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FOREWORD

“ The specificity of biological interactions ” was the subject of a
Study Group that met af the Pontifical Academy of Sciences from Novem-
ber 9-11, 1983. This theme is one of the most advanced fields in modern
biology.

The knowledge that bivlogical reactions present a specificity which
can be sometimes extremely strict has existed for a long, long time and its
recognition grew up during the development of many biological disciplines.
Molecular basis for this specificity became quite obvious with the study of
the action of enzymes and the molecular cause Jor this specificity became
clear afler our recognition of the secondary and tertiary structures of pro-
teins.  Many techniques have been responsible Jor these findings, but it
seems to me fair to cite X-ray diffraction. Measures oblained between
different chains made it possible io envisage how a certain number of reac-
tions occur.

These techniques also allowed for the construction of models in the
Jield of nucleic acids.  They were particularly useful in the field of nucleic
acid structure determination.  Their results have changed biology.

But the idea of image models for biological inleractions was also an
tmportant contribuiion in immaunology since the daps of Erlich and Lan-
densteiner.  These were models based on a geomeltric configuration.  They
stull inspire up to now our graphic concepts of the immune reaction.

These were data from studies made in vitro. In the Jield of phar-
macology, where experimental animals are used, the problem was also
approached, and ils inierest increased on account of the rapid growth of
a quantilative pharmacology, The concept of a receplor was early in-
troduced in pharmacology by A. J. Clark.  For Clark a receptor 1s the
molecular complex able to interact with a pharmagon.  This interaction
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is responsible for the biological response obtained. Nevertheless, il became
quite clear in a very short time that a pharmacon injected in an experi-
mental animal would attack itself to a series of molecular complexes dif-
Serent from the © Specific Receptor ™. In certain of the cases, more drug
was found in the ** Non-Specific Receptors ™ than in the “ Specific anes!”
The classic experiment to prove it is an old one wnderiaken by Orchile,
who prepared Digitalis Glycosides by breeding the digitalis plants in an
atmosphere of radioactive CO,.  The radioactive glycoside thus obtained
could hardly, if at all, be found in the heart. The same was shown with
curares.  Thus it became clear that chemical naiwre and the spatial distri-
bution of the receptors should be known and in vitro experimenis became
again necessary.  The development of this endeavour began with a search
of the structure of one receplor, the acetylcholine, and 15 now extended o
many other transmitter receplors. What is exciting about the study of the
specificity of biological interactions where at least two pariners interact,
is that their molecular structure in lerms of atomic constitution and quan-
tum forces must be known. This not only requires the use of a wariety
of techniques, but also a high-sophisticated level of theoretical approach.

This Study Group held at the Pontifical Academy of Sciences has
certainly not resolved all problems but has, in my opinion, made pro-
gress in the knowledge of one of the most important phenomena of the
natural world.

It is for me a great honour lo present my profound gratitude lo Pro-
Jessor Bernard Pullman for the excellent organization given to the Study
Group. 1 want also to express my deepest thanks to all participants for
their good will in coming to the meeting and for their efforts to present
their papers thus making possible the publication of this document.  An-
other element for the success of the meeting is the interest which every par-
ticipant took in the discussion. And last, but not least, I want lo express
my thanks for the help I received from Fatber Dt Rovasenda, Michelle
Porcelli, Gilda Massa, Simonetta Ulisse and Silvio Devoto.

Carros CiIacAas

President of the
Pontifical Academy of Sciences
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AUDIENCE OF THE HOLY FATHER



On November 12, 1983, His Holiness John Paul 1T granted
an Audience in the *“ Sala Regia ” of the Apostolic Palace in the
Vatican to 45 Members of the Pontifical Academy of Sciences
gathered in Plenary Session to discuss the subject “ Science in
the Scrvice of Peace 7, to 20 scientists participating in the Study
Week organized by the Academy on “ Chemical Events in the
Atmosphere and their Impact on the Environment” and to 15
scientists of a Working Group convened by the Academy to dis-
cuss ** Specificity in Biological Interactions .

The group, introduced in the Apostolic Palace by the Pre-
sident of the Pontifical Academy of Sciences, His Excellency Prof.
Carlos Chagas, accompanied by the Director of the Chancellery,
Rev. Father Enrico di Rovasenda, was paternally received by
His Holiness, who at the cnd of the Audience wished to greet
personally all the participants.

On the occasion of the Plenary Session the Academy awarded
to Prof. Gérard t'Hooft, Institute for Theoretical Physics, Utrecht,
the Pius XI Gold Medal, which the Holy Father personally
bestowed upon him.

The President of the Academy, Prof. Carlos Chagas, deliv-
ered the following address:

Holy Father,

1 have the homour to present you my most devout homage, logether
with members of the Pontifical Academy of Sciences and scientists who
have participated in the Study Week and the Study Group which have
Just ended.

It was exactly four years ago that you received our Academy in this
Sala Regia, whose beauty has so impressed us.  The Pontifical Academy
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of Sciences had met at that time and you so kindly consented to preside
over our meeling for the Centenary of the birth of Albert Kinstern, who
had devoted a great part of his life to the cause of Peace. It is thergfore
not pure coincidence that you have decided to receive in this magnificent
hall your Academicians, who for three days will discuss the subject: * Science
in the Service of Peace”.

Peace, which the Academy has taken as the theme of s Plenary
Session, is of great concern to you, as 1t was to all your predecessors. Since
Benedict VI, the Popes, including Your Holiness, have often deplored the
useless massacre, * useless slaughter” of human lives and the destruction
of cultural treasures which are the dire consequences of war.

We will therefore endeavour during our discussions to examine lhe
various aspects of this problem. One of them will be the possibilities that
sctentific research offers to impede the many technological developments used
for war. I shall mention two examples.

The defense of the civil population and of the ecology against toxic
substances, which can conlaminate the atmosphere, the rivers, the reservoirs,
plants and animals, requires special attention. This can be achieved by
the discovery and development of antidotes against the harmful chemical
or biological substances released into the biosphere, by the production of
new medications against burns, and of products thal can neutralize the
action of tomizing radiations.

Science can act by making toxic products inactive and — hopefully —
by immunizing the toxins extensively and rapidly. With the horizons
opened up by modern biology, this is not at all a wnld dream. Biology,
biochemistry, biophysics, pharmacology, genetics, plant physiology, bio-
medicine in general and pedology, among other disciplines, must contribute
to this effort. The increasing development of grafting and reparatory surgery
is necessary to rehabilitate human beings who have been stricken by war.

The continuous perfection of systems of alert in the event of aggression
is necessary, even if these will not serve to consign to the curse of history
those who have been the first to attack with atomic bombs.

I believe that the very imporiant anti-nuclear declarations which we
have published and which have been subscribed to by many scientists, must
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be followed by action on the part of our Academy, together with Men of
Culture and Citizens of the World, in order to renew the appeal to all
humanity lo aveid the danger of a nuclear holocaust, lo banish all fears
of war, so that a just and lasting peace can prevail in the world. I believe
that a proposal along these lines will be presented to Your Holiness.

Science in the service of peace must also be based on the relationship
between individual and collective behaviour; the complexity of this relation-
shap has not yel been resolved and it would be important to know ils bio-
logical and social mechanisms, inasmuch as they can be a threat to peace.
We could thus perhaps find out whether or not individual aggressiveness is
independent of social and institutional aggressiveness, and vice versa; ihis
would help us to understand something of the dramas of the past and would
shed light on the psychological means which could help to consolidate
peace.

Another subject of our discussions will be: development of the under-
developed countries. How wisely your predecessor Paul VI explained the
importance of social development for peace! The words of Paul VI:
“ The new name of peace is development ™, which are found in his Ency-
clical ** Populorum progressio ™ have had a greal resonance among us.

The profound differences which exist between poor countries and rich
or industrial countries are a constant threat to world peace. The countries
of the Third World are becoming more and more the prey of economic
interests, which are always egoistic, and of geopolitical interests, which
are always vmperialistic; and they are subjecled to a technological colo-
nialism which is extremely destructive of their national cullure.

Your Academy, Holy Father, believes it is tls duty to furmish to the
governments of these countries as well as to your humanitarian and evan-
gelizing missionaries — who exhaust themselves in work in the forests,
in the swamps, the marshes, the bush and the bidonvilles — scientific in-
Jormation which can be useful to them, and lo propose to those responsible
the norms of a scientific policy which will permit them to face the challenge
which they meet at every moment in the fields of education, health, nutrition,
agriculture, energy, the protection of nature and renewable resources. The
Academy has done so in the past and will do so even more in the future.
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However, if development requires wisdom, it also requires economic
efforts to be made by all the countries of the world, but especially by those
that are rich or imperialistic, whick until now have known only how fo
take over the nalural resources of the under-developed countries for thewr
own profit and power, without due compensation. If one compares the sums
spent on the 157 wars which have laken place since 1945, with the sums
necessary to improve human life and dignity for more than two-thirds of
the world’s population, one is indecd amazed — I would even say indignant,

I will cite for you only one statistic: the School of Public Health at
Harvard University has published a report which proves that the stabiliza-
tion of the Third World would cost over ten years 7%, of whal s spent
each year on preparations for war.

I am convinced that during our discussion a proposal of greal scope
will be made in order {6 have the under-developed countries share in the
advaniages of science and technology. We will propose action which,
above all political rivalries, national passions, geopolitical ambitions and
egoism of the governing classes, will bring hope to this tmmense part of
humanity which is beginning to despair because of the wretchedness in the
hearts of the rest of the world.  This project will be only jor the butlding
of a better world.

Humanity, after the devastation of 1939-45, has had some bengfit
Jrom reconstruction projects; but today only You, Holy Father, have suf-
Jicient authority lo guide a universal plan for solidarity and peace.

1 have presented to Your Holiness the principal lines of the work
which we will undertake and for which we need your guidance and advice.
The distress which s revealed in my words is due to the terrible realily
in which we are living loday. But I must confess to you that we are all
convinced that owr action, no maiter how wvigorous, will nol produce any
results so long as the spiritual and morval values which you proclaim are
unable to conguer man’s egoism and the distress of which he is prisoner.

I therefore take the liberty, Holy Father, to recall the words of Albert
Liinstein, which I quoted on November 1o, 1979, in this same hall: * Hu-
manity has every right to place the propagators of moral values above the
discoverers of objective reality, What humanity owes to Buddha, to Moses,
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and to Jesus Christ is much more important than the success of the research
carried on by scientists »*.

Lo this I would like to add this testimony.  On our television screens
in Brazil we saw a few days ago a terrible scenc: a man, overcome with
grief, buried his wife 27 years old and his child of mine months, both
assassinated in the course of a hold-up of a bank. Questioned by a _journalist,
he replied: * This will continue to happen so long as men and women
do not heed the message of Christ”.

This message of love is one that you preach continually. It is only
by bearing il in our hearts that we can approach our task with fervor, for
we belicve that in the end, ideals, good will and material detachment will
win out and that our labor will not be in vain.

Most Holy Father, our Study Week on  Chemical Events in ihe
Atmosphere and their Impact on the Environment” has Just ended, It
has studied one of the most serious threats confronting our society, the crea-
tion by our civilization of unfavorable conditions Jor lLife in our atmosphere.
The Warking Group which has just met was devoted to Specificity in
Biological Interactions . These discussions have dealt with the complex-
ties of the reactions produced in cells, which determine vital phenomena.

The third group which the Academy will convene in a feww days will
study the * Contribution of Modern Biology 1o Agriculture ”.  How much
hope is raised in us by the revolution which has taken place in biology
and which has taken form in biotechnology! The discussions in this
group wnll certainly give new momentum to the baitle against hunger,
which is one of the most serious aspects of the pollution caused by the po-
verty which affects so many of our contemporaries.

Permit me, Holy Father, lo express 1o you my admiration for the
eminent specialists who are nol members of the Academy and who have
wnterrupted their daily life to come from all parts of the world to help us
i our work, without even. stopping to admire the beauties of the Vatican
or to bask in the Mistoric and artistic climate of Rome. Without them
we could not accomplish our task.

