that joining of fragments does
indecd follow their production by breakage comes from the
quite recent finding of recombinant phages containing DNA
entirely of parental origin among the progeny of labeled pa-
rents crossed in unlabeled cells [26]. It remains to be seen,
however, whether the different parental contribuions to the DNA
complement of such phage particles are actually joined together
or whether, instead, such phages merely contain completely
separate pieces of DNA each derived from only one parent.
Only in the former case may it be concluded that joining has
followed breakage. Nevertheless, it may be contended that the
evidence for breakage and joining in bacteriophage recombina-
tion is at least as strong as that for breakage and joining in the
production of infer-cistronic reciprocal recombinants in higher
organisms.

If recombinants are produced by breakage and joining of
fragments of parental DNA molecules, what is the structure of
the joint? Recalling the extreme precision of genetic recom-
bination, a plausible structure might invelve an overlap between
a chain of DNA from one parent and a complementary chain
from the other held together through the specific hydregen
bonds of the Warson-Crick structure. The joint would then
be a region with overlapping homologous nucleotide sequences
from both of two parents and might correspond to the partial
heterozygotes found to issue from phage and other crosses [27]
[z2] [28]. Phage heterozygotes selected from the progeny of
multi-factor crosses segregate as though they were recombinant
{and homozygous) for markers on either side of the heterozy-
gous region [21] [29] [30]. The discovery of this genctic
structure led some time ago to the view that phage heterozy-
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gotes are intermediafes in the formation of recombinants quite
spart from any consideration of their physical structure [27]
[21].  Subsequently, extensive studies of the segregation of
phage Tq particles simultancously heterozygous for a cluster
of close markers led to the suggestion that heterozygous regions
correspond to discontinuities in the viral DNA molecule such
as might result from breakage and joining [31]. However,
even if phage heterozygotes are intermediates in the production
of recombinants hy breakage and joining, it does not follow
that the heterozygous region itself corresponds to a joint.

Before attempting further discussion of the structure of the
joint, it may be useful o inquire into its location. We shall
consider two cxtreme models as they apply to the bacterio-
phage lambda for which there is at present the most direct evi-
dence of breakage and joining [2] [23] [26].

The first extreme model follows a classical view of the
mechanism of breakage and joining between rod chromosomes.
We consider the genetic map of lambda to be a faithful image
of the viral DNA molecule. The mutations which recombine
with highest frequency are placed at opposite ends of the
lincar genetic map and we might suppose that the nucleotide
scquences to which they correspond lie at opposite ends of the
DNA molecule.  On this picture, breal-and-join recombina-
tion between any two markers would correspond to breakage
and joining in the nucleotide sequence somewhere between the
two mutations for which recombinants are being selected. This
picture, based on the most naive interpretation of the relation
between map and molecule is, however, not the only possible
ane.

For the second extreme model, we make the assumption that
lambda DNA molecules are not all exactly alike but that instead
each is a cyclic permutation of the nucleotide sequence corres-
ponding to the linear genetic map. Then the terminal markers
of the map would usually be located well in the interior of the
molecule. et us further asseme that between these markers
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there lies a region of DNA or some other material with unusual
properties: it is highly susceptible to breakage and joining.
let us assume that it is the only site at which joining can take
place. When two phage molecules undergo breakage and joining
exchange at this special site, there can in general result two
recombinant products, one longer than the other. The short
recombinant will not carry a full complement of genetic infor-
mation and presumably cannot, in this® deficient condition,
mature to become a viable phage. The long recombinant con-
tains more than a full genetic complement but in order to be-
come a mature phage particle it must be cut down to the more
or less uniform length known to occur in mature lambda par-
ticles [32]. This cutting is responsibie for recombination about
a region somewhere in the interior of the linear genetic map, If
the DNA molecules are cut slightly oversize before maturation,
this region could appear heterozygous. Such heterozygosity
would reflect terminal redundancy of the nucleotide sequences
and any attempt to correlate its properties with the structure
of the joint would be misleading {33]. The boundaries of the
heterozygous region would indeed correspond to sites where
breakage had occurred but it weuld not have been followed by
joining. Tnstead, all joining would take place following break-
age at the specil site which lies between the sequences cor-
responding to markers at the opposite ends of the simple lincar
map. So long as joining is restricted to this one spot, repetition
of the process would cyclicly permute the nucleotide sequence
but not the genetic map order. A circular genetic map [34]
need not result and successful predictions of the amount of
parental DNA contributed fo various recombinant types could
still be based on the simple linear map, as is found 1o be the
case for bacteriophage lambda. The purpose of discussing this
rather bizarre model is to emphasize one of the hazards of too
literal an interpretation of the genetic map in the study of the
physical basis of genctic recombination. In view of this and
other difficultics of interpretation, we shall say no more about

y
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the presumptive joint associated with break-and-join recombi-
nation except that nothing positive is known about its structure.

If recombination occurs by breakage, it may be asked
what causes the breakage. It is possible in bacteriophage, for
example, that breaks are made at random locations; let us say
as a result of enzymatic activity. The various fragments pro-
duced might then undergo random encounters which would re-
sult in joining only ‘when two fragments with homologous ter-
minal sequences succeed in forming a stable overlap region by
complementary base-pairing. Nothing known about recom-
bination in bacteriophage rules out the possibility of such a
chaotic picture. However, it is difficult to reconcile with know-
ledge of recombination in bacteria in the course of fransfor-
mation or conjugation. This is because of the remarkable
rapidity and efficiency of genetic integration in these cases.
In both forms of bacterial recombination there is a probability
approaching 50% that if DNA carrying a given marker enters
a recipient cell, this DNA will later be found linked genetically
to resident markers [7] [8]. Furthermore, studies of segrega-
tion following bacterial conjugation and of the appearance
of linkage in re-isolated transforming principal suggest that
linkage of the incoming to the resident markers can be accomp-
lished in considerably less than a generation time [8] [35] [36]
[37]. If there is random hreakage of the host chromosome,
then the efficiency and rapidity of genctic integration of even
the small DNA fragments used for transformation suggests an
extraordinary degree of constant fragmentation. Tt is easier
to imagine that the sites of breakage and joining arc somehow
dictated by the incoming fragment itself.

The ends of the incoming fragment might penectrate the
double helix of the resident chromosome and lead to the inter-
twining of the fragment with the chromosome. Perhaps some
other form of synapsis occurs. In any event, if the breakage
and joining which seems to occur in bacteriophage is a mech-
anism of recombination in transformation and conjugation as
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well, there must {ollow the breakage of the resident chromosome
and the insertion of the fragment, perhaps to give a completely
intact recombinant structure as by transphosphorylation or per-
haps to give a structure still bearing a discontinuity at the
site of exchange. It may be that the detailed elucidation of
these structures will require the development of systems in
which recombination can proceed s witro, and from which re-
combinant preducts can be isolated and characterized before
the intervention of further possibly obscuring events,

[13] Meselson - pag. ¢
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DISCUSSION

SCHRAM M
Are there any methods known which influence the frequency of
recombination in phages?

MesErsow

Pacteriophage recombination frequencies are increased by ultra-
violet irradiation of parental phages or of the host cells before or
shortly after infection. Recombination is also stimulated by thymine
deprivation when crosses are performed in a thyminiless host, Also,
increased recombination frequencies are found from crosses perform-
ed at high concentrations of infected cells, So far as I know, the
mechanisms of these effects are unknown,
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POSSIBLE POLYPEPTIDE CONFIGURATIONS
OF PROTEINS

SAN- ICHIRO-MIZUSHIMA
Tokyo Research Institute of Ymwala, Kawasaki-Cily (Japan}

I. InTrRODUCTION

The structure of molecules was originally studied by chem-
ical methods of investigation among which the most important
is one concerned with the study of the nature of chemical reac-
tions in which substances take part. This means that at least
some of the chemical reaction are characterized by the spacial
configurations of molecules involved in the reactions.

Similarly it has been recognized that some of the biological
reactions are closely related to the molecular configurations of
profeins, ¢.g., the characteristic manner of the folding of poly-
peptide chains seems to be very important for an understand-
ing of serological reactions. Therefore, structural studies of
proteins, especially of polypeptide chains, are very interesting
not only from the view point of structural chemistry but also
{from that of biology.

The structural studies of proteins may be divided into two
categorics: 1) invesligations made directly on proteins and
2) determinations of molecular and crystal structures of amino
acids, amides, and other simple substances closely related to
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proteins. Recent advances in both the experimental and theo-
retical sides of structural chemistry encourage the hope that
in the not distant future considerable light will be thrown on
the detailed structure of many protein molecules by the appli-
cation of these two complementary lines of investigation,

As to the first category experimental results have been pub-
tished and quite often discussed in relation to PAULING-COREY's
a-helix [1]. Internal hydrogen bonds stabilize the structure
of this helix.

The simplest polypeptide chain is polyglycine
(-NHCH,CO-),, consisting of glycine residues, which usually
forms a zigzag chain rather than an o-helix.

In the case of sitk fibroin, infrared absorption data have
revealed that ifs main part is a polypeptide consisting of alter-
nately arranged glycine and alanine [2], but Marsn, Corgy,
and PavrinGg proposed a pleated sheet on the basis of X-ray
diffraction studies [3].

The only example of a more complex globular profein whose
structure has been determined to a certain extent is myoglohin,
studied by Kenprew and others. According to the result of
three-dimensional X-ray FoURIER analysis with resolving power

of ca. 6A [4, 5] this molecute, comprises a chain of molecules
about 10 A in diameter, similar to a-helix, furning and bend-
ing a complecated shape. Recent analysis [6] with resolving
power of 2 A shows that 65-72%, of the whole molecule consists
of a regular a-helix. However, the structure becomes different
at the corner at which the polypeptide chain turns. An interest-
ing fact in this connection is that this result was derived by
X-ray analysis and that all myoglobin molecuies constituting
myoglobin erystal have the same structure. This is considered
to be closely related to the fact that all myoglobin molecules
have the same kinds of amino acid linked in the same order,
and this important aspect is the one in which the structure of
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a native protein differs fundamentally from the structure of
a synthetic high polymaer.

Naturally, such a structure of a protein molecule may not
e the most stable state of a polypeptide chain because applica-
tion of heat results in denaturation and the molecule clearly
undergoes change. However, the fact that these native proteins
retain the original state against heat motion at ordinary tem-
perature indicates that this form is at least in a metastable
state.

The majority of synthetic fibrous peptides is in a state of
equilibrium befween a-helix and the so-called random coil in
solution. However, this is not in a completely random state,
and the stable positions taken by the internal rotation angle are
very few in number.

All the polypeptide chain molecules are in some kind of
stable or metastable state. Consideration will now be given to
the factors determining the stable or metastable state.

II. Boxp LENGHT, BOND ANGLE AND INTERNAL ROTATION ANGLE

“The factors which determine the structure of a molecule are
bond length, bond angle, and angle of internal rotation. Once
these factors are determined, the spatial configuration of a
molecule will be completely established.  The molecule will
take the most stable position of the energy curves as detern-
ined by these variables. However, we must also take into
account other factors such as the hydrogen bond, the eiectro-
static forces between polar bonds, and the vAN DER WaaLs
forces.

Let us first consider the bond length. The bonding force
of chemical bonds [7, 81, is far greater than the energy of
thermal motion, RT (ca. 600 cal./mole at ordinary tempera-
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ture). The bond length can be varied by application of a large
external force. The magnitude of the change can be estimated
from the values of force constants calculated from the normal
frequencies of a molccule. The energy required to change the
bond length by 5% is ca. 570, 3100, 2300 and 2300 cal./mole
for hydrogen, oxygen, chlorine, and iodine molecuies, respect-
ively. The bond length is affected to some extent by the heat
motion of a molecule and undergoes thermal vibration. The
mean square amplitude of vibration is calculated from the force
constant and aiso determined experimentally by precision mea-
surement of electron diffraction of a gas. It was found that the
variation due to thermal motion is small.

The changes in bond angle by thermal motion can be
treated quite similarly as those of bond length; only the force
constants are smaller than those of bond length. The energies
required to change the angles, < TICH, < FCF, and < CICCI
by 5% are ca. 280, 340 and 200 cal. /mole, respectively.
Another force that affects the bond length and the bond angle
is the repulsive force hetween atoms which are in close PTOXI-
mity, but net bonded directly [8]. In some cases, this force
stretches the bond slightly from its equilibrium length and
makes the bond angle larger than that in equilibrium state.
This force can be obtained from the analysis of the frequencies
of a polyatomic molecules. For example, the energies required
to change the distance between €l and Cl in CI-C-Cl and that
between Br and Br in Br-C-Br by 5% are g6o and 850
cal. /mole, respectively.

Thus the force keeping the bond length and bond angle
constant is great and is hardly affected by thermal motion.
However, as explained above, these two molecular constants
cannot determine completely the configuration of a molecule
and in addition to these we have to take into account the angle
of internal rotation. In order to determine the value of this
angle in the polypeptide chain, we have
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TapLe 1

Stable Configuraiions of Rotational Isomers. (Figures in pa-
yentheses attached to the less stable isomer denote the energy
difference in kilocalories per mole).

Molecule Solid Liguid Cias Ref.

CIH,C-CH,C1 T T,G{ca.0) T,G(1.14) {0)
BrH,C-CH,Br FT,Glo3) T,G/(1.70) (9)
CIH,C-CH,Br T T.G(0.42) T,G(1.46) )
CIH,C-CH, T TG (z0)
CH,CH,-CH,CH, T T,G(0.8) T.G (10)
CH,CH,-CH,C] T T,G(ca.c) T.G (11)
CH,CH,-CH,Br T T,G{ca.0) T,G(ca.0) (11)
HOH,C-CIHLCI G GT G, T(0.q5) (12)
Cl—(lH(z—lCH—CH3 — - T.,G,(0.2) (13)
CH,
CLCH-CH,-CH, - 1,6, T,6,(0.) (13)
l
CH,
('ZiuCl~I'2—(EZI~I-(ZI-I3 — T,G,0.2),Gy(0.0) T,G{x.2),Gu(r.g) (13)
¢l
CH,-CH-CH,-Br . T,G/(1.0) T,6,(1.7) (13)
|
Br
CH,-CH-CH,-CH, - — T,G(0.7),G,{1.3)  (13)
| ;
Br
(|ZH3
Ci-C-CH,-C] T T,G(ca.0) T,G (less stable)  (14)
N
CH,
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tc make the assumption that the angle is almost the same as
that in a simpler molecule with a structure similar to that of a
part of the polypeptide chain, Experimental results on the
potential of internal rotation obtained for various molecules are
listed in Table. I. In this Table T and G designate the trans
form and the gauche form, respectively. In the case of
CIH,C-CH,C} the trans form is a staggered form with two
chlorine atoms as far as possible and the gauche forms are
obtained from the trans form by internal rotation about the
C-C axis by ca. :120° (see Figure 1). Many studies have
been made by the present author and their collaborators regard-
ing this potential of internal rotation. The experimental re-
sults obtained can be summarized as follows [ro, 15].

X X
X X
q O Q. I
~dc . . e

¢

H o &
B H H g H

h ”
IFr, ¥ - Stable configurations of 1,2-dihalogencethanes,

1) the stable angle of internal rofation is nearly the same in
almost all the cases irrespective of -the molecules being in
the solid, lignid, or vapor state or in solutions. This means
that the molecular form of a rotational isomer is independent
of the environment;

2) on the other hand, energy of internal rotation changes
greatly with the state of aggregation. This means that the
ratio of rotational isomers changes greatly with surround-

ings;
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3) the factors determining these stable angles aud energy of
internal rotation are considered to be the steric repulsion of
atoms or atomic groups adjacent to the rotational axis, the
dipole moment of the bond adfacent to the axis, the intern-
al hydrogen bonding, and the partial double bond character
ol the internal rotation axis,

The height of the energy barrier between stable positions
of the internal rotation has been obtained only for simple mo-
lecules, but the energy required to change the angles of internal
rotation slightly from the stable position can be calculated for
many molecules from the frequency of torsional vibration about
the axis of internal rotation. Some typical values are listed
in Table II. In the case of CH,CH, the energy required to
change the angle by 10° is found to be 184 cal./mole.

TanLe II
Ienergy Barvier (VD) and Frequency (Vr) of Internal Rotation

Molceule (al\;f’:mic“cx:i-l
CH,-CH; (gas) . . . . 2750 2%5 (16, 17)
CH,-OH {gas) . . . . 1070 {18)
CICH,-CH,Cl (iq.) . . (1g)

trans . . . . . . — 125

gauche . . . . . e 134

The change of energy with change in bond length, bond
angle, and angle of internal rotation has been discussed above.
In addition to this, the ‘change of molecular energy with hydro-
gen bonding plays an important part in determining the stable
molecular configuration, For example the gnergy required to

[14] Mizushima - pag. 7
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change the distance of OH...O by the formation of hydrogen
bond of OH group in formic acid by 5% is 1250 cal./mole.
This change of energy by hydrogen bonding is fairly great, but
when a molecule is dissolved in water, a water molecule will
be involved in fhe infermolecular hydrogen bond of the poly-
mers and the effective value of hydrogen bond energy that
determines the configuration of a molecule bhecomes much
smaller.

Other forces which may affect the configuration of a mo-
ltecule, particularly in its angle of internal rotation, are inter-
ionic forces, dipolar forces, and vay nEr Waars forces, buf
they are smaller than the force of hydrogen bonding.

These forces do not affect the molecular configurations of
stable forms (i.e., rotational isomers), bul considerably affect
their ratio in equilibrium. For example, for rotational isomers
with different dipole moments, those with a smaller moment
will be stabilized in a nonpolar solvent, whereas those with a
larger moment will be more stable in a polar solvent. The
stabilization arigses from the interaction between molecular di-
poles [r0, 23],

I11. Roration apouT THE CO-NH Bonnp as AXIS

The polypeptide chain (-NH-CHR-CO-), has three kinds
of axes of internal rotation (cf. Fig. 2). The first is the CO-NH
bond, the second the CHR-CO bond and the third the NH-CHR
bond. The potential energy of internal rotation about these
axes can be estimated from those of simple molecules with
structure similar to that of a polypeptide chain. Of these, the
peptide bond, the most important part of the polypeptide chain,
will be discussed first.

The internal rotation about this axis has been studied from
both X-ray diffraction and infrared absorplion investigations.
From the result of X-ray diffraction studies on acetani-
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H o]
.
-~
ﬁ/f \?ﬁr \fld/
0 R H
Cu H
Axis 1 e
(—CO-—NH—) CZ o7 C},jw H
¢
(i
O c(’
Trons (f1,=180°) 05 16, 0%
: C " po I
Axis I Pes c
{=~CHR—CO~-} N"a}? 2
u r
H AN
gouche - § trans ouche -
(&5 -60°) {0,:180%) gfg; em”
Axis 1 A He Lo AOF
(—NH—CHR.—)  C7% "
N
e o
gauche - |} trans
gouche- |
(637 -60°) 104:180°) {64 60°)
Fi6. 2z~ Stable angles of internal rotation in the polypeptide chain,

lide [24] {I), glycyiglycine f25] (II), and acetylgivcine [26]
(IIT), R; and R, in R}-CO-NH-R, were found to be in the
trans position to each other,

CH, H NI, 0 CH, H
NS N 7 N
C—N . CH,—C CoeN
/NS N oo L N
0 I ; N CHLCOO- s} CH.COOH
N e
() (I (111)
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In connection with infrared absorplions, detailed examina-
tions have been made on N-methylacetamide [29]. Measure-
ments of ultraviolet absorption, Ramaw effect, and dipole me-
ment have also been carried cut at the same time with this
molecule, The caleulation of normal vibrations has also been
made, and the molecule ‘was proven to take the trans form
in the vapor, liguid, and solid states [28, 29]. With regard
to the infrared evidence that the peplide bond takes the frans
form following three experimental results are important:
1) appearance of free NH absorption at 3440-3470 cm.™! in
carbon fetrachloride solution (in the case of cis form, the free
NH absorption appears at a frequency lower by 20-40 cm.™');
2) with increasing concenfration of the carbon tetrachloride
solution, an associated band appears at ca. 3370 cm.~', which
gradually shifts to a lower wavenumber region, and is finally
located at ca. 3300 cmi.”!; 3) in the associated state, another
NII stretching band and the so-called amide-II band appear
at ca. 3080 and 1550 cm. ™}, respectively.

However, the molecules with ring structures such as diketo-
piperazine {IV), &-valerolactam (V), and s-caprolactam (VI
cannot take the trans form.

CIH, CH, CH,—CU,
SN e £
oC  NH oc  cI, ocC }H
] | HN '
t
HN O HN  CH, N /
N NS CH,-CH,
CcH, CH.
{iV) (Vi (V1)

By the measurement of the free NH stretching vibration it
has been confinmed that a considerable amount of the cis form
is present in formanilide in carbon tetrachloride solution and a
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very minute quantity of the cis form i1s present in acetanilide
under the same condition [301. This is due to the steric inter-
ference between the oxygen atom in the peptide group and
benzene ring. In an ordinary peptide not containing the ben-
zene 1ing, the cis peak arising from the free NH stretching
vibration is hardly observed.

The cis peak of formanilide mentioned above was fivst
observed by RuUssiLL and Tuomreson [31]. N-methylphenyl-
acetamide (VII) shows a peak apparently in the same position
as the cis peak. In this molecule, the NH group is bonded
fo the henzene ring in a manner similar to thal m hydrogen

(V1)

bonding, but the peptide bond itself is considered to take the
trans form [32].

It may be concleded {from the foregoing that owing to the
considerable double bond character of the central CN bond,
the CO-NII peptide group takes either the trans or the cis form
in the internal rotation. But in general, this bond is more stable
in the trans form and rarcly takes the cis form, except when
a large group like the benzene ring is present next to the NH
group.

(14 Muzushima - pag. n
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Rorarion agour tiE CHR-CO anp NH-CHR Bonps as
AXES

Considerations will now be made regarding internal rotation

about the CHR-CO and NH-CHR axes, the second and third
axes of the polypeptide chain. For the CHR-CO axis the fol-

lowing molecules have been studied:

1)

Cl-CH,-CO-CI [33]. This molecule is present in the trans
and gauche forms with respect to the two Cl atoms. In the
solid state, only the trans form is stable. Angles of internal
rotation in both the trans and gauche forms are somewhat
different from the ideal values, o and 1209;

Br-CH,-CO-CI [33]. Same as in (1). In the vapor state,
the trans form is more stable than the gauche form by

1000 cal./mole;

Br-CH,-CO-Br [33]. Same as in (r). In the vapor state,
the trans form is more stable than the gauche form by
19oo cal. /mole; '

Cl-CH,-CO-CH; [34]. Both the frans and gauche forms
with respect to the Cl and CH; groups are present. In the
solid phase, only the trans form is stable; in the liquid
state, the twe forms coexist in approximately the same
amount; in the vapor state, practically all the molecules
take the gauche {more polar) form;

CI-CH,-CO-NH-CH; [34]. DBoth the trans and gauche
forms with respect to the Ci and NH groups are present.
In the solid state two crystalline forms are found, one with
the trans form alone and the other with the gauche form
alone. In the liquid state the two forms coexist, and in
the vapor state almost all the molecules are in the gauche
form;
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6) Cl-CH-CO-C1 [36]. Two configurations (VIII) and (IX)

[ shown in Figure 3, are present. In

Cl the vapor phase, (VIII) is more

stable than (IX) by zoo0 cal./mole.

The energy of the two forms is almost the same in the liquid
state, whereas only {IX) persists in the solid state;

H o H
|/ cL |
o e
N PARNE
ct o ¢ cl Cl
(V111 (X1
Fig. 3 -— Retational dsomers of  dichloreacetyl chloride CLCH-COCH

as viewed along the C.C axis

7} CI-CH-CO-Cl [37]. Three configurations, the trans,
l gauche-1, and gauche-JI forms
CH exist. In the solid state, only the
trans form is stable, whereas in the
liquid state, the trans and the gauche-1 forms are present
with a small amount of the gauche-II form, the energy dif-
ference between the trans and gauche-I forms being almost
zero. In the vapor state, all the three configurations are
found, the amount of the gauche-1I form being greater than
that in the liquid state;
8) Br-CIT-CO-Cl [37]. Only the gauche-I form is present
| in the solid state, and both the
CH, trans and gauche-I forms are found
in the liguid and vapor states;
9) Br-CH-CO-Br [37]. Both the trans and gauche-1 forms
| are present in all the vitreous, va-
CH, por, and liguid states;

o
2
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10) CI-CH-CO-NH-CH, [37]. Only the trans form is present

! in the solid state and both the

CH, trans and gauche-l forms are

found in the liquid state. Prac-

tically all the molecules are in the gauche-]I form in the

vapor state. The trans form is more stable than the gau-
che-I form by ca. 1400 cal./mole in the liquid state.

Of the substances mentioned above, all the molecules of (5)
and (10) take the frans form with respect to the CO-NH axis,

As shown above the internal rotation about the CHR-CO
bond as axis has three potential minima correspending to the
trans, gauche-I and gauche-IT forms. The former two forms
are more stable than the gauche-II form.

As to the internal rotation about the NH-CHR bond as axis
almost no experimental data are available. However, the simi-
larity in the RAMAN specta between CH 3*CH,-NH-CH,-CH; and
CH3-CH,-CH,-CH,-CH, suggests that the rotation about the
NH-CHR axis bears a close resemblance to that about
CH,-CHR axis. Consequently, the trans and gauche-T forms
seem to be more stable, and the gauche-1T form is less stable.

V. PossIBLE CORFIGURATIONS OF A POLYPEPTIDE CHAIN

From the studies on the internal rotation explained above,
possible configurations of a polypeptide chain can be determin-
ed. Actually not all the stable configurations will appear owing
to the effect of the structure of the side chain and other factors.
The angles of internal rotation are not exactly equal to 60° and
180°, and some deviations from these ideal values will fake
place owing to the energy relation explained in Section II. In
addition to the energy of internal rotation the energy of hydro-
gen bond must also be taken into consideration.
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Let us first assume similar repefition of the equilibrium
values of the azimuthal angles 0,, 0,, and 0; about axes I,
11, and 111, shown in Figure 2. Then we sce that a polypeptide
chain has a helical structure which can be described by three
coordinates, #, P, and g, where 4 is the translation along the
helical axis, @ is the rotation angle, and ¢ is the distance of an
atom’from the axis (See Fig, 4).

Fi, 4 - Paramcters in the polypeptide chain.

The relation between 6,, 8,, 0, and d, @, ¢ was discussed
partly by Pavrineg and Corey by the use of a model [38].
However, we obtained a general mathematical expression for
this relation using the matrix derived by EyriNG [30, 407, Let
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the interatomic distances and bond angles of the polypeptide
chain be denoted as shown in Figure 4. Then the values of 4,
@, and ¢ of C_ atom in the polypeptide chain can be cal-
culated as [40].

byt + ay:) + b, (@oy tay,) 40 {ay, — ay — a,, + 1)

d =

1
(3 — @ —ay) (e — @, — @+ 1) '
cos D o= (a,, + a4 v a,,~ 1)/ 2,
e (87 8,7 03" — d7) (3 @iy o e )
where
Ay Ryy gy ~C0S U3 -5in % 0
g Gyy oy |= $in Gy cos O3 -cos 2y cos By —sin Oy
Ay 43 s sin ay st By -cos oy cos 8 cos By
- COS & ~ 8N o 0 |
® sin o, cos $; -cos @« cos 8, ~sin 8,
sin o, sin 0, -~cos o, sinf; cos O
- COS %, - sin o, ) '
3 sin &, cos 0, -cos o, cos B, -sin 6,
sin &, sin f, -cos «, sin B, cos 0,

~ 1, sin By sin o sin 0, +1; sin oy cos 0,
by= ~1I; sin a3 sin U, cos o - I, cos @y sin U3 sin o cos O,

+1, cos 0y sin %, sin O, +1, sin «; sin O,

As explained above, the experimental resuli obtained for
simple molecules shows that the most probahle values of stable
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azimuthal angles are: 0,==180° 0,=180" and 4060 and
B,= 180 and ::60° From these values of azimuthal angles
we can calenlate d, @, and ¢ which determine the configuration
of the polypeptide chain,

Tasre 111

Configu-  _CHRLO 8 NH.CHR- # d (A) P o A

ration

i trans 180° trans 180° 3.04 180% 0.57
I gauche-l - 00" trans 180° - 2.53 g2° 1.08
¢ gauche-1I  Go° irans 180° 2.53 02° 1.98
d  trans 180" ganche-1 60° 2.69  85° 2.00
e gauche-l - 60° gauche-] 600 2.66 180° 1.38
i gauche-1l 60 gauche-1 6o°  ~1.17  8g° 2.58
g trans 180°  gauche-IT - 60° -2.60 85° 2.00
h gauche-1 - 6o° gauche-11 - 60° .17 8o 2.58
¢ gauche-1l  €0¢° gauche-1T - 6o° 2,66 180% 1.38

According to the results of the calculations, shown in
Tahle IF), there are nine different configurations of the poly-
peplide chain. {See Fig. 5). As can be shown from the study
of simple molecules discussed above, the configurations with
0,=60° or Gy== - 60° are less stable than the other configura-
tions. In other words, configurations ¢, f, g, &, and ¢ are less
stable than configurations a, 6, 4, and e. 1 these four, b and
d correspond to helices in which all the NH groups are di-
rected inside and all the CO groups are directed outside, or all
the NH groups outside and all the CO groups inside. Ac-
cordingly & and d cannot form stable hydrogen bonds and
need nol be considered.

Of the two remaining stable forms, a is the extended form
of the palypeptide chain which was propesed by MevER and
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7
HN . .
(o) " Ao B-Heratin proposed by Mevir and Mazrk
<o
o,

{b}

{c}

e
|
y
N
|

(e} S
LN x-HKeratin proposed by Amsross and Haxsy and

SHIMANOUCHE and MIzUsHinma

(e
f /& Left-handed g-elix proposed by Paviing and Corny

{g} (IT.__
{h) . ] .
Right-handed g-helix  proposed by PPaurine
Coniy
-
(i} o e
W‘?\ e-ISerating proposed by Jucarxs
i, 5 — Stable configurations of a polypepiide chain unit,
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Marx [41]. It has been considered to correspond te the
structure of S-keratin and siik fibroin and e is the bent or
folded form proposed by us [42] and by AMBROSE et al, [43].

Of the four less stable forms, ¢ and g need not be consider-
ed for the same reason as that in the case of & and 4. Form ¢
is the folded one proposed by Huceins [44] which is similar
to e, but it quite different from e with respect to the position of
the side chain. In the remaining two forms f and &, one
C=0 group forms the hydrogen bond with NH group in every
second residue.  IF we change the azimuthal angles slightly
(0, 559207, By - 48°¢0" or 8,= - 55°20" 0;=48%0¢") these
two forms become identical with helices proposed hy PAULING
and Corey [387.

In conclusion we have five stable configurations, «, ¢, i, f.
and k. Of these 7, f, and h are less stable than a (extended
configuration) and ¢ (folded configuration) as far as the energy
of the internal rotation is concerned.

Let us discuss each of these five stable configurations in
more detail. The extended configuration or a corresponds to
the structurc of B-keratin and silk fibroin. However, if we use
the experimental valwes of bond lengths and bond angles
obtained by Corey and DoNoHUE [45] the fiber period is cal-
culated as »7.27 A. which is considerably larger than the expe-
rimental values 6.64 A. of silk fibroin [45]. In order to ex-
plain this experimental values, Pavring and Corey [38] pro-
posed a new pleated sheet which corresponds to the values of

azimuthal angle of 0, =180% 0,= - 120°, and 0y=120° The
last two values (0, - 120° and 0;=120°) correspond to po-

tential maxima of internal rotation.

In the ideal extended configuration the value of 0, and 0,
is 180°. However, the actual value may be a little different
from that. Moreover, the bond lengths and bond angles of
polypeptide chain may be different from these found by Co-
rey and Dononur [45] for simple molecules, because the dif-
ference in the strength of hydrogen bond formed in the system
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of polypeptides will affect considerably the amoeunt of reson-
ance of - C=N*H-structure which will, in turn, affect the
f
O~
bond length and bond angles of the polypeptide chain. If we
take Into account these changes in azimuthal angle and in
bond length and bond angle, we may be able to calculate the
fiber period of the nearly extended configuration in good agree-
ment with that observed.

The folded configuration or e was discussed by us in
1947 [42] and independently by AMBROSE et al. in 1g49 [43].
We could prove definitely the existence of the folded form (X)
with internal hydrogen bond for the type of molecules of
RCONHCHR'CONHR, which can be considered to correspond
to a part of a polypeptide chain [47-53].

(X

With 0;=180°% 0,= -~ 60° and 6,=60° the N-H+*.Q dist-
ance in the folded form becomes 2.2 A. which would be too
small as the non-bonded N--+Q distance. However, with
By == 180° 0= - 40° and 0,;=70° we obtain a reasonable dist-
ance for N-H---0,

Confguration ¢ also forms a seven-membered ring similar
to e. From the internal rotation potential it will be seen that
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this configuration is less stable than e in which the side chain
is in the general plane of the ring, since ¢ containg more gauche
stracture than e. This is compatible with the experimental
results obtained for halogenocyclohexanes [54, 57] and the
pyranose ring [58] according to which the configuration with
the side chain in the general plane of the ring is much more
stable than the other configuration with side chain perpendi-
cular to the plane of the ring.

VI CoNCLUSION

Other factors that affect the structure of a potypeptide chain
are the configuration and ionic property of a side chain in an
amino acid residue. Some conclusions have been derived for
the structure of side chains from the studies made on thicbu-
tane [59] and glutamate [60] and on the crystal structure
of various amino acids [61]. These side chains are considered
to affect the configuration of the main chain by the electrostatic
force or steric hindrance.

The very intricate form of myoglobin may be due to the
fact that the order of amino acid residues in its polypeptide
chain is complicated and each one of them affects the configu-
ration of the adjacent residues. This explains the fact the
myoglobin molecule does not take the random form, but has
a regular configuration. In this connection we would like to
point out that in our experimental resulfs the equilibrium ratio
of the extended and folded forms of CH,CONHCHR'CONHCH;
depends considerably on the nature of R. An exfreme case i
that of acetylproline N-methylamide, in which we found only
the folded form (XI) [48, 62]. Formation of a hydrogen bond
would also affect the configuration of the main chain,
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CHaoonCH,

CH, CH 0
NSNS
N C
Lok
/ \\
CH, s CHy

(XI)

For instance, asparagine and glutamine residues form hy-
drogen bonds which result in different main chain configura-
tions (X11, XIII).

N I-;IH NI CH,
] NN
C C CH,
/N : |
0 CH, 0 o} CH s}
| . s
I : SN/
C CH NH NH C
SN NN l |
NH l(I: /(.\ _I—IN
0 o N\
(XN (XIIT)

From these facts we can conclude that in natural polypepti-
des some amino acid residues tend fo take extended forms whe-
reas other folded forms or helical forms and a specific combin-
ation of these forms correspond to the specificity of the protein.

The order of the amino acid residues has been determined
in insulin and other hormonal profeins and in seme of the
enzymes. If an amino acid residuc conirols the configuration
of the main chain in its vicinity, each of the residues will take
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the complicated configuration characteristic of the chain. Tt
is considered that the various interesting actions of proteins in
vivo arc explained primarily by the fact that each of the pro-
tein molecules has such a characteristic structure.

Infrated absorption studies indicate that a polypeptide chain
with glycine and alanine linked alternately forms the main
portion of silk fibroin. In such a case the regularity of the
configuration can be understood from the same point of view.
Tt seems natural that synthetic polypeptides form regular struc-
tures such as the o-helix, because they are all built from the
same amino acid residnes,
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DISCUSSION

Liguor:

We have used the matrix method proposed by yon and SuiMa-
wvoucH: (1) in order to carry out a semiguantitative conformational
analysis on the stability of simple helical polymers ().

The poiymers which have been considered, contain either all
chemically equivalent bonds (« one atom chain ») or pairs of chem-
ically non cquivalent bonds in the skeleton (« two atom chain »),
Of course, polypeptide chains contain iriplets of chemically non
equivalent bonds in the backbone chain and shonld formally be

considered as « three atom chain ».

Using the matrix methods in conjunction with a vector method
proposed by Hucuns and Laurr (%) the cylindricat coordinates of
all the atoms of the helix have been expressed as a function of one
or two angles of rotation around the skeleton bonds for one and

two atom chain helices respectively.

(") T. Sumwancucst and 8. Mizusnima, J. Chem. Phys., 23, 707 (1955).

(B F. Dr Sawms, B GioLro, AM, Liguort and A, Riramowti, Tnterna-
tonal Symposivm on Machomoleculur Chemistry, Montreal, 1967.

) R Hueues and L. Laver, [. Chem. Phys., 30, 1565 (3950).
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Choosing suitable potential energy function (%) to describe Van
pER WAALS interactions between non directly bonded atoms in the
chain we have caleulated with the aid of an clectromic computer the
conformational potential energy of the infinite helix as a function
of the monomer repeat and the number of monomers per turn.

The two-dimensional energy diagrams as a function of the angles
of rotation obtained for two atom chain helices such as paolyiso-
butyiene or isotactic polypropylene and the one dimensional diagram
obtained for one atom helices sach as Teflon contains several mi-
nima. It is very interesting that the deepest minima correspond to
the helices found in the crystallized polymers by X-ray diffraction (%).

This method therefore appears thus far very successful for pre-
dicting the most stable helix to be expected for a given chain poly-
mer. We are now attempting {o extend this approach {o polypeptide
chaing which may be treated for this purpose as a two atom chain
since the angle of rotation around the -C-N- bond can be set equal

to zero or to . H E
OH

One aim of such a calculation s to [nvestigate whether there are
other subsidiary minima in the conformational pofential energy plot
of an infinite helix hesides thaf corresponding to the g-helix. Further-
more, we will fry to carry out a systematic conformational analysis
of polypeptide chaing with a given sequence with the hope of
obtaining some information about the mfluence of Van pir Waars
interactions between non bonded atoms on the tertiary structure,
Of course, the main difficulties we are trying to overcome are those
connected with the choice of a suitable potential function to describe
the hydrogen bonding.

(") E.A. Masox and M.M. Krevov, J. . Chem. Soe., 77, 5808 (1955).

) AM. Liguort, Aele Cryst., 8, 345 (1955); G. Narra and TP, Corna-
piNl, [, Polymer Seci., 20, 251 (1956); C.W. Bunw, Nalure, 174, 519 (1054).
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MIzUSHIMA

It is interesting that the caleulated Van pEr Waals interactions
hetween non-bonded atoms in the chain well explain the experimen-
tal results of polyisobulylene, etc. This means that in such a case
the Van per Waars force becomes much more significant as com-
pared with the other forces. However, this is not always the case
and for polyvinyl chloride the electrostatic interactions become also
important (6). T think that for polypeptide chains internal hydrogen
bond must be taken into account in addition to the electrostatic and
the Van nEr Waars forces,

E. KATCHALSKY

T am very much interested in the possible conformation of low
and high molecular” weight polypeptides containing  prolylprolyl
links. Poly-L-proline seems to exhibit conformations very different
that those of other polyamine acids, and optical rotation data indi-
cate that a considerable number of conformations may be obtained
from poly-L-proline in solution under the suitable conditions.

It is perhaps pertinent to note that we have recently observed
that the copolymerization of the N-carboxy anhydride (NCA) of
L-proline with that of other amino acids leads as a rule to the form-
ation of block copolymers containing shorter or longer polyproline
block. Random copolymers are obtained only on copolymerizing
the NCA of proline with the NCAs of O-acelyl-hydroxyproline or
glycine. Polyglycine is known to attain form 11 similar in confor-
mation to that of polyproline I1.

Liguorn

With reference to the optical rolalion of polypeptide chains I
would like to observe that you have shown (1) that an g-helix can
be characterized by the repetition of a « conformational triplet »
TGG, being T, G and G the equilibrium values of the angles of

(6 See SumanoucHr and Tasumi, Spectrochim. Acta, 17, 753 {1961).
() 5. Mimusmaa, Adv. Profein Chene, 9, 209 {1954
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rotation (TewT800 Gewf0°) around the three consecutive skeleton
bonds of an aminoacid residue.

Fach monomer unit in a g-helix is thus frozen in an asimmetric
conformation which should accordingly be associated with a large
optical rotation apart from specific effects due to resopance exciton
interactions of the transitions of the chromoforic electrons of fhe
amide groups as implied in MorriTr’s theory (2).

A similar situation is encountered in the study of optically active
vinyl polymers synthesized in our laboratory (3) where the unequal
population of conformational isomers of a monomer unit is respons-
able for large exhbaltations of the optical rotation,

The above type of analysis might prove suitable to explain in
terms of conformation the main contribution to the optical rotation
of polypeptide chains in a relatively simple, fashion following for
instance the approach outlined by Kauzmanw and others (4).

Purzeys
May I ask a question? Does that mean that in the MoFrirr equa-
tion & would be egual to o?

Liguor:

As commonly used, MorrITT’s treatment of the optical rotation
data of polypeptides includes both conformational and specific elec-
tronic effects. T am suggesting that it might be possible fo separate
the conformational effects and that these might tum out to be do-
minant.

) W. Movrrrr, Proceedings Nalional Acad. Sci., 42, 736 {1556).

(y I'. AscoLr, V. Camscewzy, M. IPAvager, AM, Liguows, Iat. Sympo-
sium. of Macvomolecular Chenvistyy, Montreal (15671).

() W, Kavzmany, ¥.B. Croven and 1. Towias, Tetrahedron, 13, 5%
(1961).

[14] Mizushima - pag. 30



RELATION BETWEEN STRUCTURE
AND SEQUENCE OF HAEMOGLOBIN

M.JF, PERUTZ

Medical Rescarch Council - Laboratory for Melecular Biology
Cambridge (England)

When the fertiary structure of horse haemoglobin was first
published, its amiro acid sequence was still unknown, and the
resolution of the X-ray analysis was too low to allow side
chains to be seen [1]. Since then, the amino acid sequences
in the two different chains of human haemoglobin and in one
of the chains of horse haemoglobin have been elucidated [2],
3], [4], [51. TIn addition, most of the structure of sperm
whale myoglobin is now known in atomic detail [6]. Thanks
to the close similarity in tertiary structure between sperm whale
myoglobin and horse haemoglobin the position of almost any
residue of a given sequence number can be found by looking
up the co-ordinates of the corresponding residue in myoglobin
and the transferring those co-ordinates to the model of haemo-
globin. This procedure can be checked, because the positions
of certain residues can be found directly in the electron density
maps of haemoglobin, despite the low resolution, and can then
be compared with those inferred by analogy with myoglobin.
For instance, the cysteines are found by labelling them with
mercurials; the indol rings of tryptophans arc recognizable as
bulges of high electron density protruding from the main chain;

{151 Peruts - pag. =
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Dot

by contrast glycine in non-helical regions sometimes shows ep
by causing a marked consfriction in the roughly cylindrical
cloud of high electron density which represents the polypeptide
chain.

A year ago, Warsox and Keuprew published a preliminary
comparison of the structure and sequence of hacmoglobin, but
at that stage only parts of the chemical sequence were
known {7]. In the light of the further knowledge now avail-
able, many interesting new features reveal themselves,

In the discussion which follows the tertiary structure of
equine and human haemoglobin will be assumed to resemble
each other closely. This has not yet been proved, but is
highly probable in view of the similarity in amino acid sequence
of these two haemoglobins and in view of the correspondence
between the tertiary structures of the different specics of myo-
globin and haemoglobin so far examined [g], [10].

CHEMICAL IBENTIFICATION OF CHAINS N CRYSTALLOGRAPHIC
MODETL

The two different chains of horse haemoglobin have the
N-terminal sequences valyl-leucyl and valyl-glutaminyl, and
are similar in composition to the valyl-leucyt and valyl-histidy!-
leucyl chains of human haemoglobin (4], [5], which have
become known respectively as the «- and B-chains.  Swmrru
and PerUTz have shown the valyl-giutaminyl chain to cor-
respond to the black chain of the crystallographic model [8],
from which it would follow that the black chain alse corresponds
to the {§ chain of human haemoglobin. We therefore have the
tollowing velations:

[r5] Perutz - pag. 2
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Neterminal sequences crystallogre-

horse hacinan phic model

a-chain valyl-leueyl valyi-leucyl White chain
(-chain valyl-glufaminyl valyl-histidyl-lencyl black chain

Table T lists those parts of the sequences of human and
equine haemoglobin which are discussed in this paper, while
figure 1 shows the tertiary structures of the o- md - chains
with the positions of certain residues superimposed,  The se-
quences of the a- and B-chains are similar, but to bring them
into register all along thon length appropriate gaps have to
be feft in certain positions. Thus a gap of one and another
of five residucs have to be assumed between residues no. 46
and 51 in the w-chain in order to keep its sequence in register
with that of the S-chain. These gaps evidently correspond to
a shortening of the a-chain which should be noticeable in
the model. By looking up the positions of the corresponding
residue in myoglobin the shortening can be traced to the non-
helical region CD and the helical region D which lie in the loop
at the top of the models in figure 1. It will be noted that in
the white chain this loop is cut short compared to the black
chain, showing that the shortening of the a-sequence as its
corollary in the electron density maps.

Co-ORDINATION OF HAEM GROUPS

The haem-linked residue in myoglobin has been identified
as histidine, The a- and B-sequences cach show a histidine in
the corresponding pesition, thus cenfirming that histidine is
the haem-linked residue in haemoglobin, as had long Dbeen
predicted from physico- chemical data {127, [13], [14]. KEN-
prEW and WAaTSON have pointed out that a second histidine
accurs on {he distal side of the haem group in all three chains;

[15] Peruiz - pag. 3
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FiG. v-a — A model of the clond of high electron density represeniing the
g-chain of horse haemoglobin,  The letters A, €, ¢ and H refer to various
regions of chain identificd as right-handed g -helices in myoglobin,  The
numbers in Dbrackets give the sequential residue nwmbers associated with

them, EI, FG, GH refer to corners or non-helical regions.  IMgAc, denotes
a mercuric acetate group used to label cysteine 104, Except {or proline 4,
all the residues marked in this figure ccoupy the same sequential positions
in human and equine hacmoeglobin.

151 Perwts - pag. 4
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Frg, 1-b — The §-chain.  The residues marked on the model are taken
from the sequence ol human haemoglobin, except for the N-terminal se-
quence, where the data for equine hasmoglobin are also listed. Cysteine 1x2

is known to be veplaced by ancther residue in equine haemoglobin; there
may be some other differences between the two hasmoglobing which affect
this figure and which are not yet known. Note the position of glutamic
acid 6, the residue which is replaced by wvaline in sickle cell haemoglobin,
also the bulges marking the positions of tyrosine 35, trptophan 37 and
of phenylalanines 41 and 4z, and the gap which marks the position of
glycine 119 in the non-helical region GH.