And now I wish to announce the names of the new Academicians
whom you, Holy Father, have appointed upon their nomination by the
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Council of the Academy:

Daniel Adzei Bekoe, of Ghana

Stanislaw f.ojasiewicz, of Poland

Wa Kalenga Malu, of Zaire

Charles Townes, of the United States

Hamao Umezawa, of Japan

Pictro Salviucei, of Rome, Honorary Academician,

I also ask you kindly to present to Professor Gérard £ Hooft of the
Netherlands the Pius XI Gold Medal, whick the Academy has awarded
kim for his excellent work on elementary particles.

Holiness, in thanking you from the bottom of my heart for the support
which you give to the Academy, I wish to assure you that it will always
place itself at the service of man and nol of economic or political inieresis.
Science increases our knowledge of the natural world, and s correct ap-
plications help men, women and children to lve as human bangs and not
Just exist. A knowledge of nature and the material improvement of the
human condition are and always will be, I believe, for the perfection of
Man, who is the glory of God.

The Holy Father answered with the following discourse:



Mr. President, Ladies and Gentlemen,

1. In this prestigious Assembly of Scientists, honoured by your
presence, Cardinals and brother Bishops, and by the Diplomatic
Corps accredited to the Holy See, as well as numerous representatives
and leaders of the world of culture, I wish to extend heartfelt greet-
tngs and an expression of my highest consideration to the distinguished
members of the Pontifical Academy of Sciences as they prepare 1o
address in their Plenary Session the theme: * Science in the Service
of Peace ™,

With the same cordial sentiments I greet the distinguished
scientists who have come from cvery part of the world for a week
of study on the theme : ** Chemical Events in the Atmosphere and their
Impact on Environment”, and, in a working session, another equally
important theme: *“ Specificity in Biological Interactions .

In a few days® time another working-group will meet to deal
with © Modern Biology applied to Agriculture ”.

I congratulate you, Mr. President, Professor Carlos Chagas,
Jor the wisdom and dedication with which you have contributed new
and important developments to the life of the Academy. I congra-
tulate you for the planning and promotion of this present series of
meetings of personages who devote their energies to the search for
truth at the service of humanity.

2. All knowledge takes its nobility and dignity from the truth
that it expresses.  Only in the unbiased pursuit of truth do culture
and especially science preserve their freedom and ave able to defend
it from any attempt at manipulation by ideologies or powers.
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“ The truth will set you free” . these words from the Gospel
engoy perennial validity and illumine with divine light the endeavours
of the scientist who vefuses to subordinate his commitment and his
research to anything but the truth.

Truth is the goal of the whole universe: finis totius Universi
est veritas, as ome of the greatest thinkers of all time, Thomas
Aquinas, wrote (). The truth of all beings, thetr forms and their
laws are hidden in the bosom of the Universe, which yearns for s
truth to be discovered by the human intellect.  You, Men of Science,
who welcome the world into your minds, work upon it in your labo-
ratories, and investigate its most secret byways n your dedicated
efforts, what are you seeking if not the truth?

Have courage and the boldness of reason that untivingly seeks
the truth and you will find in the Church and wn this Apostolic See
your most convinced allies.  Of course, the conquests of science are
al times provisional, subject to review and vethinking, and they wnll
never succeed in expressing the whole truth hidden in the Universe.
The sense of mystery is part of your intellectual heritage and reminds
you thal what you do not know s much vaster than what you do
know. In the search for truth, the boldness of reason is linked with
the humility of its own limits, the joy of knowing goes hand-in-hand
with wonder at the unknown.

Furthermore the sense of mystery also envelops those truths
which science cannot discover, but which question the mind of the
scientist in the innermost part of his being, where he experiences an
irvesistible longing and yearning for the divine. The goal of the
Universe is not only to veveal the truths it holds within itself, but
to manifest the First Truth which gave the world its origin and form.

() Contra Gentiles, ¥.1-c.1.
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3. Whaiever the paths of your scientsfic research, may you always
be assisted by the sense of the divine. How can one fail to mention
here Isaac Newton? He in no way thought, as Auguste Comte was
lo clavm later, that science must vise on the ruins of veligion and
metaphysics; but he saw in the Universe the presence of God, a
presence not immanent but transcending nature.

In the Scholium Generale added to the second edition of his
Philosophiae Naturalis Principia Mathematica, Newton wrote
“ This most clegant order of the sun, planets and comets could not
have been born without the design and power of an intelligent and
powerful being.  He rules all things, not as the soul of the world,
but as Lord of the Universe... From blind metaphysical necessity
that us absolutely identical always and everywhere, no varicty in
things can be born.  The whole truth of things, including places
and times, could only have arisen from the ideas and the will of a
necessarily existing bemg > ().

The message addressed by the Second Vatican Council to the
“men and women of thought and science” agrees with Newton in
has conviction that scientific thought and veligious thought are insepar-
able: *“ Never perhaps, thank God, has there been so clear a possi-
hility as today of a deep understanding between real science and veal
Jaith, both i the service of the ome truth. Do not lose the occasion
of this important encounter : have confidence in faith, this great friend
of wmtelligence ™.

Gentlemen, the scientific truth whick ennobles your intellect and
lifts your vesearch to the level of contemplation of the world and of
ws Creator, must be transmitted to the whole of humanity for the

() CL L. Geysonar, Storia del pensicro filosofico & selentifice, Milano, Garzanil :g%o, vol.
I, p. G46.



integral development of each human being and of all nations, for
the service of peace, which is the object of your reflections and projects.

4. There are different waps for men and women of culture to
live the precious value of knowledge. Bernard of Clairvaux, one of
the strongest personalitites in Fistory, who came down jfrom the lof-
tiest peaks of mysticism to share divine and human truth with the
ecelesiastic and civil society of his time, as a true master of love and
knowledge, described the different types of men and women of culture
always found in history. According to Saint Bernard there are fuwe
motives that lead human beings to study: * There are people who
only wish 1o know for the sake of knowing: this is base curiosity.
Others wish to know in order that they themselves may be known:
this is shameful vanity, and such people cannot escape the mockery
of the satyrical poet who said aboul thetr likes: * For you, knowing
is nothing unless someone else knows that you know’. Then there
are those who acquire knowledge in order to re-sell it, and for exam-
ple to make money or gain honours from 1t : their motive is distasteful.
But some wish lo know in ovder to edify: this is charity.  Others
n order to be edified: this is wisdom. Only those who belong to
these last two categovies do not misuse knowledge, since they only
seek to understand in order to do good ™ (P).

The words of Saint Bernard the mystic indicate a profound
grasp of what motivates those who engage n cullure, and they are
more than ever relevant in order to remind both the teachers of
thought and their disciples of the true purpose of knowledge. In my
address of 15 November 1980 in Cologne to the scholars and stu-
dents of the German Universities I pointed out that * all aveas of

(* Samvr Bernawp, Thirg-sixth Sermon on the Canticle of Canticles - Oenvies Mysiigues de
Saint Bernard, Editions du Seuil, 1953, pp. 429-4%0.
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our culture are impregnated by a science that proceeds in a mostly
Junctional way . And I warned that “ a purely funclional science,
deprived of values and alienated from truth, can be completely enslav-
ed by onc or other ideology ™.

1 gladly recall here what an illustrious and now deceased mem-
ber of the Pontifical Academy of Sciences had to say some forty years
ago in a conference to young university students at Lausanne: ** One
has come to replace the search for truth by the search for what 1s
useful.  The young people who previously turned to the masters of
thought tn order to enlighten therr minds, began to ask them for the
secrets of nature from which would spring material goods n such
abundance.  Qf the various fields of knowledge, one litile by little
came lo value not those that seck the highest veaches of thought but
those that seem more fertile in practical applications ™ (*).

Saint Bernard of Clairvaux raised knowledge to the level of
love, to the level of charity and understanding.: *° Sunt qui scire
volunt ut aedificent et charitas est .

5. Members of the Academy, Men of Science, at this very
grave moment of history, I ask from you the love of knowledge that
builds peace.

Peace 15 a gift of God offered to people of good will. I speak
now to all men and women of good will, whatever faith they belong
to, and especially to you who are listening to me now.

The science which brings together those engaged in rescarch,
techmcians and workers, which mobilizes political and economic
powers, which transforms society at all levels and in all its institu-

(%} G. Covonnerry, Peusieri ¢ fulti dallesitio. Conferenza del r2 gingne rgpq, Accademia

Nazionale dei Lincei, Roma 1973, p. 31.
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tions, has a task today which is proving more urgent and indispensable
than ever, namely the task of cooperating in saving and building
up peace.

From the depths of centuries past there vises the voice of an
unarmed prophet, Isaiah: « They shall beat their swords into plough-
shares and thetr spears into pruming hooks” (Is. 2:4).

In vecent limes, at a moment when way was imminent, there
vose with biblical force the prophetic wvoice of an unarmed Pope,
Pius XI, who quoted the Psalm: *‘ Dissipa gentes quae bella
volunt ”* (Ps. 67:31).

Unaymed prophets have been the object of derision in every age,
especially on the part of shrewd politicians, the supporters of power.
But today must not our civilization recognize that humanity has
need of them? Should not they alone be heard by the whole of the
world’s scientific community, so that the laboratories and factories of
death may give place to laboratories of life? The scientist can exevcise
kis freedom to choose the field of his own research. When, i a
particular historical situation, it is all but inevitable thal a certain
Jorm of scientific vesearch will be used for purposes of aggression, he
must make a chotce that will enable him to work for the good of
people, for the building up of peace. By refusing certain fields of
research, inevitably destined, in the concrete historical civcumstances,
Sfor deadly purposes, the scientists of the whole world ought to be
united in a common readiness to disarm science and fo form a pro-
videntral force for peace.

Faced with this great patient in danger of death which 15 hum-
anity, scientists, in collaboration with all the other members of the
world of culture and with the social institutions, must carry out a
work of salvation analogous to that of the doctor who has sworn to
use all his powers to heal the sick.
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0. Peace is born not only from the elimination of hotbeds of
war.  Even of all these latter were eliminated others would inevitably
appear, of injustice and oppression continue to govern the world.
Peace 15 born of justice: Opus iustitiae pax (Is. 32:7). Now
sctence, which secks the truth and is free from all rdeologies, can and
must promote justice in the world; while not remaining a slave of
the economically privileged peoples, it can and must spread  every-
where, tn ovder to ensure, through appropriate technical means, that
all peoples and all individuals are given their due. The modern
world awaits the liberation of science that is a result of the libera-
tion of the mind. Gentlemen, be united in the defence of your liber-
ties in order do build up peace in justice throughout the world.

This 15 a relentless work that will never cease, Jor because of
sin, both individual and social, sources of injustice continually arise
m the world.  With an acute sense of history, the Second Vatican
Council warned us of this: * The common good of people 15 in its
basic sense determined by the eternal law. SHI the concrete demands
of this common good are constantly changing as time goes on.  Hence
peace 15 never attained once and for all, but must be built up cease-
lessly” {Gaudium et Spes, 48).

Pax perpetuo aedificanda: peace has to be ceaselessly built
up.  Peace 15 a continuous ffort which, in so far as it is up to
you, is entrusted to your research, to the technical applications that
Jou must direct, through your authority, to the promotion of justice,
with that freedom, that freedom of thought which enables you to
make other choices when gfforts are made to do you violence, in order
to exploit your rvesearch and discoveries against justice and peace.

7. More than any other, the scientific community is a commu-
nity of peace, for your rigorous search for the truth in the Jeeld of
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nature 1s independent of ideologies and therefore of the conflicts that
result from them. Your actiity demands sincere collaboration, and
the frank communication of the results of your research.

The scientific community, a commumty of peace, must be ex-
tended to all nations, through the foundation everywhere of institutes
for research and sound technological application. It is not enough
that political colonialism has ceased; every form of scientific and
technological colonialism must cease as well. I cannot fail to note
with satisfaction that the Pontifical Academy of Sciences includes an
gver greater number of scientists from all the nations of the world,
with no racial or religious discrimination. This is a form of cul-
tural ecumenism which the Church, as the promoter of truc veligious
ecumenism, cannot but vegard with a sense of lively satisfaction.

8. From the scientific commumity, especially when it exlends lo
all the vegions of the world, theve have come discoveries which have
helped the development of humanity in every field : diseases and epr-
demics have been conguered, new food resources have been found,
communications between people have been intensified, the peoples of
all the continents have come closer together, natural disasters have
been foreseen and overcome.  Who can list the benefils brought by
science?  And cannot one say that these benefits would have been
much more tmportant 1f the techniques vesulting from science had not
been. manipulated by evil powers?  Who can deny that science and
its applications can be placed at the service of man and of a greater
Justice?

It is an irreplaceable task of the scientific community to ensure,
as is your inlention, Mr. President of the Pontifical Academy of
Sciences, that the discoveries of science are not placed at the service
of war, tyranny and terror.
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The intention to direct science to the promotion of justice and
peace demands a great love for humanity. Every human virtue is
Jorm of love.  This is the case, in particular, of justice, which is
love of neighbour, of individuals, and of peoples. Only the person
who loves wants justice for the other person. The person who does
not love seceks only to obtain justice for himself.

9. Truth, freedom, justice and love: such, Gentlomen, must be
the cornerstones of the genevous choice of a science that builds up
peace. These four values, the cornerstones of science and of the life
of cuotlized society, must be at the basis of that wniversal call of
sewentists, of the world of culture, of the citizens of the world,
which the Pontifical Academy of Sciences, with my full and con-
vinced approval, desives to address to the world Jor the reconei-
liatwon of peoples, for the success of the only war that must be
Jought. the war against hunger, discase and the death of mil-
lions of human beings whose quality and digmty of life could
be helped and promoted with seven per cent of the amount spent
cach year for the incessant and threateming rearmament of the
richest nations.

Permit me at this point to recall with you, in the name of science
and in the name of your personal moral authority, the need for a
wmersal conversion to the true goods of man. Peace cannot be in-
voked, as 1t 15 too oflen, in order to guarantee ethical permassiveness
and consumerism.  The universal call for peace must be marked by
profound reflection on the destiny of man, on the meamng and quality
of bfe. When conversion to truth, freedom, Justice and love does
not become a necessity widely vecognized and put into practice every-
where, social peace is unstable, because it lacks ifs deepest root, which
is found in the heart of man.

3
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ro. It is from God that pease comes for those who are in com-
munion with Him and also for those who, even though they have not
found Him, are secking Him with a sincere heart, i a spirit which,
Jar from stifling the divine, seeks to liberate it within itself.  Mr.
President, Members of the Academy, and distinguished scentists, 1
renew the expression of my confidence in you, and as I bring this
speech 1o a close I would like to make my own the words which my
predecessor Paul VI addressed in 1966 to the Pontifical Academy of
Sciences : « More than anyone else the Church rejorces in every true
conquest of the human spirit in whatever fleld it may be. She recog-
nizes and values highly the importance of scientific discoveries... she
not only sees in then a magnificent use of the intelligence, bul she
discovers in them also the exercise of high moral virtues, which confer
on the scientist the character and the merit of an ascetic, sometimes
of @ hero, to whom humanity must vepay a generous tribute of praise
and gratitude > (7).

Gentlemen, as men of thought and science, as pilgrims of the
truth, as explovers in the different branches of science and knowledge,
about man and the universe, who submit yourselves to the labour of
observing, thinking, scarching, so that man may be ever more man
and may find in nature the proper environment for his development.
I ask you to work for justice, love and peace, and to belicve that today
move than ever the Catholic Church is your ally, this Church which
loves true science and vight thinking, this Church which prays for
you and which in my person, vespecting your beliefs, nvokes upon
each one of you the blessing of God.

8 Speech of 23.4.1086; Ponlificiac Academiae Scientiarum: Seripta Varia n. 31, p. XLV,
! 34 1€ 301
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ABSTRAGT

The increased reactivity of DNA towards clectrophiles, with respect to that of
its constituents or fragments, which occurs in spite of the decrease of the acces-
sibility to its reactive sites, is attributed to the parallel increase of the molecular
electrostatic potential. The role of the electrostatic factor in the specificity or
at least selectivity in interactions involving such systems is demonstrated on three
cxamples pertaining to 1) the polymorphism and microheterogeneity of DNA,
2) the interaction of non intercalating ligands in the grooves of DNA and 3)
the displacement ol reactive sites in oligonucleotides as a function of their length
and base scquence.

. InrroDUCTION

The determination of the factors and mechanisms which gov-
ern the specificity of intermolecular interactions is certainly one
of the main problems of molecular biology. It could possibly
also be the basis for a substantial improvement of the chemothe-
rapeutical procedures as employed nowadays. These two reasons
are responsible for the selection of this topic for the discussions
of the present Study Group because of the hope that, in the
general spirit of the Study Groups and Symposia organized
under the auspices of the Pontifical Academy of Sciences, such
discussions will not only contribute to the devclopment of our
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understanding of mnaturc but also sirengthen our fight against
human sufferings.

Among the most challenging but also the most fascinating
aspects of the problem that we are going to deal with are, m my
opinion, its diversity and its complexity. The diversity refers to
the numerous different types and degrees of specificity that are
frequently considered. Stricto senso specificity implies the exclusive
interaction of two selective partners in a sclective way; in practice
its meaning is frequently morc relaxed, referring to more or less
exclusive associations such as, for example, the preferential binding
of, say, a number of drugs to, say, the minor groove of A-T rich
sequences of DNA or the preferred intercalation of other drugs
between G-C base pairs of DNA. As to the complexity, it resides
in the large number of factors which contribute to intermolecular
interactions in general and whose different relative combinations
may produce different types of association. If the steric accessi-
bility or better adaptability or even complementarity is frequently
considered as a prerequisite for specific associations, few modern
biophysicists would pretend, I belicve, that these geometrical
factors arc the only ones involved. Due to a large number of
recent studies, some of which carried out by scientists present here,
it becomes cvident today that what broadly may be referred to as
electronic factors play also a very important role in specificity. This
situation signifies among others that specificity, even though it
frequently takes up the appearance of a local phenomenon, may
in fact be determined, and sometimes in a quite important if not
decisive way, by distant influences springing from the overall,
global structure of the reacting species. The problem takes, of
course, a particular dimension in the field of macromolecules both
for interactions involving two or more such species or the interac-
tion of a macromolecule with a relatively small ligand.

This Study Group was organized in view of cxchanging and
comparing knowledge and opinions of the nature and role of biolog-
ical specificity, with the aim of arriving, if possible, at a synthe-
tic, overall representation of the present status of the problem,
cach of the distinguished participants contributing his share to this
general construction following his particular expert achievements.
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Because of the orientation of my work and the work carried
out in my laboratory, I would like to concentrate in my talk
on some aspects of the role of the overall structure and in particular
of the overall electronic structure of a macromolecule for reactions with an
apparent local specificity. For the same reasons, I shall discuss this
problem essentially in rclation fo nucleic acids and limit myself to
their interactions with ligands of relatively small or moderate
dimensions.

2. MOLECULAR ELECTROSTATIC POTENTIAL IN DNA AND ITS CON-
STITUENTS

In order to determine the possible role of the overall electronic
structure of a macromolecule on the specificity of its local interac-
tions with external ligand, it is essential to choose an appropriate
electronic characteristic of the polymer which is liable to translate
the effect of its distant parts on the region of space involved. Such
a suitable characteristic seems to be available today in the form
of the molecular electrostatic potential generated by the charge distri-
bution of the polymeric species. It is the role of this potential,
and when possible its contribution to the overall interaction scheme,
that I wish to cxamine in some details.

We recall that the molecular clectrostatic potential (V) is
defined by (Scrocco and Tomasi 1973, 1978):

V (P) = Z ZLa / eli) dz

a I.I:nPI

where Z, is the charge of nucleus @, distant by r,, from point
P and g (i} is the clectronic distribution whose volume element
d7; is at a distance of ryp.

The methods of evaluating the potentials in biomolecules and
biopolymers have been described in (Pullman, A. and Pullman,
B., 1981; Pullman, B. ef al., 1982) and will not be repeated here.
May we just recall that for simple biomolecules, of limited di-
mensions, such as the fundamental constituents of the nucleic
acids (phosphates, sugars, purine and pyrimidine bases}, they are
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computed from the electronic distributions of these subunits,
obtained {rom ab initic SCF computations. The potentials of the
macromolecules are construcied by the superposition of the poten-
tials of all the subunits forming the nucleic acid, appropriately
positioned in space. In order to facilitate the calculation of the
macromolecular electrostatic properties, the electronic distribution
of cach subunit is replaced by a multicenter, multipole expansion
which is capable of reproducing the exact clectrostatic properties
of the subunit down to a short distance from its constituent atoms.
Before investigating the problem of how such, at first sight a
relatively non-discriminatory property, as the electrostatic poten-
tial may contribute to the specificity of interactions, a more simple
question may be considered of whether the electrostatic properties
can be shown altogether to contribute significantly to the reac-
tivity of the nucleic acids. The answer to this question is yes and
can be reached in particular by studying the evolution of the
potential minima associated with the reactive sites of the purine and
pyrimidine bases of the nucleic acids in the series free bases, nucleo-
sides, nucleotides, single helices and finally double helices, com-
paring it which the parallel evolution of the accessibilities to these
sites and, finally, with their known appropriate reactivities.
Thus, table I presents the results of computations on the most
prominent electrostatic potential minima associated with the bascs
in the different structures indicated above. (For details of the com-
putations see Pullman, A., and Pullman, B., 1981}. At this stage,
we limit our considerations concerning the double helix to the
B-form of DNA, the computatuons referring to a helical turn of
this model for poly {(dG.dC) and poly (dA.dT) scquences. The
results for the single helices were derived simply by scparating
the two strands, without alteration of their internal geometry.
They should thus not be confused with the usual representations
of homopolynucleotides which correspond to different geometrical
and spatial configurations and in some of their forms involve
inter-base interactions. It seems that they may nevertheless be
considered as a first approximation to the representation of par-
tially denatured DNA or of a ‘ breathing * double helix and
translate to a large extent the main aspects of the differences
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Tanre I. Electrostatic molecular potential minima (in kealjmol) at the nucleophilic
stles of the four nucleic acid bases, either isolaied or incorporated into different compounds

Site Single Nucieosides  Nucleotides .Sm‘gl(: Dm.lb}c

bases helices helices

N7 (G) -~ 88.2 - 88.0 146G, 8 —-420.6 682, 6

N3 () w556 - 58.9 . -100.9 —373.3 670, 0

N3 (A) — 62.6 - 65.8 —107.1 -390, 5 ~—G68. 8

Q2 — 56.2 e 75,4 110.5 --367.9 —662.8

Q6 {G) — 75.0 -— 75.4 --115.2 ---387.7 5%, 4

N7 (A) e 67,1 — 66.% -e{27.2 385.2 —(50.2

O2{C) - 82,3 - 047 -—§22.6 —410.4 --045. 1

C8 () o L - 9.6 — 78.3 —-350.7 5630, 3

8 (G) 3 e B0 - 5.5 - 68,2 —3066.5 —H623.4

N2{Gy ¥ 3.3 2.7 e 29,5 —-302.5 --623. 4

N2(G) 5 3.3 0.8 — 316 260. 1 -—622.6

04 (T) — 55.0 - 55,3 — §7.2 -353.2 —611.,7

C8 (A} 5 0.9 S| ~ 69.2 —341.9 w3105

N¢ (C) 37 e .3 - 8.2 - 51.4 —249.6 —601.9

NG (A) &7 — 12.9 — 14.0 ~— 52.2 —-313.3 --G00. 4

N6 (A) 3 12,9 - 13.0 — 50.9 -302.7 —597.7

B (A) Y 9.0 1.3 — 60.0 ---337.3 -—597.2

N4 {C) 5 e 8.3 - 9.3 — 52.9 —322.2 —593.1
N3 (C) — 85,7 - 85.2 126,77 — 404, 1 e
NI (A) — 70.4 - 71,3 -104.0 ~367 .4 —

between essentially single stranded and essentially double stranded
polynucleotides.

Now, what centainly appears as one of the most striking results
of the table is the general, constant, progressive increase in the absolute
value (depth) of the poteniial minima associated with the different reactive
sttes when we follow the series of substrates in order of increasing complexity.
Particularly striking arc the strong increases in these values in
the last three columns of table I. They are due to the penetration
of the strong potential generated by the phosphate(s) into the
vicinity of the bases and its {their) superposition upon the potential
inherent in the bascs themselves. The only noticcable exceptions
to this rule occur upon the transition from a single helix to a
double helix for the ring nitrogens such as NI of adenine and N3
of cytosine, which are exposed in the former and involved in
hydrogen bonding in the latter. Such a hydrogen bonding pro-
duces a strong depletion of the associated molecular potential
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minimum. On the other hand, the minima associated with hy-
drogen bonded carbonyl oxygens and amino groups follow the

general trend.