The haem group Hes at the back of the models.

{r5] Perutz - pag. 5
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this histidine ig not in contact with the iron atom, but is within
hydrogen-bonding distance of the haem-linked water molecule,
and is the residue which is replaced by tyrosine in two of the
forms of haemoglobin M [15]. This may. be the second histi-
dine in close proximity to the iren atom, but not directly linked
to it, whose presence has long been surmised {113, {12], [13],
(26]), [17]. 1t is most salisfactory to find these expectations
confirmesd by crystallographic analysis.

POSITION OF CYSTBINES

All vertebrate haenicglohins appear to confain at least one
pair of cysteines whose sulphydryl groups are reactive in the
native protein. Their positions can be determined by X-ray
analysis, using mercurials as a label. Irom the X-ray resulfs,
combined with model building, it was possible to show that
in horse haemoglobin the reactive cysteine is the residue im-
mediately following the haem-linked histidine in the §-chain,
and a cysteine in this position has since been found by chemical
sequenrce work in human haemoglobin.  The histidine and
cysteine are part of an a-helix, and the side c¢hain of cysteine
points in the direction away from the iron atom.

Horse haemoglobin contains another pair of cysteines which
is wnreactive in the nafive profein [18], [1g], but can be
labelled with mercurials under appropriate conditions. This is
attached to the helical regions G of the a~chains, and lies tucked
away in the interior of the molecule. The position deduced by
labelling with mercury corresponds exactly to that inferred for
residue 10. 1044 the sequential position of the corresponding
cysteine in human haemoglobin, by analogy with the myoglo-
hin structure.

Adult human haemoglobin, but not the foctal form, containg
a third pair of cysteines in position 1123, whose position in
the model is similar to that of 104, in that it is part of the
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helical region G and lies in the interior of the molecule, This
pair is also unreactive in the native protein [1g9], [20]. Nei-
ther of the unreactive pairs has any contact with the haem
group, nor are they in contact with ecach other or with residues
of any chain other than their own. Thus their funcltion is
obscure. Their lack of reactivity in the native protein can be
attributed to their situation in the interior of the molecule,
though covering of the suiphydryl groups by their immediate
neighbours may possibly be an additional factor.

TRYPTOPHAN

As has been mentioned above, the indol groups of trypto-
phan are recognizable as marked bulges of high electron den-
sity protruding from the main polypeptide chain, even at a
resolution of only 5.5 A. Tryptophan 14, and 155 appear in
the exact positions occupied by trptophan 12 in myoglobin
and are part of the helical region A. The indol ring lies in
the interior of the molecule, sandwiched hetween helices A
and E; it is parallel to the porphyrin ring, but separated from
it by helix E, and lies at a distance of 14 A from the iron
atom. Since this is the only tryptophan which all chains of
haemoglobin and myoglobin so far analysed have in common,
it is probably the residue responsible for the photodissociation
observed when carbonmonexyvhaemoglobin is illuminated at
the ultraviolet absorption band of tryptophan. In this process
a quantum must be transferred from the indol ring, acress helix
I, to the porphyrin ring. However, the photodissociation of
carbon monoxide is unlikely to bhe of biological significance,
and the common occurrence of tryptophan in this positien sug-
gests that it may actually play a part in the oxygen-combining
aclivity in a manner which we cannot yet guess. The B-chain
of human haemoglobin contains another tryptophan in posi-
tion 38. This is also present in the slow component of horse
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haemoglobin, but in the fast component it is replaced by ly-
sine {2r]. Myogiobin contains a second fryptophan in posi-
tion 5 which is absent in haemoglobin. Evidently these trypto-
phans are notl essential.

PROLINES AND CORNER TURNING

The two chains of human haemoglobin each contain seven
prolines which all Tie in corners or non-helical regions of the
chain, as had heen suggested by Warson and Kenprew [7].
However, there are only three positions (the corner CD, the
N-terminal ends of helic G and the corner GH) where prolines
occur both in myoglobin and in the «- and 3-chains. The
fourth profine of myoglobin cccurs in a position where the
haemoglobin chains have none, and curiously enough, the pro-
lines which occur in ecach of the chains of haemoglobin do not
ali occur at the same corners. TFor instance, in the neigh-
bourhood of the short helical region D the a-chain has no
proline and the 8-chain has two. On the other hand, the a-chain
has a proline near the C-terminal end of the region C where
the f-chain has none. Admittedly the regions C, CD, and D
are the ones where the two chains also differ most markedly in
structure, but there is also proline 77, which occurs in the
non-helical region EF and has no counterpart in the 8-chain.
In the +y-chain of human foetal haemoglobin which replaces
the f-chain in the adult form, the prolines in position 5 and &x
are yeplaced by glutamic acid and alanine respectively [227.
The two chains of horse haemoglobin contain only six prolines
each, and differ from the human ones by the absence of pro-
lines 4, and 55 at the N-terminal end of helix A; these are
replaced respectively by alanine and glycine. These results
suggest that the corner-turning mechanism which depends on
the presence of proline is readily replaced by others, and is
therefore not of great evolutionary importance,

{15} Perutz - pag. 8
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The correspondence between structure and sequence found
in this work provides an independent check for the interpreta-
tion of the X-ray results. If the meaning of the electron density
maps of either haemoglobin or myoglobin had been misinter-
preted, the correspondence between the observed and predicted
positions of cysteine and other residues could not have been
found.

A full account of this work, which also gives a complete
description of the methods and results of the X-ray analysis has
been published by Curvris, Mumueap, Nowrtw, PErUTZ and
RossmanNN [23].
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TABLE =

Abhreviated amino acid sequences of various haemoglobin chains, illustrating points mentioned in the text. TFor the g-chain of
horse haemoglobin only those residues are shown which differ from the corresponding omes in human haemoglobin. In the 8-chain
ol horse haemoglobin only the N-terminal sequence is shown which differs from human haemoglobin in thres places. The vertical
lines indicate tryptic peptides whose composition is either the same as that of the corresponding pepfide of human haemoglobin
or differs from it by only one amine acid residue. In the v-chain only those residues are shown which differ from the corresponding
ones of the §-chain or (bracketed) where only the compgsition, but not the sequence of the peptide is known.

human o ! horse o ___‘/huma__w%n ﬁ horse [ human v Remarks
no. residue no. residue
1 val "" gly These residues forip a hook at the N-terminal and
¥ val 2 his gluN ‘ which has no counter-part in myoglobin,
2 leu 3 len ] rhe .
3 ser 4 thr ser
4 pro ala 5 pro glv gla ‘
3 ala G gla A gl 6 is replaced by valine in haemoglobin &,
T4 try 14 try tryptophan responsible Jor photodissociation effect.
13 gy 15 gly
36 phe 33 tyr T
37 pro 36 pro proline in CD corner
38 thr 37 try " tryptophan replaced by lysine in « {ast » horse hae-
moglobin.
44 pro 13 glu asp
45 his a4 ser
46 phe 45 phe
i | 46 gly g-chain shortened by one residne
4 asp 47 asp
48 leu 48 leu
10 Ser 40 ser
50 his 50 thr ser
I E 5% pra ala proline at N-terminal end of helix D in fi-chain
: ! 52 asp ser
L | 53 ala g-chain shortened by five residues
| 54 val ilen
i 55 met:
51 gty 56 gly
52 ser 57 asp
53 ala 58 pro - proline in corner DE in §-chain
54 gluN 59 lys :
55 val 60 val i
56 lys 01 lvs i
57 gly ala 062 ala i
58 his 03 his histidine on distal side of haem
59 {ET}" Gy gf; glycine essential for short contact hetween helices
E and B
6o lys 63 Iys
61 lys 66 lys _t three lysines in neighbourhood of distal histidine
{orming BrAUNITZER's « basic centre »
76 met leu 3x len
77 pro 82 lys profine in non-helical region EF of g-chain
78 aspN gly 83 aly
86 len 9T lew T
87 his 92 his his? haem linked histidine
88 a 03 '(:‘};H C.“'SY_(;I? reactive cysteine in J-chain
59 his 94 asp i 5P
a5 pro 100 pro prolins in corner FG
104 cysH 109 val | val? f unreactive cysieine in g-chain
107 val ST 112 cysH not cys H thr unreactive cysteine in human §-chain
TI4 FTO IIg gly proline in nen-helical region GH
115 ala asp 120 Ivs
116 glu asp 1271 glu
117 phe 122 phe
118 thr 123 thr
179 pro 124 pro profines at C-terminal end of helix ¥
120 ala 125 pro glu
139 lys 44 lys E arg
140 tyr 145 tyr J tyrosine forming hydrogen bhond with main chain

T41 arg 140 his carbonyl in FG corner



DISCUSSION (*)

TurorELL

Well, I think we all agree that these two lectures have been
highly fascinating bringing up such a tremendous lot of data, solv-
ing so many problems which we would scarcely have dreamt of
seeing cleared up.

Now, as is well known, the myoglobins from all the animals
investigated so far, show a cortain degree of complexity or mi-
croheterngeneity, For inslance, the horse myoglobin always shows
the same pattern so far as we can have seen, which consists of the
medium component making out some 65-70%, of the total, a second
one which may come to some 15-20%, and another fraction making
up to something like 10%,. This does not seem to be due to the
mode of preparation. We have put some efforts into trying to find
out what might be the difference between these, As far as we have
been able to see from cur amino acid analysis, they seem to be
identical in total amino acid composition, and the total amount of
amide groups is the same in ail three. Nevertheless they can be
separated electropharetically without too much effort. So, we asked
curselves, where does the difference come from? We made some
experiments with IngrRam fingerprints and the expected number of
spots came out (something between 2o and 25) and most of them
were identical for the three mycglobins. But there were some smalf
differences. One or two extra spots appeared. Now, how can such
a thing be explained?

{*y This discussion refers alse to Prof. Kexprpw's lecture.

[15] Perniz - pag. 11
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Since the tryptic degradations were made on denatured material,
I would not expect alternative ternary struclures to be the cause,
and one hesitates to think that the same total amount of amino
acids could be rearranged and change position cne against the other.
That could give rise to differences in the INGraM fingerprints. Ano-
ther more likely possibility is that the total amino acids and their
sequence are the same in all three components, but that acetylation
at different amino acid residues occurs in analogy with the presence
of N-acetyl glycine in cytochrome ¢ (MargoLiasH and Smiaru). This
item is now investigaied in collaboration with A. Axzson.

There are so many questions that perhaps I should not take
them all at the same time, but let me at once bring up one major
problem, which 1 would very much like to hear Dr. KynprEw's
and Dr. Perurz’s opinion about. Of course, what makes hemoglo-
bin and myoglobin function physiclogically is chemically very dif-
ficult to understand, because if you make an imidazole hemachro-
mogen and you add oxygen to it, oxygen will inevitably oxidize the
ferrous ion to ferric. Qf course, this would be disastrous for hemo-
globin and myoglobin. That does not happen and 1 wonder why.
Could that perhaps be connected with this second histidine which
is not really coordinated but silting a liitle bit apart? By the way,
it 1s interesting to remember that old paper by Pauring and Co-
RYELL, from 1940 1 believe, where they concluded from magnetic
and titrimetric data that on one side of the haemin dise there would
be a histidine aimidazole strongly bound to the irom and on the
other side another histidine residue in an unfavorable position for
coordinating with iron. Now Dboth histidines are there in the pre-
dicted positions; very beautiful indeed: I wonder, could this arran-
gement be correlated with the very remarkable property of iron
not oxidized by oxygen?

Perurs

J.H. Wang has shown that ferrous haem can combine with mo-
lecular oxygen, without becoming oxidized, if it is embedded in a
non-polar medium. He discovered this before the situation of the

[15] Perutz - pag. 12
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haem group in myoglobin and haemoglobin became known, and
his prediction has been verified by the results of Kenbrew and my-
self. Wane suggests that the non-polar medium supresses the ioni-
zation of the oxygen which would be required to oxidize the iron
atom. As to the second histidine residue, 1 wonder i it could form
a lydrogen bond with the oxygen molecule,

KEeNDRrEW

We have been aware for a long time of the inhomogeneity of
myoglohin, as normally prepared. The two major components of
sperm-whale  myoglobin  have been compared chemically by
Dr. A, Epmunnson, and the only difference he can find is a single
amide group, present in the one and absent in the other. 'We have
crystallized these components separately; the crystals, and their
X-ray patterns, are almost identical with one another and with
crystals prepared from the mixed components,

TrsELIUS

For future structure determinations on proteins by X-ray analy-
gis, it would be interesting to hear from Dis. Perutrz and KENDpREW
to what an extent the experiences made may facilitate the work and
malke it less time-consuming. If you have, for exampie, two closely
related proteins, and if you know the structure of one of them,
what hope will this furnish for the sclution of the structure of the
other one? Is there any possibility of a « differential » method?

KenprEW

Dr. Heren Scorouni, in her studies of seal myoglobin, has cal-
culated a z-dimensional projection of the unit cell which, like other
projections of protein crystals, is uninterpretable as it stands. By
comparing it with the known 3-dimensional structure of sperm-
whale myoglobin, however, she wag able to show that the two
molecules were nearly identical at 6 A. resolation; this comparison
was made by ftrial-and-error methods; it scems likely that a more

5] Perutz - pag. 13
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formal procedure will make it possible {o solve related structures
given a prior selution of ene of them, provided the structures are

rather similar.

Prrutz

In haemogiobin Greex and Nowrrr performed a similar experi-
ment. They showed that electron density projections of ox haemo-
globin were explicable on the basis of the three-dimensional electron
density distribution of horse haemoglobin projected in certain di-

reclions,

Jacon

Daoes it not seem reasomable from your results on the compared
structures of hemoglobin and myoglobin to conclude that most of
the mutations, which result in a change of non essential amineo-acids,
will not affect deeply the structure and function of a protein and
therefore will not be detectable? On the other hand, most of the
mutations resulting in a change of the key aminc-acids will bring
about a loss or a decrease of function. These would correspond
to the so-called hot spots observed in mutational analysis,

Prrutz
I agree entirely with Dr. Jacos's remark.

FRAENKEL-CONRAT

In regard to the problem of the origin of protein conformations,
I' swould like to draw attention to the renatured TMV protein
which was first described by Amperzr and which we have studied
quite & bit: apparently a single chain protein, even one lacking
disuliide bonds, can and will after denaturation return to what
appears to be its original {ridimensional chain conformation, 1f
one cannot yet predict the shape of the protein from its amino acid
sequence, it would seem that this will in the future become pos-
sible. All one would have to do is to evaluate all possible interact-

[151 Perutz - pag. 14
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ing bond strengths and calculate from such data the thermodynamic-
ally most stable conformation based on the greatest number of
interactions. But the specific question I wanted fo ask was the .
following: « There hkas come from study of the synthetic polyamino-
acids the impression that certain residucs (valine, threonine) will
not {it into helical regions, and T wondered in how far the extensive
helical regions in myoglobin are free from amino acids which are
not supposed to be there? ».

Perutz and KENDREW

Both in myoglobin and in haemoglobin threonine, valine and
serine occur in helical as well as in non-helical regions. Serine and
threonine appear to be useful in stabilizing non-helical regions, but
they do not inhibit helix formation. On steric grounds one would
only expect valine or threonine fo inhibit helix-formation i pairs
of these residues lie four apart in the sequence; this situation does
not occur in the helical segments of myoglobin.

Purzeys

There is no necessity fo assume a change in oxygenation to
explain a change in crystal structure. Carbonylhemoglobin of the
horse shows two kinds of crystals, thin needles and rhomboidal pla-
tes (). According to GrEEN the last ones are formed in the neigh-
bourhood of pH 6.6, the former ones at more alkaline reactions.
We have found that needles are formed at very low ionic strength,
while plates appear by salting out with ammonium sulfate. Further-
more, when the solid phase is equilibrated with a solvent as in so-
Jubility measurements, ¢the needles are the stable phase at low ionic
strength {Na,S0,) and these change to rhomboidal plates at an
ionic strength of 1.4 or higher. Such a transition point appears
to indicate a change in crystal structure rather than a mere change
of habit. It may be noted that the solutions are kept saturated
with purc carbon monoxide all the time and that the change is

() AA, Gresx, J. Biol. Chem., 93, 495 (1931).
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henceforth not due to a dissociation of the carbonylhemoglobin, On
another point 1 would like to have information. If thiols are buried
inside the hemoglobin structure, how is it possible to combine mer-
cury with them?

PErRUTZ

Many proteins, including haemoglobin, are polymorphic. A
change in crystal structure can often be brought about by a change
in the pI of the crystallization medium, and does not neccssarily
imply a change in molecular structure.

However reduced haemoglobin  afways crystallizes in  forms
which are quite different from those of oxy- carboxy- or methaemo-
globin, and in this case a change in molecular structure oceurs
(Murugap and Prrutz, unpublished).

It is sometimes possible to combine mercury with sulphydryl
groups which are buried in the interior by using methods which tend
to open up the molecule, such as high temperature, very low ionic
strength or high pH.

[16] Perwtz - pag. 15



LIAISONS STABILISANT
LA STRUCTURE TERTIAIRE DES PROTEINES

PAUL PUTZEYS

Laboratoive de Biochimie, Unfversité de Lowvain, Louvain (Belgique)

La complexité des protéines et leur principal intérét dépend
fondamentalement du fait qu’eiles sont composées d’atomes
liés par des forces de puissance trés différentes. Cette phrase,
légerement modifide, empruntée & BERNAL [1] peut servir d’in-
troduction & cet exposé consacré aux liaisons stabilisant la
structure tertiaire des protéines, Depuis que !'on connait la
structure tertiaire de la myoglobine et de I’hémoglobine par
les travaux de KENDREW [2, 3, 4, 5, 6], de PeruTz [7] et
leurs collaborateurs, il ne peut y avoir de doute que la con-
formation exceptionnelle et unique des polypeptides qui consti-
tuent ces protéines, ne saurait étre maintenue que grace i la
collaboration de nombreuses laisons de caractéres trés dif-
férents.

Cette conclusion s'était d’ailleurs imposée avant méme que
les rayons X n’aient démontré la réalité d’une structure que
I'induction & partir des observations faisait prévoir, sans ce-
pendant pouvoir la préciser.

1l peut étre utile de rappeler comment on y est arrivé. La
structure fondamentale d’'une protéine est une molécule en
chaine liée par des covalences, le polypeptide. Tout comme
dans les molécules simples, les covalences ne saturent pas les

(16} Pulzeys - pag. v



234 PONTIFICTA ACADEMIAL SCIENTIARYM SCRIPTA VARIA - 22

affinités résiduelles du polypeptide. Celles-ci donnent lieu i la
formation de liaisons généralement faibles par rapport aux liai-
sons covalentes et leur influence sur les propriétés des molécu-
les simples peut éfre considérée comme secondaire. Il n'en est
pas de méme dans le cas des polypeptides ou leur influence se
trouve ampiifiée par accumulation, au point de devenir pré-
pondérante. Ces affinités résiduciles cherchent A se saturer par
la formation de laisons scit intramoléculaires, soit intermolécu-
laires, soit par la formation de liaisons avec les molécules d’un
solvant approprié. On peut imaginer un solvant, telle une so-
lation concentrée d'wrée, dans lequel toutes les liaisons intra- et
intermoléculaires auraient été rompues au profit de laisons
avec le solvant. (Le solvant est I'ensemble des substances pré-
sentes dans le systéme, le polypeptide excepté). Nous dirons
alors que les polypeptides sont « libres ». Ddans I'eau pure ou
les solutions aqueuses diludes, les polypeptides ne restent pas
libreg; ils s'agrégent et finissent par précipiter. Ne faundrait-il
en conclure que les affinités résiduclies ont tendance & se sa-
turer par liaisons intermoléculaires plutét que par liaisons avec
I'ean?

Or les proféines au sens sfrict (protéines globulaires) sont
solubles dans l'eau, elles sont homodispersées en solution com-
me SVEDBERG a eu le grand mérite de le démontrer 4 'aide de
son ultracentrifuge; elles ont de ce fait un poids moléculaire
défini, elles sont relargables, cristallisables dans les conditions
les plus variées de température, d’acidité, de force ionique, sans
modification de leur poids moléculaire, toutes propriétés incom-
patibles avec celies de polypeptides libres. IForce nous est de
conclure que, le polypeptide constitulif d'une protéine a saturé
fa plus large part de ses alfinités résiduelles par liaisons intra-
moléculaires, Ceci implique une conformation exceptionnelle et
unique o la chalne se trouve repliée sur elle-méme et tend
vers une forme compacte et sphérique,

[16] Putzeys - pag. 2
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C'est cefte conformation existant en solution aqueuse que
les rayons X retrouvent dans les cristaux de myoglobine et
d’hémoglobine.

j’ai employée la dénomination « structure tertiaire » et cet
usage m’oblige, avant de poursuivre, d’ouvrir une parenthese
concernant la nomenclature. Récemment WETLAUFER [8] a
proposé d’abandonner les désignations: structure primaire, se-
condaire, tertiaire. Ii a raison de dire que la structure d'un
polypeptide est toujours complietement définie par deux don-
nées: la séquence des amino-acides et la conformation de la
chaine. Sans entrer dans une analyse et une discussion appro-
fondie de ces propositions, constatons que la conformation
d’un polypeptide peut présenter des variétés indéfiniment nom-
breuses ¢t que nous n'avons pas de moyen pour indiquer la
conformation dont il s’agit. Or la conformation d'un pelypep-
tide dans une protéine est unique; « Structure terliaire » dé-
signe cette conformation exceptionnelle et en ce sens ne préte
pas 4 confusion. La désignation « structure tertiaire » peut
s'appliquer encore lorsqu’une molécule de protéine est formée
de plusieurs polypeptides. Deux cas sont 4 considérer, soit
que chaque polypeptide forme une sous-molécuie ayant sa pro-
pre structure tertiaire comme dans le cas de I’hémoglobine, soit
que les différents polypeptides s’entortillent en une seule struc-
ture tertiaire, §’étendant 4 tout la molécule.

Ce dernier cas doit étre rare et je n’en connais pas d'exem-
ple. On peut au contraire signaler de nombreux exemples du
premier cas qui semble bien étre la regle. Nous reviendrons
plus loin sur cette question. En tout cas la désignation de
structure quaternaire, comme 'a fait Besnal [1] est su-
perflue.

" Les affinités résiduclles dues A la liaison peptide sont com-
munes a tous les polypeptides quels que solent le genre et le
nombre des amino-acides qui les forment. La saturation de
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ces affmités par ponts hydrogéne inframoléculaives est réali-
ste de fagon parfaite par ia conformation en hélice alpha.
Supposons un polypeptide complétement sous cette forme.
Les groupes latéraux sont alors A la surface du cylindre ainsi
formé. En préscnce d’ean, cette conformation est instable. On
avait pensé qu’elle se trouvait réalisée dans Ia fibroine scluble
dans 'eau (AMBROSE, Bamrorn, Erriorr, Hansyr [g] sur
la foi de Dabsorption & la {réquence 1660 cm.~! dans les
films d’évaporation a froid. Mais il fut reconnu plus tard
que cetle fréquence n’est pas nécessairement associée a la pré-
sence d'hélices alpha (Bamrorn, Erviorr et Hawngy) [ro].
Bamrorp et al. concluent que la conformation de la fibroine
soluble ne nous est pas connue de fagon précise, mais qu’il est
probable que la plupart des ponts hydrogéne ne contribuent
pas 4 la formation de Haisons intercaténaires. La seconde pro-
position me semble pour le moins exagérée (ibid., p. 38¢g). En
effet les propriétés de la fibroine en solution feraient plutét
penser le contraire. I ne faut pas interpréter le mot « solu-
tion » comme signifiant moléculairement dispersé, lorsqu’il
s’agit d'une solution aqueuse d’un polypeptide. Lorsqu’on se
donne la peine de déterminer le poids moléculaire moyen, de
préférence par diffusion moléculaire de la lumiére, on constate
que U'on est loin d’une dispersion moléculaire. Des expériences
récentes nous ont montré que des solutions de fibroine obtenues
par dissolution dans la cupri-éthyléne diamine et dialysées en-
suite & fond contre de I'eau distillée, étaient en fait des suspen-
sions colloidales & micelles énormes, nonobstant leur apparente
limpidité.

Comme ['a montré LonTie [11], une chose semblable se
produit pour les polypeptides de 1’édesfine. Aprés dénatura-
tion en milieu acide, redissolution du précipité par 1'acide
chlorhydrique 0,1 m et dialyse, on obtient au bout de quelgues
jours une solution limpide dont le pH est voisin de 5. Le poids
moléculaire moyen de ces solutions, trés pauvres en électroly-
tes, peut varier de 700.000 4 plus de 2 millions. Tout dépend
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de Vacidité et de I'dge de la solution. Il est évident que ces
solutions sont fortement agrégées. L'addition de petites quan-
tités d’électrolyte augmente I'agrégation jusqu’a donner des
précipités, Cette agrégation considérable implique nécessaire-
ment de nombreuses liaisons intermoléculaires dont un certain
nombre doit étre du type béta, car en acidifant de nouveau,
on ne revient pas & l'état d’agrégation premier. La tendance
A la formation des ponts hydrogéne du type béta est d’ailleurs
trés marquée puisqu’il suffit de I'aider mécaniquement pour la
voir se réaliser trés largement. C'est la conformation stable
vers laquelle tend un polypeptide libéré en solution aqueuse;
par conséquent, la conformation en hélice alpha est métastable
par rapport A la premiére dans ces mémes conditions.

Les travailleurs du laboratoire Carlsberg, sous la direction
de LinperstioM-LANG, ont d'ailleurs apporté un ensemble de
preuves théoriques ct expérimentales de cette instabilité de 1'hé-
lice alpha en milien aqueux [z2, 13, 14]. Or I'hélice alpha est
bel et bien présente dans les molécules des protéines. Il fallait
sy attendre puisque la possibilité d’existence de ces molécules
implique, comme nous I'avons vu, la saturation intramolécu-
Jaire du plus grand nombre des affinités résiduelics, et il n'y-a
sans doute pas de moyen plus radical d’attendre ce but, en ce
qui concerne les affinités résiduelles de I’épine dorsale, que la
formation de I'hélice a. Si le polypeptide n’est pas complete-
ment sous cette forme, c’est qu’il v a d’autres affinités résiduel-
les 4 satisfaire encore, 4 part celles de 1'épine dorsale.

Nous avons deux genres de preuves de la présence de I'hé-
fice alpha dans la molécule de protéine.

En tout premier liew les résultats de Kenprew et PERUTZ.
Citons KENDREW [3]: « In the 2-A synthesis all the straight
segments of chain were found to be hollow cylindrical tubes of
high density; projecting at intervals from the cylindrical core
are dense regions of various shapes and sizes, which are clearly
the amino acid sidechains, More detailed examination shows
that, in fact, the cylindrical tebes are helices, consisting of a
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single strand of high density with axial repeat about 5.4 A....
the abserved density follows the configuration of the alpha helix
with remarkable precision. It is also found that the side-chains
emerge at intervals of 1.5 A, in conformity with the parameters
of the alpha helix. Several indirect lines of evidence had led
to the conclusion that parts of the polypeptide chain in globular
proteins are in the form of aipha helices and in haemoglobin
Prrurz had found traces of an X-ray reflexion characteristic
of this configuration; but these results are the first direct proof
that alpha helices are present and, indeed, enable them to be
seen directly for the first time ».

Voila un bel hommage & PavrLing et Corey [15] inven-
teurs de I'hélice alpha.

Cetlte hélice est une hélice & droite, car la direction de la
valence reliant I'atome de carbone alpha i 'atome de carbone
béta est 4 l'opposé de la direction C—0O du groupe carbonyle.
Il se pourrait bien que I'hélice & droite ait "avantage pour des
raisons stériques (Hucemvs) [167.

Le second genre de preuves est fourni par les mesures de
pouvoir rotatoire et de la dispersion de celui-ci. Nous renvoyens
a Yang et Dory [17], & ScuHerimany [18] et 4 Erviorr,
Hanny et Mavrconm {1g] pour Pexposé de cette méthode. Un
polypeptide libre a un pouvoir rotatoire fortement Iévogyre tel
qu'on le constate dans les solutions concentrées d’urée. Une
protéine en solution aqueuse diluées possede un pouvoir rota-
toire beaucoup moins lévogyre, la différence est due & la con-
tribution de la structure en hélice alpha qui augmente le pou-
voir rotatoire si elle est une hélice & droite.

Comme nous 'avons dit, il ne fant pas s’atlendre & trouver
le peolypeptide enticrement sous cette conformation. KenDrEW
(op. cit.) estime a 65-72% la fraction de la longueur totale du
polypeptide de la myoglobine qui se trouve sous forme d’hélice
alpha. Le pouvoir rotatoire donne pour diverses protéines, se-
lon la fagon de faire le calcul, des {ractions soit de 30 & 40%,
soit d’environ 60%,, malheureusement, comme on le voit, avec
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une incertitude séricuse. Cela ne doit cependant pas faire oublier
que les mesures de pouvoir rotatoire suggeérent {'existence d’un
pourcentage impertant de conformation en hélice alpha.

Parmi les liaisons qui conditionnent la conformation d’un
polypeptide, il faut faire une place spéciale 4 la liaison disui-
fure.

Liaison covalente, clle pourrait étre considérée comme fai-
sant partie de la structure primaire, mais dans le cadre de cet
exposé, nous la considérerons comme un facteur de confor-
mation.

11 faut noter, en premier liew, que la hiaison disulfure n’est
pas indispensable & la structure tertiaire d’une protéine. La
myaoglobine n’en renferme pas et quoiqu’il y ait quatre thiols
dans 1’hémoglobine, il n'y a pas de laison disulfure.

in second lieu, il v a des protéines pauvres en soufre, on
la liaison disulfure n’a probablement qu’une influence réduite
et localisée sur la structure tertiaire; telles sont I’ovalbumine,
qui renferme une Haison disuHure par 46.000 g, et V'édestine,
qui en renferme probablement une par 25.000 g. Le contraste
est frappant avec 1'ocytocine, I'insuline, la ribonucléase, la sé-
remalburmine qui en renferment dix fois plus en chiffres ronds.

Un pont 5-5 par

Ovalbumine . . . . . . 46.000 g
Fdestine . . . . . . . 25.000 »
Ribonucléase . . . . . . 3.2000»
Sérumalbumine . . . . . 2.000 »
Insuline . . . . . . . .  2.000»
Ocytocine . . . . . . . 1.000 »

Dans ce dernier cas, 'influence sur la structure et les pro-
priétés doit étre prépondérante. Sur la structure tout d’abord.
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S'il est vrai que les ponts S-S peuvent stabiliser I’hélice alpha,
il se peut aussi, et dans certains cas, il est manifeste qu'ils sont
incompatibles avec cette conformation et qu’ils servent préci-
sément a maintenir une conformation différente (BovEeRr) [20].
SCHERAGA [21] a proposé pour la ribonucléase, un modéle de
structure formé de six segments d’hélice alpha, LiNnLEY et Ror.-
LETT [22] en ont présenté un, formé de deux hélices, pour Uin-
suline. Mais unc remarque de Perutz [23] suggére que dans
'un comme dans I'autre cas la teneur en hélice alpha doit étre
faible ou nulle. Le dernier mot sera dit par les Rayons X. At-
tendons,

La haute tencur en ponts S-S permet aussi de comprende
que la structure tertiaire puisse étre considérablement modifiée
par changement de pH ou par I'urée de fagon renversable, alors
que, dans les mémes conditions, pour les protéines pauvres en
ponts 5-5, la structure tertiaire est irrémédiablement perdue.

I1 n’est par conséquent pas permis de généraliser et d’éten-
dre a un groupe les conclusions tirées de 1’étude de 1’autre.

On pourrait appeler « vulgaires », les liaisons formées par
les groupes hydrocarbures apolaires. 1ls constituent la grosse
masse des groupes latéraux. [Vaprés le relevé de Trr-
STRAM [24], la teneur en groupes apolaires (phénylalanine,
leucine, isoleucine, valine et alanine) exprimée en pour-cent du
nombre tfotal des groupes, est en moyenne de 40% pour nne
bonne dizaine de protéines, avec une marge de variation de
+89%,.

Les liaisons qu’ils forment relévent des forces de cohésion,
ou forces de Van der Waals, relativement faibles, de 1'ordre
de 1 4 2 Kcal.

Leur intérét comme facteurs de structure tertiaire résulte de
leur grand nombre et du fait qu’elles ne sont pas affaiblies par
la présence d’eau (Scuminr) [25]. Leur efficacité dépend des

[16] Putzeys - pag. 8
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possibilités de rapprochement a trés courte distance et de leur
accumulation en certains points, plutét que de leur abondance
totale. I."ovalbumine avec 47,5% de groupes « hydrophobes »,
ce qui est presqu’un maximum, n’est précisément pas un exem-
ple de stabilité. L'hypothese que les groupes non polaires se-
raient rassemblés & l'intérieur de la molécule ef que les groupes
polaires et ionisables se trouveraient en surface, n’est qne par-
tiellement sontenne par la structure de la myoglobine (KEN-
DREW et al., op. cit.); 459% seulement des groupes apolaires,
parmi fesqueis la phénylajanine [6] ct la méthionine [2] sont
a lintérieur (KeNnnrew dit « ensevelis »), 4 peu prés toutes
les alanines se trouvent dans les 55% dec groupes apolaires di-
rigés vers 1'extérieur.

Et eeci nous améne une fois de plus A la conclusion que Ia
conservation de la strncture tertiaire ne peut étre attribuée a
un genre de liaisons en particulier, mais qu’elle est le résultat
de la collaboration des affinités résiduelles de tous les groupes.

Restent les groupes polaires. Parmi ceux-ci la fonction al-
cool (Sérine, Thréonine, Hydroxyproline) n'est pas négligeable
sans étre abondante. Elle représente généralement 109%, par-
fois un peu plus, du nombre tota! des restes d’aminoacides.

La fonction alcool ne s’ionise pas dans les conditions & con-
sidérer lorsqu’il s’agit de protéines, mais tant par sa faculté
de former des ponts hydrogéne que par ses possibilités d’esté-
rification, elle powrrait intervenir en des points critiques de la
structure tertiaire. La fonction phénol posséde des propriétés
semblables mais & cause de son caractére acide elle entfre dans
le cadre du paragraphe suivant.

II faut attribner une importance particulidre aux groupes 2
caractére acide-base dont résultent les propriétés d’ampholytes

(16} Pulzeys - pag. o
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el d’amphions qui font des proléines des polyélectrolytes trés
particuliers. Ce qui nous intéresse exclusivement ici, c’est la
contribution que les groupes acidobasiques apportent au main-
tien de la structure tertiaire, et quelles que soint les divergences
d’opinion & ce sujet, on ne peuat nier le fait que les protéines
peuvent étre dénaturées par acidification ct alcalinisation. De
toute évidence, lorsque les liens, de quelque nature qu’ils sofent,
entre les groupes acidobasiques sent rompus, les autres liens ne
suffisent plus & maintenir la structure tertiaire originale.

On a voulu attribuer la destruction de la structure tertiaire
a un effet purement électrostatique de la charge fotale, soit po-
sitive soit négative, qu’acquitrent les polypeptides aunx pH
extrémes, ct on cite comme exemple les protamines, dépoui-
vues de structure tertiaire, polypeptides libres et déliés & cause
de la répulsion du grand nombre de charges positives des grou-
pes guanidinium. Il ne s’agit pas de nier I'importance de ces
répulsions électrostatiques, mais de s¢ demander si cette inter-
prétation est suffisante et péremptoire.

Si les protamines sont un bon exemple de V'effet de 1'accu-
mulation de charges de méme signe et trés rapprochées, clles
sont un mauvais modéle d'une protéine, car elles ne renferment
trés généralement que des groupes ionisables de méme espece,
notamment des groupes acides cationiques, et la possibilité de
former des liens entre groupes acidobasiques n’est pas réalisée

D’autre part, si 'hypothése envisagée était vraie, il fau-
drait s'attendre & trouver un maximum de résistance & la dé-
naturation au pH isoélectrique, cc qui ne se vérifie pas. Parx
exemple "amandine et 1'édestine ont toutes deux une zone de
stabilité limitée & pH 5 du coté acide. Pour la premicre, le
point isoionique se situe un peu au delad de 6; pour la seconde,
il doit se trouver entre pH 8 et g (Travaux non publiés de
MELLES MaMIEU et Rurcrrrts). I.'édestine a sa limite de
stabilité un peu en deca de pH g, Pamandine résiste jusqu’au
dela de pH 10. On a Yimpression que ¢’est la rupture d’un cet-
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tain nombre de liaisons particuliéres qui initie la dénaturation
plutét qu'une charge totale portée & une valeur critique.

On peut d’ailleurs se demander si la charge totale gu’un
polypeptide de protéine peut acquérir est suffisante pour rompre
toutes les autres Haisons. 1)’aprés les données de BRAUNITZER
et al. [26] la chaine alpha de I'hémoglobine humaine peut ac-
quérir un maximum de 25 charges positives ou de 23 charges
négatives (s'il n'y a pas de carboxyles & 1'état d'amide) sur un
total de 142 restes d’aminocacides, soit environ une charge tous
les six vestes. It en est pratiquement de méme pour la chaine
béta.

Enfin 14 possibilité de liaisons {d’interactions, si on préféere),
entre groupes particuliers ne saurait étre exclue a priori, d’au-
tant moins que de nombreuses observations font pressentir leur
présence.

Les plus anciennes indications de la présence de liaisons
entre groupes ionisables ont été fournies par 'analyse des cour-
bes de titrage.

Le nombre moyen de pretons {v) échangés par une protéine
avec son solvant est donné par [27]:

b H H . K.Z | K.z
VECHTRZ TAYRZ T TRz H T U R

¢quation dans laquelle les symboles ont la signification sui-
vante:
H activité des ions hydrogeéne,

Gy G2 - q'y. g5 .... nombre de groupes ionisables respec-
tivement des acides cationiques et
des bases anioniques,

K, K,.. K, K,;.. constantes de dissociation intrinsa-
ques respectivement des groupes g
et ¢,

[16] Puizeas - pag. iv
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7 coefficient fonction de fa force ionique et de la charge effec-
tive de la protéine.

Si tous les groupes ionisables et leur nombre exact sont con-
nus, la courbe de titrage doit étre représentée par la relation ci-
dessus. A chague groupe doit correspondre une constante in-
trinséque déterminée, la méme d'ailleurs pour foutes les pro-
téines. Or on trouve en général pour le méme groupe des cons-
tantes intrinséques différentes dans les diverses protéines, Pis
encore: pour rendre compte de la courbe de titrage d’une mé-
me protéine, cn est parfois obligé d’attribuer & un méme groupe
deux constantes intrinséques différentes. Ainsi pour la dissocia-
tion de l'imidazolium, le pK de la constante intrinséque varie
da 5,6 & 7; le pK d’un carboxyle, de 3 4 5. 1l ¥ a longtemps
que Coun attiva Dattention sur ce fait [28]. Les anomalies
constatées ont été aftribudes soit aux interactions de nature élec-
trostatique entre les groupes, soit 4 la présence d’un certain
nombre de groupes cachés, c¢’est-a-dire non immédiatement ac-
cessibles aux acides et aux bases servant au titrage. La question
a 6t6 passée en revue par STEINIARDT et ZAISER [20] et par
LINDERSTROM-LANG et NIELSEN [30].

L'origne de 1l'idée de groupes cachés se trouve dans la
constatation suivante. Lorsqu’on titre une protéine en retour,
on abtient un résultat supérieur & cehdl du titrage direct, si
celui-ci a été poursuivi suffisamment loin, On titre également
plus de groupes lorsqu’on dénature au prélable la protéme par
une acidification ou une alcalinisation suffisante. Ta dénatura-
tion révele donc des groupes que le titrage direct et ménagé ne
parvient pas & atteindre. On pourrait étre accusé de byzantinis-
me si on posait la question de savoir si la révéiation des groupes
cachés est la cause ou la conséquence de la dénaturation. Un
exemple particulitrement net est fourni par I'étude que STEIN-
HARDT et ZAISER [31] ont faite de la courbe de fitrage de I'hé-
moglobine de cheval. Le titrage en retour révéle 36 groupes
basiques, qui ne sont pas immédiatement titrables dans 1’opé-
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ration directe. La différence se manifeste 2 partir de pH 4,5,
limite de la zone de stabilité. La dénaturation et la révéla-
tion de groupes cachés vont donc de pair,

On peut rapprocher de cette observation la remarque de
KENDREW A propos de la structure de la myoglobine. Presque
tous les restes de lysine, d’arginine et d’acide glutamique se
trouvent 4 l'extérienr de la molécule; il faut donc penser que
les restes de I'histidine et de I'acide aspartique se trouvent tous
ou presgue tous a l'intérieur. Si cette remarque est encore va-
Jable pour I’hémoglobine, ce sont Phistidine et I'acide asparti-
que qui sont responsables des 36 groupes cachés. Précisément
’hémoglobine renferme 36 molécules d’histidine. Supposons
I'imidazolium lié¢ & un carboxylate; la combinaison ainsi réali-
sée est un nouveaw groupe amphotére donnant lieu aux équili-
bres suivants:

(ry R,COOH+Dm*H~R+ H,07m==[R,-COO~—~Tm*H-R,]+H,0,

(z) |[R-COO~-—lm*H- R,|+1,0Z2R,-COO™+ len—R,+H,0

A ces deux équilibres correspondent deux constantes de disso-
ciation K, et K, qui sont reliées aux constantes intrinséques
des groupes libres par

AG®

_x o B lll

K, I COOH & RT
AGe
K =K , 2
= LtH © RT

ot AGP® est I'enthalpic libre de liaison.
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entre le pK d’un groupe libre et le pK de ce méme groupe lié,
le pK du carboxyle étant diminué, celui de I'imidazol augmenté.
La valenr numérique choisic pour AG® convient généralement
pour linterprétation des courbes de titrage: elle correspond
aussi A l'énergie électrostatique si on suppose que I'oxygéne du
carboxyvlate et "azote de 'imidazolium sont & la distance 2,8 A,
la constante didlectrique étant celle de 1'cau.

Il est important de noter que I'existence des équilibres ci-
dessus implique que les deux groupes soient maintenus par la
structure tertiaire dans le voisinage immédiat ['un de 'autre,
leur distance pouvant seulement varier entre certaines limites.
Notons encore que I'état représenté par le premier membre de
I'équation 1 est nonliant tout comme 1'état figuré par le second
membre de I'égquation 2. Pour indiquer que ces groupes sont
contraints de rester dans lec voisinage I'un de l'autre nous les
appelerons « pairés ».

Supposons encore, pour simplifier, que tous les imidazols
solent pairés avec des carboxyles. On voit alors ce qui se pro-
duira au cours du titrage de I'hémoglobine par un acide. Nous
disposons de courbes de titrage de la carbonylhémoglobine de
cheval, récemment établies avec beaucoup de soin  par
M.me BRrONCKERS-DE JArr. Considérons le titrage en solution
0,1 m de chlorure potassique et & 25°C, Le point isolonique se
trouve alors & pH 7,02. Un abaissement du pH d’une unité
fixe 10,8 protons sur la molécule. I est évident que seuls des
imidazols peuvent étre rendus responsables de la neutralisation
dans la région entre pH 7 et 6. C’est par conséquent la réaction
2 dans le sens de droite & gauche qui entre en jeu. L'acidifica-
tion ne rompt pas de Haisons, dans le cas présent elle en forme.
Les protons seront d'autant plus facilement fixés que 'imida-
zol pairé est une base plus forte que l'imidazol libre. Bientot
tous les groupes pairés seront liés; il faudra un abaissement
de pH jusqu’en dessous de 4,5 avant que cette liaison ne com-
mence a étre rompue et passe & I’état non-liant du premier mem-
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bre de I'équation 1. Avant cela des groupes carboxylate libres,
notamment ceux situés en surface, auront pris part au titrage,
ot au total on devra obtenir la courbe de titrage immédiat de
STEINIARDT et ZAISER, correspondant au pH atteint immédia-
tement (3 secondes) aprés I'addition d’acide.

En dessous de 4,5, le pH varie lentement en fonction du
temps; cette variation est d’autant plus rapide que le pH est
plus bas et devient instantanée vers pH 2,0.

Cette région de variation lente correspond précisément au
domaine d’ionisation des groupes liés, dont le pK doit se si-
tuer vers 3,6. Si ces liaisons sont critiques pour la conforma-
tion tertiaire, et leur nombre [367 justifie cette hypothese, on
peut s'attendre & une dénaturation d’autant plus rapide que [e
nombre moyen de liaisons rompues sera plus grand, c’est-a-
dire que 'acidité sera plus forte. Seulement, dans les molécules
dénaturées, les groupes en question ne sont plus pairés, la. cons-
tante de dissociation des carboxyles revient & sa valeur nor-
male et, & pH égal, le nombre des protons fixcs sera plus grand.
Les groupes « cachés » sont d’aprés celd, 36 groupes carboxyles
pairés; I’hypothése d’un empéchement stérique est superflue.

Contre I'idée de groupes pairés, de graves objections ont éé
soulevées par Jacosson et LINDSTROM-LANG [32] sur Ia base
de mesures dilatométriques. Celles-ci permettent en principe de
décider si un groupe acide ou basique est libre ou lié. Ainsi la
neutralisation des carboxylates de la béta-lactoglobuline s’ac-
compagne d’un incrément dilatométrique de +11 a +12 ml
par équivalent d’acide ncutralisé; on retrouve également cette
valeur pour des composés simples ot il n’est pas question de
liaison. Une discussion approfondic de la méthode dilatométri-
que dépasserait le cadre de cet exposé; contentons-nous de cons-
tater que dans le cas de ’hémoglobine, on devrait s’attendre a
un incrément d’environ -3 ml par équivalent d’acide neutra-
lisé si les imidazols étaient aussi Hbres que dans I'histidine iso-
i6e. Or on trouve (M.me BRONCKERS-DE JaER et M.lle VANDOR-
MAEL, résultats non publiés) des incréments de -+3 & + 5. Cette
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constatation n’est certainement pas favorable a I’hypothése de
groupes libres et elle est compatible avee celle de groupes liés.

L’importance de liaisons entre groupes acido-basiques se
révéle encore dans Uétude des zones de stabilité auxquelles
SVEDBERG, il v a déji bien longtemps, a consacré une attention
particuliére [23].

Les zones de stabilité révelent deux choses: tout d’abord,
que beaucoup de protéines se dissocient en sous-molécules lors.
que le pH dépasse certaines limites; ensuite, que cette disse-
ciation — parfois réversible -— se produit entre des limites de
pH trés étroites.