On the other hand, Table II presents the parallel cvolution,
for the two extremes of the series, the isolated bases and the bases

Tsolated

In B-DNA

G O6> N7>N3>»C8>N2>NI
1.1 7.7 5.6 4.4 3.5 1.9

A N> N7:>NI>C8> N6
7.1 6.5 5.9 4.5 3.4
¢ 02> N§»>»Co> 5> N4t

1.6 5.4 3.6 3.5 3.4

T Q2> 04> C6 > N3cwCh
1.2 9.3 3.3 1.7 1.7
02 (C) > 02 (1) > O4 (T) > N7 {G) >

N7 > 06 > C8 > N3
4.1 2.7 1.0 0.05

N7 > CB > N3
2,6 1.0 0.7
G5 > C6 oo Ne oo O2
0.3 0.2 0.2 0.2

04 > O2
2.2 ¢.9

N7 (G} » 06 (G) > N7 (A) > 04 (T) >

N3 (A) > N7 (A) CB () == C8 (A) > 02 (T} > N3 (A)

in DNA, of the accessibilities to these same reactive sites (computed
following the procedure described in Lavery et al., 1981). A not
surprising feature of this table is the general decrease wn the acces-
sibilities of the sites involved when going over from the isolated bases fo
the bases in the macromolecule.

There is thus an antagonism between the evolution of the mo-
lecular electrostatic potential at the reactive centers of the bases
and their accessibility when the bases are incorporated into more
complex structures, in particular into the double helix.

Turning now to experiment, one finds frequently stated that the
duplex DNA is relatively unreactive with respect to its constituents.
However, when looking closer into the data, one observes that this
statement refers generally either to reactants which attack the base
ring nitrogens implicated in DNA in hydrogen bonding between
the complementary pairs (e.g. N1 of adenine, N3 of cytosine etc.)
or concerns nucleophilic reagents (e.g. hydroxylamine, semicar-
bazide ctc.). On the other hand, recent literature indicates quite
clearly that an overwhelming number of electrophilic reagents reacts,
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on the contrary, much better with DNA than with its constituents.
We have mvestigated from that point of view a large variety of
such reagents in our study on the mechanism of chemical carcino-
genesis (Pullman, A. and Pullman, B., 1980; Pullman, B. and
Fullman, A., 1980). It 1s well cstablished today that the active
forms of the great majority of carcinogens {the so-cailed proximate
or ultimate carcinogens) are clectrophilic agents, gencrally positive
ions. This is true both for carcinogens considercd as being active
per se (a number of relatively simple alkylating agents) and those
which necessitate a metabolic activation {aromatic hydrocarbons,
aromatic amines, aflatoxin B, etc.). Now practically all these
substances, whose list is presented in table IIT (which contains

Tasre 111 Electrophilic carcinogens showing increased veactivily in DNA with respect
lo constituenis or single siranded polymucleolides

Dicthyl mustard CHZN{CH,CH,CL), Aflatoxin

N-Methyl-N"-Nitrosoguadinine Benz [a] Pyrene

N-Methyl-N'-Nitrosourea 7-Bremomethylbenz [a] Anthracene
Dimethylsulfate cis-Dichlorodiammine Platinium (11}
Diethylsulfate Cis-Dichlore (Bthylenediamine) Platinium (1)
Lthyhnethansulfonate Pyrrolo (1,4) Benzodiazepine Antibiotics c.g.
N-Hydroxy-1-Naphtylamine Anthramycin or Neothramyein

NeHydroxy-2-Naphtylamine

also at its end similarly behaving antitumor drugs), react much
better with double stranded DNA than with its constituents or
any simpler systems. (For detailed references see Pullman, A.
and Pullman, B., 1980; Pullman, B. and Pullman, A., 1980).
Because of the reduced target accessibility in DNA, it secems logic,
to attribufe this increase in reactivity to the ellect of the increased
clectrostatic potential.  In fact, this propositton introduces a
unifying principle for an important aspect of the interaction of car-
cinogens with one of their probable major receptors.

A related example of a similar effect, which I would like to
quote here in relation to a problem that I am going to discuss
later, may be found in the interaction of netropsin with the series
poly (dA)y-poly (dT). (Zimmer et al., 1976) in which this anti-
biotic induces the formation of a base-paired duplex by binding



3 PONTIFIGIAE AGCADEMIAE SCIENTIARUM SCRIPTA VARIA 55

to its minor groove. While netropsin spans, upon interaction,
about four adjacent base pairs, it is nevertheless observed that the
efliciency of the interaction of this antibiotic with various oligomers
is considerably lower than with the polymer and increases {rom
the hexamer to the decamer. This evolution of the efliciency of
interaction can be accounted for by the parallel increase of the
molecular electrostatic potential in the groove involved.

3, ELRCTROSTATIC FACGTORS AND SPECIFICITY OF INTERACTION

A) Polymorphism and microheterogencity of DNA

I would now like to investigate closer the possible significance
of the electrostatic factors for the specyficity of interactions of DNA,
We shall consider a few examples.

The first onc continues to refer to the base active sites. It
involves, however, the notion of the polymorphism and microhetero-
genetty of DNA, a subject among the most actively investigated in
todays molecular biology. Polymorphism is a well established
feature of DNA structure. It is known that it may be brought
about not only by the effect of external conditions (humidity,
salt concentration etc.) but also by the variation of the sequence
of the basc pairs along the helical axis, to the point that it seems
universally admitted that this macromolecule may exhibit impor-
tant regional heterogeneities (microheterogeneity) as a function
of its bhase composition and scquence. It is obvious that such a
microheterogeneity may be of particular significance for the
efficiency or selectivity of interaction of, say, carcinogens with
different conformers or conformational zones of DNA and may
thus play a most significant role in the specificity of its interactions.

The problem acquired recently a particular acuteness in con-
junction with the discovery of the left-handed variety of DNA,
called Z-DNA, by Rich and colleagues, and I would like to
consider this case as an example.

The analysis of the crystallographic data and the construction
of the corresponding models have suggested to the authors of
this discovery (Wang e al., 1979, 1980) that a number of reac-
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tive sites on the bases should be more accessible in Z-DNA than
in its B-DNA counterpart. The observation concerns in parti-
cular a number of atoms on the guanine base, known to be the
receptor sites for covalent bond formation with a series of carci-
nogenic compounds, This situation led these authors to hypothe-
size that Z fragments interspersed within B-DNA could form par-
ticularly sensitive targets for the action of such carcinogens, They
paid particular attention to carbon 8 of guanine, G8 (G), known
to be the preferred site of action of the carcinogenic N-2-acetoxy-
N-2-acetylaminofluorene (AAAF),

Calculations in our laboratory (Zakrzewska et af., 1980, 1981)
confirm and quantify the increased accessibility of a number of
important acceptor sites of Z-DNA, in particular of C8 (G), with
respect to the same sites in the related B-DNA. The comparison
of the molecular electrostatic potentials of the same sites in the
same species leads, however, to the conclusion that this potential
decreases for the G8 (G) receptor site in Z-DNA with respect to
B-DNA. This comparison is presented, both for the accessibility
and the potential, for C8 of guanine, in fig. 1, in which, in fact,
it 1s not limited to the B and 7 forms of DNA but englobes all
the main known forms of this biopolymer.

C8(G)
Access.
0 1 2
"500 T T
.
Z
*Zy ]
-500-
L]
B*
. L]
C B
D
=700 A
Fig. 1. Powential (kealfmole) wversus accessibi-
lity (A?) for C8 of guanine in the principal

Patential conflorinational forms of DNA.
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Such comparative diagrams are available for all the main
reactive sites of the nucleic acids (Pullman, B. et al., 1982) and
represent thus a basis for the classification of the different allo-
morphs of DNA with respect to their relative reactivity at these
sites.

In our example we are faced, as concerns position 8 of guanine,
with the dilemma of which of the two factors, accessibility or
molecular electrostatic potential, will dominate its behaviour
toward and attacking electrophilic species.

The experimental situation in this respect is, unfortunately,
not clear, Thus, in their first attempt, Santella ¢f al., {(1981),
using as substrate poly (dG-dC)-poly {dG-dC) in the appropriate
conditions, were unable to demonstrate that Z-DNA was more
reactive than B-DNA towards AAAT. Spodheim-Maurizot et al.
(1982) reached a more ncgative conclusion, showing, through
kinetic binding studies involving poly (dG-dC). poly (dG-dC) in
the B-form and poly {dG-m® dC)-poly (dG-m®dC) in the Z
form, that the reactivity of AAAF is substantially smaller toward
the latter than toward the former, a result considered as an indi-
cation of the preponderance of the effect of the decrease of the
clectrostatic potential at C8 (G) in Z-DNA with respect to B-DNA,
a decrecase which seemed thus to dominate over the greater acces-
sibility of that position in Z-DNA. Rccently, however, Santella
et al., (1982) claim to obtain a reverse result by studying the
cquilibrium binding levels of the same polymer as a function of
the concentration of the carcinogen. Still more recently, Rio
and Leng (1983) find that N-acetoxy-N-2-acctylaminofluorenc
reacts to about the same extent with B-DNA as with Z-DNA
and that N-hydroxy-2-aminofluorene binds to B-DNA and almost
not to Z-DNA.

The problem obviously cannot thus be considered as settled,
but this rare available example shows the general importance
of the microheterogeneity of DNA, in relation to its reactional
specificitics or preferences, a problem for which important
development may be espected to oceur, I suppose, in the necar
future.
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B) Interaction of non-intercalating ligands in the grooves of DNA

Our second example will be concerned with a spectficity no
more characteristic of atomic reactive sites on DNA but of its
moxc extended reactive regions. In our example these regions will
be the grooves of DNA. Much attention has been drawn recently
to a large series of non-intercalating drugs which show a remar-
kable specifteity for interaction with one of the grooves of B-DNA,
combined with a specificity for a given base sequence. A striking
and very much investigated case of such a preferential binding
is represented by netropsin (Fig. 2), an antibiotic with antitumor
and antiviral activity about which you will hear much more in
this meeting from Prof. Zimmer. Netropsin binds in a highly
specific way to the minor groove of A-T rich sequences of B-DNA.
Following the most widely accepted model for this interaction (see
e.g. Berman et al., 1979, Patcl, 1982), the concave side of the

Hy
~N H
" +)\ - Hhe Hsg
JE—N—C~c—y |
HN b4 129 Hss Hsy
/ c— N Ho H /
Hs ol il 7, Hsa
¢ —N—C—cC—c{*
i o4 Y
g H £ H H }:Hss
5
H ol H 4
(a)
{b)

Tie. 2. Newropsin, (a) chemical formula and atom numbering as referred to in the text. b)
Minimum energy conformation in the coraplex with the minor greove of poly {dA} . poly (dT)
screened by Mg?h,
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antibiotic carrying its hydrogen donors lies in the minor groove
of DNA, approximately parallel to the sugar-phosphate backbone
and pans four basc pairs. The amide nitrogen atoms (numbers
16, 99, 42 in fig. 2a) can form hydrogen bonds with thymine
02’s andjor adenine N3’s of one strand. The propionamidininium
group is associated with the opposing strand of DNA, whereas
the guanidinium residue is not involved in any specific association.

This model was developed on the basis of physicochemical
studies and CPK model building, but the exact roles played by
the charged ends of netropsin and by the hydrogen bonds remain
unclear. The charged ends appear to be important since they
arc a common feature of many groove-binding ligands. Never-
theless, a netropsin derivative with both cnds removed, although
showing a decrease in binding efficiency, still complexes to poly
(dA). poly (dT) (Zimmer 1975). The ability to form hydrogen
bonds has also been thought to be essential. In fact, it is not, as
it has been shown that a bisquarternary ammonium heterocycle,
SN 18071 (Fig. 3), which camnot form such bonds, binds also

A e~ Y=

F1c. 3. Bisquarternary ammonium heterocycle SN 18071

to DNA and shows a similar AT minor gorove specificity (Braith-
waite and Baguley, 1980; Baguley 1982).

We have originally suggested (Pullman and Pullman 1981) that
this preferential binding could be related to the presence of the
most negative surface potential in the minor groove of the nucleic
acids involved. More recently (Zakrzewska, Lavery and Pullman
1983} we have gone a step further by performing explicit compara-
tive calculations of the complexing encrgy of netropsin and SN
18071 with model poly (dA). poly (d'T) and poly (dG). poly (dC)
duplexes, taking into account the eclectrostatic and Lennard-
Jones type components and allowing for the conformational adap-
tability of the drugs. Because netropsin has been shown to be
specific for the B form of DNA and when interacting with A-DNA
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converts it to the B form (Ivanov et al., 1974), we have also
explored this aspect of the specificity by considering the polynu-
cleotides in both conformations. Moreover, calculations were
carried out for free DNAs, in view of understanding their intrinsic
preferences, and also for two different models of counterion-screened
DNA, so as to be closer to experimental conditions.

The main results for netropsin binding are shown in tables
IV and V. It is seen that in both circumstances the lowest energy

Tascs 1V, Nelropsin binding to fiee B-DNA (keal{mol)

Encrgy Interaction cnergy
Sequence groove of the T Ligand confor-
2eq € g g Total Elccl.z'o- Lemnard- ol energy
complex statie Jones
AT Minor —-1190.6 ~-1198.8 --1158.5 40,3 8.3
Major ---1079. 4 —1096. 5 —1i077.9 —18.6 17.2
Ge Minor ~-1145.6 ~ 11548 e 1125.0 —33.8 9.3
g Major —1108.9  —I126.1  —I11L.9 e l4.2 17.2
TapLe V. Netropsin binding o B-DNA sereened by Mgt (kealfmol)
NCFE Interaction energy
Sequence groove I(:)ll}(’llli,{?r Toial Eleetr 1 ard Ligand confor-
ola ,(4(,1.10- ennard- g ional energy
complex static Jones
AT Minor ~— 153.8 e 1B1.4 -— 118.8 —42.6 7.6
Major — 37.3 - 52.3 e 3290 e 19.4 15.0
Ge Minor - 102.5 --110.8 e 750 --35.7 8.3
- Major — (6.9 -~ 84.1 — 68.5 —15.6 17.2

complex is found in the minor groove of the AT sequence. It is
the most favoured one by both the clectrostatic and Lennard-
Jones energy terms. This last term may be considered as a measure
of the quality of steric fit between the ligand and the macromo-
lecule, because of its strong distance dependence which causes it
to become favourable only for very close interactions, but also
to rapidly become extremely repulsive if any close contacts are
produced. Its significant value in the case of netropsin significs

4
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a good fit. From the detailed results on the interaction we learned
that when complexing in the minor groove of the AT sequence the
molecule 18 deeply imbedded, forming six hydrogen bonds between
its terminal and amide hydrogens and the Adn (N3)’s, Thy (02)s
and a Sug (01). In particular, both charged ends of netropsin
arc well in the groove, forming hydrogen bonds with Thy {02)'s,
We were unable to produce any complex which combined the
in-groove location of the ligand with a direct interaction of its
charged ends with the phosphates {in agreement with conclusions
reached by Marky et al., 1983).

A much looser arrangement is found for the GC minor groove,
duc apparently to the steric and electrostatic influence of the
amino groups of guanines. Only one hydrogen bond was found
between the guanidinium end and a Sug (017).

Table VI and VIT indicate the results obtained for the com-
pound SN 18071.

Once again the best binding position is obtained for the minor
groove of the AT scquence, stabilized by both electrostatic and
Lennard-Jones terms. (This molecule which 15 conjugated through-

TapLe VI SN 18071 binding to free B-DNA (kcalfmol)

Lnergy of the complex

Sequence groove

Tolai Electrostatic Lennard-Jones
AT Minor --1057. 4 w031, 1 w26, 3
Major —1008.3 - 989.2 —19.1
Minor 10128 e 933, ]G,
Ge Mino 1012.3 953.2 1.0

Major ~-1031.5 —1009.5 —322.0

TasLe VII. SN 18071 binding to B-DNA seresned by Mgt (keallmol)

Energy of the complex

Sequence groove

Fotal Electrostatic Lennard-Jones
AT Minor 42,1 -—14..3 —27.8
Major 20.4 40.6 —20.2
inor — 7. 13. —21.0
G Minor 7.9 i 2

Major e 6.6 4.7 21.8




SPECIFICITY IN BIOLOGICAL INTERACTIONS 15

out its length is much more rigid than netropsin and hence
its conformational energy may be neglected). Its complexation
encrgy, although smaller than that for netropsin, remains of a
comparable order of magnitude. This result demonstrates thus
that the formation of lhydrogen bonds is not necessary neither for binding
nor for the preference for the minor groove of the AT sequences of B-DNA.
Tt scems that if a relatively good steric fit can be obtained in the
minor groove the substrate will be sufficiently stabilized by the
favourable potentials generated by the AT sequences. This result
verifies thus our initial proposition about the dominant role of
these potentials in such interactions.

At this stage of the calculations netropsin would be expected
to bind better to DNA than SN 18071. Quantitative experi-
mental results (in the form of Cy, values, defined as micromolar
drug concentration required to halve the observed fluorescence
duc to DNA-bound ethidium) (Baguley 1982) indicate, however,
rather comparable affinities, in fact a somewhat greater aflinity
for SN 18071. An improved agreement with expertment may be
obtained by taking into consideration the encrgies necessary to
dehydrate the drugs prior to their binding to DNA.

For this sake, a study of the hydration of netropsin and of
SN 18071 was performed with the same program which was
used for studying the interaction of these molecules with model
DNAs. First, one water molecule was added to netropsin and its
optimum position was determined by minimizing the netropsin-
water interaction energy. Next, a second water molecule was
added to the system and the energy minimization was performed
taking into account the influence of the first water molecule.
In total, 20 water molecules were added one by one in this way
to the system. The same procedure was employed for the hydration
of SN 18071, for which 16 water molecules were successively

positioned.
The first hydration shell of the solute is then defined as consist-
ing of all the water molecules located for which the interaction

energy with the solute exceeds the optimal interaction energy for
two water molccules in the same systematics, -7.2 kcal/mole.
This definition leads to a first hydration shell of netropsin contain-
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ing 14 molecules and an assoclated estimate of the hydration
energy of -165 kcal/mole. The first hydration shell for SN 18071
contains only 4 water molecules with a corresponding energy of
39 kecal/mole. Fig. 4 presents the first hydration shell of netropsin
and of SN 18071.

-12.9
~d \-_13.3

Fie. 4. Tirst hydration
shell of a) netropsin and
(b} b) SN 18071,

The hydration energy of netropsin is consequently 133 kcal/
mole stronger than that of SN 18071. Since the complexation
energics of these two ligands with DNA {unscreened) are respec-
tively -1191 kecal/mole for netropsin and -1057 kcal/mole for SN
18071, representing a favouring of netropsin by 134 kcal/mole,
we sec that by taking into consideration a total dehydration of
both ligands before they bind to DNA we obtain approximately
equal stabilities for both complexes. In the case of DNA screened
with magnesium cations the complex with netropsin is favoured
over that with SN 18071 by 112 kcal/mole and dehydration would
thus push the balance slightly in favour of binding the latter
ligand. These results are thus in very satisfactory agreement with
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the experimental data noted above. It must, however, be remarked
that these calculations are clearly a simplified view of the effects
of water and that the ligands studied are probably not totally
dehydrated when bound to DNA. Morcover, a more detailed
study would have to take into consideration the hydration changes
around DNA itself. The results presented indicate nevertheless
the qualitative effects of water on such DNA-ligand interactions.
This points to the probable overestimation of the importance of
hydrogen bonds in such complexes because, generally, a compound
capable of strong hydrogen bonding to a substrate will also mani-
fest a similar tendency to bind water. Its affinity for binding to
DNA will imply a delicate balance between these two tendencies.
We have discussed recently (Gresh and B. Pullman, 1984) a
closely related case in the example of the relative affinities of an
aliphatic and an aromatic bisguanylhydrazones for similar non-
intercalative binding to DNA. (Other examples on the signifi-
cance of dehydration in biological interactions will be presented
by Mme Pullman in her talk on ionophores-cations interactions;
see also A. Pullman 1982, 1983).

As announced above, in order to verify the selectivity of ne-
tropsin for B-DNA and its inability to form a stable complex
with A-DNA, we have investigated also a hypothetical associa-
tion of both ligands with this latter form. The most significant
results refer certainly to the Mg®t screened acid. It is found that
in this case too, the best binding site is the minor groove of the AT
sequences. The value of the binding energy is, however, extremely
small (- 11.1 keal/mol), much smaller than the similar value for
the binding with the B-form of DNA (- 153.8 kcal/mol), a situation
which makes it understandable that when put in the presence of
A-DNA netropsin converts into the B form.

C} Reactions of oligonucleotides

Finally, my last example will be concerned with oligonucleotide
duplexes. Due to rceent progress in the preparation, crystalliza-
tion and cxploration, in particular by X-ray and NMR procedures,
of the structure of these types of compound, both in the solid
state and in solution, their study has gained great prominence
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in the last few years, with the natural attitude of considering these
short duplexes as models of nucleic acids. My aim here is to draw
attention to the possible dangers of such an extrapolation when
referring to the specificity of interaction with external ligands.

We have investigated this problem by studying the interaction
of tetramethylammonium ions (TMA) with nucleic acid oligo-
mers d (Pu)a.d (Py)a of differing sequences and varying chain
lengths (n = 2 to 5) (Gresh and Pullman 1983). The availahle
experimental results concern only the interaction of TMA with
DNA, in which it occurs preferentially at the A-T base pairs,
We wanted to know whether this preference was an inherent one
of A-T pairs or the result of the overall structure of the helix.
For this purpose we have, as stated above, studied a series of
nucleic acid oligomers of varying sequence and chain length.
Morcover, in this case, as in that of netropsin, we have computed
explicitly the interaction energies of the association, including
in the computations, besides the electrostatic term, also the pola-
rization, rcpulsion and dispersion like terms (for details see Gresh
and Pullman, [983).

The results are summarized in Table VIII, in which the sym-
bols M and m represent the major and minor groove of the oli-
gonucleotide, respectively. It is seen that in the (dGju. (dChn
systems, the preferred location of TMA is always in the major
groove. With (dA). (dT), the location of TMA is energetically

Tanre VIIL The interaction of TMA with oligonuclestide duplexes d{Pu)n.(dPy}a.
Total interaciion energies and their components (in kealfmol) for the most stable associa-

Hons., M = ma}m grooue, m == NUNOT grogue,
()ll&,onuc,l(,ondc n e n o= 2 n o= 3 pldPu; -d{Py}sp
(dGYn -{dChn - Ergt —125.1 (6 ) - -209. 9 {M) —323.5(M) - 414.6 (M)
Ber 113.1 --196.0 --B306.0 —-396.8
Lo — 8.4 — 9.2 — 11.9 - 12.2
Bas - 25.6 - 28,4 — 27.5 v 2700
Erep 4 21.2 4 23.8 4 21.9 4 21.9
@A ([T} B 119.2 (M)  —203.5(M)  -—-336.7 (m) —443.0 (m)
Eei 1064 1690 —-308.8 4155
Epm — 8.2 — 9.1 — 17.9 — 18.1
BEas e 2403 — 27. —- 50.8 - 51,0
Lrep 1 19.7 4920 4 40.8 4 40.8
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{favoured in the major groove over the minor groove up to n = 3,
but a reversal in the relative affinities for these grooves occurs
for n =5, Morcover, whercas TMA is shown to interact more
favourably with (dG}a. (dG)n than with (dA}. (dT)n up ton = 3,
a marked reversal in the base sequence preferences occurs for
n == 5: the minor groove of the adenine-thymine double helix
is preferred over the major groove of the guanine-cytosine double
helix in (dPu);. {dPy)s, and, more markedly, in p(dPu};(dPy);p.
This last preference is in agreement with the experimental situa-
tion in DNA (Shapiro e al., 1969; Melchior and Von Hippel
1978; De Murcia et al., 1978; Privat et al., 1972; Granados and
Bellos 1980).

From the evolution of the components of the interaction energy
it may be seen that the electrostatic factor contributes importantly,
although not exclusively, to the shaping of the specificity towards
the minor groove of the A-T sequences in the longer oligonu-
cleotides.