Sans vouloir généraliser prématurément, ces anciennes
obscrvations comme celles, plus récentes, de PERUTZ, nous font
penser que les protéines qui comprennent deux ou plusieurs po-
lypeptides sont constituées de sous-molécules, chacune d’elles
formée d’un seul polypeptide ayant sa structure tertiaire pro-
pre. Sitel est le cas, I"assemblage doit étre asscz compact pour
former un nombre suffisant de Haisons enfre les sous-molécules
et réaliser un ensemble robuste. La dissociation de cet ensemble
aux limites de Ja zone de stabilité montre nettement que les
liaisons entre groupes acido-basiques sont déterminantes.

I ne reste disponible pour ces Haisons que les groupes situés
a la surface des sous-molécules. Dans la myoglobine, ce sont
les groupes de I’arginine, de la lysine et de acide glutamique.
Du coté acide de la zone de stabilité, entrent en ligne de compte
les carboxylates liés aux groupes 2 charge positive, ce qui situe
la Iimite de la zone de stabilité vers pPH 4,5. C'est le cas pour
beaucoup de protéines. Du c6té alcalin, si ce sont les groupes
aminés du radical de la lysine qui sont pairés, on doit s’at-
tendre 4 une limite vers pH 70 & 11. Ce serait Ie cas de I"aman-
dine,
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Cependant il faut éviter de généraliser, Les hémocyanines
nous fournissent des exemples de zones de stabilité beaucoup
plus étroites. I hémocyanine d’Helix pomatia [34] se scinde
en sous-molécules & partir de pH 4,2 d’un cdté, & partir de
pH 7 de I'autre. De méme, plusicurs globulines végétales [35]
ont une limite acide un peu au-dessus de pH 5 et unc limite
basigue située a pH 8,9. La nature des groupes reste & définir,
mais on peut affirmer qu’ils doivent étre sensibles aux ions
hvdrogéne.

On a voulu voir dans ces dissociations des cas de simple
répulsion électrostatique. Cela me semble difficile 4 admettre
car la dissociation de 1'hémocyanine d’Helix pomatia se pro-
duit & quelques dixitmes d’unité pH du point isoélectrique ot
la charge totale doit étre voisine de zéro.

La complexité de ces phénomenes est mise en évidence par
P'observation de BrosTEAUX [36] que la présence d’une faible
concentration en ions calcium ou magnésium (0,01 m) empéche
'hémocyanine (Helix pomatia) de se dissocier & pH 7. La zone
de stabilite s'étend alors jusqu’a pH 9. La limite acide n’est
pas affectée par la présence de Ca ou de Mg. Les deux sous-
molécules pourraient étre lides par la formation de complexes
entre les ions de Ca ou de Mg el les carboxylates superficiels,
4 la maniére des complexes avec I'éthyléne-diamine-tétracétate.

Aux réflexions qui précédent, on pourrait en ajouter bien
d’autres, telles celles qui concernent 1'agrégation, la dénatura-
tion et la stabilisation par substances étrangdres. Elles rentrent
dans I'image générale que I"on peut actuellement se faire de la
structure de la molécule de protéine, que les travaux de Ken-
DREW, de PERUTZ et de leurs collaborateurs nous donnent main-
tenant la satisfaction de « voir » dans leur réalité.

La structure tertiaire de la molécule de protéine est le résul-
tat de la collaboration de tous les genres de liaisons réalisés par
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les affinités résiduelles du polypeptide et, par ce fait méme, elle
est conditionnée par la nature, l'abondance et ia séquence de
ses aminoacides. La connaissance de cette structure tertiaive,
trés imparfaite dans la plupart des cas mais relativement satis-
fajsante dans l'ensemble, souléve de nouveaux probléemes, tels
ceux de sa synthése cellulaire et de ses propriétés enzymati-
ques. Mais cela, pour employer une phrase chére a4 Rudyard
Kipling, c’est une autre histoire.
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DISCUSSION

Lixpgvist

You have correctly emphasized the importance of intermolecular
hydrogen bonds to other molecules. If you look at ali structures
known, not only the simple amino acids, but also metal complexes
such as the one I showed yesterday, you will find that there is no
atoms in them having alone electron pair, which is not used in
some way as Professor PuTzeys said here. There is always formed
some kind of hydrogen bond, if necessary another wafer molecule
is introduced in the structure to bind if together so that even very
slightly acidic hydrogen is used, even hydrogen on amino groups
might be used for hydrogen bending to external molecules,  And
of course, the difference between those hydrogen bonds which arc
very strong and the lonic interaction, i.e., the difference between
strong hydrogen bond and a complele proton {ransfer is aimost none.

SCHRAMM

The proteins confaining many disulphide bridges seem tfo be
more stable than the ofher ones. But there are other factors which
can influcnce the stability; for instance TMV itself is very stable
against heat denaturation (denaturation peint between 9o-95°C),
on the other hand the free protein is much more instable (denatura-
tion point aboui 37°C). Therefore, we can assume that the attach-
ment of the RNA stabilizes the protein stracture. I should also
mention that Wmranp and others have found thaf enzymes are
stabilized by combination with the substrates.

[16] Pulzeys - pag. =21
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Purzivs

Disulphide bridges pertain to the proper structure of the protein
molecule; one may consider them as pertaining to the primary
structure, because they are covalent bonds. The properfies of mo-
lecules having many disulphide bridges are different from those that
have only a few or none. The « stabilization » they bring about
is of a very different kind from the stabilization due to all kinds
of substances which may be associated with a protein molecule, or
may simply infloence aclivity coefficients,

{16] Puizeys - pag. 22



INVESTIGATIONS ON MOLECULAR BIOLOGY

SILVIO RANZI

Istituto di Yoologia dell’Universita di Milano, Milano (Italia)

PROTEIN DIFFERENTIATION DURING EMBRYONIC AND LARVAL DE-
VELOPMENT

It is possible to investigate some aspects of protein differen-
tiation during embryonic and larval development by means
of DERRIEN ¢t al. method (salting out}, slightly medified, using
ammonium sulphate added to a protein solution in WEBER and
Epsary fluid [7], or by dilution with water (salting in) of
a protein sofution in M KCl {6].

In such a way, a gradual transformation in protein com-
position may be easily followed from the egg as far as to adult
stage. The salting out (or salting in) diagrams of animals be-
longing to a same systematic group are similar for the adults,
for the eggs and for the corresponding embryonic stages of the
animals considered (fig. 1}.

Adult antigens were detected in fractions isolated in salting
out or salting in experiments. As soon as at cleavage stage of
toad (Bufo bufo and B. viridis) eggs it was possible to de-
monstrate the appearance of new antigens. By considering the
hybrids of the two species, it was seen that some antigens,
which appear at cleavage stage, have a maternal character
while some others behave as paternal (fig. 2) [7].

[171 Ranzi - pag. i
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FrG, 1 —— Salting out diagrams of the proteins extracted from different stages
of development and from adult animals of Rana esculenta {Re); Bufo bufo

(BL) and B. wviridis (Bv): 2, Fertilized egg; 16, Neural tube stage; 18,

Muscular response stage; 19, Heart beat stage; Adwll, Adult animals; (num-
bers of the stages follgwing Rucn).  {From Rawz, Crrresio and Sa-
MUELLI, 1900).

During the embryonic development different changes occur
in these antingens; at first some exhibiting one reactive group
appear, while in the following stages only the antigens with two
reactive groups can be detected [g]. Therefore there is a real
molecular ontogenesis, in some way comparable to the trans-
formation described by Bown in the a~chrystallin {17,

At least some of the adult anfigens appear very early in
the embryo. 1In sea urchin embryos some of them are syn-

f17)] Ranzr - pag. 2
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FrG. 2 — Antigens of toads and of their hybrids. The different <evelopmental
stages are on the ordinate: they are represented by sketches and the numbers
of the stages (following Rucu). Bx . Bufo bufo, VxV: Bufo wviridis;
Vx3: lethal cross of B, wiridis F.x B, bufo M.; BxV: viable cross of
B. bufo ¥. x B, viridis M. The numbers on the abscissa indicate the per cent
of ammonium sulphate saturation corresponding to concentrations between
which it is possible to precipitate the antigens. The precipitation with
anti-Bufo bufo serum is the uninterrupted columm. The precipitation with
anti-Bufe viridis serum is the interrupted column. The arrow « represent
the start of the anti-actin precipitation; the arrow e the start of anti-myosin
precipitation; the arrows p and r the start, in our experiments of preci-
pitation with anti-plasma and anti-red cells sera. (From Rawmzr, Crrrerio
and SaMURLLY, r1gGo).
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thesized at swimming Dblastula stage, when primary mesen-
chyme is formed, while in frog and chick embryos the muscle
protein antigens appear just before the end of gastrulation,
when the muscle rudiments are not yet detectable (at primitive
streak stage in chick embryo, following Eperr) [6]. These
transformations of the early embryo profeins are associated to
the formation of osmotically active substances which increase
the osmotic pressure of the embrye causing a water uptake.
Salts dissolved in water also enter info the embryo and are
employed in the formation of the skeleton as well as for the
synthesis of metalloproteins,

Working on sea urchin and Amphibian (frogs, toads and
interspecific crosses of the last) embryos, my collaborators and
I could recognize some modifications which occur in the pro-
teins during embryonic and larval development, and could get
some knowledge of the corresponding transformations occuring
during silk worm, chick, guinea-pig and other animal develop-
ment [27. We could, for instance, demonstrate the presence
of two proteins in the electric organ of the Torpedo, one exhib-
iting the same precipitation behaviour as muscle myosin and
precipitating with the antisera prepared against this protein,
the other precipitating in the same way as muscle actin and
reacting with the antisera prepared against this protein. This
phenomenon accounts for the presence in the electric organ of
muscles antigens: in fact during the phylogenesis, the electric
tissue was derived from the same rudiments of the muscles [3].

PROTEIN DENATURATION AND [LMBRYONIC DETERMINATION

The investigations illustrated above have essentially a des-
criptive character, but they are part of a larger experimental
work carried out in order to study the process of embryonic
development at a molecular level. After a research on various
developmental malfermations which may be obtained by expe-

[17] Ranzt - pag. 4
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rimentation and are known since long ago, we could state that
n the embryo the first step of some determination phenomena
is a protein denaturation [5, 6, 7, 8]. These phenomena are:
ectoderm formation and origin of other organs from the animal
pole in sea urchin embryos; notochord formation in Amphibian
embryos; nervous system appearance in these embryos. The
cvidences for this conclusion were the following: 1) proteins
extracted from eggs and embryos, or even well characterized
proteins from adults (serum albumin, myosin, actin and so
on) are denatured by treatment with substances which induce
a byperdevelopment of the above mentioned rdiments (the
viscosity of their solutions varies; more reactive groups can
be detected; some proteins, like lipovitellin, show at the uitra-
centrifuge the formation of subunities); 2) the proteins ex-
tracted from embryos which exhibit a hyperdevelopment of
the above mentioned rudiments, are predisposed to a further
denaturation induced by urea or are more casily digested by
proteolytic enzymes (like trypsin and papain); 3) the above
embryos are less resistant to the substances considered; 4} urea
(the classical denaturing agent of proteins) can produce all
the determination phenomena which, as we could demonstrate,
are based on protein denaturation.

Since long ago it is known that cther substances produce
some alterations in the determination, called by the early in-
vestigators « inhibitions of development ». These substances,
in the three cases mentioned above, account for the inverse
alterations, i.e.: enfoderm determination in sea wrchin em-
bryos; mesoderm (instead of notochord) determination in Am-
phibian embryos; reduction of nervous system. LiCl is the best
known substance used in these experimments. It was evident
to us that this phenomenon is, at a molecular level, a stabiliza-
tion of protein molecules, which preserves from denaturation.
This conclusion was derived from the following experiments:
1) proteins extracted from eggs and embryos or well character-
ized proteins from adults (serum albumin, myosin, actin, and

19} Ransi - pag. 5
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so on) are not denatured by treatment with LiCl or other sub-
stances having the same morphological effect on the embryonic
development {the viscosity of solutions of fibrous proteins in-
creases; the flow birefringence does not vary; the reactive
groups do not increase; subunities are never seen in the ultra-
centrifugation analyses); 2) proteins extracted from embryos
which exhibit the characteristic malfermations produced by
LiCl are more resistant to the denaturing effect of urea and
fess casily digested by proteolytic enzymes (like trypsin and
papain). In this way the lethal cross Bufo viridis @ % B.
bufo O is very instructive because the hybrids of this cross
exhibit the same malformations as LiCl-treated embryos: the
proteins extracted from these embryos behave like those ex-
tracted from LiCl-treated embryos; 3) LiCl-treated embryos
are more resistant to the action of urea and proteolytic en-
zymes. We may interpret the action of LiCl as follows: Li
ion bounds to the protein molecule and enlarges its aqueous
coat because of its very high hydration, so protecting it from
denaturation and the action of proteolytic enzymes, conse-
quently inhibiting its metabolism. This, at a molecular level,
is the development inhibition of the old experimental embryo-
logists.

These conclusions, supported by experimental data, induce
us to imagine the above mentioned phenomena in the follow-
ing way: the formation of ectoderm and other organs from the
animal pole in sea urchin embryos, the notochord Tormation
in Amphibian embryos, even the formation of neural tube, are
based on an intense protein synthesis, which implies the rapid
metabolism of preexisting molecules {fig. 3). This process
follows a denaturation which may be an extensive one, so that
the rudiments here considered will be larger, or inhibited by
the formation of the aqueous coat by Li, in which instance the
rudiments are reduced in extension or even completely disap-
pear (transformation of notochord into somites). Our experi-
ments put also into evidence an auto-limiting mechanism of

{17] Ranzi - pag. G
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Fig, 3 — Tenfative interpretation of the behaviour of protein molecules
(indicated hy helixes) in normal development of sea urchin and in expe-
rimental conditions when they are denatured by NaSCN or stabilized by 1LiCl

denaturation caused by an excess of some metabolites, The
same process evidently regulates the dimensions of the various
rudiments in normal development.

RIBONUCLEOPROTEINS AND CYTOBIFFERENTIATION

The protein denaturation mentioned above represents a ne-
cessary step to the synthesis and preparation of material es-
sential to the embryo, but there is something more. The genetic
information embodied in the DNA is passed on RNA, and in
contact with RNA, specific proteins are formed. Niu [4] suc-
ceeded in extracting ribonucleoproteins active in conditioning

[17] Ranzi - pag. 7
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the organ development in Amphibian embryos; Ranzi, Gava-
rOST and CITTERIO [10] performed some experiments, extract-
ing ribonucleoproteins from liver and heart (1).

The presumptive cardiac area of 16-hour chick embryo was
incubated in the presence of these ribonuclieoproteins. After
7g hour incubation the heart volumes expressed in 2 x 1o
{mean and standard error) were 2.4-4:0.342 for the controls
and 4.2:40.627 for the embryos incubated with heart ribonu-
cleoproteins. There is a significant difference (0.057>P>>0.02),
the increase amounting to 75.0%. The heart of embryos in-
cubated with liver ribonucleoproteing did degenerate. No de-
generation was detectable on the contrary if the liver ribo-
nucleoproteins were denatured by heating.

In a second series of experiments [rr] ribonucleoproteins
from liver, heart, muscles and kidney of adult cbick were
extracted and a sponge made up of coagulated egg albumen
was soaked with these ribonucleoproteins and then grafted in

('} The organs, as soon as collected from animals alter 48-hour starvation
were put in a cold 0.25 M sucrose solution and all the following operations
were performed in a cold room at o°C. The organs were minced and ca-
refully homogenized in a glass Waring Blendor with a 0.9% NaCl solution
{(roo g of organ for each qoo ml of saline). Afterwards the homogenate was
filtered on a thin ganze and stirred for v hour, during which the pl was
made 7.8 with a few ¥ N NaOH. The solution was then centrifuged in
the Servall centrifuge at so00 r.p.m. for 30 min, the precipitate discharped
and the supernatant carefully adjusted at pif 4.5 with ¥ N HCI and finally
centrifuged at sooe r.p.m. for 10 min, The precipitate thus obtained was
redissolved in saline and the pll of this solution adjusted at 7.z, Afltler
stirring for 3o min, the undissolved particles were eliminated by centrifuga-
tion (at joc0 r.p.m. for 10 min), therefore by adding 2 vol. of g59% ethanol
a new precipitate was obtained which was redissoived in saline at pH 7.2,
Purification was obtained by centrifuging at sooo r.p.m. for ro min and
then another 2 vol. of 59 ethanol were added to the supernatant. The
precipitate thus formed was redissolved in saline af pll 7.2 and purified
by centrifugation at sooo r.p.m. for 30 min. Potassium acetate was then
added to this solution up to 29, final concentration and this solution was
finally diluted with 2 vel. of 95% ethanol. The new precipitate was sepa-
rated by centrifuging at sooo r.pan. for 10 min and redissolved in Gey
fluid at pli 7.2. A last purification was performed by cenlrifuging at 3000
r.p.m. for 3 min and the supernatant dyalized against Gey fluid. This
solution contained the ribonucleoproteins which were grafted in our expe-
riments.

171 Ransgi - pag. &
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the chorio-allantois of the embryo (fig. 4). It was possible to
obtain the formation in the chorio-allantois respectively of glan-
dular tisswe (fig. 5), of multinucleate elements, with fibrillar
cytoplasm (fig. 7}, of another kind of clements (different from
those induced by heart ribonucleoproteins for the peripherical
nuclei) {fig. 8), of tubules and other formations tentatively
interpreted as kidney glomeruii (fig. 6). These experiments deal
with a phenomenon at a molecular level; the molecules of heart
proteins (as well as of liver, skeletal muscles or kidney) are syn-
thesized on an information given by heart ribenucleic acid (or
respectively liver, skeletal muscles or kidney); therefore hy
grafting ribonucleoproteins of different organs it is possible to

n Ml
saline RKP, RNP,
4 4
coagulated SHHE —- albumen it

AL A
7 osalir

’5

Fig, 4 — Lxperimental procedure in graiting ribonucleoproteins extracted
from adult heart (RN ) or liver {RNT ) in the chorie-allantois. The
sketches at the bottomn indicate the obtained inductions.

f17] Ranzi - pag. 9



Fie. 5 — Glanduiar tissue induced by liver ribenucleoprotein { % 790},

Fig. 6 - Strocture tentatively interpreted as glomernli induced by kidney
ribonucleoprotein { x 7go).
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¥1. 8 — Muscular clements ndueced by skeletal muscle ribonucleoprotein
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obtain, from cells evidently not yet differentiated, cells in some
way corresponding to the origin of the ribonucleoproteins.

After having imbibed a piece of albumen with chick
RNP, we heated it in order to denaturate the RNP, putting the
whole thing in a test tube in boiling water for 10 minutes be-
fore grafting it in the chorio-allantois. The amount of
induced tissues was enormously reduced and only few or no
cells were transformed.

By extracting ribonucleoproteins from frog heart, it is pos-
sible to induce, in chick chorio-allantois, the same kind of
tissue induced by chick heart ribonucleoproteins while ribo-
nucleoproteins from frog liver induce the formation of the
same cells induced by chick liver ribenucleoproteins. The
organ differentiation is, therefore, associated to a ribonucleo-
protein differentiation, which makes these proteins similar in
the same organ of the chick and of the frog.

In order to progress in the study of this process, we tried
to graft in the chorio-allantois: microsomes, ribosomes and ri-
bonucleoproteins extracted from microsories. 1In all these ex-
periments very little (some times with microsomes) or no in-
duction; at all was observed.

At present we (Ranzi, Gavarosi, CrrTerio and NECCHT)
are frying to graft purified total RNA prepared following
Lascov (') in the choric-allantois but from the results up to
this moment no specific action RNA is revealed.

(') Organs were coliected {rom animals after a 48 lhour starvation and
immediately frozen by means of lquid air or dry ice. This material (3000 g}
was then ground in a mortar and & mixture of 300 ml EDTA r0™* M pH 8
and of 3oo ml go% freshly redistilled phenol was added to this powder,
The suspension thus obtained was homogenized in a glass homogenizer for
z min, gently stirred for 1 hour at 20%C and finally centrifuged at 10.000x g
for 3 min at 0o%C. The upper aqueous phase was eliminated without disturb-
ing the interfacies with the underlaying phase. The remainder, phenol
conlaining, was extracted once with zoo ml 107 M EDTA pll 8 and then
centrifuged at ro,ooox g for 3 min at 0. The upper aqueous phase was
added to the former and centrifuged at ro,000% g for 20 min at o’C in
order to climinate phenol. To these so-called agueous phases NaCl was
added up to 3 M final concentration. This sotution was then centrifuged at

[17] Revizi - pag, 12
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Gooo x g for 3 min, The precipitate containing denatured proteins, glycogen
and phenol crystals was discharged, After an overnight storage at o°C the
remaining phenol crystals were eliminated by rapid filtration. The filtrate
wag stored for -3 days at o°C as long as it became cloudy and then cen-
trifuged at 10,000 x g for 5 min in order to precipitate the ribonucleic acid
as a gel. This was dissolved in ¥5-50 ml 1o M EDTA pil § and dyalized
against 2 liters 1077 M NaCl twice remewed during 18 hours (The tubes
used for the dyalisis were always washed with 107 M EDTA pH 8 during 2
or 3 days). If some precipitate appeaved, it was discharged. The solution
was then lyophilized.  The lyophilized powder was then dissolved in
Gey fluid,
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DISCUSSION

CHANTRENNE
Do you know whether your material comes from the isolated
nuclei or from the cytoplasm?

Ranz
Our material comes from the entire organ, that is cell nucleus
and cytoplasm:.

Tuorey
Have the induced cells and tissues been characterized morpho-
logically only, or enzymatically too?

Ranz

It is possible to detect glycogen in the cells induced by liver
ribonucleoproteins,  Consequently an enzymatic indnction is pre-
sent 1oo.

[z71 Ranzi - pag. 15



A HYPOTHESIS
CONCERNING THE FOLDING OF DNA

ALEXANDER RICH

Department of Biology, Massecluselis Instilule of Techwology,
Cambridge, Mass, (U.S.A)

ABSTRACT

Several polymers are now know which form a condensed
phase by folding back and forth upon themselves with a cons-
tant folding length. In this form they produce flat lamellae
which are stacked in layers to form a three dimensional crystal.
Materials which crystallize in this fashion include not only
structurally simple polymers such as polyethylene, but, also
hydrogen bonding polymers such as nylon and helical poly-
mers such as polypropvlene. The polymer chains characterist-
ically fold back and forth with a length of 70-200A°, depend-
ing upon the temperature and other factors. Results obtained
recently from an X-ray diffraction study of crystals of the Ty
bacterial virus provide some evidence which supports the hypo-
thesis that the DNA inside the virus may also be folded back
on itself with a spacing near 105A". 1t is also poessible to infer-
pret some of the X-ray diffraction results on DNA-histone as
indicating a similar folding arrangement with a folding period
of 110A". The implications of this hypothesis are discussed
with respect fo virus and chromosomal structure.
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Although we know a great deal about the detailed molecular
structure of deoxyribonucleic acid (DNA), we know comparat-
ively little about the manner in which the DNA molecule is
folded to form the compact units which are seen in viruses and
chromosomes.  There is at the present time relatively little
experimental data on this subject. Nonetheless, the problem
is a very important one and is being worked on in many la-
boratories, The purpose of this paper is to present a hypothesis
that sets forth one way in which DNA may form a condensed
phase which might he found in certain chromosomes or in
some DNA containing viruses. The hypothesis stems from ex-
perimental work in the field of polymer chemistry carried out
during the past few years. This work has made us aware of a
remarkable mechanism leading to the formation of a stable
configuration in which polymer molecules fold back and forth
to form flat lamellac which can build up into crystalline ag-
gregates.

CrYSTALS OF FOLDED POLYMERS

In 1955, KerLer [1] was studying single crystals which
were prepared from linear polyethylene by cooling a dilute
solution of this material in xylene. In the electron microscope
he observed the formation of a numher of very thin lamellar
crystals which were lozenge shaped. These flat crystals had a
number of terrace steps on them and by shadowing with metal
he could measure the step height. Remarkably, he found that
they all had the same height, close to 100 A®. This represented
an unusual type of regularity to arise from a linear poly-
ethylene solution, since the solution was composed of molecules
which were heterogencous in length. Indeed the molecular
weight of the polyethylene was such that the molecules were
thousands of angstroms long. This paradox was compounded
by the observation that the molecnlar axis of the molecule
was perpendicular to the flat, lozengeshaped crystal. This was
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shown by allowing the electron beam to go through the crystal
and registering the electron diffraction patfern. The pattern
revealed that the direction of the molecules, the c-axis, was
perpendicular to the plane of the crystal and that the @ and b
axes of the unit cell were along the short and long diagonal
of the lozenge. Thus the growing face of the crystal was (110).

These results were somewhat paradoxical and could only be
expiained by assuming that the molecules folded back and forth
to make a layer or sheet about 100 A® in thickness. Thus the
crystal was built up by stacking several of these sheets to
build the observed terraces, as shown schematically in figore 1.
When fhis inferpretation was initially presented in 1955, it ge-
nerated some scepticism, but further work, carried out by
KrLLER and several other investigators, has served to confirm
the correctness of his initial interpretation. These investiga-
tions [2, 3] have revealed many other aspects of this type of
polymer folding, and several features are worth discussing
here.

Since the initial discovery, it has been demonstrated that
this type of folded laniellar phase is not unique for pelyethyl-
ene, but rather is found in a very broad class of polymer

(ST RHLE
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i, ¥ - A diagram illastrating the folding of polymer chains to form a
lamellar sheet. The sheels of constant height (R} are piled up to boild
a three-dimensional iattice.
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molecules. In Table T several different types of polymers are
listed which have been demonstrated to form a condensed
phase, based upon the back and forth folding of polymer
chains. The group is fairly heterogencous. Some of the mo-
lecules are very simple, such as polyethylene or its helical
homologue, polytetrafluoroethylene. On the other hand some
of the molecules have fairly complicated side chains such as
poly-4-methyl-pentene-r, or cellulose triacelate. Some are
helical such as polypropylene. In addition a large number of
hydrogen honding polymers are included such as all of the
nylons in Table I. The polymers which form these folded
phases are not structurally simple; in many cases the chains
have a polarity. Because of the rapidly increasing number of
polymers which are being discovered in this folded form, there
Is every indication that the phenomenon is a general feature of
polymer interactions.

TasLe T (%)
LIST OF POLYMER MOLECULES WHICH FORM FOLDED LAMELLAR

Tolyethylene (linear and branched) Polyesters, such as Polyr,

vo-decanol-succitate, and others

Polypropylene

Polybutene Polyhexamethylene terephathalate
Poly-q4-methyl-pentene Polyoxymethylene

Nyloen 6 Polyethylene oxide

Nylon 7 Polydioxolane

Nylon & Polytetraflucroethylene

Nylon 66 Cellulose triacctate

Nylon 6-10 Pelychlorotriffucroethylene

Isotactic Polystyrene

{*) Data found in references 2, 3, 4, 5, 6 and also from TP GEIL (per-
sonnal communication}.
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Much work has been done on characterizing the step height
in the folded phase [3, 4, 5]. This aspect of the subject has
best been approached through low angle X-ray diffraction stu-
dies. If, for example, one gently filters a solution containing
the flat lamellar crystals, they will form a thin pad which can
be readily removed from the filter paper. This sample can be
meunted for low angle X-ray diffraction studies. The diffrac-
tion patterns show a strong reflexion near roo A" which cor-
responds to the step height which was first seen in the electron
microscope.  The reflexion is not a powder ring, but rather
has an orientation perpendicular to the flat crystals. Many of
the polymer molecules which have been discovered in a folded,
condensed phase of this type have been detected in the course
of low angle X-ray diffraction: studies taken from fibers of the
material. Although most of the molecules in the fiber are fully
unfolded and oriented with their molecular axes parallel to
the fiber, some of them persist in the form of microcrystalline
inclusions which maintain the folded arrangement. This means
the polymer melecules have not fully unravelled to form part
of the fiber. The relevance of this will be noted in our discus-
sion of fibers prepared from DNA-histone preparations.

Several observers have shown that the height of the fold-
ing period in the polymer is temperature dependent [3, 4, 5].
For example, if one prepares polyethylene single crystals at
different temperatures from an xylene solution, the step height
is found to be a sensitive function of the temperature. Materials
which are crystallized near room temperature have a step height
of gz A°, while those crystallized at 70°C have a step height
of 110 A°. Crystal formation at 9o°C produces a step height
of 140 A", In a general way it is easy to understand why the
folding period would depend upon the crystallization tempe-
rature. The stability of the configuration may he discussed in
terms of two positions, the linear interior and the turn. In the
interior of the fold, the polyethylene molecules are stabilized
by vaN nEr WaaLs interaction Dbetween adjoining polymer
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molecules. On the other hand, in the fold where the molecule
is turning about, there is a loss of the van DER WaALS stabiliza-
tion and, because the packing may be less efficient in that
region, the fold may be regarded as a destabilizing site. Therm-
al agitation increases as the temperature is raised, and this
preduces a decrease of the energy stabilization due to the
VAN DER WAALS interaction in the interior of the fold. Con-
sequently at a higher temperature it would require a longer
fold period to stabilize the extended portions relative to the
destabilization of the turns at the ends. A qualitative explan-
ation of this type is the agreement of the observed facts. Some
attempts have also been made to derive quantitative theories
to explain the folding mechanism [7].

The step height dependence upon temperature is not unique
with polyethylene, but is also characteristic of the other poly-
mers listed in Table L

Tue Forning oF DNA

The necessity for an organized systematic folding of DINA
1s most clearly seen by a simple consideration of the geometry
of the bacterial viruses, The Tz viros head which contains
the DNA is about 1roo A’ long and has a hexagonal cross
section with about 8o A’ between opposite flat faces. If we
assume that the membrane has a thickness of about 100 A,
we can calculate the internal volume of the head as approxima-
tely 2.3x10% cubic angstroms. The DNA which has been
isolated from the Tz wvirus has a molecular weight of 120
million and is in the form of a single continuous strand. The
molccular volume of this molecule is 1.9 x 10® cubic angstroms
and if it were closely packed together in hexagonal array, it
would occupy 2.1 x 10° cubic angstroms. Hence, even if we
ignore the minor components such as polyamines and the
internal virus protein we can see from these figures that the
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DNA cannot be found inside the viral head in a more or less
random form, since there appears to be very little wasted
volume.

We do not have evidence at the present time which shows
that the DNA inside the bacterial virus head is in a folded form
stacked together in Jamellac. Nonetheless, we do have some
suggestive evidence which is compatible with that interpreta-
tion. We have recently initiated a programm of X-ray diffrac-
tion studies on DNA containing virus [8]. These studies have
suggested that a significant part of the DNA in Tz virus has
its molecular axis parallel to the tail, More recently we have
developed a very gentle technique for preparing virus samples,
with a minimum of manipulative procedurc. This is done by
using a fine capillary tube with a funnel shaped ending which
will take about 0.2 ml. of a virus solution. The capillary is
filled with the virus solution containing DNA-ase to digest any
disrupted virns. The capillary tube is then mounted in a cen-
trifuge and spun to centrifuge the virus down to the end of
the capillary tube, where it gently packs to form a gel. The
overlying solution is removed and the capillaty sealed and
mounted directly in the X-ray beam. Using this mild procedure
we have been able to obtain some preliminary low angle dif-
fraction photographs from Tz phage which show a moderately
strong reflexion in the region near gz A® [g]. This is a very
recent finding and cne which needs to be elaborated by further
studies. In particular it will be necessary to demonstrate that
the reflexion does not arise from the tail structure. Nonetheless
it a compatible with some other observations which have been
made on the T# virus,

In the course of studying T4 virus gels, it was obscrved
that the virus would crystallize and produce a diffraction pat-
tern which shows two axes at right angles to cach other with
spacings of 570 A® and 470 A" [8]. Along the 570 A° direction
almost a dozen orders can be seen, and from the photograph
it is possible to visualize an envelope of the diffracted intensity
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in the cenfral region. Of interest here is the fact that a large
band of intensity is seen in the region of 105 A®. In the absence
of a complete analysis of the structure of the virus and the
mode of packing of the viral particles in the wunit cell, it is
impossible to draw any definite conclusions from a finding of
this type. Nonetheless it is possible that these strong reflexions
result from a folded lamellar arrangement of DNA within the
virus with a folding period near To5 A°.

Both of these findings on the T2 and T7 virus suggest that
strong reflexions occur in a region near 100 A°. These should
be regarded as suggestive at the present fime, since reflexions
of this fype could, of course, arise from other structures.

Several investigators have recently carried out low angle
X-ray diffraction investigation on DNA-histone preparations.
L.uzzAri and his coworkers [10, 11, 12] have found evidence
for three phases existing in nucleo-histone solutions, each of
which occurs at a different comcentration. These phases are
characterized by a series of low angle diffraction maxima. One
of the phases has the same diffraction paftern as that produced
by the fowl erythrocyte nucleus. It shows sharp reflections at
a 110 A’ spacing, as well as the next two higher orders at 55
and 37 A’. This may be evidence for a lamellar structure
within the chromosome, and it is possible that these are related
to the reflexions described above in the virus preparations.

WriLkins and his coworkers [13, 14] have been studying
oriented fibres of nucleo-histone, and they find in addition to
the DNA X-ray diffraction pattern, some meridional reflexions
at 55 A° and 35 A", These arise at reflexions which are very
close to the second and third orders of the spacings which
LuzzATI observed, and it is possible that these represent the
higher orders of a 110 A° repeat. Further work will have to
be done on this before there is enough evidence to conclude
that a folded lamellar organization of this type occurs in nucleo-
histone fibers. However, it is worth noting that a somewhat
similar situation is seen in some of the synthetic polymers which
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are known to form lamellar sheets by back and forth folding,
In those cases most of the molecules are extended fully to form
the backbone of the fiber, but some of them persist in the
folded state and give rise to the low angle reflexions. This
might also be the case in the work on the nucleo-histone fibers.

Is Tuere A Recurar DNA Torping N CHROMOSOMES?

Very little is known about the structure of chromosomes.
A large variety of eiectron microscope studies have been car-
ried out, but many of them suffer from the fact that staining
methods are not well developed, and artifacts occur quite fre-
quently. However, a relatively constant feature of certain
types of chromosomes, is the so-called « core » structure which
was found by MosEes {15]. The chromosomal core consists of
a series of lamellar-like structures found in the center of the
chromosome which run more or less parallel to its axis. In
figure 2 we have reproduced an electron micrograph from Mo-
sEs” work on the primary spermatocyte prophase of the cray-
fish [15]. The left side of figure 2 shows a longitudinal section
from the core of the chromosome and there we see a series of
6 or 8 dense lines, 150 A’ wide, separated by clear regions
about z50 A" across. In the cross section shown at the right
of figure 2, it can be seen that the flat regions seem to be
about 500 A” in width and piled on fop of each other. The
lamellar construction of the core seems to extend through the
enfire length of the chromosome.  Although nothing is known
about the molecular organization of the chromosomal core,
nonetheless, it is possible that these lamellae could be formed
by DNA molecules folded back and forth on each other. Core
structures such as these have been seen in a variety of chro-
mosomes including plant cells.
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F1g. 2 — Electron micrograph of a section through a chromosome in the

primary spermatocyte of the crayfish during prophase, The « core » is

shown in longitudinal sections at the lefi. P points to one of the r5o A®

wide structures which is surrounded by less dense areas () and R) about

250 A® wide. On the right are shown cross sections of the core, From
Moses (r5).

The purpose of this article was to present a hypothesis. The
hypothesis specifically is that the DNA muolecule is capable of
forming a condensed flat lamellar formed by folding back and
forth upon itself with a period in the range go A° to over
200 A" which is similar to the fold periods which have now
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been found in a variety of synthetic polymers. ‘The reasons
for believing the DNA molecule capable of this type of folding
arrangement are in part due to the external simplicity of the
molecule as it has a rounded cross section. The molecule is
also simple in that it does not have directipnality, so that from
the outside the molecule looks the same in adjacent folds. Itis
obvious that the DNA molecule cannot form such a structure
by itself. It is a negatively charged polyanion, and there must
be cationic species present to keep the molecule in this confi-
guration. In the case of the bacterial virnses, the polyamines
may act as cross-linking stabilizing agents, in addition to ca-
tions. In the chromosomal organization the positively charged
histones would play a correspending stabilizing role. We might
inquire about the organization of the DNA molecule at the
bend. In order to bend back upon itself in this fashion, two
or possibly three base pairs have to be broken. However, the
liberated bases could still lie almost perpendicular to the axis
of the molecule, and thus retain some of the stabilizing van
der Waals energy due to stacking of the bases.

Even though a folding arrangement of this type may be
found in some viruses, it is quite obvious that it need not be
found in all viruses, In a similar way there may exist some
chromosomal structures, such as the core, in which the DNA
has this folded lamellar form. However, it is quite unlikely
that all of the DNA in the chromesome is in this form, since
many of the chromosemal loops which bave been studied in
the electron microscope do not show any evidence which at all
suggests a lamellar structure.

It is apparent that while this idea is plausible, it is nothing
more than an attractive hypothesis at the present time and
further experimental work will have to be carried out before
we can evaluate its merits.
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DISCUSSION

Jacon

Would you comment on the electron micrographs of chromoso-
mes. At what stage of the division cycle were they taken? Are
they perpendicular or parallel to the axis of the chromosome?

Ricu

I believe that the « core » is oriented parallel to the axis of the
chromosome. In the photograph which I showed, the long striations
go along the length of the chromosome. The core can be seen only
when the chromosome is in a condensed form, and they are not
visible at all during interphase.

LIpsanN
Do you know anytbing about folding of s-RNA?

RicH

Some evidence has been presented by Zusay and Brown which
suggests that the s-RNA is folded back on itself to form a DNA-like
structure. Hower, if this were a regular configuration, it would
imply that the base ratios in an individual s-RNA molecule are
complementary, or approximately so, considering that the ends may
not be completely matched. The recent work of Horrey shows that
the base ratios of two different s-RNA’s are far from complementary,
however, so we maust be cautious in interpreting the suggestive struc-
tural work,
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Rupro Huerzos
You have said that you have crystallized some T, phages. Are
these crystals formed by the complete virus particles or oniy DNA?

Ricn

The entire phage particle is crystallized, including the protein
shell.  We would like to obtain information about the way that the
DNA is packed inside the virus protein shell, but this has not pro-
ceeded very far as yet.

CHARGAFF
What is known about particies of DNA in the polyhedral viru-
ses which are considered to be crystalline?

Ricn

It is interesting that clectron microscope studies of viruses and
virus infected cells have shown that two types of polyhedral aggre-
gates can be visualized. One of these is a « ghost », that is, the
protein shell by itself which has the polyhedral form even when it
is not filled with nucleic acid. However, other aggregatos consist
of the DNA alone before they are covered with the protein coat.
Thus, both the DNA and the protein can assume a polyhedral con-
figuration independent of each other. The DNA is not « folded »
by the protein, but is able to fold up independent of its enciosing
shell.  However, as far as T am aware, nothing is known abont the
way in which the DNA is folded inside the virus.
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ULTRASTRUCTURE OF CRYSTALLINE INCLU-
SIONS DETERMINED BY TWO PLANT VIRUSIES

M, RUBIO BUERTOS

fustituto o Jaime Ferrdn n de Microbiclogia, Madrid (I8spafia)

Different piant viruses are known to produce intracellular
inciusions in the ceils of their hosts. Only a few among them
produce both amorphous X bodies and erystalline inclusions
at the same time. Petunia ringspot belongs to the latter group
of viruses and the study of the morphology, formation and
histochemical reactions of its inclusions have already been
done by the anthor and it was found that the crystalline inclu-
sions develop from the X bodies as in the case of tomato
aucuba mosaic described by SHEFFIELD.

In this paper we study the formation and ultrestructure of
the crystalline inclusion bodies by ultrathin sections in the elec-
tron microscope and its comparison with those well known
of tobacco mosaic virus.

The virus was maintained on young N. tabacwm. N. glu-
tinosa, Petunia hybrida and Vicia faba plants in the green
house, and periodically epidermical strips of the infected leaves
were stained with 1 per roo phloxin without previous fixation,
mounted in water and observed under the microscope. The
inclusions hoth amorphous and crystaliine are stained in a
very bright red color as well as the nucleoli; the nuclei are
stained in pink color. Chloroplasts and plastids remained
unstained.
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For electron microscopy, pieces from Vicia faba infested
leaves were fixed for 3 hours in veronal-buffered 1% osmic
acid according to STRUGGER. Others were fixed for 48 hours in
the same fixation. The preparations were dehydrated in ethyl
alcohol, embedded in methyl (2 parts) butyl (8 parts) metha-
crylate and sectioned with a glass knife in a Porter-Blum
microtome, The sections from the blocks fixed in osmic acid
during 3 hours were treated for 3 hours with agueous 1%
uranyl acetate to enhance the contrast (STRUGGER) [ro] sec-
tions fixed during 48 hours in osmic acid gave very good
contrast without previous uranyl acetate treatment. Some of
the sections were observed directly under the electron micros-
cope, others were previously treated with benzene to dissolve
the methacrylate and shadowed with rodium-platinum.

The observations were made in a Siemens-Elminskop T elec-
tron microscope.

Resurnrts

The crystalline inclusions vary in shape from hexagonal
plates to octahedral forms being predominant the latter all be-
longing to the cubic system (fig. 1) and often are embedded
in the amorphous inclusions (fot. 1, 2). Their size is ap-
proximately 3-ro microns . They are very refringent and are
stained in a bright red color by 1 per roo phloxine without
previous fixation, after fixation they can be stained with
Drrarrgry’s hematoxilin, light green etc. They are not found
in epidermical tissues of healthy Nicotiana tabacwm, N. glu-
tinosa, Petunia and Vicia faba leaves.

Neither type of inclusions was soluble in water or in
1 x 100 HCL and whereas the amorphous inclusions are also
not soluble in 1 x 100 OHNa the crystalline ones are,

3 different specific features were observed in the wultra-
thin sections of infected cells: bundles of virus particles in the
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Frg. 1 — Amorphous and crystalline inclusions in V. faba »x 7o00.

cytoplasm; the crystalline inclusions and the amorphous x
bodies.

Sections of the crystalline inclusions showed that they are
formed by virus particles arranged in a tridimensional order.
TLongitudinal sections showed that the particles aggregated
end-to-end forming a continuous particle length with no unions
shorwing, as it happens in Tobacco mosaic virus crystalline
plates which clearly showed a layer structure (STEERE, 1950;
WEHRMEYER, 1057); cross sections of the crystalline inclusions
showed a definite honeycomb pattern formed by the hexagonal
cross-sections of the individual virus particles arranged in tri-
dimensional order (figs. 2, 3, 4).

The amorphous inclusions were formed Dby a material
different from the normal cytoplasmic material. In some
instances this material scem to be aggregated in a pattern
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FiG. 2 - longitudinal section of an X body and a crystallaine inclusion.
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FFia. 3 — Cross-section of a crystal showing the honey-comb pattern.

which suggests it have some structural relationship with virus
particles (fot. 2), although no complete virus particles were
found in it.

Mitochondria were always found associated with X bodies.

Some plant viruses can crystallize from purified solutions
and some of them can also form espontaneous crystalline in-
clusions in the cells of their hosts.

Crystalline inclusions induced by T.M.V. were shown by
Srrere and WiLLiamMs and later by us using a different techni-
que to be formed by virus particles. Petunia ringspot virus
crystals are also formed of virus particles aithough the crystal-
line structure differs in botih viruses. Also electron myeroscope
studies of virus crystals obtained from purified virus solutions
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Fia, 4 — Longitudinal section of a Crystal. The wvirus particles do not
show thedr unions as i TM.F.

have been made by Wyckorr et al. and they have shown
beautiful pictures of the arrangement of the virus particles to
form the crystals; so both types of crystals are formed by
virus particles arranged in a iridimensional order.

I we consider that viruses may be living entilies because
they reproduce and mutate, it seems odd that they are able to
form crystals as any simple non living protein, but the active
part of virus nucleo protein is the nucleic acid as it has heen
proved by FrRAENKEL-CONRAT ¢t al. the protein being just a
sort of a protective shell or coat; this shell confers to the virus
particle all the external physicochemical properties of a pure
protein, crystallization among them, provide they are in a
suitable environment, and the behaviour of resting virus part-
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icles is the same as it formed by protein alone. The case of
ternip yellow mosaic is a very clear one.

When a T.V. virus purified suspension is let to stand for
4h or longer separation in two layers can be observed, the
particles in Dboth layers observed being alike in their shape
and size and indistinguishabled in the electron microscope
Analysis of the particles of both layers showed that the bottom
layer is formed by nucleoprotein whereas the top layer is form-
ed only by protein. Infectivity fests showed that only the
particles from the bottom layer were infective. Later it was
demonstrated by electron microscopy that the protein particles
had an internal cavity which in the particles from the boftom
layer is filled by the nucleic acid. Both types of particles can
form identical crystals separately. So it seems it is protein
responsibie for erystailization.

Although we have not been able to observe a complete se-
quence of events leading to the fermation of virus particles
from the’ amorphous material collected in the bodies there is
some ecvidence of morphological relationship between the od
of material in the X bodies and the complete virus particles
which later will form the crystals, so it seems that the X bodies
are one of the «situs » for vivus multiplication.

We want to enfasize the interesting features of this virus
that would perhaps permit, with more detailed work, to de-
termine in the future the sequence of virus particle formation.
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DISCUSSION

SCHRAMM

For X-ray investigations, good virus crystals are desirable. Un-
fortunately, the crystalline inclusions of TMV cannot be isolated
from the cell, since the crystals disappear just after touching the
cell. Is it possible to jsolate the crystalline inclusions in your case?

Rusio HUERTOS

Yes. These Petunia virts crystals are insoluble in water, they
are soluble only in weak alkali, It is possible to break-up the cell
walls with fine needies without damaging the crystals.  We have
isolated several crystals in this way for electron microscope obser-
vation. T think it would he very interesting to study them in the

X-rays and clectron microscope diffraction.

CHANTRENNE

Does anybody know why cclls which are invaded by a virns,
plant virus, eventually die? I mean is it an inhibition of protein
synthesis, of nucleic acid synthesis, or something similar to what

is known in the phage?