4. (CONCLUSION

I hope that it is clear from the few examples quoted above
that specificity or selectivity in nucleic acid reactions, however
local it may sometimes appear, is dependent to a large extent
on the overall macromolecular structure of these polymers. Among
the features playing an important role in this global effect, the
molecular electrostatic potential scems to be particularly promi-
nent. I am sure that the following lectures in this Study Group
will point to the important significance of a number of other
factors and I hope that before the end of this meeting a synthetic
view of the components of specificity and perhaps a better appre-
ciation of their relative responsibilitics will become attainable.
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ABSTRACT

The procedures used in conformational energy calculations, and some typical
results of such computations on model systems and on polypeptides and pro-
teins, are summarized. It is then shown how application of this methodology
to two cnzyme-substrate systems {z-chymotrypsin plus oligopeptides and hen
egg white lysozyme plus oligosaccharides) leads to computed binding modes
and energics that agree with experiment. This agreement attests to the validity
of the potential functions and methodology used in the computations, and de-
monstrates the utility of this methodology in providing an understanding of
the interactions that lead to molecular recognition,

I. INTRODUGTION

Theorctical conformational analysis is being used to provide
a molecular basis of recognition, or specificity in biological systems,
in particular of: (a) the interactions between parts of a polypeptide
chain so that they can recognize each other and fold into the bio-
logically active form of the native protein, (b) the interactions
between two biological molecules, c.g. the recognition of a sub-
strate by an enzyme or of an antigen by an antibody, and (c)

* This work was supporied by rescarch grants [rom the Natjonal Institutes of Health
(GM-14312), the Nationa! Science Foundation (PCM79-20279), and the National Foundation
for Cancer Research,

This paper will also appear in the Proceedings of the XVIITth International Solvay

Conference on Chemistry.
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the interactions that enable hiological molecules to recognize cell
surfaces. We are approaching this problem by a combined ex-
perimental and theoretical approach, but this paper is concerned
primarily with our theoretical studies.

We provide here a brief summary of the computational meth-
odology and some cxamples of calculations on model systems.
We also show the results of computations on the conformations
ol natural polypeptides, fibrous proteins, globular proteins, and
binary complexes of enzymes and substrates.

II. MgerHODOLOGY

Empirical potential energy functions are used in the theoretical
calculations {Momany et «l., 1975; Dunfield et al., 1978; Pottle
et al., 1980; Némethy et al., 1983). They are represented as inter-
actions between pairs of atoms, and the total energy of a molecular
system 1s taken as a sum over all pair interactions. The potential
functions were parameterized by applying them to compute ex-
perimental data on gas-phase and crystal structures, and thermo-
dynamic properties, of small oligopeptides and related molecules.
While originally derived for polypeptides, they were found to be
applicable also to polysaccharides without any change of para-
meterization (Pincus e¢f al.,, 1976). Further, they apply equally
well to both intramolecular and intermolecular interactions,

The total potential energy is expressed in terms of contribu-
tions from non-bonded, clectrostatic, and hydrogen-bonding inter-
actions, and intrinsic torsional potentials, and is embodied In an
algorithm reflerred to as ECEPP (Empirical Conformational Energy
Program for Peptides). The details are given by Pottle ef al.
(1980), and the most recent set of parameters is described by
Némethy et al. {1983). Procedures arce also available for includ-
ing cntropy effects (Gibson and Scheraga, 1969a,b, G6 and Sche-
raga, 1969, 1976; Go e al., 1970) and hydration eflects {Hodes
et al., 1979; Meirovitch and Scheraga, 1980, 1981a} in the com-
putations, [As shown in Figure 1 of a paper by Scheraga (1981),
the entropy arising from flexibility can stabilize a conformation
that does not have the lowest encrgy. While examples of such
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situations have been observed (Gibson and Scheraga, 1969b; G6
et al., 1970}, inversion of stability by the entropy contribution
generally occurs only if the minima are quite close in cnergy.]

In order to find the most stable state of a molecular system, the
“conformational energy” (including entropy effects) is minimized.
The multiple-minima problem is circamvented by incorporating
various constraints into the minimization procedure, c.g. short-,
medium- and long-range information, and distance constraints
(Meirovitch and Scheraga, 1981b,c; Wako and Scheraga, 1982).

The variables in the minimization procedure are the dihedral
angles for rotation about the single bonds of the molecules. When
dealing with intermclecular systems, such as enzyme-substrate
complexes, additional degrees of freedom are involved, viz, overalt
translation and rotation of the enzyme and substrate as they
approach each other in a * docking > process. In such a case,
partner in the complex influences the conformation of the other
because of intermolecular interactions,

II1. Some CALCULATIONS wiTi#i MODEL SvsTEMS

It has been known for some time that the a-helices and f-
sheels of proteins have a right-handed twist but the reason for
such a twist was unknown. Several years ago, we used confor-
mational energy calculations to predict the handedness of various
homopolymer a-helices, and idestified the interatomic interactions
that determine the right-handed twist of these structures (Ooi
et al., 1967; Yan et ol., 1970). Recently, we applied the same
methodology to the more complicated f-sheets and found that
the low-energy structures of such sheets arc indeed right-handed,
as originally observed for f-sheets in globular proteins by Chothia
(1973). Morcover, we identified the interatomic interactions that
lead to a right-handed twist {Chou et al., 1982; Chou and Sche-
raga, 1982; Scheraga et al., 1982a; Chou ef al., 1983a,b). In
both @-helices and f-sheets, local interactions within these struc-
tures (rather than longer-range interactions with the rest of the
globular protein) appear to play the dominant role in determin-
ing their twist.
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We next considered the problem as to how a-helices and -
sheets intcract with cach other in forming a globular protein,
For example, the most favorable arrangement of two a-helices is
an anti-parallel one (see Fig. 1) dictated by the most favorable
arrangement of the dipoles of the a-helices (Chou et al., 1983c).

Tic. {. Stereoscopic picture of two CHRCO-(L-Ala),-NHCH, whelices in the lowest-energy
packing state {with a torsion angle of -—154 @), The helix axes are indicated by arrows, with the
head of the arrow pointing in the direction of the C-terminals of each helix (Chou et ol,, 1983c}.

IV. Somi CALGULATIONS ON POLYPEPTIDES AND PROTEINS

Turning to natural polypeptides and proteins, we may cite
our computations on gramicidin 8, collagen-like poly(tripeptides),
a-lactalbumin, melittin, and bovine pancreatic trypsin inhibitor
(BFTI) as examples. In the case of gramidicin 8, a cyclic deca-
peptide, the computed structure (Dygert el al., 1975; Némethy
and Scheraga, 1984) was found to agree {(Rackovsky and Sche-
raga, 1980; Scheraga, 1984) with a subsequently-detcrmined x-ray
structure (Hull ef al., 1978) (sce Fig. 2). Likewise, the computed
triple-stranded helical structure of poly(Gly-Pro-Pro) (Miller and
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Fie. 2. (A) Computed (Dygert ef al., 1975; Némethy and Scheraga, 1984) and (B) Xeray
{(Flull ¢t al., 1978) structures of gramicidin 8, showing (among other things) a hydrogen bond
between the ornithine side chain and the phenylalanine backbone carbonyl group.

Scheraga, 1976) (Fig. 3) has cartesian coordinates that agree
with those from a single-crystal x-ray diffraction study of (Pro-
Pro-Gily);, {Okuyama et al., 1976) within - 0.3 A,

A structure of a-lactalbumin was computed (Warme et al.,
1974} by taking advantage of its sequence homology to lysozyme
and using the known structure of the latter protein as a starting
point for energy minimization (Fig. 4). While the x-ray structure
of ¢-lactalbumin has not yet been determined, the predicted struc-
ture is at least in agreement with various cxperimental results
cited by Warme et al. (1974) and some (Berliner and Kaptein,
1981; Gerken, 1983) that were obtainced subsequently.
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Fre. 3. Computed triple-stranded coiled-coil complex of poly (Gly-Pro-Preo) of lowest cnergy
{Miller and Scheraga, 1976).

By use of a build-up procedure, in which small energy-mini-
mized fragments were combined {with subsequent energy-minimi-
zation of the resulting large {ragments), it was possible to compute
the structure of the 20-residue membrane-hound portion of me-

Tia. 4. Sterco view of computed structure of g-lactalbumin (Warme et al,, 1974).

littin (Pincus et al., 1982). The computed structure (Fig. 5) is
in satisfactory agreement with cxperiment (Brown ef al., 1982;
Terwilliger el al., 1982).

This methodology has also been used to carry out a potential
energy-constrained real-space refinement of the structure of BPTI,
using limited diffraction data (Fitzwater and Scheraga, 1982).
Figure 6 illustrates how the energy-refined map on the right
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identifies more of the electron density of Arg-42 than the map
on the left.

Finally, by using a scries of constraints in an energy minimi-
zation, some progress has been made in computing the structure
of BPTI {Wako and Scheraga, 1982). Thus far, a virtual-bond

Fie. 5. Sterco view of the two lowest energy siructures calculated for
residues 1220 of melittin (Pincus ¢ 4l 1982). (B) global minimum; (A)
structure of slightly higher cnergy (1.5 kealfmol).

Fig. 6. Comparison of scctions of electron density maps around Arg-42 of BPTI, projected
onto the x,y planc (Fitzwater and Scheraga, 1982). (Left) Map calculated by using the experi-
mental 2.5-A phases.  (Right) Map calculated by using the phases from the structure factor

calculation.
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structure of this protein has an r.m.s. deviation of 2.2 A {rom the
experimental one, and work is in progress to try to improve the
computational procedure, and hence the agreement between the
computed and observed structures. Originally, distance constraints
(used in these protein-folding algorithms) were obtained by a
long series of chemical and physical chemical experiments, as
illustrated for three tyrosyl... aspartyl interactions in ribonuclease
A (Fig. 7) (Scheraga, 1967). More recently, nuclear Overhauser
(Leach et al., 1977; Braun et al., 1981) and non-radiative cnergy
transfer (McWherter et al., 1983) measurements arc being used
to obtain similar information.

V. Cuymorryesin Frus OLIGOPEPTIDES

With these introductory remarks, we may now consider the
low-energy structures of cnzyme-substrate complexes. In this
section, we describe results for a-chymotrypsin and, in the next
section, results for lysozyme, Further details may be found in
a paper by Scheraga et al. (1982b),

The action of an enzyme such as chymotrypsin on an oligo-
peptide substrate may be described in terms of the notation of
Schechter and Berger (1967), as shown in Figure 8. Here, Py
represents the residues of the substrate and S, the subsites of the
enzyme that interact with cach residuc; A and P stand for ala-
nine and phenylalanine, respectively, in the three oligopeptide
substrates illustrated. Computations on complexes of the enzyme
with these three substrates also provide information about the
binding of the pentapeptide AAPAA, wherein the flanking alanine
residues influence the binding and, hence the rate of hydrolysis
of the PA peptide bond in this substrate. Figure 9 shows the
computed lowest-energy structure for PAA in the active site of
the cnzyme.

Such computations provide details of the interactions be-
tween the various parts of the enzyme and substrate and the
relative affinities of different substrates. Ior example, the com-
puted relative binding energics of the aromatic amino acids Trp,
Tyr and Phe are quite similar to those determined experimentally

5
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Pa P3 P2 P P/ Py Py
r |3 I | 1§14 ([ 1 T 1
CHaCO P A A NHCH3
CH3CO A P A NHCH3
CHaCO A A P NHCH3
t 1 1 i 1 I e J 1 i 1 |
Sq Ss S, s, t 8 S5 Sa
Enzyme Subsites

Enzymic

Cleavage
I1e. 8. Notation for the residues of the substrate, Py, which interact with subsites 8, of the en-
zyme (a-chymotrypsin) {Schechter and Berger, 1967). In all cases, the peptide bond involving

the C~=0} of phenylalanine is the one that is hydrolyzed, and phenylalanine {dlesignated as Iy)
occupics subsite 5.