Rusro Hurrroes
Normally cells infected with a plant virus do not show patho-

logical changes besides the formation of intracellular inclusions and
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diminution of the number and size of chioroplasts; only in some
cases, depending of the virus and host plant, seme cells became
necrotic and die. This processus is not well understood.  More
than a competition between the virus and the cell for basic mat-
erials, It seems o be a reaction of the host with production of toxic
substances.
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MOEGLICHKEITEN ZUR GEWINNUNG
GENETISCH AKTIVER NUCLEINSAEUREN

. SCHRAMM

Meax-Plancl-Institul fiir Vivusforschung, Biochemische Ableiling,
Tiibingen {Deutschland)

Die ecrste biologisch aktive Nucleinsiure wurde 1944 vON
AveEry [1] und Mitarbeitern hergesteilt. Sie gewannen aus
Pneumococcen eine Desoxyribonucleinsiure (DNS), die im-
stande war, bel anderen Pneumococcenstimmen eine genetisch
stabile Anderung hervorzurufen. Durch enzymatische Abbau-
versuche wurde bewiesen, dass tatsichlich die TINS und nicht
etwa Beimengungen von Ribonucleingdure (RNS) und Protein
genetisch aktiv sind. Die Arbeit schliesst mit dem Satz:
« Nucleic acids must be regarded as possessing biological spe-
cificity the chemical basis of which is as yel undetermined ».
Iis wird auch die Méglichkeit diskutiert, dass es sich um ein
« transmissible mautagen » handeln kémnte. Sie wagten noch
nicht, den weiter gehenden Schiuss zu ziehen, dass die DNS
die Erbsubstanz sei. Heute wissen wir, dass dies tatsichiich der
Falt ist. Es darf als weitgehend gesichert gelten, dass bei allen
Organismen die Gene aus DNS hestehen. Bei den Viren da-
gegen existieren solche, bel denen DNS, und solche, bei denen
RNS der Triger der genetischen Information ist. Der sicherste
Beweis fiir die genetische Wirkung der Nucleinsiiuren ist stets
die Reindarstellung und die Untersuchung der reinen Substan-
zen nach dem klassischen Beispiel von Avery.

{20% Schramm - pag.
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Im folgenden Referat méchte ich daher die verschiedenen
Moglichkeiten zur Gewinnung genetisch aktiver Nucleinsiuren
schildern, wobei ich neben Methoden, die sich bereits prak-
tisch bewihrt haben, auch solche erwihnen méchte, die viel-
leicht erst in Zukunft Bedeutung gewinnen werden.

DARSTELLUNG GENETISCH ARTIVER RIBONUCLEINSAUREN

Die erste genefisch aktive RNS wurde aus Tabakmosaik-
virns (TMV) hergestellt und zwar unabhingig voneinander von
zwel Arbeitskreisen. Fraengrr-Conrar [2] und Mitarbeiter
beniitzten zur Darstellung cin Netzmittel, Dodecylsulfat. In
unserem [aboratorium [37 wurde die Phenolmethode entwick-
elt. Durch zahlreiche Kontrollversuche konnten wir beweisen,
dass allein die RNS fiir die Infcktion und damit fiir die gene-
tisch bedingte Struktur des Virus verantwortlich ist [4].

Die Phenolmethode ist besonders einfach anzuwcenden und
wurde daher zur Darstellung zahlreicher Dbiclogisch aktiver
Nucleinsduren benttzt. Das Wesentliche bel dieser Methode ist,
dass durch das Phenol die Enzyme sofort aus der wissrigen
Phase entfernt und denaturiert werden, so dass die empfind-
liche Nucleinsivre nicht angegriffen wird. Doch auch bei wie-
derholter Phenolextrakfion ist es nicht leicht, die letzten En-
zymspuren zu entfernen. Dies lisst sich viel leichler erreichen,
wenn man nach dem Vorschlag von FrRapNgrL-ConraT [5]
Bentonit zusetzt, das ein starkes Adserptionsvermégen fiir Ri-
bonucleasen hat. Mit Hilfe der Phenolmethode konnte auch die
verhiltnismassig niedermelekulare s-RNS (losliche RNS}, die
fitr die Incorporierung der Aminosiuren in dic Proteine noi-
wendig ist, rein dargestellt werden [6]. Die genetische Infor-
mation fiir den Aufbau der Profeine scheint jedoch nur in den
Nucleinséiuren héheren Molgewichts enthalten zu sein. Hierfir
sprechen vor allem die Versuche an Virusnucleinsiuren, deren
Molgewicht stefs tiber 1.10° liegt, meist bei etwa 2.70% In der

20} Schramm - pag. 2
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folgenden Tabelle 1 sind die RNS-haltigen Viren zusanmmen.
gestellt. Mit der Phenolmethode konnte aus fast allen diesen
Viren die Nucleinsidvre in infektigser Form dargestellt werden
[Literatur 7, 8, g, 10, 11, 12]. Eine Ausnahme bilden nur die
Viren der Influenza-und Parainfluenza-Gruppe. Auch hier wur-
den zum Teil positive Ergebnisse mitgeteilt, doch konnten diese
nicht reproduziert werden [13]. Die Grinde, warum die Phe-
nolmethode bei den Myxoviren versagt, sind noch nicht kiar.
Bei den erst kiirzlich aufgefundenen RNS-haltigen Bacterio-
phagen [14] liegen noch keine Untersuchungen vor.

Die infektidse RNS ist als Vorstufe des kompletten Virus-
teilchens anzusehen. ENGLER und ScHraMM [15] zeigten, dass
nach Infektion mit TMV der Anstieg an infektidser RNS frither
erfolgt als dic Bildung der fertigen Virnsteilchen. Ahnliche Ver-
suche liegen bel zoopathogenen Viren vor.

Dic Arboviren sind gegen Phenol in der Kilte bestindig.
Um das Protein von der Nucleinsiauren abzutrennen, niuss eine
Temperatur von etwa 40°C gewihlt werden. WECKER [10]
fand, dass aus infizierten Geweben auch mit kaltem Phenel eine
infekiitse RNS extrahiert werden kann, Es kommen also zwei
Formen von infektiosen Partikeln vor, die kompletten Virus-
teilchen, die gegen kaltes Phenol bestindig sind, und ecine
Form, die die RNS frei oder nur lose gebunden enthilt.
Ahnliche Beobachtungen wurden von SaNDERS [17] und von
Berrer [:8] et al. am Mause-Encephalomyocarditis-Virus ge-
macht. Die vegetative Form des Virus besteht wahrscheinlich
nicht aus freier Nucleinsiure, sondern aus einem Ribonucleo-
pretein, das als Viresom bezeichnet wird,

Bei gewissen Pflanzenviren kommen Formen vor, bel de-
nen das infektidése Prinzip ausschliesslich auvs einer derartigen
freien oder locker gebundenen RNS hesteht. Beispicle hierfiir
sind das von ScrLEcEL {1g] untersuchte Cucumber Mosaic Vi-
rus und das von BraxpeneURG und SANGER [20] untersuchte
Tabak Rattle Virus. Bei diesen Viren lassen sich durch Ttx-
traktion mit Puffer nur sehr wenig infektidse Partikel gewin-

[20] Schraspn - pag. 3
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nen, da in dicsem Medium durch die Enzyme das infektigse
Prinzip zerstért wird, Durch Extraktion mit Phenol lassen sich
dagegen wirksame RNS-Priiparate herstellen, da in diesem
Fall die Wirkung der Enzyme ausgeschaltet wird.

Diese Versuche zeigen, dass der wesentliche Bestandteil der
Viren cine genetisch aktive Nucleinsiure ist, die im Verlaufe
des Infektionsprozesses an verschiedene Proteine gebunden
wird. Was wir filr gewohnlich als Virasinfektion bezeichnen,
ist der Ubergang einer mehr oder weniger geschiitzten Nu-
cleinsiure in eine fremde Wirtszelle. Jede tbertragbare Nu-
cleinsiiure lkdnnte demnach als Virus bezeichnet werden. So
berichteten kiirziich Horcukiss und Orrorencni [21] von
spontanen Transformationen. Beim Zerfall von Bakterienzel-
len kénnten die frei werdenden Desoxyribonucleinsiuren in
andere Bakferienzellen eindringen. Es besteht also kein grund-
sitzlicher Unterschied zwischen normaler und Virusnuclein-
siure. Wir miissen uns vor Angen halten, dass in der Biclogie
alle von Menschen getroffenen Definitionen kimstlich sind und
das Leben selbst keine scharfen Grenzen kennt.

DARSTELLUNG GENETISCH AKTIVER DESOXYRIBONUCLEINSAUREN

Bei den Organismen ist es noch nicht gelangen, das ge-
samte Genom in Form eines DNS-Molekiils zn isolieren. Ls
ist auch keinesfalls sicher, ob das gesamte Genom in einem
durchlaufenden DNS-Faden enthalten ist, wie dies z.B. bei der
RNS des TMV der Tall ist. In den Transformationsexperimen-
ten lassen sich jeweils nur bestimmte akiive Teile des Genoms
in Form von DNS-Molekiilen nachweisen, Nur bei kieineren
DNS-haltigen Viren gelingt es, die gesamte genetische Substanz
in Form isolierter DNS zu erhalten. Allerdings sind Molge-
wichtsbestimmungen und Charakterisierung der genctisch akfi-
ven DNS noch nicht so vollstandig wie bei den RNS-haltigen
Viren. Zur Darstellung wurde meist die Phenolmethode beniitzt,

{20} Schrannn - pag. 4
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daneben auch die Hitzedenatusierung und die Behandlung mit
Netzmifteln, Wie aus der Tabelie 2 hervorgeht, konnte aus
Shope Papillom [22, 23] und aus Polyoma-Virus [24, 25]
infektiose DNS gewonnen werden. Bei den Adeno- und Pocken-
Viren sind weder positive noch negative Resuitate belkannt.
GErsHENZON [26] berichtet, dass es nicht gelungen sei, aus
dem Polyedervirus von Bombvx mori eine infektidse IINS zu
isolieren, doch konnfe mit Phenol aus infizierten Raupen ein
RNS-Priparat hergestellt werden, das die Produldion des
kompletten DNS-haltigen Virus ausldst. Das bedeutef, dass
RNS in der Lage ist, die Bildung von DNS in der Zelle auszu-
losen, doch sind vielleichf auch andere Interpretationen mdg-
lich.

Ans dem Phagen (9X174 wurde von mehreren Seiten [27,
28, 20] infektidse DNS isoliert, die sich interessanter Weise
als Einzelstrang herausstellte und nur ein Molgewicht von
1,7.10% hesitzt [307. Aus dem Lambda-Phagen [31] wurde ein
DINS-Doppelstrang isoliert, der sich fiir Protoplasten als infek-
tios erwies, Bei den T,-Phagen wurden cbenfalls Extralkte
erhalten, die fiir Protoplasten infektits sind, doch war die Iso-
lierung reiner aktiver DNS bisher nicht moglich. Der Grund
hierfiir liegt wahrscheinlich in dem hohen Molgewicht der Pha-
gen DNS. HersHEY [32, 33] zeigte, dass schon geringe
Scherkrifte, wie sie etwa beim Pipettieren aufireten, geniigen,
um die dusserst langen DNS-Molekiile zun zerbrechen. Diese
Bruchstiicke sind nicht mehr in der Lage, ein intakies Phagen-
teilchen zu erzeugen, doch werden sie bei Recombinationsexpe-
rimenfen in das Phagengenom miteingebaut [34]. Jedenfalls
besteht kein Zweilel, dass DNS als Einzel- wie als Doppel-
strang in Wirtszellen eindringen und dort genetische Wirkungen

ausiiben kann.
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CHEMISCHE ANDERUNGEN AN NUCLEINSAUREN

Durch Extraktion aus Viren lassen sich also genetisch aktive
RNS und DNS als einheitliche Molekiile isolieren. Diese Reihe
genetisch wirksamer Molekile liasst sich noch dadurch erwei-
tern, dass man auf chemischem Wege die isclierten Nuclein-
sduren abdndert. Um cine Mutation an Nucleinsiuren ausser-
hally der Zelle zu bewirken, muss das Basenmuster abgewan-
deilt werden, ohne dass die Keite gespalien wird, denn Giz-
RER [35] zeigte, dass ein Kettenbruch stets zur Inaktivierung
fithrt. Die Verhéltnisse liegen hier also schwieriger als bei der
Mutationsauslosung in der lebenden Zelle, wo Kettenbriiche
wieder geheilt werden konnen, SCHUSTER und SCHRAMM [ 36-a]
fanden, dass solche mutagene Anderungen in vitro durch Des-
aminierung mit salpetriger Siure maglich sind. Fs gelingt mit
diesem Reagenz, die Aminogruppen des Cytosins, Adenins und
Guanins in Hydroxylgruppen umzuwandeln, ohne dass hierbei
die Kette gespalten wird, Die ersten Versuche wurden an der
Ribonucleinsiiure des TMV durchgefiihrt. Eine Desaminierung
je 3000 Nucleotide gentigt, um das Moleknl zu inaktivieren.
Da das gesamtec Molekill 6000 Nucleotide enthilt, wurde ver-
mutet, dass dic Desaminierung bestimmter Nucleotide nicht zu
einer Inaktivierung, sondern zu einer Mutation filhrt. Dies
wurde dann experimentell von Gigrer uwnd Muspry [36-5)
bewiesen. Um genctisch stabile Muatanten des TMV zu erzeu-
gen, gentigt ebenfalls die Abénderung eines einzigen Nucleotids.
Die mutagene Wirkung der salpetrigen Siure beim TMV wurde
inzwischen auch von anderer Seite bestitigt [377. Auch bei den
Viren der Poliomyelitis [381 und der Newcastle discase [3g]
sowjie bei den DNS-haltigen Phagen [40] wurde mach Nitrit-
behandlung eine hohe Mutationsrate festgestellt. Es war nun
interessant festzustellen, wie sich die Anderung des Basenmus-
ters in den Nucleinsiuren in der Aminosinre-Zusammensetzung
des davon abhidngigen Proteins dussert. Das geeignetste Objekt

l20] Sclhivamm - pag. 6
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fiir derartige Untersuchungen ist wiederum das TMV, da hier
die Amincsiurezusammenselzung des gesamten Proteins be-
kannt ist {41, 42]. Umfassende Versuche von Wirrtmany [43]
ergaben, dass bei einer grossen Anzahl der durch Nitrit erzeug-
ten TMV-Muatanten die Aminosaurezusamnmensetzung des Pro-
teins verdndert ist. Jedoch wurden auch Mutanten gefunden,
die sich biologisch vom Ausgangsstamm unterscheiden, jedoch
keinen Unterschied in der Proteinzusammensctzung aufweisen.
Hieraus kann man den Schiuss ziehen, dass die RNS des TMV
nicht nur die Synthese des Virusproteins kontrolliert, sondern
auch noch andere Funktionen ausibt. Zur vollstindigen Entzif-
ferung des Nucleotidcodes [44] ist es notwendig, weitere che-
mische Reaktionen zu entwickeln, die moglichst spezifisch wir-
ken, dh. jeweils nur ein bestimmtes Nucleotid verindern. In
unserem Institut wurde von SCHUSTER [45] die Wirkung des
Hydroxylamins untersucht. Dieses reagiert spezifisch mit den
Pyrimidinresten, die unter Spaltung des Ringsystems aus der
Nucleinsiurekette eliminiert werden. Die Reaktion ist insofern
spezifisch, als Cytosin bei pH 6 etwa 3omal schneller reagiert
als Uracil, wihrend bei pIl ¢ die Verhiltnisse umgekehrt lie-
gen. Niir die Verinderung des Cytosins fihrl zu einer Mu-
tation. Hydroxylamin wirkt auch bei ruhenden Phagen Teil-
chen mutagen [46]. Frepse [47] untersuchte daneben auch
noch eine Reihe weiterer mutagemer Agentien bei Phagen.

Die Chemie ist also durchaus in der Lage, dem Biologen
verschiedenartig modifizierte genetisch wirksame Nucleinsiiuren
sur Verfiigung zustellen. Chemische Umsetzungen an der Nu-
cleinsiuren, die zu einer Inaktivierung oder Mutation fiihren,
haben auch praktische Bedeutung bei der Herstellung von Vi-
rusvaccinen [48].

[20] Sechrama - pag. 7
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VERSUCHE %ZUR CHEMISCHEN SYNTHESE VvON NUCLEINSAUREN

s ist ein schr verlockendes Ziel, neben der Abinderung
der natiirlichen Nucleinsiuren Verfahren zur Totalsynthese
neuer Nucleinsiuren aus den Nucleotiden zu entwickeln. Na.
tiirlich bedeutet die Verkniipfung von vielen 1ooo oder 100.000
Nucleotiden in einer ganz bestimmten Reihenfolge ein dusserst
schwieriges PPreblem. Wird es dem Chemiker gelingen, diese
Synthese, die die Natur stindig mit grosser Sicherheit voll-
fithrt, im Reagenzglase nachzuahmen? Mir scheint dicses
Problem nicht so unlésbar, wie man im ersten Augenblick den-
ken sollte, In der Zelle erfolgt die Synthese einer neuen Nu-
cleinsdure nach ciner Art Abdruckverfahren an der Oberfliche
einer bereits bestchenden Matrize. Dieses Abdruckverfahren
kann bereits bis zu einem gewissen Grade mit Hille spezifischer
Enzyme im Reagenzglas nachgeahmt werden, KorNBERG [49]
und Mitarbeiter fanden, dass die Synthese hochmolekularer
DN5 mit Hilfe ven DNS-Polymerase unter Beniitzung ciner
DNS-Matrize méglich ist. Die Zusammensetzung der neu ge-
bildeten Nucleinsiiure wird hierbei durch die Nucleotidsequenz
der Matrize bestimmt [50]. Von Wrerss und Nagamoro [5r]
und von Ocuoa et al. {52] wurde ein Enzym gefunden, das in
Gegenwart einer DNS-Matrize eine spezifisch zusammengesetzte
RNS bildet und von Reppr [53] ein solches, das eine RNS-
Matrize bendtigt, um RNS zu synthetisieren. Wenn auch in
keinem dieser Ifdlle bisher eine genetisch aktive Nucleinsiure
gewonnen wurde, so ist dies vielleicht mehr methodisch als
grundsiitzlich bedingt. Auf jeden Fall zeigen diese Versuche,
dass es auch im Reagenzglas gelingt, die Verkniipfung von
Nucleotiden durch eine Mafrize zu stevern. Die Synthese einer
aus 0.000 Nucleotiden bestehenden RNS wire unméglich, wenn
man gezwungen wire, 6.000 einzelne Schritfe hinfereinander
durchzufiihren. Unter Beniitzung einer geeigneten Matrize sollte
es aber grundsitzlich méglich sein, eine spezifische Polymerisa-
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fion in einem Schritt durchzufithren, um eine genctisch aktive
Nucleinsiure zu erhalten,

Die chemische Synthese der Nucleinsiuren lasst sich dem-
nach in zwei Teilprobleme zerlegen. Zunichst muss eine Reak-
tion gefunden werden, dic es gestattet, Nucleotide zu hochmo-
lekularen Polynucleotiden zu kondensieren und zweitens muss
gepriift werden, ob es auch gelingt, diesen Polymerisationspro-
zess durch Zugabe von Nucleotid-Matrizen zu beeinflussen.
Zusammen 1nit meinen Mitarbeitern Grérsca und POLLMANN
haben wir in der lefzten Zeit recht vielversprechende Erfolge
erzielt [54]. Wir haben hiernach unser Ziel sogar noch etwas
weiter gesteckt, indem wir versuchten, bei der Nucleosid-Syn-
these direkt von den Zuckern und den Basen auszugehen. Es
gelang uns eine neuartige Nucleosid-Synthese auszuarbeiten
und nach Phosphorylierung diese zu hochmolekularen Poly-
nucleotiden zu kondensieren. Im Rahmen dieses V ortrags muss
ich mich darauf beschrinken, die wesentlichen Grundziige
darzustellen. Bei der Verkniipfung eines Zuckers mit einer hete-
rocyclischen Base kommt es daranf an, die acetalische OH-
Gruppe am C; durch einen geeigneten Substituenten so zn
lockern, dass cin Ersatz dieses OH durch das N-Atom einer
Base leicht vor sich geht. Fir diese Aktivierung beniitzt die
Natur Phosphat-haltige Gruppen. So erfolgt #.B. die enzyma-
tische Synthese der Nucleoside entweder fiber Ribosyl-Phosphat
oder Pyrophosphat. Es gelang uns nun, diese enzymatische
Synthese nachzuahmen, indem wir Ribose mit Polyphosphor-
siureester (PPE) behandelten. Hierbei bildet sich cine alktive
Zwischenverbindung, die mit Adenin zu Adenosin umgesetzt
werden kann. Durch Variation der Zucker und der ba-
sischen Komponenten lassen sich cine ganze Anzahl verschie-
dener Nucleoside darstellen {siche Tabelle 3).

Bei diesen Reaktionen handelt es sicht also um die Aldi-
vierung der Carbonylgruppe monomerer Zucker. Wir fanden
nun, dass als Ausgangsmaterial auch hochomolekulare Kohlen-
hydrate mit freier Aldehydfunktion verwendet werden kénnen.
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Von CHarRGATY [55] und anderen wurde gezeigt, dass es in
saurer Lisung gelingt, aus DNS die Purinreste zu entfernen
und zu einer Apurinsiure zu kommen, in der also die Aldehyd-
gruppen der DNS teilweise in freier Form vorliegen. Die Dar-
stellung dieser Apurinsduren wurde genau studiert uand die
Hydralysenkonstanten sowohl {fir die glycosidische Bindung
als awch fiir die Phosphatbindung quantitativ gemessen [56].
In der DNS erfolgt die Abspaltung der Purinreste etwa 120mal
so schnell wie die Spaltung der Phosphatbriicken, so dass ein
grosser Teil der Basen chne Verdnderung der Kettenlinge ent-
fernt werden kann. Wird nun ecine derartige Apurinsiure in
Gegenwart von PPE mit Adenin behandeit, so werden die freien
Aldehydgruppen wieder quantitativ besetzt. Durch IHydrolyse
und anschliessende Charakterisierung der Produkte dberzeug-
ten wir uns davon, dass bei dieser Resynthese wieder die rich-
tige sterische Konfiguration erhalter: wird. Anstelle von Adenin
kénnen auch eine Reihe anderer Basen cingebaut werden. Um
die Einbauraten zu messen, verwandien wir radioaktiv mar-
kierte Basen. Aus Tabelle 4 geht hervor, dass der Einbau der
Pyrimidine langsamer vor sich geht als der der Purine, dass
aber im Prinzip auf diesem Wege ein rsatz der Purinreste
durch Pyrimidinreste mdglich ist. Es 6ffnet sich hier alse ein
Weg fir die Herstellung ciner grossen Anzahl verschiedenarti-
ger Nucleinsduren. Die Resynthese kann auch in Gegenwart
von Wasser durchgefithet werden. Es sind zur Zeit Versuche
im Gange, durch einen derartigen Basenaustausch mutagene
Anderungen an verschiedenen Nucleinsiuren durchzufiihren,
Mit Hilfe von PPE gelang uns schliesslich auch die Total-
synthese von hochmolekularen Nucleotiden aus monomeren
Nucleotiden und Nucleosiden. Die Polymerisation der Nucleo-
fide wurde schon in vielen Laboratorien versucht, doch wur-
den nur Oligonucleotide bis zu einem Polymerisationsgrad von
7-10 in sehr kleinen Ausbeuten erhalten [57, 58, 59]. Nach-
dem sich PPE bei der Aldtivierung der acetalischen OH-Gruppe
so bewahrt hat, beniitzten wir dieses Reagenz auch zur Aktivie-
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rung der sekundidren Phosphatgruppen. Wir erwirmten die
Nucleotide in Gegenwart von PPE fiir cinige Stunden aunf 50°
und erhielten in guten Ausbeuten Polynucleotide mit einem
Molgewicht von etwa 20-50.000 (siche Tabelle 5). Es ist be-
merkenswert, dass auch die empfindlichen Desoxyribonucleo-
tide, wie z.B. die Thymidylsiure glatt polymerisiert werden
kdnnen. Verschiedene Versuche sprechen dafiir, dass diese auf
chemischem Wege gewonnenen Polynucleotide den auf natiir-
lichem Wege entstandenen Polynucleotiden zumindest schr
ihnlich sind. Auf elektronenmnikroskopischen Aufnahmen der
synthetischen Polyadenylsiure beobachtet man lange Fiden
wie bei der natiirlichen RNS. s zeigt sich, dass die Polymeri-
sation im wesentlichen linear verliuft und unter Umstinden zu
schr hohen Molgewichten fithren kann. Abbauversuche mit En-
zymen zeigen, dass zumindest tiberwiegend die natiirliche
3’-5’-Konfiguration erhalten wird. Die synthetischen Ribo-
nucleotide werden durch Ribonuclease weitgehend abgebaut,
soweit sie Pyrimidinreste enthalten. Synthetische Poly-Adenyl.
sdure wird durch die von caMr [60] hergestellte Ribonuclease
bis zu 70%, gespalten. Da dieses Enzym sehr spezifisch ist und
nur 3/-5’-Bindungen angreift, kann man schliessen, dass die
Zahl der « falschen » Bindungen gering ist. Alle Priparate
zeigen einen hohen Hyperchromic-Effekt, wie er fiir hochmo-
leculare Nucleinsiuren typisch ist. Mischungen der synthetischen
Poly-Adenylsiaure mit Poly-Uridylsdure geben eine starke Er-
niedrigung der Extinktion durch Bildung eciner Doppelhelix,
wie es von RicH et al, [61] fir die enzymatisch hergestellte
Polyadenylsiure und Polyuridylsiure beobachtet wurde. Es ist
liberraschend, dass mit dieser einfachen Methode synthetische
Polynucleotide erhalten werden konnen, die den natiirlichen
sehr dhnlich sind. Ein wesentlicher Unterschied hesteht aller-
dings darin, dass unsere synthelischen Produkte eine zuofalls-
missige Anordnung der Nucleotide zeigen, wihrend die na-
tiirlichen eine spezifische Sequenz der Nucleotide besitzen.

20 [20% Schrawun - pag. 17



Der niichste Schritt wire nun zu pritfen, ob es méglich
ist, durch Zugabe von Matrizen den Verlauf der Polymerisation
zu lenken. Dic ersten Vorversuche hierzu verliefen positiv. Es
gelang uns zu zeigen, dass die Polymerisation von Utridylsiure
zu Polyuridylsiure in Gegenwart von Poly-Adenylsiure bis
auf das 1o fache beschleunigt wird, Wie in der Zelle begiin-
stigt also die Anwesenhbeit des cinen Strangs die Polymerisa-
tion des dazu komplementiren. Wir hoffen also, ein einfaches
Modellsystem in der Hand zu haben, mit dem wir die natirli-
che Entstehung der Nucleinsiuren wenigstens zu einem gewis-
sen Grade nachahmen konnen. Es ist hervorzuheben, dass die
von uns angewendeten Reaktionsbedingungen so einfach sind,
das sie im Laofe der Frdgeschichte auch durchaus spontan
eingetreten sein kénnen. Durch sorgfiltige kinetische Messun-
gen wird es vielleicht méglich sein, cine experimentell gut fun-
dierte Theorie iiber die Entstehung selbstvermehrungsfihiger
Systeme in der Natur zu entwickeln.

TasrrLre I

RNSViren infekiifse Moigew. der RNS
KNS in 108

PrLANZENVIREN

sphirische . . . . | + 2
stibchenformige . +
TIERVIREN

Naniviren

Maul u.-Klauenseuche . + 2
Entero . . + 2
Rous-Sarkom . . .+ (9)
Influenze . . . . | — 2
Parainfluenze . . | — 32

- BARTERIENVIREN
RNS-Phagen . . . . ¢ ?

[20] Schramm - pag. 12
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TaseLizn 11

DNSViren infektidgse Maolgew, der DNS
DNS in 10¢
Papitlom 4 3
IPolyorna + ?
Adeno ? P
Pockenviren ? 200
Polyederviren —- 40
Bakteriophagen X 174 4+ 1,5
T, - 130

TaseLre I1I

Synthese von Nucleosiden il Polyphosphorsiureester

Ribose -+ Adenin -«

Desoxyribose + Adenin

Fuctose + Adenin -~

N-Acetylglucosamin + Adenin —

e Adenosin

(42, 3"-Adenocsinphosphat

-~ Desoxyadenosin

4

Fructosyladenin

i

N-Acetylglucosaminyladenin

(20} Sehramm - pag. 13
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TappLLE IV

Incorporation von ,C-Basen in dpurinsiure mil Polyphosphor-
saureester bet 37°C in Dimethylformamid

Base Einban Zeit

%, I
Adenin . . . . . . . . g6 24
Guanin . . . . . . . . 40 24
Orotsdure .. . . . . . . 40 24
Thymin . . . . . . . . 5 48
Urgell . . . . . . . . 8 48

TABELLE V

Synthese von Polynucleotiden

Su [“ﬂ]v MG Hyperchronzic
Poly-A 2,5 25 21.000 37%
Poly-C 2,0 23 15.000 16%,
Poly-G 2,9 28 28.000 28Y%,
Poly-U 4,0 35 50.000 20%,
Poly-T 2,3 24 18.000 A7%

T20} Sehrenon - pag. 14
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DISCUSSION

FRAENKEL-CONRAT

The question is raised as to whether the RNA polymerisation
reaction described by Professor Scuramar is sufficiently specific in
terms of 35" linkages, and scquence, to justify its consideration
as a means for the synthesis of genetically active RNA.

SCHRAMM

NirerpirG and MartHakr (1) have shown that synthetic ribo-
nucleic acids prepared by enzymes are active in controlling protein
synthesis in cell free systems.  Studies are in progress to find out
whether our synthetic products are also aclive in this synthesis,

THEORELL

Is there a physical meaning of « molecular weight » of filamen-
tous particles as judged only from sedimentation constants?  The
figures given in one of your tables scem to fix to globular proteins
rather than to fibers of RNA, 1 think there is no correlation what-
soever between sedimentation constants and molecular weights in

your case.

SCHRAMM
You have to consider that the shape of ziborucleic acid molecules
is depending on the ionic strength of the medium. Therefore, we

(Y Proc. Natl. Aegd. Sci., g7, 1580, a. 1588, 19061,
47 :

f201 Scheanni + pag. 07
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observe filamenis in the cleclren microscope since these specimens
are salt frec, whereas the sedimentation and viscosily measurements
are made in solutions of high ionic strength to avoid electrostatic
effects, Under these conditions the ribonucleic acid molecules are
coiled,

Liryann

Is any intermediary formed, ie. can one isolate any phospho-
rylated intermediary? The action of the polyphosphate ester in poly-
nucleotide synthesis from mononucleotides is that of a condensing
agent regarding the end product, bul one might assume that an
intermediary phosphorylation product in 3° position of the ribose
forms and is dispiaced by the 5° phosphate of the nucleotide that
elongates the chain,

SCHRAMM

The nature of the intermediary phosphorylation product is not
known as yet,

TrsrLIvs

I think that one must agree that the defermination of mole-
cular weights of all nucleic acids as a whole is an extremely difficult
problem and that we do not know actually as well as most people
believe the exact values for the molecular weights. I think that
perhaps the most valuable method is the one by Hascuir and his
collaborators, where they count the rays from the radioactive atoms.
But, in eonnection with that work, T think they have just emphas-
Jized how unsatisfactory the previous methods — in particular the
ultracen{rifugations - have been in this field and also, as Pro-
fessor Trrorery pointed out, with these filamentous molecules the
centrifugation methods breaks them down some time.

SCHRAMM

It is true that the determination of the molecular weights is
difficult for desoxyribonucleic acids having a molecular weight of

[20] Seliramm - pag. 18
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more than 10.108 {!}. These rigid and elongated molecules can be
disrupted by the shear forces arising during normal handling of
the solations. In that casc autoradiography is useful. The molecular
weights of our synthetic products are much lower and can be de-
termined by the normal methods, This is evident from many studies
of tebacco mosaic virus ribonucleic acid {molecular weight 2.108)
and other well known substances,

Ricn

I think the fact tlrat these synthetic polymers combine, implies
that if there are 3" and 2’ linkages, they are unlikely to be there at
random. They may be there in the form of a block copolymer,
and the 3-5' block links are combining. One could very well have
a situation where part of the chain is combining and part of it is
not. But from a stereochemical point of view. I think it is rather
unlikely that a random chain of 3" and 2’ links would be able to
combine,

SCHRAMM

This is a very interesting statement, Of course, besides com-
bination experiments we have to apply other methods to find aul
the amount of unnatural 2°-3" linkages,

(") New lterature: Eionpr, Scmimpkraur, and Dovy, Biochkimice ef Bio-
physica Acta, 55, 13, Tghz.

{20] Schramm - pag. 19



THE BIOLOGICAL ROLE
OF PHOSPHOPROTEINS

N. SILIPRANDI

Istituto di Chimica Biclogiea dell' Universita di Padova, TPadova (Italia)

In spite of their nbiquity in tissues phosphoproteins have
ben scarcely studied for their chemical structure and biological
function. This was mainly due to an undervaluation of their
biological role: their abundance in the growing tissues and in
some peculiar aliments, such as miltk and eggs, suggested in
fact that they simply represent a storage for phosphorus and
aminoacids. This hypothesis is not consistent, however, with
the very fast turnover of P* in phosphoproteins.

More interest in phosphoproteins arose from the BurngrT
and Kesneny's results [1], which efforded the first direct
evidence of the enzymatic phosphorylation of a protein sub-
strate.  Burmert and Kesnepy demonstrated that casein is
phosphorylated by an enzyme present in liver mitochondria,
the « protein phosphokinase », and they put forward the hypo-
thesis that phosphoproteins may function by cyclic phosphoryl-
ation and dephosphorylation of their serine residues.

This was later demonstrated by Rasmowirz and [Lip-
MANN [2]. Using a protein phosphokinase free of myokinase
and ATPasc activity, these Authors were able to prove the
reversibility of the reaction between ATP and phosphoproteins
(phosvitin and casein). This important finding indicates that

[21] Siliprandi - pag. 7
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the energy potential of phosphory! groups in phosvitin should
not be far below that in ATP. On the other hand the phosphate
groups in phosvitin, as well as in other phosphoproteins, are
esterificd with monoester bond.  This is supported by the
finding that on pretreatment with phosphodiesterase from
snake venom, subsequent incubation with prostate phosphatase
releases the same amount of inorganic P as with the enzyme
alone.  Furthermore no acid labile P is present in phosvitin,
On the other hand WrLLiams and SangEr [3] found that
phosphoserine is present in phosvitin and in casein in blocks
of four or more units in a row. Rapwowirz and LiIPMANN
attributed to this situation a particular importance in connee-
tion with the potential energy of the csterified phosphate.

All these observations concern phosvitin and casein, which
can be regarded as foreign proteins in respect to the living
cell machinery.

Therefore we have considered interesting to sce if an endo-
genous cellular phosphoprotein retains in its structure the sa-
me phosphorylserine blocks as phosvitin and casein. In the
positive case it would appear much more likely that these
blocks are active sites in the cellular metabolism.

From the EnrLicH tumor cells, incubated with P32, we
have purified, as far as we were able, the phosphoproteins and
we submitted their acid hydrolysis products to paper electro-
phoresis in 209%, formic acid. At this pH (1.5) the carboxyl
groups of peptides are uncharged and, uniess they carry the
strongly acidic phosphate groups, peptides are positively
charged and move towards the cathode.

The electrophoretic pattern we obtained is very similar to
that obtained with phosvitin and casein by WiLLiAMs and
SANGER [3] and by us in paralle] experiments. -Submitting the
same hydrolysate to column eclectrophoresis, more consistent
amounts of the same fractions were ohtained. After further
hydrolysis some of these fractions proved constituted by blocks
of several phosphorylserine residues. Hence the peculiar se-

{21} Siliprandi - pag. 2



SHMAINE D'ETUDRE SUR LES MACROMOLEC

ES D'INTERET BIOLOGIQUE 317

quence in phosphoproteins from Enrricu cells is very similar,
if not identical, to that found in phoesvitin and casein.

As regards the Dbiological role of phosphoproteins it is of
great importance the very recent work of Anmep and co. [4].
These Authors, who previously demonsirated that mito-
chondrial contraction, which is an enzymic event, and protein
phosphorylation are closely associated, give evidence that
phosphoproteins may accept P not only from ATP but also
directly from some component of the oxidative phosphoryl-
ation system. TIn particular they showed that Benadryl, an
antihistaminic drug, inhibits the mitochondrial phosphopro-
teins turnover by 60-80%, while it does not affect P32-ATP
exchange reaction nor oxidative phosphorylation process. A
possible mechanism which explains such a result might be the
tollowing:

XeP + ADP —o—os ATP + X
| !
|
¥
protein - protein P+ ADP

from which it appears that the phosphorylation of protein is
partly dependent upon the protein phosphokinase reaction, as
shown by Burnerr and Kennepy [1] and by RABINOWITZ
and Lipmann [2], and partly connected with a shunt reaction
alternative to the classical final reaction of the oxidative phos-
phorylation.

This metabolic process opens the opportunity of investigat-
ing if some cellular function, for instance nucleic acid turnover,
is affected by Benadryl, which inhibits the phosphorylation
of proteins without affecting the ATP production.

Furthermore this reaction gives additional value to the Ra-
pivowiTz and LipMANN observation [2] that phosvitin can
accept phosphoras from ATP only if not completely dephos-
phorylated. It is probable that in the cell the phosphorylation

(213 Siliprandi - pag. 3
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of protein through phosphokinase mechanism must be preceded
by the shunt rcaction shown in the above scheme,

Important contribution to the knowledge of metabolically
active sites in phosphoproteins will derive by the resolution
of phosvitin and casein fragments mixture, which was found
by RaBmowitz and Lrpmann {21 still active in phospho-
transferase reaction and in testing the possible reversible
phosphorylation, at mitochondrial level, with synthetic polymer
of serine.
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Karcuarsxa

. Professor Sivipranpi, can you describe in somc greater detail
the composition and structure of the phosphopeptides which you
have isolaled?

SILIPRANDI

'~ Phosphopeptides, we have isolated from phosphaproteins of the
Exrricy tumor cells, consist of phosphorylserine, glutamic and (or)
aspartic acid in different reciprocal ratio; for iustance: ser P - ser
‘P - glat - ser P. or ser P - ser I - ser PP - aspart, and o on. In any
case phosphorylserine is the main component of cellular phospho-
peptides, being the other one of the two dicarboxylic acids.

Phosphoryiserine blocks (ser-P),, or (ser-P),, previously found in
typical phosphoproteins such as phosvitin and casecin, have not been
isolated from cellular phosphoproteins.

KATCHALSKI

In conneclion with the paper presented it might be of interest
to recall some of the chemical propertics of a seryl residue. In
strong acid serine peptides are known to undergo an N— O acyl
shift. In the presence of alkali C-phosphoseryl derivalives as well
as other'()—seryl derivatives can undergo a §-elimination reaction
leading to the formation of the corresponding dehydroalanyl deriva-
tives. Ifurthermore, our recent findings suggest that optically active
seryl residue racemize in allali more readily than hitherto assumed,
These findings should be borne in mind while treating phospho-

Te1] Siliprandi - pag. §
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proteins with acid or base, since the above chemical changes mignt
affect also the secondary and tertiary structure of the protein.

The experiments of Professor LipmanN as well as those of Profes-
sor SiLrrrannI indicate that some of the O-phospho-links present in
phosphoproteins are energy rich bonds.  Since monomeric O-pho-
sphoserine is rather stable, it would be most desirable to determine
the factors responsible for the activation of the phosphate in pho-
sphoproteins such as phosvitin and casein. Neighbouring groups,
as well as the secondary structure of the peptide backbone shouid
e considered in this connection. Aayhow, I feel that at this stage
it would be most desirable to investigate the chemical and physical
chemical propertics of various O-phosphoseryl containing poly-
peptides.

SILIPRANDI

It is of course much desirable to investigate the chemnical and
physical chemical properties of various O-phosphoseryl containing
polypeptides, especially of those which, possibly, refain the pro-
perty of a reciprocal transphosphorylation with ATP. Up to now
it has not been possible, however, to isolate any definite phosphopep-
tide retaining such a property.

CHANTRENNE

There is one point, may be an important one, that I have missed
What is the evidence you have for a direct phosphorylation of the
protein without going through ATP? I didn't exactly see the point,

SILIPRANDI

There is not a direct evidence for an ATP independent phospho-
rylation of phosphoproteins, However, such a possibility appears
reasonable on the basis of the finding of AumED and coworkers (1)
that Benadryl inhibits phosphoprotein turnover by 60-80%, without
appreciably affecting P3-ATP exchange and the efficiency of
oxidative phosphorylatian. .

(1) Naiure, rgr, 1300, 16061,
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THE MOLECULAR MECHANISM
FOR
TRANSCRIBING GENETIC INFORMATION (*)

S. SPIEGLELMAN
Department of Microbiology, University of Illinois, Urbana, I1l. (U.5.A)

I. IntTrRODUCTION: NATURE OF THE PROBLEM

The essence of the dogma, so acceptable to our time, can
be briefly summarized by the following familiar diagram:

DNA ——rrmeee -+ RNA - Protein.

Here, the arrows are meant to indicate flow of information.
The presumption is that the genetic information coded in the
base sequence of DNA is ultimately transerihed into the amino
acid sequence of protein via a polyribonucleotide intermediary.
It is the primary purpose of the present paper to focus aften-
tion on the first step in this chain of events.

The simplest imaginable transcription mechanism one can
propose would suggest the synthesis of complementary RNA
copics of the DNA. The RNA so formed would mimic the base
ratio of its parental DNA providing one of the two following
conditions was safisfied.

{*} This investigation was aided by grants in aid from: The U. S. Publie
Health Service, National Seience IFoundation and The Office of Naval Re-
search,

21 [z2] Spicgelinan - pag. x
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a) Both strands of the DNA are emploved as templates for
complementary RNA gynthesis, or

b) The over-all base composition of the two complementary
strands of DNA are the same or nearly so.

Comparison of the base compositions of the total RNA
amongst bacteria of widely differing DNA compositions does
not encourage the belief that a major proportion of the cellular
RNA is analogous to its homologous DNA. Ixamination of
the principal RNA molecular species reveals a surprisingly uni-
form picture amongst rather unrelated organisms. Three major
components are universally found which are distinguishable
by their sedimentation constants {235, 165 and 45). The 235
and 16S varieties have the same basc compositions, are found
in the ribosomes (KUrLamp, 1¢60) and constitute approxima-
tely 859% of the total RNA of the cell. The 45 variety has, in
general, a different base ratio and is found in the supernate or
« soluble » fraction.

Thus far none of the three major components have exhibit-
ed any detectable correlation in their base ratio with the DNA
composition of the cells from which they are derived. This is
llustrated in Fig. 1 with respect to ribosomal RNA. Fig. 1
reproduces BELOZERSKY's (1950) relative plot of total RNA
base composition (open circles) versus homologous DNA and
includes as solid circles data on ribosomal RNA (2354 165)
obtained from D. pnewmoniae, and M. lysodeikticus {WOESE,
1961}, E. coli, Ps. aeruwginosa and B. megaterium (HayAsHI
and SPEGELMAN, 1961). Although the information on ribo-
somal RNA is still scanty, the five samples available do derive
from organisms which extend over a considerable portion of
the GC range of DNA base composition. Nevertheless, the
ribosomal (G+C/A+U) ratios fall within rather narrow li-
mits and show no correlative tendency. Such data suggest that
the comparatively slight correlation established by BELOZERSKY
and his co-workers between bulk RNA and homologous DNA

[=2] Spiegelman - pag. 2
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is to be ascribed to a small fraction of the cellular RNA. i,
thercfore, hope is to be retained for the existence of the simple
transcription mechanism proposed above, it will have to be
assumed that a quantitatively minor component of the RNA is
involved in transferring information from DNA to the protein
synthesizing machine. From the viewpoint of such considera-
tions, the normal cell would not appear to represent ideal
material for the initial search for the RNA which programs
profein synthesis.

Several years ago my colleagues and I decided to turn our
attention to the virus infected cell. The bacterial-virus com-
plex possessed a number of obvious attractive advantages for
the experimental analysis of the relations amongst DNA, RNA
and protein. In the first place, the data accumulated over the
past 15 years suggested that infection of bacterial cells with
virulent viruses is followed by a restriction of protein and
nucleic acid synthesis to a comparatively small class of macro-
molecules relevant to the formation of viral components. Se-
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cond, and more important, were the experiments of VoOLxINn

and ASTRACHAN (1956) who demonstrated the incorporation of

P** into an RNA fraction which was distinguishable by its

apparent base ratios from the bulk of the host’s RNA. These

ratios were determined by estimation of the relative P** content
of the corresponding 2’-3" nucleotides isolated from an alkaline
hydrolysate of RNA from infected cells, Of greatest interest
was the fact that the numbers so obtained appeared to mimic
the DNA base ratio of the infecting particle. Here, we have
the first suggestion of a complementary RNA which could play
an informational role in the synthesis of a particular class of
proteins., The intriguing implications of these observations
made it mandatory that they be extended in several directions.

The existence of an RNA peculiar to virus infected cells
is inferred from the VOLKIN-ASTRACHAN experiments solely on
the basis of the distribution of isofope amongst the four nu-
cleotides. In the absence of further infornation, it was pos-
sible to interpret these results in terms of unequal pool labeling
and other conceivable complications, It was clearly of import-
ance to provide independent cvidence in support of their in-
ference. The unequivocal proof of the existence of a « T2-spe-
cific » RNA would immediately generate a host of new experi-
mental possibilities, As a convenient guide to the following
discussion, we may set down the questions which stimulated us
to the performance of the experiments we will describe.

1) Is it possible to effect a physical separation of the RNA
formed subsequent to Tz-infection and thus provide proof
that « Tz-specific RNA » exists?

2) What relation, physical or other, does the Tz-specific RNA
have to the normal RNA containing components of the cell?

3) Is the similarity of base ratios between T2-RNA and DNA
a reflection of a more detailed identity iu terms of base
sequences? More specifically, are they complementary?

L22] Spicgelman - pag. 4
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4) Can one find evidence of naturally occurring RNA-DNA
complexes predicted by the assumption that RNA comple-
mentary copies are the normal intermediates in the flow in
information from the genome?

5) Does a similar type of complementary RNA also exist in
normal non-infected celles?

It will be noted that the posing of each question makes
sense only if the preceding one has been answered in the affinin-
ative, We now undertake to describe the nature of the expe-
riments which led us to these conclusions.

IT, Puysical Proreaties anND LocaTioN or Tz-Srrciric RNA

Nomura, HaLL and SPIEGELMAN (1960) undertook to obtain
infornation pertinent fo the first two questions raised. In
addition to radioactive labeling, two techniques were used in
this investigation to examine the nature of the RNA synthesized
foHowing infection with T2. One, involved zone electrophoresis
through starch columns (RoTman and SPIRGELMAN, 1954). The
other, employed centrifugation through linear sucrose gradients
developed by BrITTEN and RoBerTs (1960). These procedures
were used to examine isolated ribosomes and purified RNA
prepared from ribosomes by the phenol procedure of GIERER
and ScurAMM (1056). The data so obtained should detect
differences in size, electrophoretic mobiiity and degree of asso-
ciation with ribosomes.