(Platzer ef al., 1972). In the case of the tryptophan pepuide, the
calculated coordinates of the indole ring in the active-site cleft
agree closely with those determined for a similar substratc by
X-ray crystallography (Steitz et al., 1969}

During the course of catalysis, an acyl-enzyme intcrmediate
is formed between Ser'® and Phe, as illustrated in Itig. 10
The computed lowest-energy conformation of this intermediate
is shown in Fig. 11. These computations thus provide informa-
tion about interactions in intermediates that are not readily ac-
cessible by experiment.

VI, LysozvME Prus OLIGOSAGGHARIDES

Lysozyme is a glycolytic enzyme which exhibits a strong
specificity for f-1,4-linked N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc) units (Imoto et al., 1972) which
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Fra. 9. Lowest-cnergy conformer for N-acetyl-Phe-Ala-Ala-NF, in the cleft binding region
of a-chymotrypsin (Scheraga ef al., 198Zb}.

are shown in Fig. 12. Maximal rates of hydrolysis and highest
substrate affinities are achieved when six saccharide units [as in
(GleNAc), and (GlcNAc:-MurNAc),] are bound to the enzyme.
The active site of this enzyme thus has six binding subsites, labelled
A-F, the first three of which have been identificd by x-ray cry-
stallography on crystals of (GleNAc); bound to sites A-G (Imoto
et al., 1972). TFrom solution studies, it is known that hydrolysis
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Fie. 12, Structures of GieNAce and MurNAc,

occurs between sites D and E and is catalyzed by two acid residues
Asp 52 and Glu 35. The proposed mechanism of hydrolysis in-
volves the formation of a carbonium ion at C; of the D-site residue
stabilized by the carboxylate of Asp 52 with Glu 35 serving as
a general acid that protonates the oxygen of the departing sac-
charide (Imoto ¢f al., 1972).

In computations of lysozyme-oligosaccharide complexes, a
total of six GlcINAc residues was found to bind to the active site,
in agreement with experiment (Pincus et al., 1977; Pincus and
Scheraga, 1979). The structure of the calculated lowest-energy
hexamer (GleNAc), is shown in Figure 13B. It may be noted
that the last GlcNAc residue interacts with such residues as Arg
45, Asn 46 and Thr 47 on the “ left side ™ of the cleft, whereas
the position of the I site for this terminal residue has been postu-
lated, on the basis of model-building {Imoto et al., 1972}, to occur
on the “right side” of the cleft involving such residues as Arg
114 and Phe 34 as shown in Figure 13A. When the proposed
model-built structure was subjected to energy minimization, the
resulting structure was of significantly higher energy (Pincus and
Scheraga, 1979). The two lowest-energy left- and right-sided
(GlcNAc), binding conformations arc shown with space-filling
models in Tig. 14.

In order to provide an experimental test of these calculations,
ie. to decide whether (GlcNAc); binds preferentially to the left
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Fre. I4. Stereo views of space-Alling miodels of (top) the active site of native hen
egg white lysozyme; (middle} encrgy-minimized model-built hexamer [{GleNAc),]
bound to the active site (right=sided mode}; and (bottom} lowest-cnergy hexamer
bound to the active site {lefesided made) (Pincus and Scheraga, 1979).

or right side, the following experiments were carried out (Smith-
Gill et al., 1984). These take cognizance of the fact that residues
on the left and right side differ in different species of lysozymes,
as indicated in Table 1 and illustrated in Fig. 15.
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TanLe 1. Some Residues Involved in Binding Sites in Lysozymes

Left Side Right Side

Arg 45 Phe 34

Asn 46 Asn [13 {Lys)?
Thr 47 Arg 114 (His)?
Asp 48

Arg 63!

1 Additional residues included in cpilope
? Substitutions in RNPL. All other residucs are those in HEWL.

In ringed neck pheasant lysozyme {RINPL), Lys and His are
substituted for Asn and Arg at positions 113 and 114, respecti-
vely. Therefore, the affinity of {GlcNAc), for RNPL should dif-
fer from that for hen egg white lysozyme (HEWL) if binding
occurs on the right side, but should not differ if binding occurs
on the left side. From experiments on the kinetics of hydrolysis
of this substrate by both enzymes, it appears that the values of
the Michaelis-Menten parameter Ky are similar for both enzymes
(Smith-Gill et al., 1984). This suggests that the left-sided bind-
ing mode 1s preferred.

Fre, 15, Sterce view of the computed structure of the low-energy complex between (GlcNAc),
and the hen ¢gg white lysozyme (same complex as in the bottom of Fig.14). The dark shaded
regions contain the residues involved in left- and rightsided binding, respectively {Smith-Gill
et al,, 1984).
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In a second experiment, it was found that a monoclonal an-
tibody that binds to an epitope on the left side can compete with
(GleNAc), for the active site of HEWL (Smith-Gill ef al., 1984).
This competition is not due to steric blockage of the left side be-
cause two diflerent monoclonal antibodies can bind simultaneously
to HEWL, at the two dark patches indicated in Fig. 15.

‘The results of both of these experiments suggest that (GleNAc),
binds preferentially to the left side, as indicated by the computa-
tions, These results demonsirate the utility of conformational
energy calculations in providing an understanding of the interac-
tions involved in molecular recognition. They also indicate the
importance of a combined theoreticaljexperimental approach to
gain such an understanding. Tor cxample, the experiments
with  HEWL and RNPL would not have been carried out
without the need to test the predictions of the calculations
summarized in Iig. 14.

‘The calculations have also been extended to include the bind-
ing conformations of alternating copolymers of GlcNAc and
MurNAc at the active site of the enzyme. The calculated lowest-
energy structure for MurNAc - GlcNAc - MurNac bound to sites
B, G, D is in excellent agrcement with the x-ray crystal structure
of this complex (Pincus and Scheraga, 198la). If cither the
calculated or the X-ray structure is extended into the lower ac-
tive site with GlcNAc residues, it is found that it binds with
its I site residue on the left side of the cleft. The alternating
hexamer copolymer (GlcNAc - MurNAc),, however, binds in a
preferred right-sided mode {similar to the homopolymer in Ii-
gure 13A) because of the absence of a favorable hydrogen bond
in site F between the 3-OH of the substrate (the -OH of GlcNAc
is now replaced with a lactic acid side chain in MurNAc) and the
the backbone >C=0 of Arg 45; also, the lactic acid side chain
makes unfavorable steric contacts with Arg 45. In addition,
from an investigation of the allowed binding sites for MurNAc
residucs, it appears that this residue can be accomodated in sites
B, D and F only, in good agreement with cxperiment {Pincus
and Scheraga, 1981a).

Approximately one-third of the binding energy for hexasac-
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charide complexes is attributable to the interactions of the N-acetyl
groups of the substrate with the enzyme (mainly with the three
active site tryptophans 62, 63 and 108 in sites B, G, D, and through
hydrogen bonding with Asn 59 and Ala 107 in site G and with
Glu 35 in site E) in agreement with experimental results.  Poly-
mers of saccharides without the N-acetyl group (e.g. glucose)
are thus predicted to bind with low affinities, again in agrecment
with experiment (Imoto el al., 1972). The calculated hydrogen
bonding scheme (hydrogen bonding accounts for about onc-
fourth of the total energy of stabilization) s identical in site G
to that inferred from X.ray crystallography.

VII. CoNGLUSIONS

It may be seen from the results described for g-chymotrypsin
and lysozyme that conformational energy calculations can predict
the three-dimensional structures of enzyme-substrate complexes.
Information is obtained about the various pairwise interactions
between enzyme and substrate that contribute to the ground-state
binding energy. In fact, the binding energy results from a sum
over many small pairwisc Interaction energies rather than a few
large specific contributions; thus, the assumption of discrete sites
(Figure 8) is an oversimplification. In addition, the calculations
can predict the relative affinities of different substrates for a par-
ticular enzyme.

All of thesc calculations are based on the use of ECGEPP po-
tentials (Momany et al., 1975; Némethy et al., 1983) which have
been obtained from crystal and gas-phase data. These potentials
arc ideally suited for computation of the structures of enzyme-
substrate complexes because the interactions between enzymes
and substrates are the same as those between the molecules of
a crystal. They may therefore be employed (as we have done in
the case of chymotrypsin and lysozyme) to identify the crucial
interactions that lead to recognition. Once these interactions are
known, they may be used to construct, from theoretical consi-
derations alone, substrates and inhibitors that can bind with
the highest affinities to the active site of the enzyme.
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A related important question, discussed elsewhere (Pincus and
Scheraga, 1981b), concerns the nature of the catalytic step, sub-
sequent to the binding step. This question has thus far been ap-
proached by quantum mechanical calculations on model sysiems
that simulate the binary enzyme-substrate complexes discussed
here.

Figure 16 is a schematic representation of the kinds of problems
that can be treated by the methodology described in section 11,

Multi—Subunit
Proteins

Refinement of — Homology —> Docking (Kpy)
X-ray Data

v

Protein Folding Activation (keqy)

G, 16, Various problems treated by energy minimization. The solid arrows pertain to com-
putations already carvied out, while the dashed arrows pertain to potential new applications.

Direct application to x-ray data leads to low-energy structures
(Warme and Scheraga, 1974; Swenson ¢f al., 1978; Fitzwater
and Scheraga, 1982}, Such refined structures provide starting
points to compute the conformations of homologous proteins
{Warme et al., 1974; Swenson et al., 1978), which in turn can be
used (in a docking process} to treat the binding of enzymes to
substrates (the process characterized by Ku), the binding of drugs
and hormones to receptors, and the binding of proteins to nucleic
acids.  With suflicient experimental information about structure-
activity relationships, this technigue can be applied to map the
active site of an unknown receptor. 'The same cnergy minimization
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algorithms can he used {together with constraints) in protein
folding studies, 'I'wo potential extensions of this methodology
are to intermolecular interactions in multi-subunit proteins such
as hemoglobin, and to the structures and energetics of activation
complexes (the process characterized by Kea). In the latter case,
the computations must allow for bond stretching and bond angle
bending, in addition to the variation of dihedral angles that is
allowed for in all of the other computations.
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MOLECULAR DYNAMIGS
OrF THE DNA DOUBLE HELIX
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ABSTRACT

Molecular dynamics has been used to simulate the room temperature
atomic motion of 12 and 24 Dbase-pair DNA double belices for periods of up to
96 picoseconds. The hydrogen bonds between base-pairs are all found to be
stable on this time-scale, and the motions of the torsion angles are found to be
of small amplitude (<i0°). Both DNA fragments show cooperative overall
hending motions of large amplitude that do not involve any major pertubation
of the DNA torsion angles. This smooth bending differs from that expected
of an isotropic clastic rod in that {(a) it is asymmetric always acting to close the
major groove of DNA and (b)) it consists predominantly of the normal-mode
that has a wavelength close to the helical repeat length. The stack of base-
pairs is also scen to kink into the minor groove. The extent of this global mo-
tion is consistent with nuclear magnetic resonance measurements and explains
the observed sensitivity of DNA conformation to local environment.

1. InTrRODUGTION

Although its structure was determined almost 30 years ago
(Watson and Crick, 1953}, the DNA double helix 1s still full of
surprises. In the past three years it has become clear that the
number of base-pairs per turn is not the same in solution and in
fibres (Arnott and Hukins, 1972: Wang, 1979; Rhodes and Klug,
1980), that the base and backbone atoms undergo angular mo-
tions of large amplitude (> 25°) on a time scale of nanoseconds
(Hogan and Jardetsky, 1980; Early and Kearns, 1979; Bolton
and James, 1980}, and that there are cooperative conformational
transitions mediated by changing environment or binding of
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drug molecules {Sobell ¢t al., 1977; Hogan et al., 1979; Dattagupta
and Crothers, 1981).

Here the nature of the dynamics of the DNA double helix
is investigated using the technique of molecular dynamies that
has been used on globular proteins (McCammon et al., 1977;
Levitt, 1981, 1983a). This calculation simulates the time-variation
of the static X-ray structure and so provides information about
the amplitudes and frequencies of vibrations, and the type, rate
and pathway of conformational changes.

The resulls obtained herc have implications for the way the
DNA double helix may interact with repressors, polymerases and
other cellular proteins (Anderson et «f., 1981; McKay and Steitz,
1981). The marked contrast between the overall flexibility and
the stability of the hydrogen bonds between base-pairs, suggests
that DNA may protect the integrity of the genctic message by
absorbing thermal perturbations in bending motions rather than
in base-pair opening motions.