An examination was first made of the distribution of RNA
synthesized subsequent to Tz-infection. Here, care was exer-
cised to use cell bl‘eakage and extraction conditions which in-
sured integrity of the ribosomes. It was found that with such
methods most (63%) of the newly synthesized RNA was ri-
hosome bound. However, the associaiion of the new RNA
involved a linkage which was much more labile to low Mg
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concentrations than that which characterizes normal riboso-
mal RNA.

This is illustrated in Fig. 2 which describes the results of
electrophoresis experiments of ribosome fractions obtained from
Tz-infected cells. In these experiments, free ribosomal RNA
was included as a marker and is represented by the leading
peak of the optical density profile. It will be noted that at
5x10~* M Mg** the bulk of the newly synthesized RNA (P
labeled) travels with the ribosomes although there is some ap-
parent dissociation evident even at this level of magnesium.
When the magnesium concentration is lowered to Tx 7104 M
most of the radicactive RN/ leaves the ribosomes and travels
as free RNA. Under similar ¢onditions, no detectable separa-
tion of normal ribosomal RNA from the nucleoprotein particles
can be detected.

Most significantly, it will be noted from the lower half of
Fig. 2 that the liberated labeled RNA moves faster than the
added carrier /. coli RNA. This difference in electrophoretic
mobility provided the first evidence that the RNA synthesized
in a Tz-infected cell was indeed a distinct entity which could
be physically separated frem the bulk of the pre-existent ribo-
somal RNA. This property was examined in greater detail
with purified RNA isolated by the phenol method. Fig. 3 com-
pares the results of an electrophoretic analysis of ribosomal
RNA prepared from Ta-infected and control cells subjected to
% pulses of the same duration. It is clear that virtually all
of the RNA synthesized in the Tz-infected cell possesses a
higher electrophoretic mobility. TIn the case of the non-infected
cell, the major proportion of the RNA synthesized possesses
a mobility very similar to that of the non-labeled pre-existent
ribosomal RNA.

Another difference between normal and infected cells
emerged when ribosomal RNA synthesized during short (3
min.) P¥# pulses was examined by centrifugation in linear suc-
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Fig. 2 — Starch column electrophoresis of the ribosome fraction of Ta-

infected cells. a) Electrophoresis in 0.03 M-iris, pH 7.8 with 5x10™% M Mg**
after 3 hr. dialysis against this solvent. Dwration of run - vz hr. at
8.0 v/cm; 11 ma, b) Klestrophoresis in 0.03 M-tris, pH 7.8, xx o™t M Mg**
after 24 hr. dialysis against this solvent. Duration of run - 13 hr. at
6.0 viem; 4 ma. Ribosomes used in this experiment came from Tz-infected
cells exposed to P# betwsen 5 and 7 min. after infection. E. coli particle
RNA (prepared by the phenol method) was added as a marker just before
clectrophoresis.  Affer elution of cach fraction from starch OI} at 260 my
was measured; then the acid inscluble P which was solubilized by RNAase
was counted (counts/min, curve).
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Fig. 3 — Starch column electrophoresis of P% ribosome RNA. @) RNA {rom
Tz-infected cells, given P* hetween 5 and % min. affer infection, ) RNA
from control cells given a 2 min. P pulse. In each case, electrophoresis
was carried out for xo hr. at 8.0 v/em, 6 ma in 0.03 M-trig buffer, pli 7.8,

rose gradients. Fig. 4 compares the profiles obtained in the
two situations. The first peak in the optical density profile
corresponds to the 235 component and the second to the 168,
The striking difference between the infected and control pulses
is that little, if any, of the RNA synthesized in the Tz-infected
cells corresponds to the two main ribosomal components. There
is very litfle concordance between the O.D. and radioactive

[z2] Spiegelman - pag. 8



SEMAINE D'ETUDE S$UR LES MACROMOLECULES D’INTERET BIOLOGIQURE 329

50
25
1
E
2 —
N E
a z
L&) (53
~|200
100
= 1 I I !
5 10 15 20

FRACTION NUMBER —

16, 4 — Sedimentation of P* particle RNA., a) RNA {rom Tz-infected
cells, exposed to P¥ between 5 and 7 min. affer infecticn. ) RNA from
the control cells given a z-minute P¥ pulse. o.25 mpg RNA in 0.03 M-tris
(pH 7.8) were layered on 4.4 mi. of sucrose solution, with a concentration
gradient from 3 to 20%. This was cenlrifuged for 8 hr. at 37,000 rev/min,
Fractions were collected by piercing the lower end of the tube and collecting
yo-drop fractions. To each fraction 1 ml. 0.03 M-tris buffer was added;
optical densily at 260 my, and P* content were then measured.
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profiles in the 23S and 16S regions. Most of the RNA formed
subsequent to Tz-infection appears to possess, by these methods
of isclation, a sedimentation lying between 8 and 125. In the
non-infected control we note a considerable formation of RNA
characteristic of the 23S and 16S varieties. It must, however,
again be emphasized what is clearly evident from the two sets
of curves of TFig. 4. The synthesis of the smaller size of RNA
is wot unmigue to the virus infected cell. The short P¥-pulse
(Fig. 4-6) readily reveals its existence in the uninfected con-
trols.  These experiments reveal that the essential effect of
infection with virus is a preferential suppression of 235 and
165 RNA synthesis, .

In summary then, the experiments just described establish
the existence of a Tz-specific RNA as a physically separable
entity. The features which serve to distinguish it from normal
ribosomal RNA may be listed as follows:

a) a Dbase ratio homologous to the viral DNA,

b} metabolic instability,

¢} a higher clectrophoretic mobility,

d) a greater heterogeneity in size with an average sedimenta-
tlon constant lower than 16S,

ITI. SeQuENCE COMPLEMENTARITY OF T2-DINA anD Tz-SPECI-
FIcrty RNA

The procedures employed (zone eclectrophoresis and sedi-
mentation) in the investigations just summarized led to the
selective separation of Taz-specihic RNA. They, therefore,
opened up the possibilities for further experiments relevant to
an understanding of its nature. The fact that T2-RNA pos-
sesses a base ratio analogous to that of T2-DNA is of interest
principally because it suggests that the similarity may go fur-
ther and extend to a detailed correspondence of base sequence.
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The central issue of the significance and meaning of T2-RNA
is whether or not this is, in fact, the case.

A direct attack on this question by complete sequence de-
terminations was and is technically not feasible. However,
the findings of Marmur {1960) and Doty et al., (1960}, sug-
gested the possibility for an illuminating experiment. These
authors demonstrated the specific reformation of double strand-
ed DNA when heat denatured DNA is subjected to a slow
cooling process. Such reconstitution of double stranded strue-
tures occurs only between DNA strands which originate from
the same or closely related organisms. Presumably, the specifi-
city requirement for a successful union of two strands reflects
the need for a perfect or near perfect complementarity of their
nucleotide sequences. We have here then a method for de-
tecting the complementarity of nucleotide sequences in two
strands of polynucleotide. The formation of a double stranded
hybrid structure during the slow cooling of a mixture of two
types of polynucleotide strands can be accepted as provisional
evidence for complementarity of the bases of the input strands.

HarL and SeizceELMan (1961) undertook to use this pro-
cedure to examine for the complementarity of sequences be-
tween the T2-RNA and the T2-DNA, Purified T2-RNA was
used in order to provide an optimal opportunity for the
T2-RNA to combine with its DNA complement unhindered by
non-specific interactions involving irrelevant RNA. Since the
hybrid would have a lower density than uncombined RNA, a
separation of the two should be attainable by equilibrivm cen-
trifugation in cesium chloride gradients {MESELSON, StAuL and
VINOGRAD, 1g57). To insure a sensitive and unambiguous de-
tection of the hybrid, should it occur, double labeling was
employed. The T2-RNA was marked with P and the T2- DNA
with tritium. Two isotopes emitting beta particles differing in
their energics are conveniently assayed in each other’s presence
in a scintillation spectrometer. This device, coupled with the
use of the swinging bucket rotor for equilibrium centrifugation
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permits the actual isolation of the pertinent fractions along
with a ready and certain identification of any hybrids formed.

Mixtures of P*abeled to T2-RNA and I-labeled single
stranded T2-DNA were subjected to slow coaling. They were
then put in CsCl and centrifuged to density equilibration.
Fig. 5 shows the optical density profiles and the distribution
of tritium and P* obtained from three preparations slow cooled
from different starting temperatures. Comparison of the pro-
files of trititum and P* show that in all threc cascs slow cooling
of the DNA and RNA produced a new peak of P* approximate-
ly centered on the band of tritium {denatured DNA). This
new P* containing band must contain a DNA-RNA hybrid
having approximately the same density as denatured Tz-IDNA.
The amount of complex formed on cooling from the three tem-
peratures was the same within experimental error, The three
differ, however, slightly in the density of the complex relative
to DNA.

Exposure to the slow cooling process is necessary since an
uncooled mixture of Tz2-RNA and single stranded Tz-DNA
exhibited no P* peak in the DNA region when subjected to a
centrifugal analysis. Furthermore, the presence of single
stranded DNA is necessary during the cooling process. Double
stranded DNA is unable to form hybrid with RNA under these
conditions. Finally, the ability of Tz-RNA to hybridize was
found to be specific for T2-DNA. Thus, when the cooling pro-
cess was carried with mixtures of P®2.abeled RNA of Tz and
denatured DNA from heterologous sources (Pseudomonas aeru-
ginosa, I. coli and bacteriophage T5) no cvidence of significant
hybrid formation was observed. It is of interest to note that
although T5 has the same over-all base ratio as T2 no evidence
of interaction of T2-RNA and T5-DNA was detected,

The data obtained in the course of this investigation showed
that RNA molecules synthesized in bacteriophage infected cells
have the ability to form a well defined complex with denatured
DNA of the virus, Further, this interaction is unique to the

[22]} Spiegriman - pag. 12
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Fre 5 — Formation of DNA-RNA hybrid at various temperatures. CsCl-
gradient centrifngation analysis, P2RNA(T2) (14 pg) and T-DNA(T2)
(6.5 |tg) were mixed in 0.6 ml 0.3 M NaCl and o.03 M Na citrate (plT 7.8);
then the sclution was immediately placed in the slow-cooling bath. Three
identical solutions were made; «) was placed in the bath at 65°% 1) at 529,
and ¢) at 4o®C., When the bath temperature reached 26° CsCl and 25 pg
T2-IDNA were added to each solution; then they were centrifuged for five
days at 33,000 rpm.
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homologous pair as shown by the virfual absence of such
complexes when Tz-specific RNA is slowly cooled with heterol-
ogous DNA. The fact that T2-RNA and DNA do satisfy the
specificity requirement must reflect a correspondence of struc-
ture between the two. Structural specificity of this order in
single polynucicotide strands can only reside in specified se-
quences of nucleotides. It was concluded, therefore, that the
most likely interrelation of the nucleofide sequences of T2-DNA
and RNA is one which is complementary in terms of the scheme
of hydrogen bonding proposed by Warson and Crick (rg53).

IV, TaE OCCURRENCE OF NATURAL DNA-ENA COMPLEXES IN
THE I, coli Tz CoMPLEX

The fact that evidence could be provided for sequence com-
plementarity between a specific RNA and its homologous DNA
lends obvicus support for the supposition that the normal pro-
cess of transferring information from DNA to the profein syn-
thesizing machine involves a mechanism whereby single strand-
ed DNA serves as a template for the polymerization of a com-
plementary ribopolynucleotide. If continued formation of com-
plementary RNA is a necessary concomitant, it should be pos-
sible to find RNA-DNA hybrids in any cell actively engaged
in protein synthesis.

SpieGELMAN, Harn and Srtorcx (rg96r) undertook to find
such complexes and the Tz K. coli system was selected as the
most suitable in the initial search for native hybrid. The exper-
imental devices employed were in essence simifar to those
nsed in the previous investigation on artificially formed com-
plexes. These involved the use of double labeling and equili-
brium centrifugation in cesium chloride gradients employing
swinging bucket rotors. The T2-DNA was labeled with P
by growth of the virus in a medium containing this isotope.
Tz-specific RNA was marked with tritium by introducing tri-
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tiated uridine. It is known that some uridine ends up in the
DNA once its formation begins in the T2-E. coli complex. To
avoid the complications this would introduce in identifying
radioactive peaks, the initial search for hybrids was confined
to the period (z-5 minutes) when no DNA synthesis can be
detected. In a double label experiment the presence of DNA-
RNA hybrids would be signalled by the appearance of coinci-
dent peaks of the two isotopes. Turther, these peaks should
occupy a position in the cesium chloride gradient differing from
those which characterize the densities of RNA and double
stranded DNA.

A variety of procedures were surveyed for obtaining mat-
erial suitable for the reliable detection of DNA-RNA hybrids
by cesium chloride density equilibrium centrifugations. It was
empirically established that removal of most of the protein
was a necessary step prior to introducing the material into the
cesium chloride. In the absence of this preliminary purification
much of the nucleic acid, including hybridized material, was
trapped in the protein layer found floating at the top of the
gradient. The procedure ultimately adopted consisted essen-
tially of the first few deproteinization stages normally (Mar-
MUR, 1961) employed for preparing DNA from bacterial cells.
Two modifications were made. None of the steps designed to
remove RNA are included. Turther, at the alcohol precipita-
tion stage centrifugation, rather than winding around a glass
rod, is used to collect the nucleic acid, Such DNA preparations
are, of course, heavily contaminated with RNA but serve well
the intended purpose.

In experiments which employ P¥-labeled T2-DNA and tri-
tiated uridine as the RNA marker, existence of hybrid would
be detected as a fritium peak in the DNA region somewhat
heavier than the P? peak corresponding to the T2-DNA. The
P% peak should exhibit signs of bi-modality as evidence of
distribution of the T2-DNA between hybrid and unhybridized
Tz-DNA. Fig. 6 describes the results of a typical profile obtain-
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336

PONTIFICTA ACADEMIAL SCIENTIARVM SCRIDPTA VARIA ~ 22

i6
12 f:‘\
A EXP N-17(1)
6V h
O.Bml: ‘QT— T (PI2) + cOLt B —4,000
L H3-URIDINE PULSE
! : (3-5min. affer inf) 7
“i CsCf SWER 33K EQhHrs. o 0,000
60 Ei
|
3 —16 000
A
\ -
RS
. o —
oD, i f‘°~o 2,000
i ~0 °'°‘°-o-o-cy B
40 : % =
! y 77
i a, 32 3
V0o ! PeE
.// 1 .
! \ i {1500 300
A k) f
[ 1 .’r",
i : N
. 1
20 }§ h, F ~/ 1000 —200
. 0‘0\ ',4 -"
h. ‘\o_" ‘n.|
A p
N o f 4500 ~{100
ﬂ-ﬂ'
%Aﬁﬁﬁﬂd
00 Los-t-ss-tlo-0-5-050ls0eooolsos I o o
0 10 20 30 40 50
ME o

Tz-Infected Cells,

Tre. 6 — Equilibvium Density Centrifugation in CsCl of Nucleic Acid from

Absorption of phage was carried out at a multiplicity

of 15 of undiluted P¥-labeled virus. Pulsing was <one between 3-5 minutes
after zero time with I*-uridine having a specific activily of 530 e/ M
at a level of © yg/ml

the hybrid region,
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ed by subjecting a nucleic acid preparation from a pulse labeled
Tz-infected cell to equilibrium gradient centrifugation. Three
peaks are readily discernable. The lightest one corresponds to
the input P*-labeled DNA of Tz. The optical density peak
identifies the position of double stranded E. coli DNA put in
as a marker, The tritium peak locates the hybrid, Further-
mote, a shoulder makes its appearance on the heavy side of
the P# profile corresponding in position to the tritium peak
region. The refative positions of the peaks and the bi-modality
of the P* distribution are all consistent with what would be
predicted from the existence of a DNA-RNA hybrid.

If it be assumed that a small amount of T2-DNA can be
synthesized even in this carly period of infection, another inter-
pretation of the optical density and radioactive profiles can
be entertained. This would presume the appearance of new
T2-DNA, all in the form of single stranded material, along
with the conversion of a portion of the input P¥-labeled DNA
to single strands. To test for this possibility, the alkali lability
of the tritium and P* in relevant fractions of a number of
experiments were examined. The same results were obtained
in all cases and are exemplified by the data summarized in
Table I. Here, the two fractions indicated by arrows in Fig. 6
were subjected to alkali digestion and the resultant effect on
the acid precipitability of tritium and P* were examined.
Fraction 7 was inciuded as a free RNA control. Tt is evident
from the data in Table I that all of the trittum and none of
the P22 counts are alkali labile. These data appear to climinate
the possibility that the displaced tritium peak can be ascribed
to newly synthesized single stranded DNA. It is also evident
that the displaced P* cannot be ascribed to a conversion of
the input viral DNA components to an RNA polynucleotide,

We may, therefore, conclude that a hybrid exists containing
newly synthesized Tz-specific RNA complexed with some of
the input P* labeled DNA. It should be noted that hybrids
involving the input DNA were also observed in pulses covering
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TapLe 1 — Effect of Alkali Digestion on Acid Precipitability

0.4 ml aliquots of Fractions 7 and 26, indicated by arrows in Dig, 6 were
made 0,3 N with respect te NaOH and ineubated for 24 hours at 3zo°C.
FEquivalent aliquots were held as controls under the same conditions.
TFollowing the incubation, the alkall was neutralized, carrier herring sperm
DNA added and the contents precipitated with TCA. The precipitates were
then washed and counted,

FFraction Acid Precipitable Counts/ml,
No, Isotope Control After Alkali Treatiment
H3 230 5
26 p* 735 720
H3 1950 10
32
7 P — —

in addition to the 2 to 5 minutes, o to 12 and 1o to 22 minutes
after infection.

The existence of the natural hybrids constitutes another linlk
in the chain of evidence supporting the simple complementary
transcription mechanism mentioned earlier.

V., SELECTIVE SYNTHESIS OF INFORMATIONAL RNA 13 Non-
InrECcTED CRLLS

We now turn to the last question posed in the introductory
paragraphs, namely the existence of complementary RNA in
normal cells. The detection and study of the properties of
complementary RNA formed in Tz-infected cells was greatly
facilitated by the fact that the larger ribosomal components are
not synthesized. This advantage is not present in normal
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uninfected cells which consequently complicates the search for
normal informational RNA. That it is, nevertheless, feasible
15 suggested by the experiments of Y¢as and Vincenr (1g60)
with yeast. These authors used P¥ in a manner comparable
to the procedures of Vorkin and Astracuan and, despite sur-
prisingly long pulses, were able to detect formation of a fraction
with a high metabolic turnover and possessing a base compo-
sition analogous to yeast DNA. In a preliminary report,
AsTRACHAN and Frscurr (1661) suggest that very short P¥
pulses leads to a distribution of fabile in the RNA synthesized
which indicates the synthesis of RNA mimicking the base com-
position of DNA,

It would clearly be of great advantage if a situation could
be found or devised in normal cells which would be analogous
to that which occurs on infection with T2. Essentially what
we are demanding is a condition which suppresses riboscmal
RNA synthesis and permits the formation of the informational
variety. The possibility that a situation of this sort might, in
fact, be realizable was suggested by studies on RNA and pro-
tein synthesis during passage from fast to slow growth.

Several features emerged which enconraged us to look more
carefully into such transitions. It has been known for some
time that the RNA content per cell is positively correlated
with its growth rate. Since the bulk of the RNA is ribosomal,
it would mean that cells with higher growth rates possess more
ribosomes.  Consider then the situation when one subjects a
culture to a « step-down » fransition by transferring cells from
a rich (e.g. PeNmASsAY) to a synthetic medium. The growth
rate is decreased by a factor of two. But more important, the
cells have more ribosomes than they can use. From the point
of view of selective advantages it is not surprising, therefore,
to find that such stepdown transitions cause a rather dramatic
cessation of net RNA synthesis. Nevertheless, protein synthesis
proceeds for a while at near normal rates. From the viewpoint
of relative rates of net protein and RNA synthesis, such cui-
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tures are analogous to Tz-infected cells. It seemed not too
unlikely that whatever RNA synthesis was occurring was
restricted to the variety immediately necessary for the fabri-
cation of new protein molecules, It was possible that this
variety was the normal informational RNA for which we were
searching.

Havasmr and Seipcerman {1961} undertook to see whether
the above expectations were realizable. Base compositions of
RNA synthesized in « step-down » cultures were examined. In
all cases, such cultures were aftained by transfer from a
complete (PENASSAY) to a synthetic (Med. C. of ROBERTS et 4l.,
1957) medium. Base ratios were determined by procedures
similar to those used in the study of the Tz-coli system. P*
pulses were made and the ribonucleic acid isolated and purified,
subjected to allaaline digestion, and the distribution of counts
in the resultant 2-3" nucleotides determined. Table Il sum-
marizes experiments with three different organisms in which
the P* pulse was carried out at various periods subsequent to
the transitional transfer. Tt will be noted that in each case the
RNA synthesized during the transition period mimics the homol-
ogous DNA in its per cent GC and purine to pyrimidine ratio.
What is even more remarkable is the length of time during
which this selective synthesis of complementary RNA con-
tinues. Thus, in the case of Ps. aeruginosa even 60 minutes
after the transfer a major fraction of the RNA formed is hamol-
ogous to its DNA.

VI, Tui Srzr DISTRIBUTION OF INFORMATIONAL RNA FORMED
N Non-InFeeTeEn CELLS

The data summarized in Table IT appeared to confirm our
expectation that informational RNA is preferentially synthes-
ized in step-down cultures. It was of obvious interest to con-
tinue this investigation and see whether the other properties
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of informational RNA revealed by the study of the T2-E. coli
complex obtained here as well.

Size distributions of the RNA synthesized were examined
by the usual procedure of labeling and subjecting the purified
RNA to a swinging bucket analysis on a sucrose gradient.
Fig. v gives the resulls obtained with . coli exposed to a
30 min. « pulse » of H-uridine during a step-down transition.

20 20,000
E.COLI (STEP-DOWN CULTURE)
HI - URIDINE, 30 PULSE
260
op CPM
LO {10,000
O 0
50
F1c. 7 — Swinging Bucket Analysis in 3 ~ 209, Sucrose Gradient of PPhenol
Parified RNA, Cells were exposed to Iuridine for jo minutes during
transition from complete to synthefic medium. Closed circles identily

pre-existent and open circles newly svnthesized RNA,

The optical density profile identifies readily the 23, 16 and
45 RNA components pre-existing in the cell. A similar period
of labeling in a normal culture transferred from synthetic to
synthetic medium would have resuited in virtually complete
coincidence of the radioactivity and optical deusity profiles.
Here we see little, if any, agreement belween the two.
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It was clearly desirable to extend our information on the
RNA being synthesized, with particular reference to the base
compositions of the various size ranges of RNA observed. For
obvious numerical reasons and other technical considerations,
Ps. aeruginosa was chosen for this more detailed analysis. A
step-down culture was subjected to & P2 pulse and the ribo-
nucleic acid examined centrifugally in a sucrose gradient. The

20 2000
[omsisa;r001 |
| P S(820, 0331 ) Ps. AERUGINOSA PULSE
(59 2, 03
1627, 1357
.
260 1562, 105) ff \
a0 e (Y cAM
] :29 \
A \
w0 (& CPM !596_0941" \ — 1000
. R
\'d 1601, 10} rﬁ a7
' - 26
(o
\O-ogo.e’ﬁr 1"d
23 24
65 45
0 A S I I
0 10 20 30
ml
TF1G. § —— Swinging Bucket Apalysis in 3 - 209 Suctese Gradients of Phenol

Purified RNA. Cells were exposed {0 a 3 minute PP-pulse 5 minutes after
they were trapsferred from complete to synthetic medinm. Closed circles
identify pre-cxistent and open circles newly synthesized RNA.  The fust
number in parenthesis represents per cent GC and the second the zatio
of purines to pyrimidines. Arrows indicate the fractions taken for base
composition analysis,

optical density and radioactivity profiles are given in Fig. 8.
The fractions indicated by arrows were analyzed for base com-
positions.  For purposes of ready comparison, numbers cor-
responding to the per cent GC and purine to pyrimidine ratio
which characterize each region are recorded in parentheses.
Further details on the base ratio analyses are given in Table I
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Comparison of the parameters reveals that DNA, like RNA
of all size classes have been synthesized, confirming the findings
with E. cofi (Fig. 7). As one proceeds to the smaller size ranges
(165-6S) the homology between the RNA and DNA becomes
excellent.

It was of obvious interest to examine the metabolic stability
of the complementary RNA synthesized in the transition period.
To accomplish this an aliquot of the culture used in the exper-
iment of Fig. & was removed after the pulse, washed, rein-
troduced into the same medium containing P* and allowed to
chase for 0.7 generations. TFig. 12 describes the optical density
and radicactivity profiles obtained when purified RNA from
this preparation was centrifuged in the usual way. Here again
individual fractions were taken for base ratic determinations.
The numbers in parentheses give the results in terms of per
cent GC and purine to pyrimidine ratios. Table IV provides
further details on the base ratios determined by both the ultra-
violet absorption derived from the added carrier and the distri-
bution of radioactive counts amongst the 2’-3" nucleotides as
cluted from a DowEx column. Comparison of Figs. 8 and g
provides clear evidence of the metabolic instability of the hefer-
ogeneous RNA synthesized during the fransition period. The
interval of chasing eliminated almost completely the discord-
ancies between the optical density and radioactivity profiles
seen in the initial pulse (Fig. 8). TFurthermore, as is evident
from Table IV, the base ratios of the labeled RNA in the 238
and 16S region are now typically ribosomal. There is excellent
agreement between the base ratios determined by the distribu-
fien of radicactive counts and uiraviolet absorption.

It is of interest to note that despite the fact that the chase
extended for a period of 0.7 of a generation, there is still some
discrepancy in both the profiles of Fig. 5 and the base compo-
sitions in the 45 regions (Table IV}, This may be a reflection
of the difficulty of completely removing informational RNA.
It would be consistent with a mechanism which involves a com-
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20 I TETE Y] 8000
verssg ra NOSA CHASE
matsea, 1280 | ONA(64,100) |
vyise s, 13l l P-RNAH?-‘I,!SNJ
260 RAC61.8, 0.92]
ob UV{S61;103) CPA
3z
cPM ,{?\
10|~ ST 4000
"o
P
T‘o‘
33
48
vy -3
o LG i o
o} 10 20 30
ml
Tie. ¢ — Swinging Bucket Analysis i a 3 -20% Sucrose Gradient of

Phenol Purified RNA.  Cells represent an aliquot taken from the experiment
of Fig. 8 and exposed to a « chase » for 0.7 generations in non-radioactive
synthetic mediwm, The first number in parentheses represents per cent GO
and the second, ratio of purines to pyrimidines. The values found by both
UV absorption and radicactivity are given.  Arrows indicate fractions
subjected to bhase composition analysis.

paratively rapid breakdown of the larger informational RNA
pieces to 45 size and a slower conversion of these to the level
of nucleotide derivatives.

VII. Hysripizasinity ov INnrormatioNan RNA TroM
Normal Crrrs witn HomoLocous DNA

The experiments described thus far with non-infected cells
established that « step-down » cultures preferentially synthe-
sized a type of RNA which was heterogencous in size, meta-
bolically unstable, and possessed an over-all base ratio which
was analogous to its homologous DNA. These are {eatures
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expected of informational RNA. To complete the identification,
it was necessary to test for sequence complementarity by the
hybridization procedure. An examination of the hybrid-
izability of complementary RNA to homologous and heterol-
ogous DNA was undertaken by SprecrrLMaN, Dor and Yan-
KOPSKY (1961). We cite here only a few representative exper-
iments illustrating the principal features and findings, The
general procedures employed may be outlined as follows:

1) Step-down cultures were pulsed with H-uridine to label the
RNA synthesized during transition.

2) The RNA was isolated and purified by the phenol method.

) The purified RNA was separated according to size on sucrose
3 I P g
gradients,

4) Different regions of the radioactive profile were collected
and concentrated.

5) Hybridizing tests were carried out by exposing mixtures
of the Jabeled RNA and single stranded DNA to a slow cool
from 55°C.

6) The resulting mixtures were then subjected to equilibrium
centrifugation in CsCl gradients according to the methods
described by HALL and SPIEGELMAN {1g60).

Fig. 10 shows the outcome of a hybridization carried out
between single stranded E. coli DNA and 8 - 125 H3-RNA
labeled during a step-down transition. It will be noted that
excellent hybridization occurs. The shoulder in the optical
density profile on the light side corresponds to marker double
stranded coli DNA. That the interaction is specific is shown
in Fig. 11 in which a similar hybridizing attempt was madec
between the same RNA fraction and single stranded DNA
derived from Pseudomonas aeruginosa. There is no suggestion
of any detectable mating.
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Fig. a0 — Egquilibrium Density Centrifugation (33 K 6o hours) in CsCh
A mixture of H-RNA {8 - 128} from an . coli « step-down culture » slow
cooled with single stranded . coli DNA. Double stranded E. coli DNA
was added as a marker and is represented by the shoulder on the light
(right) side of the main O.13. peak.
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i, 11 — Lguilibrium Density Centrifugation (33I{ 6o hours) in CsCL

A mixtare of HE-RNA (8 - 125) from an E. coli « step-down » culture slow
cooled with single stranded DNA from Ps. aeruginosa. Double stranded

E. coli DNA was added as a marker and is represented by the second
peals to the right,
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Similar experiments were carried oul with Ps. aeruginosa.
The RNA was labeled with H*-uridine during a step-down
transition. Fig. 12 shows the outcome of a hybridization carried
out with homologous single stranded DNA and H3-RNA remov-
ed from the 165 region. Here again we note excellent hybrid
formation as demonstrated by the peak of tritinm in the DNA
region. This same figure illustrates a feature which is extremely
useful in attempts at detecting hybrid and distingunishing it from
non-specific aggregation.  Aliquots from each of the tubes
were taken and treated with 1o gamma of RNAase for 15 mins.
at room temperature and then carrier DNA was added and the
material reprecipitated, washed and recounted. It will be noted
that most of the counts corresponding to free RNA are almost

— B, 500
o
o PULSE
o Ps A 165 RNA X Ps DNA -]
B 55 e 350C
~ls00
260 -
ou e s
CPM hefore RVAgse treatmont
ol {200
[ ~ CHAr
P
O )
o .
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RNAgse treatment 00 8?
ot -[100
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’0\‘0‘
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rnt
Fi. 12 — Dquilibrivm Density Centrifugation (33K 6o hours) in CsCl.

A mixture of HMRNA (2685) from a Ps. aeruginose « step-down » culture
slow cooled with single stranded DNA {rom Ps. acruginose. No marker
was added. Open cireles - dashed linc gives the effects on the epm of
treatment of the indicated fractions with RNAase prior to precipitation
and counting.
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completely removed by the RNAase treatment, However, the
counts in the region of the hybrid are obviously much more
resistant to RNAase.

Specificity tests with informational RNA from Ps. aerugi-
nosa yielded results similar to those described for E. coli. No
interaction with heterologous single stranded DNA was ob-
served.

The experiments summarized in the present section estab-
ish that RNA molecules preferentially synthesized in « step-
down » cultures possess base sequences complementary to their
homologous DNA.,

VIII. Discussion

We may pethaps begin with a few words on terminology.
The terms « complementary » and « informational » have been
used to describe the RNA molecules with which we arve concern-
ed. Tt is evident from the experimenis discussed that these
termns have well defined operational definitions. A given RNA
molecule is defined as falling within the informational class if
its base ratio is homologous and its sequence is complementary
to a specific DNA molecule. At present the most sensitive test
for complementarity of sequence is the hybridization experiment
of Harr and SreiccriMaN (1960). Lvery « complementary »
RNA is « informational » in at least one sense. Even if it
is a complementary copy of a nonsense DNA sequence, it still
contains the information necessary to specify the order of the
hases.

Tt is important to emphasize that the word « informational »
is not proposed as a substitute for the term « messenger »
introduced in the eclegant experimentations and theorizations
of Jacor and Monop (1961). It scems likely that both terms
will be useful. Thus, a given messenger RNA is presumed
to constitute the structural program for the synthesis of a par-
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ticular protein. It obviously must, therefore, be informational.
However, not all informational RNA need serve a messenger
function. Tt is conceivable, as is indeed implicit in the
operon theory of JacoB and Moxop (1961), that informational
RNA molecules will be found which serve regulatory rather
than programming functions,

Before concluding it may be useful to discuss some problems
and implications which arose during the investigations describ-
ed and which have not received explicit mention.

A. Size and Stability of Informational RNA.,

As our experience with informational RNA accumulated, it
became more and more evident that this type of RNA is uni-
quely susceptible to degradation in extracts. Even highly pu-
rified preparations, obtained from either Tz-infected cells or
« stepped-down » cultures, were much more fragile than ribo-
somal RNA carried through the same procedures. In a sense,
the behavior of informational RNA reminds one of the apparent
inherent instability of the synthetic polypyrimidines (see dis-
cussion of RicH, 1958). The underlying reason may well be
the same and there is a pressing need for an understanding of
its chemical basis.

In any event, we became increasingly careful in the methods
used to prepare this type of RNA. By the time the experiments
involving informational RNA from normal cells (section V)
were performed, procedures had been devised which minimized
contact of the newly synthesized RNA with enzymatically
active extract. It will be noted from the results described in
this section that there is clear evidence in these cases of infor-
mational RNA, 16S and larger, possessing hybridizing ability,

These observations led us to consider the possibility that
the smaller, and more homogeneous size, deduced from the
carlier experiments with the Tz-infected cells (section II), might
have been a conscquence of the fact that we had not at that
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time understood fully the instability problem. Experiments
were, therefore, undertaken by SaGIK, GREEN and SPIEGELMAN
(1961) to re-examine the size distribution of T2-specific RNA
using the newer procedures. It was indeed found that Taz-
complementary RNA showed a much more heterogeneous distri-
bation of sedimentation constants than that which character-
ized the earlier experiments. RNA hybridizable with T2-DNA
was found in sizes ranging from 235 - 8S,

Our experience to date leads to the conclusion that infor-
mational RNA is extremely heterogeneous in size. Left un-
resolved is the question of whether the small size ranges observ-
ed are real or artifacts of unavoidable breakdown.

These considerations raise another issue of practical signifi-
cance. It is evident that « soluble » RNA is very likely to
contain small informational components as contaminants of
the presumed transfer RNA molecules. In this same connection
it should be noted that the chasing experiment of Fig. g did not
suffice to completely remove informational RNA from the 45
region even after 0.7 generations. Stimulatory effects on amino
acid incorporation with so-called « soluble » RNA are
obviously open to more than one interpretation with respect
to the responsible agent.

B. Genesis of the Major RNA Components.

The question naturally arises of the nature of the major
RNA constituents, the base ratios of which bear no obvious
relation to homologous DNA’s.  Two hypotheses can be en-
tertained as to their origin. One is they are complementary
in the sense of being synthesized by a DNA mediated mech-
anism. The sccond assumes that DNA is not involved. In
this case, the mechanism of their formation might involve an
RNA template as a guide or no template, the polymer being
nut together much as polysaccharides are formed.
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It might perhaps seem a simple matier to settle this by
examining for hybridizability of the relevant RNA to DNA.
In the course of the present studies, many experiments have
been performed in an attempt to detect hybrid formation with
23 and 16S ribosomal RNA, None has been found. On the
basis of the data available we can state that on a per wg basis,
the hybridizing ability of ribosomal RNA is 100 - 1,000 times
poorer than informational RNA obtained by the methods des-
cribed.  However, this does not scrve to eliminate the possibil-
ity of hybrid formation with ribosomal RNA, The numerology
of the situation makes it technically difficult to obtain a de-
finitively negative answer. Consider the 235 molecule, which
is the most favorable. Its molecular weight of 1.6x 10% re-
presents approximately 0.1% of the bacterial genome. If
there is only one section of the DNA concerned with its synthe-
sis, then this is the only portion which will hybridize. To
settle questions of this nature cne will have to push the sensi-
tivity of hybrid detection two orders of magnitude beyond that
used to date. This is technically difficult but by no means
impossible.

C. Enzymological Implications.
£

The transcription mechanisin supported by the data describ-
ed in the preceding sections would require a DNA dependent
enzymatic mechanism for polyribonucleotide synthesis. Early
evidence suggesting the existence of such a pathway emerged
from a study (SPIEGELMAN, 1958) of a cell free system derived
from . coli. These preparations possessed considerable ca-
pacity to synthesize polyribonucleotide. It was routinely pos-
sible to obtain between 10 and 20-fold increases of polyribo-
nucleotide. Fhe observed synthetic activity exhibited a require-
ment for riboside-triphosphates, and Mn and was severely
inhibited by treatment with DNAase. The last yvear has witness-
ed a notable advance in our understanding of the details of this
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reaction. Recently a number of laboratories (Wriss, 1960;
Hurwrrz, Bresirr and IDINGER, 196o; STEVENS, 1960; and
Ocuoa, Burma, Krocrr and WEILL, 1963} have independently
achieved a considerable purification of an enzyme which syn-
thesizes polyribonucleotide and requires riboside-triphosphates
and DNA. TFarthermore, the base ratio of the polyribonucleo-
tide synthesized bears a striking homology to that of the DNA
used as a primer (Furrn, Hurwitz, GOLDMARN, 106T; WERISS
and NARAMOTO, 10967},

TV, SUMMARY AND CONCLUSION

The present paper records our attempts over the past three
years to gain an understanding of the nature of the agent which
allows the genome to exert its control over macromolecular
synthesis. The direction taken by the series of investigations
described was greatly influenced by two factors. One was the
assumption that the intermediary between the DNA and the
protein synthesizing mechanism must be a pelyribonucleotide.
The second was the observation of VorLin and ASTRACHAN
which suggested that an RNA homologous to the viral DNA
was preferentially synthesized in an infected cell.

Before the VoLrin-AsTracHAN deduction could be accepted
as a departure point for a more extensive search for this type
of RNA, its existence had to be proved. This was accomplished
by selectively separating the newly synthesized RNA from the
buik of the RNA of the cell.  Separation was achieved by
both zone electrophoresis in starch columns and centrifugations
in sucrose gradients. In addition to possessing a base compo-
sition homologous to T2-DNA, T2-RNA was found to have a
lower average size and higher electrophoretic mobility. It was
further shown that Tz-specific RNA was ribosome-bound but
with a linkage much more sensitive to disruption than normal
ribosomal-RNA.
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Having established Tz-specitic RNA as a physical entity
and provided methods for its selective enrichment, it was pos-
sible to go to the next stage of the investigation and inquire
into the meaning and significance of the similarity of base ratios
between it and T2-DNA. This was done in terms of attempts
at hybrid formation. It was possible to show that RNA-DNA
complexes were indeed formed when mixtures of single stranded
T2-DNA and purified Tz-specific RNA were subjected to slow
cooling. The success of the hybridizing experiments suggested
immediately that the original obsexvation of a similarity in base
composition between T2-RNA and DNA was, indeed, a reflec-
tion of a more profound homology. The fact that hybrid for-
mation was found to be unigue to the homologous pair led to
the conclusion that the nucleotide sequences of T2-RNA and
DNA are complementary,

The next obvious step was to look for the presence of native
complexes in systems actively synthesizing enzyme. Using
detection procedures very similar to the ones employed in arti-
ficially producing hybrids it was possible to exhibit evidence
for the existence of natural DNA-RNA hybrids in the E. coli
Tz system.

Finally came the question of universality. The principle
of biological unity would suggest that the mechanism of infor-
mation transfer in normal uninfected celis should also involve
a complementary RNA. In an attempt to provide evidence for
this belief attention was turned to cultures subjected te a transi-
tion from a rich medium, which supported fast growth, to a
synthetic one in which the growth rate was lower. Evidence
had accumulated which led us to believe that cells undergoing
such a shift were analogous in their relative RNA and protein
synthesizing capacities to a Tz-infected cell.

The expectation that such cells were preferentially syn-
thesizing complementary RNA was fully realized, Tt was pos-
sible to establish with three different organisms the existence
of an RNA in normal cells having all of the properties which
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had been cstablished for the Tz-specific RNA. This normal
informational RNA exhibited a base ratio analogous to its homo-
logous DNA, was metabolicaily unstable, very heterogeneous
in size, and possessed the ability to hybridize specifically with
its homologous DNA.

It would appear from the results summarized here and those
reported from other laboratories that the search for the infor-
mational intermediary has been successful, All the data are
happily consistent with the simplest transcription-mechanism
mentioned in the introductory paragraphs, i.e., the informed
intermediary is a complementary polyribonucleotide of its
« parental » DNA.
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DISCUSSION

Ricn

It may be possible to use the positicns eof the bands as an indi-
cation of the proportion of the DNA which is hybridized with the
RNA. Perhaps you have something to say about this if you have
done that calculation.

SPIEGELMAN

The experiments we have performed so far have not permitted
an accurate calculation of the sort desired. We are, however, en-
gaged in experiments af the present time which should provide us
with the data permitting an estimation of the proportion of the DNA
which is hybridized. A very rough estimation from existing data
would suggest a number between one and five per cent, but if is
alrsady evident, from our current efforts, that this number can be
increased by a factor of ten.

PrruTz

There was another point.  In the RNA polymerase system it
has been proved that both strands of the DNA helix act as primers,
But is it really sure that this is so in wivo?

SPIEGELMAN

At the present time data from i vive studies do not eliminate
the possibility that both strands of the DNA helix serve as primers

(223 Spiegelman - pag. 41
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for the RNA polymerase. The ideal experiment would be to isolate
complementary RNA synthesized i vizo and perform a saturation
experiment with homologous DNA. If one can show that only 50%,
of the DNA can be hybridized and, farther, that the residue cannot
form hybrids with RNA, the use of one strand will have been estab-
lished. Such experimenis, while technically difficuit, are feasible
and will undeubtedly be successfully performed soon, They should
answer the question definitively in both a positive and negative

Sense.
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THE INTERACTION BETWEEN NUCLEOTIDE
COENZYMIES AND ENZYME PROTEINS

HMUGO THREORELIL

Biokemiska Avdelwingen, Medicinsha Nobelinstitute!
Stockholm {Sverige}

In the true nucleic acid-protein-compounds the bonding
between the two kinds of macromotecules is, of course, very
complicated. No doubt all sorts of ordinary chemical bonds
play a role; for instance, in the nucleoproteins evidently the
phosphoric acid residues on the surface of nucleic acid helices
must form salt-like linkages with the basic aminoe acid residues
of the proteins. But we should notice the profound difference
between single nucleotides and the highly polymerized nucleic
acids. Nucleotides, and nucleotide coenzymes, are in a way
much more versatile in their capacity to form different com-
pounds with proteins, because their three-dimensional shape
is not rigidly fixed through hydrogen bonding. Therefore
nucleotides can presumably use practically any part of their
molecules to form bonds with proteins.

The nucleic acids, on the other hand, according to the
CRICK-WATSON-WILKINS model, have their purine and pyzi-
midine moieties hidden and hydrogen-bonded pairwise to one
another in the interior of the macromolecules and therefore
probably inaccessible to ordinary chemical bonding with pro-
tein groups.

{230 Theorell - pag. £
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1 think it is correct to say that the relative importance of
ordinary chemical bonding decreases parallel with increasing
molecular size and rigidity, so that complex formation hetween
macromolecules will depend to a large extent on mutually fitting
molecular shape. T hope Dr. Prrurz will agree this could be
the case with the four subunits of the hemoglobin molecule.
And in the double helices, f.ex. in viruses, I think the fitting
shapes are of preponderant importance compared with what
we generally define as chemical bonds between the two helices.

The nucleic acids and the high molecular proteins are highly
specialized for a symbiotic function, as a matter of fact to re-
produce one another. This function is in a way the most
complicated in Nature — but the type of bonding is mono-
tonous from a chemical point of view.

Interaction reactions and complex formation between the
Jow molecular mono- or di-nucleotide coenzymes form the basis
for innumerable and very different cnzymatic reactions. Ge-
nerally spoken, the binding sites for coenzymes and substrates
on the enzyme surface sexrve the purpose of bringing these into
an optimal spacial arrangement for reacting. Obviously this
requires a great many different types of binding for different
substrates, which are necarly endless in number, whereas Na-
ture has confined itself to use only a few types of coenzymes,
but these are bound to the enzyme in various manners.

We are only in the very beginning of finding out how a
tew of these complicated reactions work, but T thought it might
be of interest to bring some of our results to your attention at
this conference.

In some cases protein and coenzyme can form an active
complex without the assistance of any metal, as for example
flavinmononucleotide in the old yellow enzyme. Some years
ago, using fluorimetric determinations of the association and
dissociation rate constants of FMN and the enzyme protein, we
could demonstrate that there are at least two bonds between
FMN and protein. The phosphoric acid residue of FMN is

[23] Theorell - pag. 2
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joint to a basic amino acid side chain, probably z-lysine, by
a saltlike bond, This bond causes a millionfold stabilization
of the weak hond operating between the imino group [3] in
the urea ring of the flavin, and a tyrosine residuc in the pro-
tein. This work was made with Dr. AcNar Nvcaarp. The
substrate is in this case reduced triphosphopyridine-nucleotide,
which is reversibly bound to the same enzyme molecule, as re-
cently found by my collaborators ENRENBERG and [.UDWIG.
Which chemical groupings are involved here, we do not know.
In other cases metals like magnesium or manganese or
many others are necessary, for example in the transaminases.
Tn these cases the metal ions are reversibly bound in chelates.
In a third type of enzyme systems mefal is irreversibly
bound to the cnzyme, and serves as an active center. The
haemoproteins are a wellknown example. However, to-day
T would like to describe some very recent work ‘we have done
on a different system, the liver alcohol dehydrogenase, which
uses diphosphopyridine-nucleotide as coenzyme. The enzyme
molecule contains one atom of zinc in each of its two binding
sites, and it seems from our experiments that the zinc functions
by binding both coenzyme and substrate to ternary, reactive
complexes. The zinc is very strongly bound to the protein.
Many collaborators have taken part in this work at dif-
ferent times (R. Bonnicusen, A. Wasshn, B. Cuance, A. Ny-
GaarD, A. Winkgr, ].8. McKiniey McKer, Cu. WORONICK,
R. Prang and others). A great deal of effort has been spent
on determining kinetics and equilibria, with or without inhibi-
tors. Some of the « inhibitors » have shown ambivalent pro-
perties, decreasing the reaction rate at certain concentrations
of the reaction pariners, increasing it at others.
The horse liver alcohol dehydrogenase was crystallized by
BonwicuseN and Wassin in the Nobel Institute in 1948, and
has ever since proved to be remarkably suitable for experimen-
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tation. It is comparatively casy to obtain in a pure sfate and
1s under suitable conditions stable for months or years. In
addition the combination of the reduced coenzymes, « DPNH »
(disphosphopyridine nucleotide) leads to light absorption
(THrORELL and BoNNICHSEN, 1952) and fluorescence (Bovewr
and THEORELL, 1956) changes which have been of great im-
portance for studying equilibria and kinetics.

Its reaction mechanism may be represented by this scheme:

E R E O
7 N\ 7 N\
E ERS=* EOS E

N7 N
ES ES

Here E represents free enzymes, ER its compound with DPNIT
and S with aldehyde; EQ wice versa is E » DPN, ES = R -
alcohol. ERS and EOS’ represent the ternary complexes with
both substrates and coenzymes which are in rapid equilibrium.
It has recently been finally proved that this somewhat complic-
ated reaction scheme can be simplified down to a scheme with
6 instead of 16 rate constants. This implics the advantage
that 6, or even 8 but not 16, constants can he determinecd in
kinetic experiments, and the results checked against indepen-
dent equilibrium constant measurements.

Already in 1951 {TnrorrrL and CHANCE) we tentatively
proposed a mechanism:

(23] Theorell - pag. 4
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Ry
ER + S EO + &t (2)
Ry
k'
EOr—=E+ 0O (3)
Ry

As seen this formula neglects the formation of substrate (aleohol,
aldebyde) compounds with the enzyme or enzyme-coenzyme
complexes.

It has taken years to collect accurate enough experimental
evidence to prove whether this simplification could be kinetic-
ally allowed; our recent results, however, seem to be con-
vincingly in favor of the “I'uroreLL-CHANCE” mechanism {1-3].
We shall not now go into details on this point. It may be
cnough to emphasize that the knowledge of the mechanism
has been the basis of explaining the inhibition and stimulation
effects caused by diflerent substances.

Fig. 1 shows the influence on the initial reaction velocities
of adding different concentrations of imidazole to enzyme -
DPN - alcohol mixtures.

In this “LiNgweAVER-BURK™ presentation the inverse of the
varied alcohol concentrations at constant concentration of
DPN (abscissa) is plotted against the inverse of the reaction
rate (v) per enzyme concentration, e, (ordinate), (fig. 1). In
fig. 2 we see the vice versa case with constant alcohol concen-
tration and varied (DPN). Tt is evident that imidazole at low
concentrations of the varied reaction partner (to the right in the
pictures) causes inhibition, but at high concentrations of the
varied partner stimulation. The plots thus intersect with the
plots without imidazole (x) at points where the reaction rates
are the same, and imidazole therefore apparently has no effect
at all. The explanation of this effect was given by some expe-
riments which T shall mention buiefly.

[23% Theorell - pag. 5
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The enzyme forms binary and ternary complexes with the
coenzymes and different inhibitors. Those with the reduced
coenzyme, DPNH, are fluorescent to various degrees. As seen
in fig. 3, curve 4, free DPNH when excited in the 340 mp
absorption band gives a moderately intense emission band.
When coupled to liver ADH the DPNH fluorescence increases
and shifts its maximum to a shorter wavelength (curve 6).
When imidazole is added a ternary E - DPNH - imidazole com-
pound is formed with still more intense fluorescence (curve 4).

EXCITATION
=330 my

FLUORESCENCE {INCHES)

| SRS N YO YA YD N VU NS W | L L
500 450 'Am'J 400
¥rg. a — TFluorescence emission spectra of

10 Buller

2:  » + imidazole

3 » 4 » + ADH

4 » + DPNH

51 0w » + imidazole

G » -I- » 4 ADI

70 0 o o» +on -+ lmidazole
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These effects, first found for £+ DPNH by Bover and myself
in 1956, give excellent possibilities of determining the equili-
brium constants of these complexes by the aid of spectrophoto-
fluorimetry. Due to the shifts in wavelength of the maximum
intensity the differences are especially large on the short
wavelength side of the maxima. The intensities were therefore
recorded at 410 my.

The compounds with DPN do not fluoresce, but can ne-
vertheless be studied fluorimetzically, because DIPN and DPNH
strictly compete for a binding site at the enzyme surface.
Fig. 4 shows an experiment for determining the dissociation
constant operating  between ADH - imidazole, DPN and
DPNH.

Successive additions of DPNH to a mixture of ADH, imi-
dazole and DPN give increments in fluorescence which de-
crease with the saturation with DPN. Comparing these results
with titrations without DPN added, and without imidazole al-
lows calculations of all dissociation constants involved,
Ko Ko Ko Ko Koo Ko and Ky where B = ADIH,
R = DPNH, O = DPN, I == imidazole.

The results of hundreds of such experiments are summar-
ized in Table I.

TasrLe I

Dissociation Constants for Complexes of LADH with Coenzy-
mes and Imidazole (uncharged, alkaline form). w-o.1 23° .5C.

pH K wa KIE,I [LE KIZH,I ms Km,u I KI-Z,O M ](IE(),I 1M K|~:|,0 LA

6 0.23 0.47 4.2 2.0 266 0.8 450
7 0.37 0.55 3.5 2.0 160 1.5 430
8 0.4 0.68 3.6 2.2 51 5.9 440
9 0.05 0.67 3.0 2.Q 12 24.2 435

These experiments gave some valuable information. Liver
ADH contains 2 atoms of Zn per mclecule, and the same num-
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T ] T 1 I I 1 ! !
INCHES

1.05 PM R
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!
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1. 4 - Determination of disspciation constants Dby spectrophotoefluori-
melric fitration

ber of binding sites for DPNH. 1t is very hard to imagine that
imidazole in its uncharged form would combine strongly with
any ordinary group in a protein, but Zn-imidazole complexes
are well known from the literature, and the values found for
Ky are of the same order of magnitude as for Zn ions and
imidazole. In these complexes neutral imidazole uses the free
electron pair of its ternary nitrogen to coordinate with Zn, and
a maximum of 4 imidazoles per T Zn can be attached in this
way. The resuifs given in table I indicate that Zn in LADH

123] Theorell - pag. g
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can bind only one imidazole. Zn might therefore be bound by
three out of a total of six octahedral bonds to ADH, leaving
the three other ones free for reacting with coenzymes and sub-
strates. This would explain the very firm bonding of Zn to
the enzyme protein. Experiments (with R. Prane) on the
effect of inhibitors like o-phenantroline, ethylene diamine and
others were entirely in line with this theory. T shall not go
into details on these items here, However, our conclusion is
that Zn in LADH takes part in the binding of both coenzymes,
using two of its three free bonds for attaching perhaps the
adenine moiety as earlier suggested by WALLENFELS and
SUND - and of substrates, using the third bond. As scen
from table I most of the dissociafion constants operating be-
tween ADH, coenzymes and imidazole are scarcely influenced
by pH-changes between 6 and g. The two exceptions are Ko
and Ko, which show an inverse proportionality. We explain
this by assuming that at increasing pH one of the water mo-
lecules at lower pH-values occupying the three free Zn bonds
loses a proton (pK=-8.6), leaving a negative hydroxo group
on the Zn:

H.0 H.O H,0 H,0
NS - HE AN
Zn [a— Zn

P IE
H,0 QH~
pK=86

In the complex with DPN (“EO”) the positively charged
pyridine ring interacts, we think, with this hydroxo group so
that a stabilization of the binding of DPN to ADH occurs, in
agreement with the changes in K., with plI (sece table I).
Since two of the free Zn bonds are already occupied by the

23] Theovell - pag. 1¢
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adenine part of the DPN, imidazole has to compete with the
pyridine ring for the third bond. This explains why Ko
increases with pHl, whereas K., o is insensifive te such changes.

J k o I l !
) + H~+
e Ve \ /
in [ 1// \\w ~n —
0 HOT T N e
// 4.,.1
Im Im
PK=9.07

It seems very plausible to believe that alcohol in the form
of an alcoholate ion ~- the dissociation favored by the proxim-

N T4
ity to the pyridine \"I]\I/ -— substitutes the hydroxo group.
In work with A. Winek fatty acids were found already a
couple of years ago to form fernary complexes ADH - DPN -
fatty acids, but no ternary complexes with ADH - DPNH,
This is obviously to be expected from the suggested arrange-
ment, since the negatively charged carboxyl group must be

stabiized by the positive pyridine »I:LT. Fatty acid amides
form ternary complexes with ADH-DPNH (“ERI”), but not
with ADH - DPN (EOI). This indicates that the binding sites
for DPN and DPNH, and for fatty acids and thelr amides,
must be different. Tt was found in kinetic experiments that
fatty acids compete with alcohol and with DPNH, whereas
the amides compete with aldehyde and with DPN. Now it
must be noticed that the three free hounds of the Zn are not
equivalent, being fixed in their positions relative to the enzyme
surface. The oxidoreduction occurring between DPN-alcohol
and DPNH-aldehvde therefore seems to involve an « edge

23] Theorell - pag. 11
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shift » at the Zn bonds. Suppose the adenine of DPN uses
Zn-bonds A and B, alcohel C, the adenine could flick over to
A and C when DPN is reduced, and the aldehyde formed to B.
This mechanism would explain one mystery in Nature: how
the formation of the non-reactive, useless complexes ADH -
DPNH - alcohol and ADH - DPN - aldehyde is prevented.
This prevention seems to be total at physiological concentra-
tions of the reactants; at very high alcohol concentrations,
however, we found indications of an ATJH - DPNH - alcohol
complex to be formed. We think the alcchol in such cases 18
forced to ferm a weak bond with the aldehyde site.

Let me finally turn back to the question how imidazole can
either stimulate or inhibit the reaction velocity. The answer
is that these effects occur in different phases of the reactions.
In the « backwards » reaction (sce the « THEORELL-CHANCE »
mechanism, formulae 1, 2 and 3), starting with E4+ O, at high
concentrations of both O and &/, the dissociation rate constant,
k,, of ER will be rate limiting, and most of the enzyme is in
the form of ER. When imidazole is present ERI will be formed
to. an extent depending on the imidagzole concentration and
on Ky, Now according to table I, ERI is less stable than
ER, with higher dissociation constants than ER or EI. We
found this to be dependent on the dissociation velocity constants
being increased, whereas the association velocities remaiu
practically unchanged. This means that the decomposition of
ER to liberate free I for next reaction cycle has uow in the
presence of imidazole found a faster pathway.

N E + R {(slow)

N]

* EIR-—EI , R

T

> K 4 I {(fast)

F237 Theorell - pag. 12
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Inkibition occurs when cither DPN or alcohol are present in
low concentrations, The dissociation of ER is then only partly
rate Hmiting. E and IXO will be considerably present, leading
to the formation of EI and EOI, that is part of the enzyme is
inhibited. At some intermediate concentrations stimulation by
ERT formation will cancel inhibition by EI and EQI formation;
this is where the LINEWEAVER-BURK plots intersect.

I can wvery well imagine that such effects may be of con-
siderable biochemical and pharmacological interest. Substan-
ces acting like imidazole — and we have fonnd many others -
will have a homeostatic function, helping to maintain a cons-
tant substrate concentration. An occasional excess will be
rapidly metabolized, and when the concentration goes down
increasing inhibition occurs. Perhaps some hormones act in
this way — that we do not know yet; but it should certainly
be possible to find drugs with this kind of homeostatic function.

(23] Theorell - pag. 13



DISCUSSION

LiNpgvisT

The complex formation of zinc with alcohols and fatty acids was
studied by Meerwrin, who showced that the acidity increased for
hoth these types of compounds. Now, can you he sure about the
octahedral coordinalien around zinc? Tetrahedral coordination is
very common with nitrogen or sulfur as ligands, while the octa-
hedral is generally obtained by oxygen ligand, The existence of
both types in aqueous solution has been discussed by OrGEL.

THEORELL

We have considered the possibility that zinc in the frce cnzyme
could be held by tetrahedral bonds, thus probably by nitrogen (f.cx.
imidazole) and sulfur groups. In the ternary complexes the bending
could then change to octahedral, perhaps by the aid of the oxygen
atoms in the substrates, or inhibitors like fatty acids or their amides,
Some difficulty arises with the ternary imidazole complexes; in case
two adenine nitrogen in the coenzymes are attached to zine, there
wonld he no oxygen added by the intreduction of imidazole. This
would speak against the adenine part being attached to zinc., On
the other hand we think there is no doubt about the zinc having
three bonds to the protein, and that both coenzymes and substrates
are bound to zinc. This requires more than four bends; that is to
say, octahedral configuration in the ternary complexes,

{23] Theorell - pag. 15
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Putziys

Ovalbumine crystallizes with 3.6 zinc jong for one ovalbumine
molecule (1), If there are seven histidine melecules in one oval-
buamine, this means two imidazols for one zine. Qbviously one may
not infer from this, may be fortuitous, stoichiometry, that the
complex formation is really with two imidazols.

ANFINSEN

Professor Turorerl, what sorts of methods have you used to
investigate the possibility that alcohol dehydrogenase is a dimer?
With myosin for example, Harringron and KipLLey found that 4M
guanidine was not sufficient but that at 6 M, monomers were prod-
rced from the normal myosin trimer.

TuEORELL

We have not made systematic investigations into this, but we
have ncver observed any tendency to splifting into monomers,
However, 1 thank it is very well possible that guanidine might do
the trick.

(P Purzevs - B Swasnex, Med, Kon, VI Acad. Wetensch, Belgic
(1960}, 22, n. 3.
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SOME RECENT ADVANCES IN BIOCHEMICAL
SEPARATION METHODS AND THEIR SIGNI-
FICANCE AS AN ANALYTICAL APPROACH TO
THE STUDY OF BIOLOGICAL STRUCTURES

ARNE TISELIUS

Fiohemiska  Insiitulionen, Uppsale Universitet, Uppsala  (Sverige)

Biochemistry, being the branch of chemistry which aims at
an investigation of the mechanism of the processes of life, has
had and will always have as one of its most important goals
to isolate substances out of biological materials which somehow
play an important part in the complex phenomena which we
call Life. This problem has come in to the foreground not
least because many of the substances involved owing to their
molecular size, their complicated structure and their fragility
to common chemical operations, present special problems.
Furthermore many of the most important substances occur in
extremely small quantities. Consequently it is natural that
analytical biochemistry has come to occupy a key position
and that special methods, which take the difficulties mentioned
into consideration, have had to be elaborated. The purpose
has aften been to isolate an enzyme or some other biologically
active substance in pure form and to characterize it chemically
as far as possible. Often one has had to stop here — first
lately, as you know, one has succeeded In realizing a real
chemical structure analysis of such complicated proteins as

i(24] Tiselins - pag. 1
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insulin and ribonuclease, so that the exact sequence of amino
acids in these molecules is now known. Likewise X-ray crystal-
lographical methods, in some few cases (myogiobin, hemoglo-
bin), have gradually made an alinost complete localization of
the atoms in the molecule (M= 67,000) possible. Other proteins
are now subject to similar structure investigations, but we still
have to admit that this hinportant branch of the biochemistry
on the whole still is on the pre-structural level, And also when
dealing with the best known structures we are still very far
from an « explanation » of the important biochemical functions
these substances show in the living organism or as isolated
substances (e.g. enzymatic activity).

However, the aim of the biochemist can not be restricted
to reducing his problems to merely chemical terms by purifi-
cation and structure determination of important substances
from biological material. When discussing the problern of the
function of these substances we must never forget that this
function in nature is performed in a very special environment
— the living cell — and often is an integral part of a system
of chemical reactions connected to cach other, which also have
a structural basis, though of another character. We deal here
with bioclogical-morphological stroctures which generally have
beer: studied with microscopic or clectron microscopic methods,
sometimes including also microspectrophotometry of different
kinds or X-ray crystallographical analysis. Tt is frue that even
these structures must have a chemical background, but chem-
ical methods used ifl now are generally not sufficient here. We
know far too little of the laws which decide how macromolecu-
les and other material associate {o the very specific and highly
organized structures, which we can observe in the cell by the
methods mentioned. We have every reason to assume that we
have here new and promising fields for chemical rescarch and
that these « biclogical » structures are also of fundamental in-
terest to the chemist.

2] Tiselius - pag. =2
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It is not my intention to enfer upon a further general
discussion of these in themselves so attractive problems.
Instead I thought of illustrating the character of these problems
and the methods for their study with some examples — espe-
cially from my own laboratory —. As to the methods T intend
to, as far as time admits, tell you about some new advances at
my own laboratory which may be of some interest also for
other problems of biochemistry and chemistry than those in-
volved in the main theme of this lecture.

In the blood of the well-known snail Helix pomatia there
is a blue protein, hemocyanin, which serves as a carrier of
the oxygen in the blood in the same way as the hemoglobing
in higher animals. Through examinations by SvEDBERG and his
collaborators [1] in 1930 it appeared that the hemocyanin is
a real giant molecule (M=6.7 millions), but that this molecule
can be splitted reversibly to fragments of 1/6 of the original
size through a shifts of the pH-value from neufral reaction
(pH=6.8) in the alcalic direction {pH=8.5). Interestingly
enough, on neutralization, the primary molecules are reformed.
We come across similar phenomenon with other hemocyanins
and on the whole with a number of proteins, especially those
with high molecular weight. Here we have an cxample of an
unusually simple and clear-cat case of reactions between bio-
logical macromolecules in sointion. Today we have the pos-
sibility of observing directly in the electron microscope not only
the hemocyanin molecule but also something of its inner struc-
ture. Fig. 1 shows such a picture (Dr. O. Levie, Uppsala)
where we can see that the molecules are short cylinders ().
Some of these lie on their side (the rectangles), some are stand-
ing upright (the circles), and they appear to have a six-fold
structure which would explain their dissociation into sixths.

In 1937 Dr, Franx Horsearr and T [2] made some experi-

("} See also: Van Brucoiy, Wimsnscs and Gruper, Biochim, Biophys.
Acta, gz, 171 (1960}

{24 Tiseling - pag. 3
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G, 1 = Electron micrograph of molecules of Heliy powiatia bemocyanin
(G, LNy,

241 Tiselius - pag. 4
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ments in order to see what happens if one performs such a
reversible recombination operation with & mixture of two dif-
ferent hemocyanins. We chosed Helix pomatia and Helix
nemoralis hemocyanins, which easily can be separated and
identified by electrophoretic analysis. The experiments show-
ed that in this case the recombination does not direct {o a re-
formation of the two primary kinds of molecules, but we obtain
a series of « hybrid » molecules, almost corresponding to what
one might expect the following combinations: 1 Hp+35 Hn,
2 Hp+4 Hn........ 5 Hp-+1 Hn, distributed according to a
statistical Gauss curve. The same experiment was repeated
but with two hemocyanins from more distant species, namely
Helix pomatia and Litorina litorea. Here the primary mole-
cules were reformed on recombination, at least to a consider-
able extent.

These experiments allow some conclusions of inferest.
Obviousiy, those affinities, which keep the fragments together,
will consist of bonds which each are rather weak, as the dis-
sociation occurs throngh a relatively moderate pH-shift
(2 units). The aggregates (the whole molecules) may still be
rather stable because of the large number of such bonds which
keep them together. The pronounced biological specificity
which is reflected in the results of the reconibination experiments
might also be explained as a consequence of a cooperation of
many affinities, arranged according to a specific pattemn, to
some extent perhaps analogous to a kind of crystallization.

Lately similar recombination experiments have been per-
formed with hemoglobins especially by Irano and his colla-
borators at the National Tnstitates of Health in U.S.A. These
experiments go back to the discovery (1949) by Livus PAUL-
ivG, Trano and their associates of the so called sickle-cell he-
moglobin (HbS) which appears at certain hereditary patholo-
gical states (anaemias) in human beings. This hemoglobin has
the same molecular weight (67,000) as normal hemogiobin
(HbA) and is also in other properties very similar to HbA. As
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384 PONTIFICIA ACADEMIAL SCIENTIARVAD SURIBTA VARIA - 22

a matter of fact we know now that the difference between the
molecules are restricted to onc single residue of amino acid per
half of the molecule ((glutamic acid in HbA is replaced by
valine in HbS), which means a difference of only 1:300 amino
acids. This, however, is sufficient for demonstrating the dif-
ference by electrophoretic analysis, and it was through studies
of clectrophoretic diagrams that HbS was first discovered.
Today we know at least 20 pathological human hemoglobins,
which might be differentiated electrophoretically or chromato-
graphically. The hemoglobins are dissociated reversibly at mo-
derate pH-shifts in the same way as the hemocyaning, but
the process is more simple here as hemoglobins dissociate into
halves, and thus the alternative recombination possibilities are
fewer and the experiments easier to interpret. As an exampie
I would Tike to show a figure (ITaNo and Roserrson [3], 183,
1799, 1959) with HbA recombined with HbS or HbI. From
the figure (c) you can see that A increases, while § and T de-
crease, and that a new component appears hetween A and T -—
a double abnormal hemoglobin., Similar results were obtained
with HbC instead of HDS, though no new component could be
observed here. The increase in A (relatively to the fwo other
components) is clear, however. Consequently, it is possible
to produce « hybrides » of related proteins through such simple
«in vifro » recombination experiments. It does not concern
just « curiosities » as the formed hybrides have biological {pa-
thological) properties different from those of their « parents ».
It seems probable that such phenomena also appear in other
important relations. Thus it is known that the microsomes
and other submicroscopic cell particles may undergo a revers-
ible dissociation-association-reaction, where the magnesium con-
centration is the determining factor. I do not know if recom-
bination experiments with micresomes from different species
have been performed yet, but such experiments would no doubt
be of great interest. Even viruses, in any case the simpliest
types like tobacco mosaic virus consist as you kmow of sub-

[24] Tiselins - pag.
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A

i)

(d)

{e}

Irg, 2 - Recombination experiments with hemoglebin A, §, I and €,

as studied by electrophorefic analysis., «) A, I contrel - d) A, T recombined -

¢) 5, A, T control - d} 5, A, I recombined - ¢) C, A, T controt - ) C, A, T
recombined. (Itaxno and Romnsoxy {37).

microscopical particles containing protein and ribonucleic acid.
These, by appropriate treaiment, can be dissociated from each
other and be recombined, which flirst was proved by TTRAENKEL-
Conrar in Berkeley and Gizrer and Scaramm in Tibingen,
It is also well known to the participants in these discussions
that highly significant recombination experiments recently
have been performed with DNA molecules by a heating-anncal-
ing cycle (see for example [4]). Such experiments open very
wide perspectives indeed as one here is able to « manipulate »
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with some of the very key substances in reproduction proces-
ses. But they have their significance also as a way to that aim
I mentioned as cspecially important in the beginning of this
lecture: an elucidation with chemical-analytical methods of
those affinities and those structure relationships which arc im-
portant to an understanding of the character and function of
the biological structure.

The methods which have been used in these experiments
in order to study the stracture of certain biclogical particles
are to some extent analogous to those which the chemist uses
when he tries to establish the structure of an organic compound,
It is true that the analytical methods are different — they have
to be adapted to the complicated and deficate structure of the
biological material, but the principle is the same: a break
down, an identification of the fragments and, if possible, a
resynthesis.  In the « biological » case the fragments are not
atoms or smaller atom groups but complicated macromolecules
the structure of which we generally do not know in detail, but
which we anyhow can identify with some confidence. DBut
otherwise the method is analogous in principle at least.

We have every reason for asking ourselves if not a similar
procedure could be applied when dealing with biclogical strue-
tures in general, that is not only with more a less well defined
cell particles, viruses and macromolecules, but also e.g. for cell
membranes, cell nuclei, chromosomes — perhaps even for bio-
logical tissues. T pointed out in the beginning of this lecture
how the biochemist not only has to try to isolate important
substances out of biological material in as pure form as poss-
ible. Tarthermore, he has to take interest in how these substan-
ces fit into the living cell, where they exercise their functions
together with others, to which their action is linked through
some kind of structural rvelation. We could in a somewhat
pointed formulation say that the biochemist not only ought to
be interested in the pure substances but also in the impure ones.
I want to illustrate this with a figure which is supposed to

[24] Tiselins - pag. 8
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i. } A X ) A k
"A B ¢ D E F
T, 3 — A linear structure consisting of structure clements A, B, C,
B, 1 oand F.

represent a « linear » structure of the substances A, B, C, D,
Eand F {fig. 3). If you isolate e.g. C in pure form, then we
actually just know that C is a part of the structure, but if
certain quantities of the adjoining components B and D still
rerpain on C then we know in addition that C in the original
structure is bound to B and D. We can generalize this ap-
proach (fig. 4, @, b, ¢). Here we imagine that a cerfain biolo-
gical structure (e.g. a cell) through some mechanical method
is decomposed inte fragments of gradually diminishing size
(indicated by a system of squares). Suppose that we perform
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such an operation with a very great number of cells and that we
study the combination of the fragments of different size classes.
We can see, that relatively big particles (fig. 1} stiil arc able
to contain both A, B and C, the medium sized only A and B
or B and C, while the smallest fragments only contain one
component A or B or C. That particle size at which a « segre-
gation » occur is a measure of the « volame distance » between
the components in the structure (TiseLius [51).

Such an analysis would thus in principle make possible
a structure determination but would also facilitate a correlation
of structure and function. A certain biological function, e.g.
respiration or assimilation, will survive down to a certain part-
icle size, This in relation to chemical analysis of the {fragments
might give a clue to such features of the structure which are
essential to function. '

I have been tempted to indicate this somewhat sketchy
principle for an analytical method for the study of biological
structures not becaunse T think that this — still — is a practically
feasible procedure but becavse out of this we can see what
methodical advances would be especially desired for such an
approach. It is evident, already from those examples T have
given you on studies of certain aspects of the structure of bio-
logical particles that separation methods of the highest degree
of resolution and at the same time of a very gentle character
are essenlial, and the same is of course applicable to the more
general problem. But in addition methods must be worked
out where fragments of biological structures can be separated
most effectively, and where fragment —- or particle sizes in
some way will enter into the picture. Actually such lines of
thought have to some extent been lying behind some of the
latest improvements in biochemical analysis methods which has
beenr realized at my laboratory in Uppsala, and T shall finish
this lecture by indicating something about this, briefly.

1 shall not discuss details in new and old methods for the
disintegration of hiological material down to submicroscopical

{247 Tiselius - pag. 1y
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dimensions even if these procedures are of importance in this
connection.  The meoest mmportant recent advances have been
made with methods of separating and isolating particles and
macromolecules, that is of fragments of submicroscopical di-
mensions.

In principle the simplest method of separation in chemistry
is the partition method but so far this method has been chiefly
restricted to molecules of small or medium size. If one tries
to use such methods with large molecules, for example with
profeins, one will find that they will remain in one phase only
and thus no separation is obtained, During the last few years,
Dr. ArserTsson at the Institute of Biochemistry in Uppsala
has, however, worked out some special phase systems which
make possible a very specific and well defined partition even
of very large molecules, particles or whole cells {6]. Also it is
an advantage that these systems do not scem to have any ag-
gresive action.  ALBERTSSON’s two-phase-systems consist of
aqueous solutions of two water soluble polymer substances in
comparatively low concentration (a few percent) and some salt.
If one digsolves in water for example polyethylene glycol and
dextran and some phosphate buffer one obtains a system of
two phases chiefly consisting of water and separated by a very
sharp boundary. As the phase-forming polymers have a low
osmotic pressure the phases end to become very similar and
ordinary substances will distribute themselves with a partition
cocfficient close to 1. Larger moelecules and, above all, particles
will, however, give finite partition coefficients (see table 1)
which depend among other things of the salt concentration.
This provides excellent possibilities of an efficient and gentle
fractionation of systems which earlier have been difficult to
work with. The method has already with success heen used
for example for vires purification, separation of bacteria, frac-
tionation of proteins and nucleic acids ete.

Another new method which is of particular interest in this
connection is the so called gel-filtration which has been worked

f2q] Tiselins - pag. 12
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Tasrre 1

Partition coefficient, K, and the surface area of a num-
| ber of protein and virus particles in the dextran-methyl-
i zellulose system 1D 68 - MC 4000

Particlte Surfage area K
imped x40

Phycoerythrin o . . . . 0.3 0.095

~ Hemocyanin, « eighth » . 0.86 0.65

. Hemocyanin, « whole » . 3.5 0.25
ECHO virus 2.3 0.z
Polio virus . 1.3 0.3
Southern bean mosaic vires 0.41
Phage X 174 . . . . 6.34
Phage T3 . . . . . . 8. 2,110
Tobacco mosai~ virvs . . 14.4 (1-2)+1072
Phage Tz . . . . . . 25.5 (6-10)+ 10
Phage T4 . . . . . . 25.5 (3-5)-10°*
Vaceinia . . . . . . 220 (4-12)- 103

out by Dr. J. Porartn at the Institute of Biochemistry and
Dr. Per Fropin at the Research Laboratories of Pharmacia in
Uppsala [7]. The principle is shown in fig. 5. A cylindrical
tube is packed with a suspension of gel particles (Sephadex)
prepared by « cross-linking » of dextran meolecules.  These
particles swell strongly by uptake of water but they remain
insoluble and resistant cven towards moderately alcaline and
acid media. If a mixture of small and big molecules is allowed
to pass such a column the smaller molecules will move more
slowly than the larger ones as the former to some extent will
penetrate into the gel and thus become retarded. The result is,
as shown in the figure, a separation, so that the substances
leave the bottom of the column in more or less separated zones,
the Targer molecules emerging first and the smaller last. Thus

{24] Tiselius - pag. 13
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16, 5 = The principle of separvalion by gel filtvalion [see text).

this is a kind of chromatography largely based upon differences
in molecular size, even though special affinities sometimes may
interfere.  The method has rapidly come into general use in
biochemistry.

So far the application has been chiefly in the field of mo-
lecules of medium size but the range of the method is gradually
being extended even to the largest molecules. Thus some recent
experiments with « Sephadex 200 » have shown that serum
proteins may be separated by this type of gel filtration. The
method is simple, rapid and gives very good yields. Also the
fact that differences in molecular size play a decisive role makes

{247 Tiselins - pag. 1y
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the method particularly interesting in connection with the
problems just discussed. Methods of the kind I have discussed
here are useful tools in attempts to study problems of biological
structures by analytical procedures. It is difficult to say yet
how far we can proceed along this read. The methods referred
to here will still be valuable as tools in biechemical research
in general, where specific and gentle separation methods of
high resolution occupy a key position.

{24] Tisclins -~ pag. 15
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DISCUSSION

CHARGAYF

T wonder whether there lhas been an improvement in Ar-
BERTSSON's techniques?  1f one is dealing with solutes of a size not
suitable for recovery by sedimentation, we have found it difficult to
separafe the substances we were inferested in from the dextran
sulfate and methy] cellulose in the two phases.

Trsurius

ALBERTSSON's method was originally introduced for the scpara-
tion of particles, and in this case — as Dr. CHARGAFF points out —
it is casy to remove the phaseforming polymers by centrifuging the
separated particles out of the suspension samples. When the method
was gradually extended to material of lower particle size, c.g.
proteins and nucleic acids, the problem of remeving the polymers
becomes more difficult and is now being studied intensively. In
addition to using polymers of the type of dextran sulphate, which
can be removed by salt precipitation there are some alternative
procedures, which have proved usefnl,  Most uncharged polymers
will pass through chromatographic columnes with little or no reten-
tjion, leaving proteins etc. behind for subsequent elution.

In some cases, the solute may be transferred to a polymer-free
phase by partition. Thus DNA or RNA preparations will move

almost completely into the bottom phase (potassium phosphate} if

{24} Tiselins - pag. 17
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the top phase is a very concentrated polyelethylenglycol solution.
This type of system has been described by Arpirrsson (1) and its
application to nucleic acid fractionation by Lir (2).

CHARGAFF
What actuaily enters info the separation? Density or surface

areca?

TriserLIUS
Density does not come into the picture.  The decisive factor
determining the partition coefficient X is the product of the surface
arca of a particle (M23) and a facior ). which is characteristic of
the surface chemical properties of {he particle and constant in a
family of «isochemical » substances, that is f.ex. for profeins (if
the mfluence of charge is eliminated by sufficient salt concentration).
Mafa3
Thus K co ¢ RT
For nucleic acid preparations a definite correlation seems to exist

between K and the sedimentation constant (3).

FRAENKEL-CONRAT

The question is raised whether the extent of incorporation of
trittum (T,0) upen « reconstitution » of hemocyanine could or was
used as a measure of the number of groups involved in intersebunit
bonding.  Such studies with TMV profein indicate a finite number
of protons to become inumobilized both, upon reversal of denatura-
tion of the protein and upon the aggregalion of the native protein

to rod particles,

() Avurrrsson PLAL, Parlition of Cell Parlicles and Macromolecules,
p. 69 (John Wiley and Sens, New York, 1961).

('} tar T. to be published shortly. ‘

() Ly T., Trrex G, and Avseryssox P.A,, [, Mol Hiol., 3, 927, 1967,
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TiserIUs
So far no reconstitution experiments on hemocyanins with in-
corporated isotopes have been performed.  This would no doubt

be very interesting.

ZAMECNIK

As Professor TisELius has suggested, it is possible to combine
the molecular sieving properties of the crosslinked dextran with
ion exchange separation by using, for instance, a DEAE-dextran.
Thus, one may obtain a synergistic effect under favourable eir-
cumstances, In this way, we have obtained & rather good separa-
tion of a specics of aminoacyl-s-RNA from the family of closesy
related s-RNA molecules, and at a later time in this meeting 1 shall
perhaps present the details of these experiments.

Trsenius

I have scen the report of Prof, ZamECNIK's experiments on the
separation of a species of amincacyl-s-RNA, and to me this is one
of the most striking explase of the cfficiency of the dextran and
DAFA-dextran gel columns in separation work.

Jacon

The possibility of distinguishing different types of cells or of
bacteria is of course of high interest. It may allow one for instance
to select for mulants in a population. I am thinking also of another
system where the method might be extremely valuable.  We have
tried in the passed years to determine what material, besides he
chromosome, can migrate from male to female during crosses of
T, coli. For this we nced to label the males with isotopes, mate
them with non-labelled females and then scparate males from
femaies,

I wonder how far one can separate the lwo types, i.c, starting
with a 1:1 mixture, can one recover a population of females with
less than 1 male in 30% or 10%?

[24] Tiseffus - pag. 19
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TisELIUS

It is difficult to make a general statement, as some systems
are more [avourable than others. A thorough study of the separation
of bacteria in two-phase systems will appear shortly (4). Selective
action on mutants has been observed In several cases,

No systematic study of the distribution behaviour of the Kirz
strains of K. coli has yet been made, but so far, differences in
distribution pattern ameng these straing do not scem to depend only
on the mating type. It appears that only some male and female
strains have sufficiently different surface properties to allow an
effective fractionation of a mixture of two types of cells.  Some
Hfr and F-strains bave been fractionated with an efficlency of at
least 99% after so-roo transfers in counfer current experiments.
Particularly we have been able fo fractionate mixtures of the
F-strain Wiryy and the Hfr sirain 58, and these strains might
therefore be useful for the very interesting type of experiment that
Dr. Jacos has suggested.

Ranzr

With regard to the reaggregation in the molecular field, may T
remind you that in 1948 my collaborators and T were able to pre-
pare myosin and actin frem different specics of vertebrates and
invertebrates. These actins and myosins of different origin {for
example telcostean fish and pigeon) can combine. In such a wav
it is possible to obtain hybrid actomyosing which can be found in
treads which arc contracted by ATP action (%)

TiseLius

With regard to Prof. Ranzi's interesting observation I wish o
say that [ belicve that molecular recombination may be a rather
general phenomenon among certain proteins in living tssue.

('} Aumerrsson PLA. and Bamn D., Exp. Cell Research (to be pub-
lished) rg6z.
(} Cigana, Crrrezio, Raxa amd Tost, Ezpericntia, ¢ (1948).
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PeruTZ
Can Professor TisrLivus tell us anything about the symmetry
of the haemocyanin particles?

Tiserius

We do not al present know mere than can be scen from the
electron micrographs (fig. 1) which show that the molecules are
cylindric, being built up of 6 sections transversal to the cylinder
axie. The end view alse shows some structural details, but we aze
not yet sure about the interprelation.

Ricn

The hemocyanin molecuie recombination should give rise to
several isomers. TFor example, in the subfamily of one Helix po-
malia 4 5 Helix nemoralis. There could be a number of positions
for the one helix pomatia. That it could be at an end, or somewhere
buried inside the cylinder. Further, it would be very interesting
to know why the native cylinder consists of only 6 units, Tt would
be interesting to know if it could be reaggregated into longer units,
with more than & paris.

TISELIUS

No doubt, such isomers may occur, bat the electrophoretic reso-
lution does not yet permit us to differentiate them out of the rather
continuous-looking mixture of different recombinants.  We have
never observed cylinders longer than 6 units, but frequently frag-
ments with only 3 units.  Evidently the rale valid for well defined
proteins — that they are essentially monodisperse systems — applies
also to these giant molecules. As a matter of fact, this is the only
justification for speaking of « molecules » and not jnst « particles »
in this case.

faq7 Viselins - payg. 2i



THE STRUCTURE OF HORSE CYTOCHROME ¢

AND COMPARATIVE STUDIES OF CYTO-

CHROME ¢ OCCURING IN DIFFERENT
ORGANISMS

H. TUPPY

Institug fiir Biochemic der Universitdl, Wien {Osterreich)

The cytochromes, « haemoproteins whose principal biologic-
al function is electron and/or hydrogen transport by virtue of
a reversible valency change of their haem iron » [1}, were
discovered by MACMUNN [2] in the cighties of the last century.
Their almost ubiquitous occurence in living organisms, how-
ever, and their paramount importance for cell respiration did
not become apparent until Keirmv [3], forty years later, rein-
vestigated them and greatly extended the early findings. His
work, and that of many others since, firmly established the
fact that the eclectron transferase function of the cytochromes
is one of the most fundamental and most universal activities of
living cefls. The association of oxidative phosphorylation with
clectron transfer mediated by cytochromes appears to be a
common denominator throughout aerobic organisms.

Among the electron transport hacmoproteins, the cytochro-
mes of type C are characterized — and they can thus be dif-
ferentiated from other cytochrome types - by having covalent
linkages between the prosthetic group and the protein moiety.
Acid acetone which readily causes catalase, haemoglobin, myo-
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globin, and the cytochromes a and b, to dissociate info haem
and apoprotein, does not affect the covalent bonds which
conjugate the prosthetic group and the apoprotein in cytochro-
mes of type C.  Another criterion used for assigning a cyto-
chrome to group ( is the display hy its reduced form of a
haemochrome spectrum with a sharp alpha band maximum
around 550 mit. Cytochrome ¢ proper will exhibit this absorp-
tion peak upon simple reduction, whereas other respiratory
pigments, which require an additional treatment with pyridine
and alkali in order to show the characteristic maximum at
550 my, have been included in the wider category of cytochro-
mes of type C [1].

Cytochrome ¢ has been identificd in most animal and plant
cells investigated [4] and in many microorganisms [5]. It is
frequently associated with cytochrome ¢,, another respiratory
pigment belonging to type C; ¢, differs from ¢ by showing
light absorption bands shifted slightly toward the red; it has
been isolated and purified from mammalian heart [6-10]. Other
members of type C are the plant chloroplast haemoprotein,
cytochrome f [11]; cytochrome %, a plgment found in the
hepatopancreas of molluscs [12, 13]; and numerous haemo-
proteins which occur in various microorganisms and also con-
form to the chemical and speciroscopic criteria defined above
for this group of pigments.

Cytochrome ¢ proper has been extracted from a wvariety of
organisms, the most popelar sources being the heart muscle
tissue of vertebrates [18-21] and bakers’ yeast [14-17]. Owing
to its relatively great stability, it could be subjected to rigorous
operations of fractionation and purification. Crystallized samp-
les were obtained by Bopo, by Partus & Tagorrrr, and by
Hacimara, Horio & Oxuwnuki, from sources such as the king
penguin [2z], from beef, pig and horse heart [23-z25], from
the whale [267, from fish and bird [17, 27-20], from wheat
germ [307, yeast [16, 17], and a Pseudomonas species [31].
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Cytochrome ¢ as derived from horse or beef heart 1s a
strongly basic protein [32] with a molecular weight of around
12,000 [19]. It contains 0.45%, iron, the melal being part of
a single prosthetic group of the haem type. The low molecular
size, the ease of purification, the haemoprotein nature which
facilitates observation and physicochemical investigation, the
biclogical importance, and the wide distribution of cytochro-
me ¢, have all contributed te make this protein especially
attractive for structural studies and for investigations of the
relationship between structure and catalytic activity.

Great attention has for a long time been paid to the two
features most characteristic of cytochrome ¢, namely the co-
valent bonds which link apeprotein and prosthetic group, and
the special architecture of the molecule which is responsible
for its haemochrome spectrum. THEORELL has been the first to
show convincingly that sulphur bridges are accomplishing the
stable conjugation of haem and apoprotein {33]. Each cyto-
chrome ¢ molecule contains four sulphur atoms [34]. Two of
them are accounted for by methionine residues of the apopro-
tein [35], whereas the other two are peculiar in remaining at-
fached to the porphyrin moiety, upon acid hydrolysis of the
haemoprotein.  IFrom acid digests of cytochrome ¢ ZriLe &
MEVER [367, as well as THRORELL [37], isolated and purified a
compound called porphyrin ¢, which may be considered as an
adduct of one protoporphyrin and two cysteine molecules
(fig. 1). In cytochrome ¢ an iron atom occupies the centre of
the tetrapyrrole structure of porphyrin ¢ and the cysteine resi-
dues of the iron-containing « Haem ¢ » are incorporated by
peptide bonds into the protein moiety. The two thioether brid-
ges of cytochrome ¢ which are stable to acid can, however,
be broken by treating the haemoprotein with dilver or mercuric
salts in weakly acidic solution; PaurL has found that the apo-
protein devoid of pigment and the free pigment in the form of
optically active haematoporphyrin can thereby be obtained se-
parately [38].
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1.

In addition to the thicether bridges, there are other bonds
linking haem and protein in cytochrome ¢. Functional groups
of the protein moiety are coordinated with the iron of the
prosthetic group, a fact clearly revealed by the haemochrome
spectrum of cytochrome ¢. The nature of these haem-linked
groups has raised special interest since they strongly influence
the properties of the prosthetic group and doubtless play a cru-
cial role in building up the catalytically active site of the
cytochrome ¢ molecule. Trrorerr & AxesoN [32] who admi-
rably investigated this point, as early as twenty years ago,
using -spectrophotometric, titrimetric and magnetic methods,
concluded that at least one, and most fikely two haem-linked
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groups were imidazole rings of histidine residues. Tt should be
mentioned in this context that, on the whole, three histidine
residues have been found to occur in horse and beel cytochro-
me ¢ [32, 30, 40].

The facts so far reviewed were the starting point and the
basis for structural investigations with which the author of this
paper has been closely associated, The first aim, several years
ago, was to determine the nature of the amino acid residues
adjacent to the cysteines which are engaged in the thioether
linkages, with an eye to the possibility that among them there
might be histidine residucs complexed with the haem iron. Par-
tial hydrolysis of horse and beef cytochromes ¢ with diluted
sulphuric acid gave a series of iron-free porphyrin-c-peptides,
with the porphyrin-linked cysteine residues still bound to other
amino-acids. A study of these coloured compounds established
the occurrence of the two cysteines in the following peptide se-
quences, Lys-Cys-Ala-Glu and Glu-Cys-His. Thus, one histi-
dine residue was indeed found to be closely attached to porphy-
rin ¢ [41].

When cytochrome ¢ was subjected to digestion by either
pepsin or trypsin, iron-containing haem-c-peptides were obtain-
ed. Such red coloured compounds had first been prepared by
Tsou [42], but they had not yet heen pure enough for a study
of amino-acid sequences. In order to arrive at homogeneous
preparations, a series of purification steps involving precipita-
tions with ammonium suiphate and ftrichloroacetic acid, iso-
electric agglutination at pll 5, and partition chromatography
on columins of Hyflo Supercel had to be carried out.

The structure of the pepiic degradation product of beel
cytochrome ¢ is represented in fig. 2 [43]. s peptide moiety
is composed of eleven amino acid residues which are arranged
in one single polypeptide chain and contain the two porphyrin-
bound cysteine residues. In order to establish this amino acid
sequence the haemopeptide was first cleaved into its haematin
and peptide moicties with the help of silver salt in acetic acid,
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; |
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Fra, 2 -~ MHaem-¢-peptiude from beef heart cytochrome ¢,

following the procedure which Paur had successfully used for
the breakage of the thioether bonds in cytochrome ¢.  The
peptide moiety set free by this treatment was then oxidized
with performic acid in order to convert the cysteine residues
into cysteic acid residues. The sequence of amino acids in
the porphyrin-free undecapeptide thus obtained was elucidated
with the help of end-group determinations, and by fragment-
ing the chain with the enzyme subtilisin {which produced five
small peptides, Val-Glu{NH,), Lys-CySO,H, Ala-Glu(NH,),
CySO,H-His, and Thr-Val-Glu) and with mincral acid.

The haemopeptide prepared by #ryplic hydrelysis of horse
cytochrome ¢ [44] contained only nine amino acid residues
aligned in one polypeptide chain: Cys-Ala-Glo(NH,)-Cys-His-
Thr-Val-Glu-Lys. N-terminally this nonapeptide sequence was
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shorter by three amino acid residues than the corresponding se-
quence of the peptic haemopeptide, whereas the C-terminus was
longer by one (lysine) residuc.

These resuits provided evidence that the two cysteine re-
sidues of cytochrome ¢, which are involved in the stable sul-
phur bridges between protein and haem, occur in one and the
same polypeptide chain and are separated from each other by
only two other amino acid residues. The detection of an histi-
dine residue in the position adjacent to one of the cysteine
residues made it appear likely that its imidazole group was
involved in rendering cytochrome ¢ a haemochrome.

In several laboratories the properties of the haem-c-peptides
were compared with those of cytochrome ¢. Only a few of the
results obtained can be referred to in this paper. The hacmo-
peptides lack the typical clectron-transfer capacity of cyto-
chrome ¢ in the succimic oxidase system of the respiratory
chain. They are auto-oxidizable, in contrast to cytochrome ¢,
and they exhibit a strong oxydatic activity towards substrates
such as ascorbic acid [42, 44]. In the presence of hydrogen
peroxide they exert a peroxidatic action far superior to that
of cytochrome [43]. Their visible absorption spectrum, in the
reduced state and at neuntral pH, is very similar to the haemo-
chrome spectrum of cytochrome ¢, including the presence of
the characteristic alpha-band at 550 myt, though the extinction
coefficients are significantly lower. Addition of imidazole com-
pounds to ncutral solutions of the haemopeptides was shown
to increase the height of the absorption maxima and to cause
them to approach those of cytochrome ¢ [39, 441 Concomi-
tantly, the oxidatic activity of the haemopeptides was sup-
pressed [44]. The oxidation-reduction potential of the haem
undccapeptide has been determined by HARBURY & L.oacH in
the presence of an cxcess of imidazole, and has been found to
be around -200 mV, in the neutral pH region [45]; it thus
differs greatly from the corresponding one reported for cyto-
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chrome ¢ (250 mV) [46] and resembles more ncarly that
found for horseradish peroxidase {-28c mV) (47).
Enrenpere & THEORELL (48], who constructed and dis-
cussed steric models of haemopeptides, were able to show that
the sulphydryl groups of two cysteine residues in a polypeptide
could be readily brought into contact with the two vinyl side
chains of a profoporphyrin molecule provided that the cysteine
residues were separated from one another by two other amino-
acid residues and that the polypeptide chain was turned into
an alpha-helix. When the polypeptide chain in the model of
the haem undecapeptide had the conformation of a rigid alpha-
helix of the left-hand type with its axis parallel to the plane
of the haem disk, the imidazole group of the histidine residue
adjoining one of the cysteine residues took a steric position
utterly favourable for coordination with the haem iron. Since
X-ray diffraction studies by Arnpr & RiLix [49] have indeed
revealed that the polypeptide chains in the closely packed mo-
lecule of cytochrome ¢ form left-hand alpha-helices, at least
over rather long stretches, it is likely that the imidazole ring
of the histidine residue adjacent to cysteine is one of the haem-
linked nitrogenous groups responsible for the haemochrome
properties of cytochrome ¢ as well as of the haemopeptides.
Whereas the attachment of one imidazole nitrogen to the
iron dees not appear to be controversial for haem peptide so-
lutions at pH values above 4,6, the functional group which oc-
cupies the sixth coordination position around the iron has not
vet been identified unequivocally. For neutral or slightly afkal-
ine solutions, it might be ecither the c-amino group of the
N-terminal valine [50] or the ¢-amino group of the lysine re-
sidue [51]. A simultaneous intramolecular coordination of the
imidazole group of the histidine and of the s-amino group of
the lysine residue, however, is possible only if the polypeptide
chain is in an extended configuration {51], but not if it con-
forms to an «-helix [48]. It has been shown by EuReNzErG &
TrporerL and by Harsury & TLoacw that, when the sixth
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position around the iron is filled, polymerization of the haem
peptide to form pentamers or hexamers is taking place [45,
48]. Therefore, in the peptides investigated haemochrome
formation appears to involve an infermolecular rather than an
intramolecular coordination of a sixth ligand with the iron.

In native cytochrome ¢ the imidazole ring of a histidine
residue belonging to ancther portion of the polypeptide chain
of the haemoprotein is considered to be the most fitting group
for coordinaling with the iron in position 6. The discussion
as to the nature and location of this second iron-complexed
group of the protein was greatly stimulated by Marconiasn
who, in 1655, reported experiments which seemed to indicate
that two histidine residues might be N-terminal in the cytochro-
me ¢ molecule and that one of them might be bound to iron [52].
MatsuBara and others, on the other hand, claimed to have
found an arginine residue in N-terminal position [53]. In our
own experiments [54] and in those of HorrEman & Bisek-
TE [56] neither of these findings could be confirmed. The rea-
son why these attempts to identify an amino acid residue car-
rying a free @-amino group in cyfochrome ¢ gave negative
results, became apparent when the peptides present in a tryptic
hydrolysate of horse cytochrome ¢ were thoroughly investigat-
ed [55], in recent studies which aimed at working out the entire
structure of the haemoprotein.

According to recent analyses, horse cytochrome ¢ contains
2 arginine [56-58] and 18 [57, 58] or 1¢ [56, 597 lysine resi-
dues per molecule. Digestion of the haemoprotein with trypsin,
which is known to cleave peptide bonds involving the carboxyl
groups of arginine and lysine residues, was therefore expected
to vield 21 or 22 fragments, However, since the commercial
trypsin used exhibited a slight chymotroptic activity, a greater
number of peptides was obtained. In order to minimize chymo-
tryptic activity, the enzyme was pretreated with dilate hydro-
chloric acid [60] and the duration of the enzymic digestion of
cytochrome ¢ was reduced to two hours. The peptide mixture

[25) Tuppy - pag. 0



410 PONTIFICIA ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 22

obtained was resolved on sheets of filter paper with the help
of a two-dimensional « finger-printing » technigue very similar
to that introduced by INgram {67]. The peptides were located
with the help of ninhydrin or by observing the fluorescence
which appeared on heating the sheets at 105" [62]. The result-
ing peptide patfern is given in fig. 3. For the gnalitative de-
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A tryptic digest of cytochrome ¢ resolved (1} by paper electrophoresis in
pyridine acetate buffer, pld 4.7, and (2) chromatography with n-butanol,
acetic acid, water, jq:1:5, v/viv,
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termination of their amino-acid composition the peptides from
one sheet were cluted, hydrolyzed, and the hydrolysates were
analysed by paper chromatography. When larger amounts of
peptide were required for sequential analysis, the material
eluted from several « fingerprints » was combined. Alternati-
vely, a larger-scale resolution of the peptide mixture obtained
on tryptic digestion was carried out in two consecufive steps:
larger portions of the digest were first subjected to one-dimen-
sional paper electrophoresis so as to give a series of fractions
of different mobility; corresponding fractions eluted from se-
veral clectrophoretic Tuns were then combined and purified
by descending paper chromatography. The methods used to
elucidate the amino acid sequence in most of the peptides oc-
curing in the digest were, largely, the classical ones introduced
by SangERr, such as end-group determinations and partial
hydrolysis by acid and by various enzymnes, followed by cha-
racterization of the resulting smaller fragments.

In the tryptic digest of horse cytochrome ¢ an acidic peptide
(T-20) was observed which gave a very weak ninhydrin celour
and which was devoid of a free w-amino group. Cleavage by
pepsin resulted in a neutral tripeptide, Val-Glu-Lys, and an
acidic fragment which failed to react with ninhydrin.  The
latter, on total acid hydrolysis, gave glycine and aspartic acid,
whereas partial hydrolysis with 2N HCI (40 min., 100") yielded
the dipeptide Gly-Asp; heating at pH 2 (go min., 105") produced
free aspartic acid and a substance chromatographically in-
distinguishable from acetylglycine; hydrazinolysis gave asgpartic
acid and two hydrazides behaving like glycylhydrazide and
acetyl-hydrazide. It has been concluded, therefore, that T-20
is acetyl-Gly-Asp-Val-Glu-Lys and represents the N-terminal
portion of cytochrome ¢. Thrs cytochrome ¢ can be added to
the growing list of proteins and polypeptides characterized by
an acetylated N-terminal amino acid residue, viz. bovine fibri-
nogen {637, ovalbumin [64], the proteins of tobacco mo-
saic [65], cucumber 4 [66], and turpip yellow mosaic vi-
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rus [67], and porcine a-melanrocyte-stimulating hormone [68].
The same conclusion, i.c. that the amino-end of the polypeptide
chain of horse cytochrome ¢ was N-acetylated, was also arrived
at by MarcoLiasn & Smitu [59] and, independently, by Tr-
TANT, Yaol, Narita & Oxunuxt [6¢7; the latter authors isolat-
ed acetyl-Gly-Asp-Val-Glu from a mixture of peptides which was
obtained from horse and beef ¢ytochrome ¢ upon digestion with
a proteinase produced by Streptomyces griseus.

When trypsin virtually free of chymotryptic activity was
employed for the digestion of horse cytochrome ¢, all the frag-
ments arising in good yield contained C-terminal lysine or
arginine, except for onc (7-78) whose C-terminal residue, as
determined by hydrazinolysis, proved to be glutamic acid.
Glutamic acid had previously been reported by Tirawi et
al. [70] to be in the C-terminal position in horse cytochrome c,
a finding that we could readily confirm. This obviously sug-
gested that T-18, the structure of which was determined to be
Ala-Thr-AspN-Glu, was derived from the C-terminus of the
polypeptide chain of horse cytochrome e.

The results of sequence studies on all the peptides, terminal
and internal, released from cytochrome ¢ by digestion with
trypsin, are summarized in Table 1.

While the tryptic cleavage products of cytochrome ¢ were
studied in Vienna (Krem & Turry [55], the peptides arising
from the hasmoprotein upon digestion with chymotrypsin were
investigated at Salt Lake City, by E. MarcoLasy & E. L.
SMITH {56). The peptides were separated by ion exchange
chromatography, quantitatively analyzed and their amino acid
sequence determined.  The sequences of chymotryptic peptides
listed in Table 2 are taken from the paper of MarGoLIASH &
SMmitH [59].

From the results obtained by the two groups of investigators
a unique sequence for horse heart cytochrome ¢ could be de-
rived {711 (fig. 4). This sequence comprises To4 amino-acid
residues which, inciuding the prosthetic group, add up to a
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The arrows indicate the points of hydrolysis by trypsin (1) and chymo-

trypsin (C).
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1. 4 — The amino acid sequence of horse heart cytochrome ¢

fa57 Tuppy - pag. 1s



410 PONTIFICIA ACADEMIAL SCIENTIARVM SCRIPTA VARIA - 22

melecular weight of 12,398. As already pointed out, the
N-terminal «-amino group is acelylated. The haem is linked
by thicether bonds to the cysteine residues 14 and 17 and is
thus located near the N-terminus of the chain. Interestingly,
all the three histidine residues occuring in horse cytochrome ¢,
and not only the onc adjacent to cysteine that was dealt with
before, are situated in the N-terminal third of the sequence
(residues 18, 20 and 34). It cannot be stated yet whether the
imidazole group ecither of residue 26 or of residue 34 is coor-
dinated with the iron of the prosthetic group, in addition to
that of residue 18, but the elucidation of the entire amino acid
sequence of horse cytochrome ¢ will greally stimulate and fa-
cilitate physical and chemical attempts to settle this question,

A few other points are worth noting. The basic amino acid
residues in the polypeptide chain show a tendency to cccur in
groups (Lys-Gly-Lys-Lys, residues 5-8; Lys-His-Lys, 25-27;
Arg-Lys, 38-39; Lys-Lys, 72-73; Lys-Lys-lys, 86-88; and
Lys-Lys, 98-¢gg}. A less marked grouping is observed for the
non-amidated acidic residues (Glu-Glu 61-62; Glu-Asp, ¢2-93)
and for large hydrophobic residues (Leu-Phe, 35-36; Tyr-Ileu,
74-75; lleu-Phe, 81-82; Leu-Ileu, 94-g5).

Recently the amino acid secquences in {wo haemoproteins
other than cytochrome ¢ were established, viz, in the «- and
f3-chains of human haemoglobin A, by BRAUNITZER ct al. [72]
and by KoNiGsBerG et al. [73], and — partially as vet — in
the single chain of sperm-whale myoglobin, by Epmunpson &
Hirs [74] and by Kenprew et al. [75]7. Marked similarities
were found to exist between the two haemoglobin chains [76]
as well as between haemoglobin and myoglobin [77] which
were interpreted as homologies pointing to a common extrac-
tion of the genes respensible for their synthesis [78]. Horse
cytochrome ¢, however, does not show any obvious relation-
ship in its amino-acid sequence to either haemoglobin or myo-
globin. This lack of similarity is not surprising, however, in
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view of the different functions of the electron-transferring cyto-
chrome and the oxygen-carrying haemoproteins.

Cytochromes of type C appear to be an exlraordinarily
good object for an extensive stady of species differences of pro-
tein structure since they have been found and can be investigat-
ed in organisms belonging to all different levels of the phyloge-
netic scale. Provided that they are homoelogous in the genetic
sense, the study of their amino acid sequences shoulkd indicate
the nature and scope of the variations which the structure of
a protein may incur in the course of the (hypothetical) evolu-
tionary process. Certain features of the structare, naturally,
should always remain constant, features which are so intimately
linked with the specific structure and function of the cyto-
chrome ¢ molecule that they cannot be changed without loss of
its biological activity.

So far, the complete sequence of amine acid residues has
not yet been established for any cytochrome other than that
of lorse heart. A comparison, however, has been carried out
of the arrangement of amino acids in haemopeptides prepared
by peptic and/or tryptic digestion of C-type cytochromes of
three mammals [79], a bird [8o], a fish [8c], an insect [81]
and three microorganisms [15, 82, 83].

It is obvious from the results summarized in Table 3 that
a certain pattern of amine acid residues has indeed been found
to occur in all C-type cytochromes studied. This pattern inclu-
des two porphyrin-bound cysteine residues separated from each
other by two ofther residues, and a histidine residue adjacent to
one of the cysteines. Their invariable presence in the same
sort of arrangement confirms the contention put forward before,
that they are involved in building up the catalytically acitve
site of the cytochrome ¢ molecule. A threonine residue follow-
ing upon histidine and a basic residue, either lysine or arginine,
preceding one of the cysteine residues, are also appearing re-
gularly; we do not know yet whether or not this constant
occurrence is required by cytochrome ¢ function or by the
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stability of molecular architecture or whether it is due to the
fact that these residues simply happened not to be changed in
the course of evolution.

In horse, heef and pig and even in salmon cytochrome ¢
the sequence of amino acids in the neighbourhood of the pros-
thetic group proved to be exactly the same. (This does not
mean, however, that the structures of mammalian and fish
cyltochromes are wholly identical. An electrophoretic difference
between horse and beef cytochrome ¢ has been noted by several
authors [84-86] and a vecent comparisen by the fingerprinting
technique [87] has confirmed the existence of minor structural
variations.) In chicken cytochrome ¢ a serine residue was
found to be present where alanine was occurring in mammalian
and fish cytochromes. Silkworm cytochrome ¢ differs from the
others in possessing an arginine residue instead of a lysine
residue. More marked deviations were observed in a veast cyto-
chrome ¢ and even more pronouncedly in cytochrome ¢, of
Rhodospinllum rubrum. Al the cytochromes studied here,
with the exception of the last-mentioned Rhodospirillum cyto-
chrome ¢,, have virtually the same catalvtic activities and are
interchangeable in their respective systems. Thus, e.g., yeast
cytochrome ¢ is active in the mammalian succinic oxidase and
cytochrome oxidase systems, and rnammalian cytochromes ¢
are active in the yeast systems. C, of RE. rubrum, however,
is somewhat different. It possesses many but not all the pro-
perties usually atiributed to mammalian cytochrome ¢.  As
shown by KamEN, IZLsprn and Vernon (88-9o) its absorption
spectrum closely resembles that of mammalian and yeast cyto-
chromes ¢; it is not auto-oxidizable, and it can be reduced with
DPNH wig DPNH-cytochrome ¢ reducfase of pig heart, like
mammalian cytechrome ¢. If differs from the latter in that it
is not oxidized by oxygen in the presence of the mammalian
cytochrome oxidase system; it has an oxidation-reduction po-
tential higher than that of mammalian cytochrome ¢. The
amine acid sequence in the tryptic haemopeptide obtained from
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Rhodospirillum rubrum cytochrome ¢, still contains the cha-
racteristic pattern involving twe cysteines separated from each
other by two other residues, and an adjacent histidine residue,
whereas most of the other residues differ from those found in
the cytochromes of higher organisms.

Quite recently, Dus, Barrscn & Kamen [83] reported the
amino-acid sequence of an unusual peptide containing 2 haem
groups and 27 amino acid residues (including 3 cysteines and
two histidines) isolated from an haemoprotein of the obligate
photoanacrobe, Chromatium: Phe-Ala-Gly-Lys-Cys-Ser-Glu-
Cys-His-Thr-Leu-Val-Ala-Asp-Glu-Gly-Ser-Ala-Lys - Cys-His-
Thr-Phe-Asp-Glu-Gly-Ser.  One haem group appeared to be
attached to the peptide chain in the usual manner through
thicether linkages involving two cysteine residues (adequately
spaced by two intercalated amino acid residues), one of the
cysteines being followed in the sequence by histidine in full
agreement with the pattern found in other C-type cytochromes.
For the covalent aftachment of the second haem, only one
cysteine was available which, however, likewise had histidine
for its neighbour. Morcover, the heptapeptide sequence, -Cys-
His-Thr-Phe-Asp-Glu-Gly-, has proved common to this haem
peptide and to that derived from Rh. rubrum cytochrome ¢,
a factor pointing to a genetical relationship between the pavent
haemoproteins.

If we disregard the cytochromes of microorganisms and only
compare the amino acid sequences in haemopeptides derived
from animal cytechromes, we notice that they are distinguished
by the substitution of single amino acid residues for others
(Ala/Scr, Lys/Arg). Analogous species differences have heen
observed for insulin [g1-g57, hypertensing [96, ¢7], melano-
phore-stimulating hormones {¢8-1o1], etc. These small varia-
tions are similar in natwre and in scope to those which have
been found by Incram and others [102] in « pathological »
types of human haemoglobin and by Wrirrmany [103] and
Fragwrir-CoNraT [T104, 105] in the protein moiety of tobacco
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mosaic virus straing that had been obtained from the wild type
virns by treatment with mutagen. It would thus appear that
changes in protein structure appearing snierspecifically and
iniraspecifically are of the same kind and are similarly due
o point mutations in the genetic deteyminants of protein struc-
ture . If that be so, the inferspecific variation of protein struc-
ture might be taken as an indication of gene evolution and,
more generally, of phylogenetic evolution,  The consideration
of the molecular morphology of homologous proteins should
prove to be a valuable supplement to the comparative studies
of macromorphology upon which phylogenetic theories are
mostly based. In such a project, naturally, the lack of fossil
protein molecules will be a serious handicap. This drawback
will be counterbalanced, however, by the wealth of information
residing in the amino acid sequences of the proteins in the exist-
ing species of organisms.

The comparative study of C-type cytochromes has as yet
involved too short a portion of their amino acid sequence and
too few different species as to warrant any phylogenetic conclu-
sions. The approach, however, appears to be pronmising and
should eventually prove fraitful.
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DISCUSSION

THEORELY.

A similar thing to what we discussed concerning the hemoglobin
could be discussed in the case of cytochrome ¢, too, It has a pe-
culiar property of being especially adapted not to react with oxygen
at all.

It would be high time to produce hig crystals of cytochrome ¢
in order to study its tertiary structure. We specniated years ago
about what would be the reason for the inability of cytochrome ¢
to react with oxygen at neutral reaction. If you go down to low
pH’'s below 3 or 4 or above 1z, then the structure is opened in
such a way that iron becomes autoxidizable. An obvious reason
could be that the heme iron is so well hidden in the interior of th:
molecule that it is not accessible for oxygen molecules.  Then one
may wonder how the eclectrons come to the iron atom. There are
different possibilities. The iron is linked octahedrically to porphyrin
and two histidine imidazoles and it appears plausible in this case
that the heme-linked imidazels could render some service in forming
a conjugated deuble Dond system with the iron and thus lead
clectrons from the surface of the cytochrome molecule to the iren
hidden in its interior,

FRAENKEL-CONRAT

It is not very clear to me whether the sequence of amino acids
in each of the peptides has been worked ocut by you, Dr. Tupry,
for the tryptic peptides and whether it is in agreement with the
work reported for the chymotryptic peptides, wherever these overlap.
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Turry

The sequences of aming acids in all of the tryptic peptides of
horse cylochrome ¢ have been established in Vienna, with the ex-
ception of a few amino acid residues the order of which has not
yet been worked out unambiguously. Those sites have bzen indicated
in Table 1 by setting in parentheses the residues concerned.  Simi-
larly, Marcorrasu and Smith established the structure of the chy-
motryptic peptides, with the exception of three dipeptide arrange-
ments, as shown in Table 2. The results abtained in the two labo-
ratories are in full agreement whereever the amino acid sequences
of tryptic and chymotryptic peptides overlap.  Where uncertainties
(indicated by parentheses) had been left in one laboratory, they were
resolved by the results of the other laboratory, and wvice wversa.
Thus, the entire amino acid sequence of horse cytochrome ¢ conld
e derived from the two sets of data.

CHARGAFF

Is anything known about the aminoacid sequences in the rest of
the molecule of the different cytochromes ¢ for which you showed
a comparison of what one might call the active centers that seem
to be quite similar? Is the rest of the sequence very different in
different species or what are the similarities?

Turry

According to what Dr. Krem. in my laboratory has so far been
able to find out, the differences between the amino acid sequences
between horse and beef cylochromes ¢ are limited to the replace-
ment of single amine acid residues at not more than two or three
points along the chain. However, the residue exchanges by which
horse and tunny fish cytochromes ¢ appear to differ are as many as

twenty, approximately.

ANFINSEN
I weuld like to mention that with some proleins, for example
the lysozymes of egg whites, there is a very significant change over
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a very small evolutionary « distance ».  For example, we have
examined the egg white lysozymes of chickens, turkeys and phea-
sants, Omne cannot make viable crosses between chickens and phea-
sants, but one can make such crosses between turkeys and pheasants.
If one examines the sequential structares of lysozymes from these
three species, one finds a considerable number of differences: 5 or 6
amino acid replacements for the chicken-pheasant case and 2 or 3
in the pheasani-turkey example.

Tupry
As far as cytochrome ¢ is concerned, the « evelutionary » change
of protein structure appears o have occurred relatively slowly.

CHANTRIENNE
You showed that there was always a threonine close to yowm
histidine. Is there anything similar in myoglobin or in hemoglohin?

Turpy

The histidine residues in cytochrome ¢, on the one hand, and
in haemoglohin and myoglobin, on the other hand, have been found
to occur in quite different amino-acid sequences.

Prrutz

In connection with some of Professor TeroreLL's remark, 1 em-
phasize that we have some nice big crystals of tuna heart cyto-
chrome ¢ which give good Xeray diffraction pictures, but we arve
stuck over the heavy atom problem. We cannot gel isomorphous
heavy compounds of cytochrome ¢, and if any of those present can
help us, we should be delighted.
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AMINOACYL RIBONUCLEIC ACID AND INTER-
MEDIARY REACTIONS IN PROTEIN SYNTHESIS

PAUL C. ZAMECNIK

J.C. Warren Laboralories of Harward University, Mass. Geneval Hospital,
Roston, Mass. (U.5A}

A growing body of evidence indicates that the genetic mes-
sage inherent in the sequence of purine and pyrimidine bases
in deoxyribonucleic acid {(DNA) is transformed into a sequence
of bases in ribonucleic acid (RNA), and thaf the latter serve
to arder the sequence of amino acids which polymerize to form
a particular protein molecule. If this rcasoning is correct, at
some point in the translation of the sequence of bases in DNA
to the sequence of amino acids in the protein molecule, ther
must be a key molecule in which an amino acid becomes coded
to an oligonucleotide or polynucleotide.  Independently of
Crick’s {1} prediction that such would be the sitnation, we
came upen such a molecular type several years ago, and it
became known as soluble RNA (s-RNA) because of its relati-
vely small molecular weight [2], and more recently, as transfer
RNA [37 in recognition of #s function. Following activation
of an amino acid by interaction with an enzyme and adenosine-
triphosphate {ATP) to form a bound aminoacyl-AMP [4],
a transfer of this compound to ester linkage on the terminal
adenosyl unit of an s-RNA molecule occurs [5-8], a reaction
catalyzed by the same enzyme as that which activates the
amino acid.

{26 Zamecnih - pag. 1



432 PONTIFICIA ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 22

Activating enzymes, of which there is very likely one for
cach amino acid, are therefore unusual catalysts, deserving of
more attention than they cuorrently receive. One must consider
the presence of three separate recognition sites on a single
activating enzyme, as follows: one for the amino acid side
chain (since there is great specificity for a particelar amino
acid [cf. g1); one site for the ATP (since GTP, CTP, and
UTP will not sexve as substitules); and one site for the par-
ticalar s-RNA molecule to which the aclivated amino acid is
transferred.  With regard to the last-mentioned point, one
would postulate either a large scale fit of a portion of the enzy-
me surface and the s-RNA surface; or alternatively that the
aclivating enzyme has, built into its structure, an oligonucleo-
tide coding piece which is complementary to a section of the
$-RNA chain,  Either one of these possibilities makes the
structure of the amino acid activating enzymes an inviting
puzzle.

In any event, once the amino acid becomes esterified to the
hydroxyl group (whether 37 or 2”-hydroxyl is unsettled) of the
ribosyl meiety of the terminal adenosyl unit of the s-RNA, it
would appear that the task of placing the amino acid in proper
position on the ribosomal template prior to the polymerization
step has been transferred to the s-RNA.  This positioning
could be accomplished by appropriate selective base pairing
of a sequence of 3 or more mononucleotide residues on the
s-RNA melecule with complementary bases in the ribonueleic
acid chain located on the surface of the ribosomal particle [10].

From the foregoing considerations, it has become of great
interest to {ry to isolate a single species of s-RNA, coded to
a parficular amino acid. Difficult though it was to accept the
point of view, in addition to a separate acltivating enzyme for
cach aminc acid, there would be a separate s-RNA molecule
as well for each amino acid, the evidence has become too coms-
pelling to consider otherwise {7, 8, ¢f. also 11], and we have
become engaged in separation techniques,
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As mentioned in detail elsewhere [11], both physical and
chemical methods have been employed by a number of labo-
ratories to achieve this goal. Our present separation procedure
is a combination of two methods based on different principles.
By mild alkaline hydrolysis we first remove all aminoacyl
groups from their esterification sites on the terminal adenosyl
units of the s-RNA [r2]. A single, labeled amine acid (l.e.
CM.l-valine) is then reesterified on the s“RNA by incubation
with activating enzyme and ATP. Sodium periodate is now
added, and the cis-hydroxyl groups of the ribosyl moieties of
the terminal adenosyl residues of the s-RNA molecules are
oxidized to the dialdehydes [12]. The species of s-RNA which
has the aminoacyl ester present on cither the 2’ or 3" ribosyl
carbon is, however, resistant to periodate oxidation, and this
is a key feature of the separation method. A hydrazone is
formed by addition of z-hydroxy, 3-naphthoic acid hydrazide
to the above-mentioned aldehyde groups, and a coupling agent
is then added (tetra-azotized diorthoanisidine). This reagent
couptes specifically with the naphthoic acid hydrazono-RNA,
forming a bulky, deep blue dye, attached covalently to the
terminal adenosyl residue of the RNA. This dye-bearing RNA
has a decreased solubility in alcohols and water, and may be
scparated from the aminoacyl-RNA by precipitation me-
thods {12]. Unfortunately, this procedure endeavors to remove
the 97-98%, of RNA not bearing a valine ester from the 2-3%
which does. To the exient that the dye attachment falls short
of $00% completion, the method will fail to achieve separation
of the single amino-acyl-RNA species. This has proven to be
the case, even with later improvements in the general techni-
que [13, 14].

We thercfore looked for a different fractionation principle
to employ subsequent fo the dye addition step, and explored
molecular sieving [15] and column chromatography. Although
cross-linked dextran [16] (Sephadex, Pharmacia, Uppsala,
Sweden), and diethylaminoethyl (DEAE)-cellulose and starch

[20] Zanmeentk - pag. 3
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columns were tried without notable success, we found that
cross-linked DEAE-dextrans gave promising results, with ap-
proximately 25 fold enrichment of specific activity of valyl-
RNA. Crucial to the success of this adsorption-elution proce-
dure were 1) the length of the column, 2) the proper sodium
chloride elution gradient, and 3) the elution rate, and defails
of these conditions have recently been published [11]. A pu-
rification of wvalyl-RNA of approximately 65%, was thercby
obtained. More recently, in the last five columns, we have
obtained pooled peak tube purifications of the order of g5%,
for wvalyl-RNA, by means of the following changes in
condifions: T) increasing the height of the column from 55 to
05 cms. (1.2 cm. diameter in each case), 2) changing the salt
gradient from the 0.35-0.40 M rise in 2000 ml. of elution fluid
to 0.32-0.38 M NaCl gradient change in the same wvolume,
and by decreasing the rate of flow through the columns from
100 ml. per hour to 40 ml. per hour [17]. This purification
figure is based on the assumption of a molecular weight of
25,500, one molecule of valine esterified to one molecule of
RNA, and an A,, absorbancy index for s-RNA of
21.4 cu,mg ; (as determined by Dr. Juessi F. Scorr). Thus
the valyl-RNA species approaches a degree of purity which
makes sequential degradation studies worthy of consideration.

1t is interesting to speculate on how the DEAE-dextran co-
lumn operates in separating valyl-RNA from the other two
general types of s-RNA present in the s-RNA placed on the
column, The dye-RNA, accounting for some 8o:.% of the
bulk of this RNA, becomes firmly bound to the dextran at the
top of the column, imparting to it a deep blue color. The dye-
RNA migrates very little down the column, even with high
(1.0 M) concentrations of NaCl. The valyl-RNA is the fastest
moving major RNA component, and emerges first when the
NaCl concentration reaches a level sufficient to displace the
weals linkages which bind to the column the valyl-RNA and
the RNA fraction which has neither valine nor dye attached.

[26]) Zamecnik - pag. 4
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This latter RNA fraction amounts to around 17-18% of the
total, with the valyl-RNA accounting for 2-3%, of the original
5-RNA.

It is well established that s-RNA has a secondary structure,
and is largely intramolecuiarly hydrogen bonded [18]. Tt is
therefore reasonable to regard exposed hydroxyl groups, such
as those on the ribosyl moiety of the terminal adenosyl unit,
as being capable of centributing to a greater extent to hydro-
gen: bonding with the nitrogen or oxygen atoms of the DEAE-
dextran column than de internally situated groups in the RNA
molccule.  When efther the 27 or 3 -hydroxyl group of this
ribosyl unit is converted to an aliphatic aminoacy! ester, there
may thus be a decrease in the hydrogen bonding, initially inhe-
rent in the presence of these two hydroxyl groups, of sufficient
magnitude to account for the slightly more rapid passage of
the valyl-RNA through the column. This suggestion is in line
with the more rapid flow of methylated oligosaccharides through
chromatographic columns and paper in aqueous solvents than
unsubstituted oligesaccharides {19, 20]. This type of reason-
ing would imply that amincacyl-RNA's bearing good hydrogen
bonding constitvents on the side c¢hain of the amionacyl residue
would also be retarded in their migration through the column.
This is the case with tyrosyl-RNA, which does not emerge first,
but rather in the middle of that 17-18%, of the fotal s-RNA
which has neither aminoacyl ester nor dye attached fo it.

The use of this DEA-dextran column in s-RNA fractiona-
tion may thus be pointed out as an example of the use to which
the techniques mentioned by Professor TrsELIUS may be pul.

At this meeting, Professor Lipmann has menfioned experi-
ments which suggest that the addition of pwromycin to a cell-
free reficulocyte system resuits in the liberation of peptides
from the ribosomal surface. Dr. DDavin ALLEN in our labora-
tories has carried out recent experiments which bear on this
point [21]). He has synthesized C*-puromycin, labeled in the
methoxyl group of the p-methoxyphenylalanine portion of pu-

[20] Zameenik - pag. 5
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romycin, by treating the tyrosyl analogue of puromycin with
CH-diazomethane. When reticulocyte ribosomes are incubated
at 37°C with the complete cell-free system of Scuwerr ef
al. [22] — L.e. with ATP, GTP, phosphoenol-pyruvate, pyru-
vate kinase, a soluble enzyme fraction, an amino acid mixture,
and C"-l-valine, — C"-labeled protein is released linearly into
the soluble protein fraction of the system over a 15 minute
period of time. This protein closely resembles or may be
identical with a hemoglobin peptide chain. It has an N-ter-
minal valine residue, approximately ro or 17 internal valine
residues, and chromatographic behavior indistinguishable from
that of authentic rabbit hemoglobin peptide.

When puromyecin is added to this cell-free peptide-synthes-
izing system, peptide is released rapidly into the soluble protein
fraction during the ensuing 1-2 minutes, by which time maxim-
al release has occurred. The peptide release is independent of
the addition of the energy generating system mentioned above.
The peptides refeased are largely if not completely valyl N-ter-
minal. They are not hemoglobin peptides, but appear to be
partially synthesized chains, originally destined to become
hemoglobin peptide, which have started at the N-terminal valine
end and have been terminated short of completion by the
attachment of a puromycin molecule. The puromycin can only
be separated from this peptide by strong acid hydrolysis, with
release of amino acids. Prior to acid hydrolysis, the amino
group of the p-methoxyplenylalany! residue of the puromycin is
not available for reaction with dinitroflnorobenzene, but is so
available following acid hydrolysis. It can be calculated that
roughly one purcinycin residue is bound to the released peptide
per one N-terminal valine residue. Thus the evidence suggests
that puromycin acts as a « chainender » for the hemoglobin
peptide chain undergoing synthesis on the ribosomal surface.

As suggested by Yarmorninsky and ne na Hasa [23], pu-
romycin appears to behave as an analogue of an aminoacyl-
RNA molecule. The present experiments point to the further

(26} Zanecnik - pag. 6



SEMMNE D'ETUDE SUR LES MACROMOLECCLES DYINTERET BioLoGIgUE 437

mechanistic detail that the puromycin actually becomes bound
in peptide linkage as the last unit in the peptide chain, which
then separates from the ribosomal surface, due to the absence
of the hydrogen-bonding purine and pyrimidine bases which
are herein presumed to bind the genuine amincacyl-RNA mo-
lecule to the ribosomal surface.

Dr. Arrex has recently found [24] in our laboratories that
2-3 M salt-free system hydroxylamine acta in this same cell-free
system in a manner very similar to that of puromycin, inducing
the release of peptides from the ribosomal surface. This action
of hydroxylamine would be expected from its esterolytic effect
on aminoacyl-RNA. There are now available, therefore, two
agents — puromycin and hydroxylamine — which can be used
in tinte sequence studies of nascent peptide synthesis on the
ribosomal surface.

The time is also nearly at hand when gentle sequential
degradative procedures [25] [26] may be applied to relatively
pure species of transfer RNA molecules. ‘

[26] Zameenik - pag. 7
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DISCUSSION

FRAENKEL-CONRAT

My question regards the periodate oxidation and stepwise degra-
dation method which many people are now investigating.  Yet no-
body is really publishing any data on successful degradation of
oligonucieotides, Do you have any such data, or can you tetl us
how well it works?

ZAMECNIK

On s-RNA we can say (ref. 25) that the periodate-cyclohexyla-
mine-monoesterase procedure has been carried through four degra-
dation steps. The recoveries are of the order of go% or more for
cach step, hut it is difficult to give a more quantitative answer at
the present time. In the case of mononucleotides and nucleosides,
the recoveries of bases are virtually 100%. Since the time of this
conference, Dr, YU has degraded the trinucleotide ApApC, kindly
furnished by Dr. A.M. MicueLson, with recovery of 05-100%, of
the calculated values for the two bases (cytosine and adenine) and
the 3'-adenylic acid residue, which result from the two degradation

of steps.

CHARGAFF

I have a couple of questions I want to ask you. To begin
with, when one prepares supernatant RNA, say by the phenol
procedure, of course, not all of it is transfer RNA, and if one sepa-
rates, for instance, such a supernatant RNA, into the NaCl soluble
RNA preparation and into the NaCl inscluble portion, one finds a
very different distribution of nucleotides. That is, this NaCll soluble

(26} Zamecnik - pag. o
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portior is reaily probably mostly the transfer RNA, There is quite
an important fraction in the supernatant RNA which doesn’t scem
to have transfer functions, which may be a piece of the ribosomal
RNA broken off in the course of the protein synthesis, in which it
has — T think - been neglected. It is quite an interesting fraction,

And in this connection, I was wondering if you have an idea
of what can be the reason for the difficalty of preparing an amino-
acyls-RNA foliowing periodate oxidation.

I wonder whether you have any explanation for both the dif-
ficulties in the dye procedure and also in your adsorption procedure,
i.e. what really is not oxidized?

ZAMECNIIC

I can’t give a completely satisfactory answer to these questions,
Tt is possible that a small fraction of the periodate oxidizable sites
on the terminal ribosyl moietics of the transfer RNA are inaccessible,
due to aggregation of molecules of transfer RNA. The hydrazone
and dye coupling reactions may also fail quile to reach 100%, of
compietion. It is also possible that some, that is a small percentage,
of spontaneous degradation of the dye-RNA compound may occur.

TisELIUS

In connection with the remarkable separation on DEARL-
Sephadex reported by Dr. Zamecnix, T should ke to point
out that too little is yet known about the exact mechanism of the
separation on Sephadex material.  With unsubstituted Sephadex we
have essentially a « molecular sieve » effect, even though specific
affinities clearly often play a role.  With substituted Sephadex
material this is clearly the case, and the many advantages of these
synthetic polymers {great permeability, good stability, easy intro-
duction of additional groups of desired affinity) would seem to offer
many possibililies, some of which are now leing explored in my
laboratory and in the laboratories of Pharmacia Ttd. in Uppsala,
It would be valuable o us to receive suggestions as to systems and
separation problems for which special propertics are desired.

(20] Zanecuik - pag. 1o
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CONCI.USIONS

) FROM THE POINT OF VIEW OF MOLECULAR BIOLOGY (1)

Structural studies of biological macromolecules have pas-
sed through several distinct but overlapping stages. Without
too much over-simplification one might distinguish successively
a carbohydrate phase, a protein phase and a nucleic acid
phase. The effort devoted to the investigation of a particular
class of macromolecule at any given time is a complex function
of its availability in pure, or at least well-characterized, form;
of the state of development of techniques appropriate for its
study; and of the biological significance of the maferial in
question. The history of nucleic acid research offers good
examples of the interplay between these factors. Ifor many
years the biological significance of nucleic acids as information
carriers was not generally understood, or was at best dimly
apprehended by a few; methods of obtaining « pure » native
specimens were primitive or non-existent, simply because the
incentive to develop such methods, or techniques for investigat-
ing the propertics of the extracted material, was lacking. Since
the central biological role of nucleic acids has become generally
recognised, techniques have advanced at a prodigious rate, as
will be realized by those attending the present Study Week if
they cast their minds back, as the author found himself doing
while he listened to this series of papers, to nucleic acid sym-

(1} Compiled by J.C. Kuxpriw,



444 PONTIVFICIA ACADEMIAE BCIENTIARVM SCRIPTA VARIA - 22

posia of ten or fifteen years ago. In fact the dramatic develop-
ments in the nucleic acid field, discussed in the accompanying
article by Prof. CuantreNNE, have secured so much public
notice as fo divert attention and interest from the less specta-
cular, but equally important, developments in protein studies.
It is true that nucleic acids have been shown to have a unique
and indispensable role in being responsible for the carriage
and storage of information; but it remains true also that the
information they purvey cannot be used except through the
mediation of proteins. Investigations of the structure and
function of proteins remain, therefore, of central importance
in our aftempts to understand the workings of living cells.
Progress in these investigations was exemplified in a wide va-
riety of the paper presented during the Study Week.

Basic to our knowledge of protein behaviour must be a de-
termination of the amino acid sequence. It is only about
ten years since the first sequence determination was carried out
by SANGER, and since then, in spite of intensive study in many
laboratories, the technique has remained a slow and laborious
one; even today the number of protein sequences compietely
and unambiguously determined can be counted on 2 hand, One
example of such a complete determination is that of horse
cytochrome ¢ discussed by Tuery. The chemical mode of
attachment of the haem group to the protein moiety is known,
but it is vnfortunate that as vet we have no knowledge of the
three-dimensional make-up of this ubiquitous and very impor-
tant protein. Tuppy in his paper reports, however, on com-
parative studies of cytochrome from a number of different
species, and from the homologies between these it is possible
at least to see which amino acids are important for function,
even if the reason for their impoertance is still obscure. In any
event, studies like those of KreiL & Turey, and of MARGO-
Liasn & Smrr with whom they collaborated at long range,
will always remain of basic importance to protein studies, for
reasons which will be suggested below; perhaps the most urgent
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requirement in the field today is that more rapid and certain
methods be developed, so that amino acid sequences can be
determined as a matter of roufine, not {as now) requiring
years of patient work,

Logically following a determination of the amino acid
sequence of a protein would be the elucidation of its three-
dimensional structure. The only direct methods capable in
principle of doing this is that of X-ray crystallography — and
even here we have problems concerning the rclation between
the structure of the protein in the crystalline phase (as de-
termined by X-rays) and in solution under physiclogical con-
ditions. Principle has been converfed info practices only very
recently, however, and so far in very few cases and tben still
partially (as decribed in the papers of Perutz and KeNorew),
There has, therefore, been a strong incentive to develop other
methods, less direct and capable of giving less complete inform-
ation, bul at least able to measure in a straightforward manner
some of the parameters of the molecule in solution.

Prominent among these have been the hydrodynamical me-
thods which give values for a thermodynamically related set
of parameters. An example was provided in the Study Week
in the paper of DERYE who showed how measurements of light
scattering corld give information not only about the molecular
weight and dimensions of a macromolecule, but also about
interaction forces between molecules by measurements made in
the neighbourhood of the critical mixing point. Such measure-
ments can be compared with those derived by other related
physico-chemical methods; the difficulty comes when one tries
to interpret the « equivalent ellipsoids » of the hydrodynami-
clan in ferms of a real molecular structure,

An alternative approach has been to use techniques sensi-
tive to particular clements of a structure, rather than to some
parameter of the structure as a whole. The infrared, ultraviolet
and Raman spectra studied by Mizusmima are good examples
of this approach; particular spectral lines can be used for
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diagnostic purposes and their precise frequencies may be a
measure of parlicular bond types. Such methods may be more
fruitfully applied to model compounds {amino-acids and pepti-
des) and the resuits used to define the limits within which the
configuration of the elements of the pelypeptide chain may
vary, and hence, by means of suitable mathematical tools, to
enumerate possible stable configurafions of the chain. Such
calculations do not in general lead to a unigque solution for a
particular structure and this must be sought by more direct
experimental attack, e.g. by the analysis of the X-ray diffrac-
tion pattern of a protein fibre.

The application of physico-chemical methods has also led
to the development of extremely sensilive methods for the sepa-
ration of very similar molecules — for example the partition
and the gel filtration methods applied to protein separation in
the laboratory of Trserius; the latter in particular have very
rapidly found a place in every laboratory of protein chemistry.
The development of sech methods of high sensitivity is essential
to progress, since i has become clear that in very many cases
proteins are not homogeneons, and normally occur as mixiures
of slightly different species, which must be separated before
they can be adequately characterized.

Another aspect of protein structure which has received much
attention in the past has been the nature of the forces stabilizing
the three-dimensional arrangement of the molecule, in other
words the intramolecular interactions, A number of types of
force may be enumerafed — covalent bonds {e.g. disulphide
bridges), electrostatic atfractions between oppositely-charged
residues, hydrogen bonds, and vany DErR WaaLs aftractions
between non-polar groups. A discussion of the role of all these
forces has been given in the paper by PurzEYs, who emphasi-
zes the role played by each and every type of force; it is most
improbable that any one type has overwhelming significance
or is not represented at all. Quantitative assessment may,
however, be beyond the power of the classical techniques and
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must await explicit solution of three-dimensional protein struc-
tores.  Thus in myoglobin the high resolution analysis has
shown that the hydrophobic bonds between internal non-polar
residues are quantitatively the most important; virtually all
the polar residues are on the surface of the molecule and have
relatively few interactions among themselves, though a few
of these may have special importance in determining the con-
formation of the polypeptide chain. It is still not clear, how-
ever, how far these features of myoglobin are characteristic of
proteins in general since myoglobin is in many ways not a
typical protein, having for example a much higher helix con-
tent than seems to be normal.

What of interactions between a profein molecule and other
substances? These may be of many different kinds and must
include all those special interactions responsible for protein
function, such as enzyme-substrate and antigen-antibody inter-
actions. Here we enter a very wide field, which would require
much more than a weck’s meeting for adequate survey. The
Study Week did, however, include accounts of a representative
selection of interactions and of techniques for studying them.

The special role of metals in enzyme reactions has heen
long appreciated though it is perhaps only recently that the
ubiquity of metal-protein interactions has been realized. The
structural basis of such interactions needs precise definition;
and here X-ray studies of complexes between metal ions and
simple peptides are particularly important. Linogvist’s studies
of complexes between zinc or copper and aminoc-acid side
chains or peptide bonds are relevant, lor example, to the infer-
action involved in the active site of carboxypeptidase; this is
an interaction which might in principle be studied both at the
level of a model complex and in the intact protein. The role
of zinc in stabilizing enzyme structure was further emphasized
by THEORELL in his discussion of the bonding between nucleo-
tide coenzymes and enzyme proteins, in which zine plays an
essential part,
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Another widespread type of interaction is that between pro-
teins and phosphate groups. This field, as reviewed by Sivi-
PRANDE, revealed itself as one of undoubtedly wide significance,
but one so far little studied. Considering how general is the
distribuiion of phosphoproteins it is remarkable how little is
known of their structure or function, and this — like the field
of protein-metat complexes -— is yet another example of a
common tendency for prolein research to be concentrated on
the polypeptide part of the molecule, to the exclusion of quan-
titatively minor constituents.

As an example of a quite different type of protein inter-
action, we may note the remarkable reactions reported by
Kartcnarsr: and uvsed by him to prepare water-insoluble en-
zymes suitable for incorporatien in celumns as analytical tools,
Here indeed we see the beginnings of a direct control over the
properties of macromolecules by means of deliberate modifica-
tion — ftailoring, almost — of their structures to suit the
purpose in hand. These enzymes, covalently attached to an
inert polymer, are prototypes of the kind of intentionally
engineered molecule which we may expect to have available
in the future, as a result of our rapidly increasing knowledge
of protein structure and behaviour.

Finally we may note that aggregates of protein units, and
sub-unit structures in protein molecules, should also be regarded
as examples of protein interaction. The noticn of sub-unit
structures in protein molecules, should also be regarded as
examples of protein interaction. The notion of sub-units in
protein molecules dates back to the classical researches of Svin-
BERG on the haemocyanins; and a recent example in which
the precise structural basis has been revealed is provided by
Prrutrz’s X-ray analysis of haemoglobin, which has shown
that this molecule — which only ten years ago was not ge-
nerally credited even with the possession of four sub-units —
is made up of four sub-units each of which closely resembles
the molecule of myoglobin. Several other examples of protein
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sub-units emerged in the deliberation at the Pontifical Aca-
demy -— the plant viruses discussed by Rusio HUgrtos, the
sub-units of TMV described by FrarxueL-Conrat, and expe-
riments on hybridization in haemocyanins and haemoglobin
cited by Tiserius. Sub-unit dissociation and recombination,
it now appears, may be a most important biological device
underlying some types of enzyme centrol mechanism. IHere
is a field too little explored, though both techniques and maie-
rials lie ready to hand, and undoubtedly rich with promise for
the Tuture.

In all these studies one is trying to develop the relationship
between structure on the one hand, behaviour and function on
the other. In the past the limiting factor has been the paucity of
our knowledge of structure. Now that protein structure can in
principle be determined we may look forward to a period in
which all the classical methods can be calibrated, as it were,
against a precisely known structure. It is iikely, however, that
protein structure determination by X-ray methods will remain
a very tedious business, and for many proteins, available in
very small quantities or uncrystallizable, an impossibility. Tt
is for this reason that the researches of ANFINSEN, reported at
this meeting, take on a special significance quite aside from
thelr intrinsic interest and importance. For his resulls suggest
that in general proteins are capable of folding zhemselves up
into their specific three-dimensional conformation which must,
therefore, be assumed to be thermodynamically stable; or, to
put the problem another way, the genetic information deter-
mines only amido acid sequence -— the conformation of the
molecule is inherent in, and can in principle be deduced from,
as i wivo it is derived from, that sequence. What we need
today is a more intensive study of the structure, behaviour and
function of selected proteins for which all three aspects are
experimentally accessible, with the object of developing gene-
ralizations as to be relations between the three. In the long

pat]
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run it may be that a knowledge of amino acid sequence — or
even base sequence in the corresponding DNA? — will be
enough for all our purposes. This is a distant gaol which will
perhaps not be attained in our generation; nevertheless our
recognition of it will serve to define the direction of our studies
and to focus them on fruitful problems,

2) FROM A BIOCHEMICAL POINT OF viEw (1)

The meeting of the Pontifical Academy of Sclence celebra-
tes, as it were, the birth of molecular biology, and testifies {o
the dynamism of research in a field where physics, chemistry
and biology meet and jein forces.

The macromolecules of which living organisms are made
possess a remarkably organized structure, they are organs of
molecular dimensions. Organizalion, regulation, morphogene-
sis, heredity, evolution, most of the problems of general bio-
logy, are posed not only by the organisms, but also by the
macromolecules themselves; these problems must now be ap-
proached at the maolecular level, with the concepts and methods
of physics and chemistry.

The first task of biochemistry was to isolate and describe
the low molecular weight constituents of organisms. The isola-
tion of the enzymes and the study of their action unveiled the
chemical processes which take place within living organisms.
A big advance was made with the elucidation of the principles
of energy production, and of the mechanisms of transfer and
delivery of energy. This permitted the discovery of biosynthe-
tic processes, and led to the studies of the pathways of synthesis
of cell constituents, which still continue. A further step is the
current investigation of the fine structure of proteins and nucleic

(0 Compiled by M. ChaxrTRENNE.
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acids, and of the nature of stroctural information, its conserva-
tion, transfer and expression.

The latter studies required the acceptance of a new type of
biochemical reaction, the assembly of the building blocks of
macromolecules on a template.  Although the existence of mo-
lecular organizers was regarded for many years as a possibility
and even as a necessity on purely logical grounds, many bio-
chemists were long reluctant to consider their existence se-
riously. H is now experimentally established that DNA, protein
and at least certain classes of RNA are synthetized in template
processes.  Biochemists might paraphrase Vircmow’s aphorism
in the following way: any « information rich » molecule comes
from an « information rich » molecule.

The basic assumption, that genetic information consists in
a meaningful arrangement of the four bases along the nucleic
acid backbone, is now inescapable.  The most sceptical che-
mists must accept it, even if they dislike the vocabulary and
protest — with some reason — against the onesightedness of
some molecular biologists. The present picture may be foo
schematic, there may be other sources of information than the
nucleotide sequence (aithough this remains to be shawn), com-
plications and difficulties certainly remain. But although the
emphasis is here placed on the brilliant suecess already obtain-
ed, the shortcomings of our present concepts are not forgotten;
they are, on the contrary, the major preoccupation of the lead-
ing workers in the field, and a stimulating challenge for further
research.

DNA synthesis was the first template process for which
direct experimental evidence was obtained. It is not yet com-
pletely understood: is the sequence completely determined by
base pairing, are there influences or restrictions from ncigh-
bouring nucleotides? How, in the absence of DNA primer is
the adenine-thymine polymer made? The distribution of pyri-
midine sequences in bromouracil-containing DNA, as reported
by CHARGAFE, should be further investigated, because it gues-
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tions the basic concept of information in nucleic acid sequence:
on the one hand, it is known that certain bacteria can incor-
porate bromowracil in place of thymine without suifering
abnormalities, therefore without changing the genetic inform-
ation; yet CHARGAYF’s results indicate, assuming there is no
unknown flaw in the method for analysing the pyrimidine distri-
bution, that bromouracil changes the base sequence.

Turning to less chemical, more biological aspects of inform-
ation transfer, we must consider the process of recombination
in bacteriophage. MEsrLson’s work illustrates the intefligent
combination of several powerful methods of investigation now
at our disposal: genetic analysis, radioactive tracer technigues,
density gradient cquilibrium. This analysis of a biological
process at the molecular level demonstrates that genetic recom-
bination actually involves exchange and reassociation of DNA
segments. Not more than a year ago, the general belicl was
that genetic recombination, especially within a locus, did not
reflect actual rupture and reassociation of genetic material,
Rather, it was thought that recombination occurs during DNA
duplication by a process called copy choice, in which the new
strand of DNA is copied first from one DNA molecule and then
confinues from another. Although copy choice has nol been
climirated as a possible mechanism of recombination, direct
experimental demonstration that exchanges and reassociation
occur is certainly a fundamental achievement. The results
also emphasize that recombination is not an exceptionnal event,
as accident of the process of replication, for it can occur in the
absence of DNA replication. Biochemists, no doubt, will soon
be searching for a recombination enzyme.

The insight into the expression of genetic information and
the regulation of protein synthesis presented by Jacos is one
of the most brilliant contributions in this field. One of the
essential features of the theory is the role and properties of a
special type of RNA, the « messenger ». The existence of an
RNA receiving information from the gene was long postulated
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by workers on animal and plant systems, but it was commonty
assumed that this was the ribosomal RNA. In bacteria, such
a view was difficult to reconcile with kinetic data. The novel
feature of bacterial messenger-RNA is the assumption that it
is short-lived, that it carries the message to the protein-making
system and is destroyed thereafter.

Short-lived RNA fractions were indeed observed in bacteria.
The most convincing evidence that such RNAs nossess a base
sequence simiiar to that of the DNA is provided by SPIEGEI-
MAN’s experiments. The rapidly labelled RNA, which can
hind to ribosomes under suitable conditions, can be made to
associate specifically with the DNA of the strain which pro-
duced it.  The specific hybridization obtained by cooling a
mixture of DNA and short-lived RNA is the best experimental
evidence that the base sequence of this RNA is complementary
to that of DNA and therefore that it contains genetic inform-
ation and can rightly be called informaticnal RNA.  Hybri-
dization of RNA with specific DNA might eventually make it
possible to iseclate the informational RNA which carries the
message for a single protein, a possibility which was undreamt
of only a few months ago.

The current theory of information fransfer and regulation
in bacteria clarifies the field and, furthermore, raises or helps
formulate many questions. Restricting ourselves to the Dbio-
chemical point of view let us mention a few guestions which,
no doubt, everyone has in mind at present. How is messenger
RNA atlached to the ribosome, how is it degraded, how many
copies of a polypeptide chain can one molecule of messenger
organize before it is inactivated, what is the function of ribo-
somal RNA and of ribosemal protein, what is the origin of ribo-
somal RNA, are all the ribosomes of a bacterium identical, or
do they possess some degree of specificity with respect to the
messenger they can accomodate, how is the synthesis of the
ribosome controfied? What ave the chemical symbols which
mark the beginning or the end of a cistron, of an operon, of
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an operator? How doces the product of a regulatory gene differ
from that of a structural gene? What is the chemical nature
of the active repressor? At what level does the inducer act?
Do the regulating mechanisms discovered in bacteria operate
in higher organisms? To what extent do they account for
regulation of enzyme level and for differentiation? Does dif-
ferentiation include a chromosomal control of a type which
does not cxist in bacteria?  There are more questions which
concern genetic problems, Clearly, there remains much to be
dene, and the coming vears will certainly be very rewarding.

Ever since their discovery, viruses, and especially TMV,
have been a source of fundamental knowledge on macromole-
cules of biological significance. Viruses indeed possess several
major attributes of organisms. They are parasites at the mo-
lecular level. A wvirus such as TMV, for example, scems to
have reached the ultimate degrec of simplicity, since it is
reduced fo informational RNA with a sheath to protect it from
damage.

Chemical maodification of virus RNA has provided much
direct data on the nature of information and coding; investiga-
tions of this RNA will certainly continue to be useful. Several
of the observations raise questions: does virus RNA code for
other proteins hesides the sheath protein {as phage DNA does)?
What is the reason for the appearance of mutants with many
amino acid replacements? How i virns RNA replicated? s
any DNA involved in this process?

Isolation of genetically activ virus RNA has prompted
chemists to the bold project of synthelizing an active RNA,
permitting it to reduplicate like the RNA of a virns and cause
the preduction of proteins, ScHRAMM's experiments make one
wonder whether synthetizing RNA is as formidable a task as
organic chemists believed, and permit ene to hope that short-
cutls in the synthetic process may eventually be found in simple
chemical reactions, which would be controlied or at least in-
fluenced by templates.
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The simplest expression of genetic information is the ap-
pearance of a specific polypeptide or of a recognizable protein.
Detailed knowledge of the process of protein synthesis is ra-
pidly advancing. A thorough description of the current state
was presented by LipMaNN, who also reported new experiments.

According to the present theory, amino acids react with
ATP to form mixed carboxyl-adenyl anhydrides; the activated
carboxyl groups are then bound in a high energy ester bond to
the adenosine end of transfer RNAs, which are specific ac-
ceptors of individual amino acids. The individval transfer
RNAs can be partially separated from one another by electro-
phoresis, counter current distribution or chromatography. The
very ingenious purification and isolation method discussed by
ZAMECNIK seems superior to those previously described. Good
fractionation procedures for nucleic acids are urgently needed,
for the very low efficiency of the physical methods now in
common use greatly restricts the analysis of biochemical pro-
cesses involving RNA.

Availability of transfer RNA simplifies the study of protein
synthesis in vitro, and makes it possible to concentrate on the
template process itself. Once the amino acids are attached to
transfer RNAs, the problem of providing encrgy is solved;
there remains the arrangement of the amino acids in the right
sequence on the ribosomes. The reticulocyte ribosome is espe-
cially useful, for it contains the information required for the
synthesis of haemoglobin, one of the best characterized proteins
(cf. PerUTz’ teport). Apparently the genetic message remains
for a long time in these ribosomes. Most interesting is that the
message can be deciphered and correctly interpreted by bac-
terial transfer RNA (although the process may require the
help of some enzyme-like factor which secems to be specific to
the ribosome). The genctic code must therefore be universal.
The slarting recent results of NmrEnBer, mentioned by
Dr. LIPMANN in his report, make it almost certain that the
genctic code will be solved within a few years. These experi-
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ments are at the same time a direct verification of part of the
messenger model, since E. coli ribosomes can accomadate virus
RNA, and participate in the synthesis of virus protein.

The exact mechanism by which transfer RNAs find their
correct place on the template is not clear. Base pairing must
in some way be involved in the recognition of coding sequences,
but, in addition, GTP must somehow be included in the pictare;
mwore research is needed on this point. The action of puromy-
cin, which apparently plays the part of an analogue of transfer
RNA and falis from the template together with any piece of
peptide which happened to bind to it, may prove a very useful
tool in the study of the template process and of the interactions
between sRNA and ribosomes.

Purine and pyrimidine analogues probably interfere with
the template mechanism a better understanding of the mecha-
nism by which they induce misreadings of the information is
needed. Acellular systems of the kind uced by NIRENBERG or
by LipManNN are the obvious material to be employed at pre-
sent.

When all the problems of transfer, transcription and trans-
lation of genetic information are solved, there will remain the
question of how the genetic information whick controls the
sequence of the amino acids eventually expresses itself in an
enzyme activity, It is quite clear that secondary and tertiary
structures of proteins are all-important for enzyme activity or,
in fact, for the physiclogical function of proteing in general.

Arn impertant question is whether the folding of polypeptide
chains into a unique structure, and their association into active
enzymes, present new problems of information and control, or
whether they are automalic consequences of the amino acid
arrangement. The simplest assumption is certainly that fold-
ing is entircly determined by the amino acid sequence. Studies
on ribonuclease reported by ANFINSEN strongly sugpest this,
since certain unfolded polypeptide chains can spontanecusly
return to the proper cenfiguration. Tvidence in the same di-
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rection was also presented by Frapsgpr-Conrar for the case
of virus proteins. A comparison of the structures of haemoglo-
bin and myoglobin (PErurz and KeNDrEW) is very interesting
in this respect. Here are two molecules which accomyplish
almost the same function; their tertiary structures are very si-
milar, although their amino acid compositions differ widely.
Closer examination, however, reveals that a few amino acids
occupy identical positions in the two chains of hemoglobin and
in myoglobin: in the tridimensional model, these amino acids
are seen to occupy key positions which ultimately control fold-
ing of the chain, or interactions between regions of the chain
or with the hematin group. It would seem that, for physiolo-
gical activity, folding of the chain and positioning of a few
amino acids are all-important, but variation is permissible in
the rest of the structure. Comparisen of the cytochromes
(Turry) of different species also led to similar conclusions,
This gives a first glimpse of the molecular basis of evolution.
A darwinian process can indeed be cutlined in precise mole-
cular terms: mutation resulting in an amino acid replacement
may change folding and lead to a better or worse enzyme, with
the ullimate result of selective advantages or disadvantages.

A rational explanation of the emergence of the remarkably
adapted structures of macromolecules like myoglobin and hae-
moglobin can thus be imagined.

Our knowledge of the mechanism of enzyme reactions is
not very advanced, but studies like those reported by
Dr. THEORELL indicate that progress may soon permif an
nnderstanding of how an enzyme functions. In the near future,
chemists may feel that synthetizing a polypeptide endowed with
enzymic activity is almost within their reach.

The far reaching progress made in understanding the me-
chanism of genetic controt gives a solid background for ap-
proaching the next problems of biological research, differentia-
tion and morphogenesis.  Within the coming years, old prob-
lems familiar to embryologists will regain importance, reworded



458 PONTIFICIA ACADEMIAE SCIENTIARVM SCHRIPTA VARIA - 22

in accordance with our present knowledge in the terms of
molecular biclogy.

It is to be expected that, after some faltering and scaching
in blind alleys, important clues will be obtained, and the mo-
lecular basis of differentiation will be uncovered just as that
of heredity is presently being uncovered. We have seen in
Rawnzr's paper examples of the way in which very complex
processes of morphogenesis can be influenced by the experi-
menter. Embryological literature contains a wealth of obser-
vations wailing for interpretation. We are in a betfer position
than ever before to approach this difficult task.

All the Participants unanimously agreed that colleagues
CHANTRERNE and KENDREW should compile the above reported
conclusions, arrived at during the Study Weck.

They reflect the discussions which took place during the
whole week according fo whaf has been established by the
Participants during their meeting on Thursday October 26th,
1961 in the peace and guiet of the Pontifical Gardens at
Castelgandolfo.

ANFINSEN, CHANTRENNE, CHARGAFF, DEBYE,
De Hevesy, FraNKeL-CONRAT, GIACOMELLO,
Jacos, Karcuarsxi, KeNDREW, LINDQVIST,
Lirmany, Liguorl, Mesgrsox, MizUSHIMA,
Perurz, Purzievs, Rawzi, Ricn, Rossi-FangLL,
Rupro-HuUErT0S, SCHRAMM, SILIPRANDI,
SriEerELMaN, TaEORELL, Tisrrius, Turey,
ZAMECNICK.



CONCLUSIONS

I) DU POINT DE VUE DE LA BIOLOGIE MOLECULAIRE {¥)

L'é¢tude de la strocture des macromolécales biologiques a
passé 2 {ravers plusieurs phases distinctes mais interdépendan-
tes. Sans trop simplifier, nous pouvons distinguer successive-
ment une phase caractérisée par un carbo-hydrate, une phase
protéique ot une phase caractériséc par un acido nucléique.
L’effort voué 4 l'étude d'une classe particaliére de macromolé-
cules est & fout moment une fonction compiexe de son existence
a I'état pur, ou powr le moins dans sa forme caractéristique
de 1'état du développement des techniques propres & son étude
et du sens biologique du matériel en question. L’histoire de la
recherche de l'acide nucléique offre des exemples de 'inter-
dépendance de ces factewss. Pendant plusicurs années, le sens
biologique des acides nucléiques comme agent d’information
n’a pas 6té généralement compris, out tout au plus vaguement
entrevu par quelques-uns. Les méthodes pour I'obtention de
spécimens originaux purs ¢taient primitives ou presgue inexis-
tantes. Tout ceci, parce que les occasions de développer pa-
reilles méthodes ou techniques pour étudier les propriétés du
matériel d’exfraction faisaient défaut. Depuis gu'a été reconnue
la prépondérance du rdle biologique des acides nucléiques, les
techniques ont fait des progrés énormes, comme pouwrront s'en
rendre compte tous ceux qui ont pris part a cefte Semaine

(*) Redigée par .00 Kexpriw,
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d’Etude, s'ils retournent en arriére en pensée comme auteur
I'a fait lui-méme, lorsqu’il écoutait cette série des rapports, ausx
symposia sur 'acide nucléiques il y a bien dix on guinze ans
de cela. En effet, les développements dramatiques dans le do-
maine de Pacide nucléique, exposés dans I'article du Profes-
seur CHANTRENNE, ont recueilli tant d’approbations qu'ils ont
détourné I'attention et U'intérét des développements moins spec-
taculaires, mais aussi importants dans I'étude des protéines.

11 est vrai qu'il a été démontré que les acides nucléiques
ont un réle unique et indispensable, étant responsables de la
transmission et "accumulation des informations, niais il est tout
aussi vral que les informations qu’ils transmettent ne peuvent
étre utilisées qu’a travers les protéines.

I'étude de la structure et de la fonction des protéines reste
done d'importance capitale dans nos efforts pour comprendre le
travail des cellnles vivantes. Le progrés dans ces études fut
exposé largement dans les rapports présentés pendant cefte
Semaine d'Etude.

La base pour la compréhension du comportement des pro-
téines doit étre la détermination de la séquence amino-acides.
Iy aa peine 1o ans la premiére détermination d’une séquence
fut effectuée par SaANGER et depuis lors, malgré ifes recherches
dans plusicurs laboratoires, la technique est restée lente et labo-
rievse; aujourd’hui méme le nombre des séquences des pro-
téines, déterminé de facon compléte, peut se compter sur les
bouts des doigts. Un exemple de pareille détermination est celui
du cytochrome ¢ du cheval, étndié par Tupry. La nature chi-
migue de Iattachement du groupe de I'hémeéne du milieu de
la protéine est connue, mais il est regrettable que jusqu’a pré-
sent on n’ait pas connaissance de la structure tridimensionale
de cette ubiquitaire et trés Importante protéine. Toutefois,
Turry dans ses études comparatives du cytochrome d’un nom-
bre d’espéces différentes et des analogies entre celles-ci dé-
montre gu'il est possible pour le moins de voir quels amino-
acides sont importants pour le fonctionnement, méme si la
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raison de leur importance est encore inconnue. Toutefols, des
études comme celles de Kremn, et Tuppy et de MARGOLIASH et
Smitn avec qui ils collaborérent assez longtemps, resteront
toujours d’importance capitale dans I'étude des protéines pour
des raisons que nous exposerons plus bas, De nos jours, la né-
cessité la plus urgente dans ce domaine-la, est celle de la mise
au point de méthodes plus rapides et plus sires, de sorte que
les séquences des amino-acides puissent étre déterminées com-
me une routine et non pas comme il en est actuellement, de-
mandant des années de travail patient. Logiquement, la dé-
termination de la structure tridimensionale de la protéine de-
yrait faire suite A la détermination de la séquence des amino-
acides. La scule méthode directe, capable en principe de le
faire, est Panalyse cristallographique aux rayons X. It méme
dans ce cas, nous avons des problémes concernant les relations
entre la structure protéique dans la phase cristalline (comme
déterminée aux rayons X) et en solution dans les conditions
physiologiques. Toutefois, les principes ont été traduits en pra-
tique tout récemment, pour quelques cas sculement, ct cela
méme partiellement {comme décrit dans les contributions
de Prrutz et Kenorew). 11y a donce eu une forte stimulation
au développement d’autres méthodes moins directes et capables
de donner des informations moins complétes, mais aw moins
capables de mesurer d’'une fagon directe certains des parameé-
tres des molécules en solution.

Parmi ces méthodes, une place de premier ordre cccupent
les méthodes hydrodynamiques qui donnent des valeurs pour
toute une série de paramétres thermodynamiques. Un exemple
fut rapporté au cours de la Semaine d'Etude dans la contri-
bution de DEBYE qui montra comment les mesures de la disper-
sion de la Jumidre pouvaient fournir des informations non seule-
ment sur le poids moléculaire et les dimensions d'une macromo-
Jécule, mais aussi sur 'interaction des forces enfre les molé-
cules, en effectuant des mesures au voisinage du point de mé-
iange critigue, On peut comparer ces mesures avee celles obte-



462 PONTIFICTA ACADEMIAE SCIENTIARVM SCRIPTA VARIA - 22

nues au moyen d'autres méthodes physico-chimiques. La dif-
ficulté surgii lorsqu’on essaic d'interpréter les « ellipsoides
¢quivalents » en termes d’une structure moléeniaire.

Une autre tentative est celle de faire usage de techniques,
sensibles & des éléments particuliers d’une structure, plutét qu’a
des parametres de I"ensemble de la structure. Les spectres infra-
rouges, ultraviolets et Raman, étudiés par M1zusHIMA sont des
exemples d'une pareille tentative: des lignes spectrales parti-
culitres peuvent étre utilisées pour des raisons de diagnostic
et fewrs fréquences précises peuvent dtre une mesure d une liai-
son parficulidre,

Ces méthodes peuvent éire appliquées avee plus de succés
a des composés-modeéles (amino-acides ot peptides) et les résul-
tats utilisés pour définir les Himites entre lesquelles la configu-
ration des éléments de la chaine du polypeptide peut varier, et
en faisant usage de données mathématigues appropriées, I'on
peut établiv la configuration stable de la chaine. De pareils
calculs ne conduisent pas en général 4 une solution unique pour
une structure bien déterminée et qui doit étre éfablie par une
étude expérimentale plus directe, comme p-ex. par 'analyse
de la diffraction aux rayons X d’un modéle d’une fibre pro-
téique.

L’emploie de méthodes physico-chimiques a conduit au dé-
veloppement de méthodes extrémement sensibles pour la sépa-
ration de molécules trés semblables, par exemple fes méthodes
de répartition et de filtration du gel, appliquées i la séparafion
des protéines au laboratoire de TiSELIUS. Ce dernier, en par-
ticulier, a trouvé rapidement sa place dans chaque laboratoire
de la chimie des protines. Le développement de pareilles teclini-
ques de haute sensibilité est essenticl, étant donné qu’il ressort
que, dans plusieurs cas, les protéines ne sont pas homogénes et
se présentent normalement comme des mélanges d’espéees lége-
rement différentes qui doivent étre séparées avant d’étre ca-
ractérisées d'une fagon adéquate.

Un autre aspect de la structure des protéines, qui a fait
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Uobjet d’étude dans le passé, est la nature des forces qui sta-
bilise I'arrangement tridimensional de la molécule, autrement
dit I'interaction intramoléculaire.

Un certain nombre de types de forces peut étre mentionné;
haisons covalentes (p. ex. disulfites), attractions électro-stati-
ques enire des résidus chargés différemment, liaisons hidroge-
nes, ¢t attractions de Vax ner Waars entre des groupes non
polaires. Une discussion du rdle de toutes ces forces a été faite
dans le rapport de PurzEY qui a souligné le role joué par cha-
cune de ces forces; il est trés improbable qu'une de ces forces
ait un role primordial ou ne soit pas du tout mentionnée. La dé-
termination quantitative peut cependant étre au-dela du pouvoir
de la technique classigue et doit attendre une sclution explicite
des structures tridimensionales des protéines.

Ainsi, bien que dans la mioglobine 1’analyse ait montré que
les liaisons hydrofobes entre les résidus infernes non polaires
sont quantitativement les plus importantes, pratiquement tous
les résidus polaires sont 2 la surface de la molécule ¢t ont une
interaction relativement peu prononcée entre elles, bien que
seulement quelques-unes d’entre elles puissent avoir une certaine
importance dans la détermination de la configuration de la
chaine dn polypeptide. Cependant, il n’est pas encore tres
clairément établi jusqu’a quel point ces aspects de la mioglo-
bine, sous différents aspects, n’est pas une protéine typique,
ayant par exemple un plus grand contenu en hélices de ce qui
doit étre normalement.

Qu’enr est-il de Pinteraction entre la molécule d'une pro-
téine et les antres substances? Celles-ci peuvent étre de nature
différente et doivent comprendre toutes les interactions parti-
culiéres responsables de la fonction de Ja protéine, comme les
substrats de I’enzyme et Uinteraction antigéne-anticorps,

L4, nous entrons dans un domaine trés vaste qui demande-
rait plus d’une semaine pour un examen attentif. La Semaine
d’Etude, toutefois, a inclus quelques extraits d'une sélection
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représentative des interactions et des techniques afin de les
¢tudier.

Le rdle spécial des métaux dans les réactions enzymatiques
a ¢té reconnu depuis longtemps, bien que peut-étre ce n’est que
tout récemment que I'interaction métal-protéine a été reconnue.
Les bases structurelles d'une pareille interaction demandent
des déhnitions précises et dans ce cas, I'étude aux rayons X
des complexes entre les ions métalliques et les peptides simples
est particuligrement importante. Les études de LINpQVIST sur
les complexes entre le zinc ou le cuivre et les chaines des amino-
acides ou les liaisons peptidigues sont 4 ce sujet importantes,
par exemple dans l'interaction interessée dans la parfie active
de la carboxypeptidase; celle-ci est une inferaction qui peut
ttre étudiée en principe soit an niveau d’ur modéle complexe,
soit dans la protéine intacte. e réle du zing comme stabilisa-
teur de Ja structure de I'enzyme fut uliéricurement souligné par
THEORELL dans sa discussion sur la liaison entre nucléotide,
coenzymes el enzymes protéiques, dans lesquels le zinc joue
un rdle important,

Un autre type d’interaction trés diffusé est celui entre les
protéines des groupes des phosphates. Ce domaine, comme ’a
d’ailleurs vu Sirreranni, se découvre étre sans doute d’un grand
intérét, mais par contre trés peu étudié. Compte tenu de la
grand distribution des phosphoprotéines, il en ressort peu de
connaissances que nows avons sur leurs fonctions et leurs struc-
tures — et ceci, comme dans le domaine des complexes métal-
protéines est un exemple de la tendance commune, et a con-
centré la recherche pour les protéines sur la part polypeptidi-
que de la molécule, en excluant de la sorte les constituents qui
sont quantitativement inférieurs,

Comme exemple d’un type tout autre d’interaction pro-
téique, mous pouvons rappeler les réactions qui ont été reportées
par KaTCHALSKI et utilisées par ce dernier pour préparer un
enzyme insoluble dans de l'cau, et capable d’8tre incorporé
dans des colonnes comme des outils analytiques. La, effecti-
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vement, nous voyons le commencement d'un contrdle direct
des propriétés des macromolécules aux moyens de modifications
délibérées (presque sur mesure) de leurs structures pour servir
le but que l'on s’est proposé. Ces enzymes, liés de fagon cova-
lente & un polymer inerte, sont les prototypes de ces molécules
expressément béties, dont nous pouvons nous attendre i en
disposer dang 'avenir, comme résultat de nolre connaissance
plus approfondie du comportement et de la structure des pro-
téines. Enfin, nous pouvons relever que des agrégats d'unités
protéiques ¢t des sous-unités structurales dans les molécules
pratiques peuvent étre considérés comme des exemples d’inte-
ractions protéiques.

La notion de sous-unités dans ies molécules protéiques da-
tent des recherches classiques de SvEDBERG sur les hémocyani-
nes; et un exemple récent, dans lequel les bases précises de
la structure ont &té révélées, cst fourni par l'analyse au
rayons X de 1"hémoglobine effectuée par PrruTz qui a montré

que cette molécule — qui, il v a dix ans, n'éait méme pas
reconnue, en général, de posséder quatre sous-unités — con-

siste en guatre sous-unités chacune ressemblant d’assez prés i
fa molécule de la mioglobine.

Plusieurs autres exemples de sous-unités sont ressortis lors
de la délibération & P Académie Pontificale; les virus des plan-
tes, étudigs par Rupsio HUErT0S, les sous-unités de TMV décri-
tes par FRAENKEL-CONRAT, et les expériences sur les hybrida-
tions des hémocyanines et de 1’hémoglobine citées par Ti-
SELTUS.

La dissociation et la recombinaison des sous-unités qui,
comime il semble actuellement, est un des plus importants fac-
teurs biologiques de ceux qui sont soumis au mécanisme de
contréie de certaing genres d’enzymes. Nous avons 13 un do-
maine trés peu exploré bien que le matériel et la technique se
trouvent a portée de la main, et qui est riche de promesses pour
{'avenir. ‘

Dans toutes ces études on a essayé de développer la relation
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enire la structure d’une part et le comportement et la fonction
d’autre part,

DPans le passé, le facteur limitant a été notre pauvreté dans
la connaissance de la structure. Maintenant que la structure
des protéines peut en principe étre déterminée, nous pouvons
voir pour 'avenir une période, pendant laquelle les méthodes
classiques pourront &tre étallonnées, comme il en a été, contre
une stracture bien connue et déterminée. De tonte fagon, ¢’est
un fait que la détermination des structures par la méthode des
rayons X sera un travail trés ennuyeux et pour plusieurs pro-
téines, disponibles en trés pefites quantités ou incristallisables,
une impossibilité. C'est pour cette raison que les recherches
d’ANFINSEN, rapportées & ce meeting, prennent une significa-
tion toute spéciale indépendamment de feur importance et de
leur intérét infrinséque. Ses résultats suggérent que générale-
ment les protéines sont capables de se dédoubler elles-mémes
dans une spécifique conformation tridimensionale gui doit donc
étre acceptée comme éant thermodynamiquement stable, ou
bien, pour placer le probleme d’un autre point de vue, les
informations génétiques déterminent uniquement des séquen-
ces d’amino-acides. La conformation de la molécule y étant
alors inhérente et pouvant étre en principe déterminée comme
in vivo, elle en dérive par cette séquence.

Ce qu’il nous faut aujourd’hui, ¢’est une étude plus intense
de la structure du comportement ef de la fonction des protéines
sélectionnées, pour lesquelles les trois aspects sont accessibles
du point de vue expérimental ou ayant pour objet le dévelop-
pement des généralités, tout comme la relation entre les trois
facteurs. Dans cefte longue course il se peut que la connais-
sance d'une séquence d'amine-acides ou méme une séquence
de basc dans le correspondant DNA soif suffisante pour tous
les buts. Ceci est un butl plutdt lointain qui ne sera peut-étre
pas atteint an cours de notre génération, néanmoins notre con-
naissance du probléme servira 4 définir la direction de nos
études et & les faire converger sur des problémes profitables.
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2) DU POINT DE VUE DE LA BIOCHIMIE {¥)

Cette Semaine d'Etude de 'Académie Pontificale des Scien-
ces témoelgne du dynamisme de la recherche dans un domaine
ol la physique, la chimie et la biologie se rencontrent et se
completent; elle célébre, pourrait-on dire, la naissance de la
Biologie moléculaire.

Les macromoelécules dont les étres vivants sont faits posse-
dent wne structure remarquablement organisée: ce sont des
organcs de dimensions moléculaires. Organisation, régulation,
morphogenése, hérédité, évolution, la plupart des problémes de
Ia biologic générale sont posés par les macromolécules elles-
mémes; c’cst au niveau moléenlaire, avec les concepts et les
méthodes de Ia physique et de la chimie que ces problémes doi-
vent &tre attaqués.

La premiére tAche de la biochimie fut d’isoler et de dé-
crire les constituants a poids moléculaire {aible des organismes.
I’isolement des enzymes et 1’étude de leur action permirent de
découvrir les processus chimiques qui se déroulent dans les
organismes vivants. Un grand progrés fut accompli avec la
découverte des couplages énergétiques et des mécanismes de
transfert et de distribution de I'énergie, qui permit de décou-
vrir les voles de synthése des constituants cellulaives. Nous as-
sistons & présent 4 un nouveau bond en avant avec 1’étude de
la structure fine des protéines et des acides nucléiques et la
découverte de la nature de Yinformation structwrale, de son
transfert et de son expression. Un nouveau type de réaction
vient de faire son apparition en biochimie: l'assemblage des
éléments d’une macromolécuie sor un modéle. Bien que I'exis-
tence d’organisateurs moléculaires fut considérée depuis long-
temps comme une possibilité, voire comme une nécessité Jo-
gique, les biochimistes hésitérent longtemps & entreprendre sé-

(") Rédigée par . CHANTRENXE.
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rieusement leur ¢tude. Tl est maintenant établi que le DNA, les
protéines et cerfaines classes an moins de RNA prennent nais-
sance sur des organisateurs moléculaires. Les biochimistes pour-
raient dire, en paraphrasant an aphorisme célébre: « toute mo-
Iécule riche en information vient d’une molécule riche en in-
formation ».

L’hypothése de base selon laquelle U'information génétique
réside dans l'arrangement des gnatre bases le long de la chaine
nucléique est & présent si bien étayée que méme les plus scepti-
ques doivent I'accepter, méme ¢'ils protesfent, non sans raisons
peut-étre, contre la pensée schématique de collégues trop en-
thousiastes. Les théories actuelles sont sans doute un peu trop
schématiques, il pourrait y avoir d’auntres formes ¢’information
a coté de celle gui réside dans la séguence des nucléotides (bien
que cecl resle & démontrer); 1 subsiste certainement des diffi-
cultés mais bien que 1’on insiste en général sur les brillants suc-
ces, les difficultés ne sont pas oublides, elles sont au contraire
la principale préoccupation des chercheurs.

Le premier processus de synthése sur modéle pour lequel
des preuves expérimentales directes furent obtenues, la syn-
thése du DNA, n’est pas cncore compris dans tous ses détails.
La séquence est-clle simplement déterminée par I'appariement
des bases, comme nous le pensons velontiers, ou bien des in-
fluences ou des restrictions sont-clles apportées par les nucléo-
tides voisins? I.a distribution des pyrimidines dans le DNA
contenant de la bromo-uracile mérite de nouvelles recherches,
car les résultats rapportés par CHARGAFF remettent en question
certaines idées de basc sur la nature de 'information.

Le travail de MESELSON est une magnifique illustration de
ce que peut donner la combinaison de quelques-unes des mé-
thodes d’analyse les plus puissantes dont nous disposions a
présent: analyse génétique, traceures, équilibre dans un gra-
dient de densité, Il n’y a gudre plus d'un an, 'opinion géné-
rale était que la recombinaison a 'intérienr d’un locus ne re-
posait pas sur une rupture du matérie]l génétique suivie de réas-
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sociation mais qu’elle se produisait au cowrs de la reduplication
du DNA par un processus appelé « copy choice », dans lequel
la fibre naissante d’ADN est copiée d’abord sur une molécule
et puis sur une autre. La preuve que des échanges et des réas-
sociations se produisent réellement et que le DNA ne doit pas
nécessairement se redupliquer pour se recombiner sont des faits
fondamentaux. Sans doute cherchera-t-on bientdét enzyme de
recombinaison.

11 y a longtemps que des chercheurs qui étudiaient des cel-
lules animales ou végétales étaient arrivés & la conclusion que
Pinformation généiique doit étre transmise & des RNA avant
de ’exprimer; mais on supposait généralement qu’il s’agissait
de RNA ribosomial essenticllement stable. Chez les bactéries,
cette idée était difficile 4 concilier avee la cinétique de fa syn-
thése des enzymes. La grande nouveauté du RNA messager
bactérien, tel qu'il apparait dans fa brillante théoric de Jacos,
c'est qu'il a la vie courte, qu'il est détruil aprés avoir porté
son message au systéme qui fait les protéines. Des fractions
de RNA & vie bréve ont ¢4 {rouvées chez les bactéries et a
preuve la plus convaincante que de tels RNA portent Iinfor-
mation génétigue est fournie par les expériences de SPIEGEL-
MaN. Le RNA 4 vie bréve, qui peut se lier aux ribosomes dans
des conditions adéquates, peut s’associer spécifiquement au
DNA de la souche dont il provient. L’hybridation spécifique
abtenue en refroidissant un mélange de DNA ¢t de RNA & vie
bréve indique que ce RNA est complémentaire du DNA, qu'il
contient donc de linformation génétique. L hybridation de
RNA avec le DNA spécifique permetira sans doute d’isoler le
messager d’une protéine définie, une possibilité gu’on n’en-
trevovait guére il y a seulement quelques mois.

La théoric de Jacor et Monop permet de formuler claire-
ment bon nombre de nouveaux problemes. Du seul point de
vue biochimique, une foule de questions viennent immédiate-
ment & Pesprit: comment le messager s’attache-t-it an riboso-
me, comment est-il dégradé, combien de chaines polypeptidi-
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ques une molécule de messager organise-t-elle avant d’étre
inactivée, quelie est la fonction du RNA ribosomial et des pro-
téines ribosomiales? Quelle est 'origine du RNA ribosomial?
Tous les ribosomes d’une bactérie sont-ils identiques ou bien
manifestent-ils quelque degré de spécificité? Comment la syn-
thése des ribosomes est-elle contrélée? Quels sont les symboles
chimiques qui marquent le début ou la fin d'un cistron, d’un
optéron, d'un opérateur? En quoi le produit d’un géne régula-
teur differe-t-il de celul d’un géne structural? Quelle est la na-
ture chimique du répresseur? A quel niveau Uinducteur agit-il?
Le mécanisme régulateur décounvert chez les hactéries existe-t-il
aussi chez les organismes supérieurs? Dans queile mesure peat-il
rendre compte de la différentiation? La différentiation com-
porte-t-clle un contréle chromosomial d'un type inconnu chez
les Dbactéries, etc... Bien d’autres questions apparaissent du
cOté génétique. De toute évidence, il reste heaucoup a faire
et les anndes qui viennent promettent une belle récolte.

Depuis leur découverte, les virus et tout particulierement le
virus de la mosaique du tabac furent wne source de connais-
sances fondamentales sur les macromolécules biclogiques. Les
virus sont des parasites moléculaires qui semblent avoir atteint
le degré uitime de simplification, puisqgu’ils sont réduits & un
RNA portear d’information, enfermé dans un écrin protéique,
Les tourments infligés par les expérimentateurs & 'acide nucléi-
que des virus fournissent des données trés directes sur la nature
de I'information et sur le code et ils réservent encorve bien des
découvertes. De nouvelles questions se posent: I'acide nucléi-
que des virus régit-il la synthése de protéines avires que celles
de l'enveloppe? Comment expliquer Papparition de mutants
dans lesquels de nembrenx remplacements d’acides aminés se
sont produits? Comment le RNA viral se reproduit-il? T.e DNA
est-il impliqué dans cette affaire? Les chimistes révent déja de
Tabriquer un RNA, de le voir se reproduire comme celui d'un
virns et diriger la synthése de protéines. Les expériences de
ScuranM font penser que fabriquer du RNA n’est peut-étre pas
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une tiche aussi formidable que les chimistes organiciens le
croient. Elles permettent d’espérer que des raccourcis pourront
étre trouvés, et de penser que des réactions chimiques simples,
qui seraient régies ou tout au moins influencées par des modé-
les, donneront peut- étre la solution révée.

La manifestation la plus immédiate de Pinformation géné-
tique est 'apparition d’un polypeptide spécifique ou d'une pro-
téine parfaite. La connaisance du mécanisme de la synthése des
protéines progresse rapidement, LIPMANN nous en a donné une
pelle illustration en présentant, aprés un tableau d’ensemble,
les résultats les plus récents. Selon la théorie actuelle, les aci-
des aminés réagissent avec VATP en formant des anhydrides
mixtes; les groupes carboxyle aingi activés sont alors transfé-
rés 4 l'adénosine terminale des RNA de transfert, qui sont des
accepteurs spécifiques des différents acides aminés. Les RNA
de transfert ont éé partiellement séparés i'un de Vautre par
électrophorese, distribution & contre-courant ou chromatogra-
phie. I'ingénieuse méthode de purification et d’isolement pré-
sentée par ZAMECNIK parait supéricure & celles que 'on con-
naissait jusqu’ici. Depuis que 1'on dispose de RNA de transfert
purifié, i est possible d’étudier plus simplement la synthése
des protéines in vitro et de concentrer les efforts sur le méca-
nisme de Porganisation de la protéine sur le modele. Lorsque
les acides aminds sont sur les ARN de transfert, le probleme
énergélique est en effet résolu, il reste 4 observer les acides
aminés qui s'arrangent i la surface du ribosome. Le ribosome
du réticulocyte ost particulierement intéressant car il contient
Iinformation nécessaire & la synthése de Phémoglobine, 'une
des protéines le micux connues (voyez fa contribution de PE-
ruTz). Le messager géndtique reste longtemps attaché & ces
ribosomes et le message peut élre déchiffré et interprété cor-
rectement par de ’ARN de transfert bactérien, bien que guel-
que enzyme spécifique du vibosome puisse &tre requis. Si le
RNA de transfert d’unc bactérie comprend le message d’un
réticulecyte de lapin, c’est que la code génétique est universel.
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Les résultats récents de NIRENBERG, que LiraMAn a mentionnés
brievement dans son rapport, permettent de penser que le code
génétique sera déchiflré dans les quelques années qui viennent.

Nul ne sait comment les RNA de transfert tronvent leur
place sur le modele. Sans doute appariement des bases inter-
vient-il, mais il y a plus: par exemple, GTP est nécessaire ef
sa fonction est encore compldtement obscure. La puromycine,
qui se comporte comme un analogne du RNA de transfert ot
se détache du modéle en entrainant avec elle un morceau de
polypeptide inachevé, sera sans doute un précieux outil pour
I'étude des dernitres étapes de la synthése des protéines. Les
analogues de purine et de pyrimidines perturbent aussi ces der-
ni¢res étapes. Une meilleure compréhension du mécanisme par
lequel ils provoquent des erveurs de lecture de Uinformation
serait bien souhaitable. Tes systtmes acellulaires utilisés par
NIRENBERG ou par Lipmany donneront sans doute Ia solution.

Lorsque tous les problémes de transfert, de transcription,
de lecture et de traduction de Vinformation génétique seront
résolus, 1l restera & comprendre comment elle §’exprime en une
activité enzymatique définic. 11 est clair que Dactivité des
enzymes et la fonction physiologique des protéines en général
dépendent des structures secondaires et tertiaires des protéines.
Nous nous demandons a présent si le reploiement des chaines
polypeptidiques en une structure unique et leur association en
enzymes actifs poseront de nouveaux problémes d’information
et de régulation ou s’ils résultent automatiquement de Iarrange-
ment des acides aminés. L'hypothése la plus simple est certai-
nement que la structure est déterminde complétement par la
séquence des acides aminés. Les études sur la ribonucléase
QU ANFINSEN nous a présentées vérifient cette derniére hypo-
these puisqu'elles montrent que certains polypeptides déroulés
peuvent retrouver spontanément ie reploiement correct. Des
arguments dans la méme sens furent présentés par FRAENKEL-
CONRAT pour la protéine du viras; la comparaison des structu-
res de 'hémoglobine et de la myoglobine (PERUTZ et Kenprew)
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sont aussi trés suggestives: nous voyons que deux molécules
qui accomplissent & peu prés la méme fonction ont une struc-
ture tertiaire trés sembiable, bien que leurs compositions en
acides aminés soient fort différentes. En y regardant de plus
prés cependant, nous voyons que quelques acides aminés se re-
trouvent aux mémes positions dans les deux chafnes de ['hé-
moglobine et dans la myoglobine et qu’ils occupent des paosi-
tHons clés qui déterminent le reploiement de la chaine ou bien
qui assurent les interactions enfre certaines régions des chaines
polypeptidiques et le groupe hématinique. Mais des variations
considérables sont permises dans le reste de la structure. TLa
comparaison de cytochromes de différentes espéces cenduit a
des conclusions semblables (Turpy). Cela nous donne un pre-
mier aper¢u des bases moléculaires probabies de 1'évolution.
On peut en effet, d&s maintenant, esquisser en {fermes molécu-
laires un mécanisme darwinien: une mutation qui entrajne Je
remplacement d'un acide aminé par un autre pourra changer
le mode de reploiement et faire apparaftre un meilleur ou un
plus manuvais enzyme; la sélection assurera la perpétuation des
enzymes les plus réussis,

Nos connaissances sur le mécanisme des réactions enzyma-
tiques sont encore fort limitées, mais des études comme celles
qui furent présentées par TrroreLL montrent gu’elles progres-
sent et que nous pourrons peut-éire dire bientdt gue nous com-
prenons vraiment conunent un enzyme fonctionne. Les chi-
mistes ont le sentiment que Ia fabrication d'un polypeptide doué
d’activité enzymatique est presque & leur portée. Cerfaing es-
saieront d'y parvenir directement; d’aufres prépareront un
RNA et feront fabriquer la protéine par des enzymes selon le
plan qu’ils auront fourni.

Enfin, Panalyse du conirdle génétigue donne une base so-
fide & de nouvelles recherches sur la différentiation ef la mor-
phogénése. Dans les années qui viennent, les vienx problémes
chers aux embroyologistes reparaitront, mais ils seront formu-
lés en termes de biologie moléculaire. On pent penser qu’aprés
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des titonnements ct des efforts dans des voles sans issue, guel-
ques données essentielles apparaifront et que les bases moléeu-
laires de la différentiation apparaifront aussi clairement que
celles de I'hérédité. Nous avons vu dans le rapport de Ranzr
des exemples de I'extréme complexité du processus de morpho-
gendse el de la fagon dont I'expérimentateur peut 'influencer.
La Iittérature embryologique abonde en observations qui atten-
dent une interprétation claire. Nous sommes mieux armés que
jamais pour y parvenir,

Tous tes Participants sont tombés d’accord, & 'unanimité,
pour charger les Collegues CHANTRENNE et Kennrew de rédiger
les conclusions auxquelles on est amivé pendant la Semaine
d’TEtude et imprimées ¢l dessus.

Ces conclusions refletent les discussions qui ont eu lien
au cours de la Semaine et se trouvent en accord avec ce qui a
été établi par tous les Participants pendant leur réunion de
jeudi 20 octobre 1961 dans la paix el la quidtude des Jardins
Pontificaux de Castelgandolfo.
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