2. MzTHODS

a) Molecular dynamics simulation

Two different base-paired complexes of DNA are studied here:
(a) the 12 base-pair fragment or dodecamer (GGCGAATT-
CGCG),, whose static X-ray conformation was recently solved
by single crystal diffraction (Drew et «l., 1981}, and (b) the 24
basc-pair fragment (A)y,{T}.,, whose static X-ray conformation
is taken to be that found by fibre diffraction (Arnott and Hukins,
1972). All hydrogen atoms are added to the cxperimental heavy
atom coordinates giving a total of 754 atoms for the dodecamer
and 1530 atoms for (A),,(T),, (the two 5 terminal PO, groups
arc absent in both structures). The potential cnergy of these
molecules is calculated as a function of the positions of the atoms
using the same type of empirical force field used in previous energy
calculations on nucleic acids (Levitt, 1978) and proteins {Levitt,
1981a and 1983a). This potential has the usual terms that allow
for bond stretching, bond angle bending, hindered bond twisting,
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and van der Waals intcractions, Hydrogen bonds are modelled
by a specific short-range interaction that reproduces their ex-
pected strength and directionality (the well-depth is 4.5 keal/
mole). LElectrostatic interactions are omitted here due to uncer-
tainties about diclectric cffects and atomic polarizability. The
thousands of water molecules that would surround this molecule
in solution are not included. This type of potential is the same
first approximation to reality that has revealed a great deal about
atomic motion in proteins (McCammon et al., 1977; Levitt, 1981b
and 1983a). I'ull details of the potential energy parameters
and methods used have been given clsewhere (Levitt 1983a
and b).

The forces on the atoms calculated from this potential energy
function are used to iteratively solve the equations of motion for
a time step of 0.002 picoscconds. Before starting the dynamic
trajectory, the X-ray conformation is relaxed by between 1000
and 2000 cycles of conjugate gradient energy minimisation. The
system is then heated until the average kinetic energy per atom
is the room temperature thermal energy (3000K). This heating
is accomplished by making small random velocity changes during
the first few hundred time steps of the trajectories that are continued
for up to 96ps (48,000 time steps). In spite of the relatively large
time step (0.002ps) and the inclusion of all the rapidly moving
hydrogen atoms, the sum of potential and kinetic energy is well
conserved. The accurate solution of the equations of motions is
confirmed by the persistence of low frequency motions that in-
volve over 10,000 time steps per cycle (sece below).

3. ReEsurtrs

a}y Stabilily of hydrogen bonds

The thirty-two hydrogen bonds between the 12 base-pairs of
the dodecamer are unexpectedly stable. The mean values of the
O..H hydrogen bond distances are between .77 A and 1.744;
the root mean square {r.m.s.) fluctuations in O..H distance are
between 0.07 A and 0.1 A. When the same hydrogen bond func-

&
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tion was used in a molecular dynamics simulation on a small
protein, pancreatic trypsin inhibitor (Levitt, 1981aj}, the inter-
peptide hydrogen bonds are much less stable than those found
here for DNA, This indicates that the high stability of the DNA
hydrogen bonds is due to the structure of the double helix rather
than the nature of the potential function used.

The corrclation coefficients of diflerent hydrogen bond lengths
were significant {greater than 0.2 in absolute value} only for the
adjacent hydrogen bonds in a given base-pair (in C.. G pairs, the
Ist hydrogen bond G,HI..C,02 is not correlated with the 3rd
hydrogen bond G,06. .C,H4). The values of the correlation coel-
ficients are between - 0.2 and + 0.4, with hydrogen bhonds in
G. .C base-pairs generally showing higher correlations than those
in A..T bhase-pairs.

The variation of length with time for two typical hydrogen
bonds is shown in Fig. 1. The low frequency power spectra,
also in Tig. 1, show that the fluctuations of hydrogen bond
length occur with a wide range of frequencies between 0.6 cm?
and 33 covl, There is no one characteristic frequency for this
fluctuation. The forty-eight hydrogen bonds in (A),4(T},, behave
in the same way as those in the dodecamer, showing similar sta-
bilities, correlations and fluctuation frequencies.

b) Correlated torsion angle motion

The single bond torsion angles are also unexpectedly stable
and fluctuate about their mean values with r.m.s. amplitudes
of 62 to 110, During the trajectories, there are no major changes
of torsion angles other than those associated with equilibration.
The torsion angles show a clear pattern of correlation that is
essentially the same for all nucleotides in the dodecamer or (A},
(T),s. The significant correlations are all between the torsion
angles of a single nucleotide as follows: {d,7) + 0.6, {&,{) — 0.5,
(ay) —04, (Ly) — 0.4, (&y) —04, (fx) + 0.5 (vax) — 0.3,
a to y are as defined in Table 1, and the number after the corre-
lated pair of angles is the correlation coeflicient. The highest
correlations involve the § angle that is a measure of ribose pucker,
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Fra. 1. Showing the time variation and spectral densities of two hydrogen bonds, two torsion

angles and the radius of gyration caleulated from the molecular dynamics simulation on the

dodecamer (QGGGAATTCGCG),.  Values are plotted at 0.2 picosecond intesvals for the

period 24 to 72ps of the trajectory.  The power spectrum, defined as gle) == | X f(()etrmuy2
L

has been scaled so that the highest peak is 1.0. The values shown are {a} the hydrogen bond
By between Gy, H,..Cyy, Ny, which is buried in the centre of the molecule; (b) the hydrogen
bond By, between Gy, H,..Cyy, 0,, which is more exposed at one end of the molecule; () the
torsion angle 8, Ag, which reflects changes of sugar puckers; {d) the torsion angle ¥, Ay, which
reflects base-ribose movement; and {¢) the radius of gyration.

and the side chain y angle that is correlated to all backbone angles
except a.

The time variation and power spectra of two typical torsion
angles, d; and y, arc shown in Fig. 1. The frequencies of fluctua-
tion of torsion angles are more characteristic than those of hy-
drogen bond lengths, with dominant frequencies of 1, 2, 7, 10
and 15cm?2,
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c} Smooth bending motion in the dodecamer

The radius of gyration of the dodecamer (Fig. 1) shows a
very regular slow oscillation (frequency of 1.3 cml, period of
24ps) that has a large amplitude (49, of the mean value of 13.3 A.
This overall motion is seen in Fig. 2 as smooth bending in the
planc that contains the dyad axis of the whole dodecamer {the
dyad axis between the central base-pairs A,. . T, and T,. .A ).
The motion is not symmetrical about the straight conformation
but tends to closc the major groove relative to straight DNA,

The most significant deformation is bending and the angle of
bending, defined as @ = (180jx)L/Re (where L = 404, the
length of the dodecamer and R == the radius of curvature) is
found to vary with time, t, as

e(t) == 700 — 470 cos(2mt[26)

The period of this motion (26ps), is the same as that observed for
the radius of gyration and corresponds to a frequency of 33.4/26 =
== 1.28 cm*.  Although the time average value of @, is not zero,
the base-pairs do appear in TFig. 2 to tilt symmetrically about
the long axis,

The bending motion persists for the entire trajectory. To
eliminate all influence of the starting conditions, the conformation
24ps along the trajectory was cooled by energy minimisation and
then used to start a parallel trajectory. The bending motion
continues as before (Fig. 2) indicating it is not sensitive to initial
conditions and that bending is the dominant slow motion mode
of the dodecamer.

d) Bending in (A} (T )oy 15 complicated

The global motions of the 24 base-pairs double-helix (A),4(T),,
are similar to those of the dodecamer but show greater diversity
(I'ig. 3). The motion scen in the y projection is like that of two
dodecamers stacked on top of one another and has the same period
(approximately 24ps). The bending is still into the major groove.
It is as if there are pivots at the three points where the two phos-
phate chains intersect in the y projection. The motion in the
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x projection follows the same principle. There are pivots at the
two intersection points and the motion is asymmetric with a
period of about 48ps.

This pattern of bending can be analysed by considering a
completely uniform clastic rod (Landau and Lifshitz, 1939). At

Time (in picoseconds)

Fie. 2. Showing the periodic bending of dodecamer during the entire 90ps trajectory (45,000
steps). The three molecular drawings are viewed down the y axis and at (a) 37ps, () 44dps,
{c) 49ps. The graph shows the time variation of the angle of bending ®¢. The line -0-) is for
the first trajectory (0 to 46ps), while the line -[J-[}- is for the second trajectory {24 1o 90ps
The similarity of the two curves for the period 24 Lo 46ps shows that stopping the first trajeclory
at 24ps, cooling the conformation by energy minimisation and then starting the second trajectory
has no effect on the bending motion. The bending angle was caleulated by first generating a
standard B-form double helix with the dodecamer sequence {Arnott and Hukins, 1972) and then
bending, twisting, and stetching this standard helix by different amounis (16). Bach of these
delormed helices is then ftted to a particular dodecamer conformation as well as possible (IZabseh,
1976}, The degree of bending that gives the best fie is plotted above. The best-fit ron.s. deviation
is typically about 2 A; for A-form DNA the best-t r.m.s. deviation is over 4 A showing that the
structure remains B-form,



SPECIFICITY IN BIOLOGIGAL INTERACTIONS 51

any time, {, the axis of the rod lying initially along the z axis
will have x and y coordinates for cach normal mode of motion
given by (Barkley and Zimm, 1979}

x(t,z,k) = cos wxt {cos Kyz + (- 1)t “”cosln/i{;{f} for k=1,3,5..,
x(t,2,k) = cos wxt {sin Kz + (— 1)*2sinhV KL} for ke=2,4,6...

where Ky~ {2k + 1) #/2L and o= KW C/M (the rod length
is L, the bending force constant per unit length is C and the mass
per unit length is M). The overall motion of the rod is a combi-
nation of all modes, with the amplitude of the mode being pro-
portional to 1/Ki.

In the present study of DNA bending does not follow this
pattern in that a singlc mode dominates the x and y motion of
both the dodecamer and (A}, (T)s,- For the dodecamer the
y-projection bending corresponds to k == 1 and has a period of
26ps.  For the {A);,{T)s4, the x-projection motion corresponds
to k == 2 and has a period of 48ps, while the y-projection motion
corresponds to k = 3 and has a period of 24ps. The wavclength
of these modes is given by Ax = 27/Ki.

For an isotropic elastic rod, the wavelength of the dominant
mode should increase with length, but here we find the same
wavelength of about 50 A for both DNA fragments. This occurs
because the DNA double helix is not isotropic towards bending
in a plane: it is much easier to bend the helix into the major
groove than into the minor groove or in any other direction.
The standing wave due to bending will have the highest ampli-
tude when the weak points in the helix occur at the points of
maximum curvature (the pivot points in Fig. 3). Because these
weak points are separated by hall a turn of helix, the wavelength
of the dominant mode will be close to the helix repeat for DNA
of any length.

The frequency of bending obtained from the molecular dy-
namics simulation can be used to cstimate values for the bending
force constant G, The frequency (in em?) is given by o =
= 108K} \/C/M, where M is the mass per unit length (taken
as 180 Daltons/A). For the k = 1 mode of the dodecamer, » =
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Fro. 3. Showing the overall motion of the {A)y, (T} double helix for the entire 96ps trajec-
tory (48,000 time steps). The upper row shows the x projections of the backbones {drawn as
thick P-P virtual bonds) and the base-pairs (drawn as thin CI'-C17 virtual bonds) at Gps intervals,
The lower row shows the corresponding y projections,  The motion scen in the x projection
is an anti-symmetric bending motion (k = 2} with a period of about 48ps. The motion seen in
the y projection is a symmetrie hending motion {k == 3} with a period of about 24ps that is like
the motion seen in the dodecamer (Fig. 2).

= 127 cm'!, K, == 37/2L,, and L,, = 40A giving C = 102 kcal
mole! radian-? A. For the k = 2 mode of (A)s4{T)es, 71 == 0.69
cmrt, K, = 57/2L,, and L, == 80A giving G = 78 kcal mole?
radian? A. For the k = 3 mode of (A)y{T)yy, »e = .38 cm?
and K, == 77/2L,, giving C = 81 kcal mole'? radian® A. This
suggests that the dodecamer may be a little stiffer than (A),,{T)s..

e) Bending does not perturd torsion angles

The initial torsion angle values in (A),,(T),, correspond to
high energy partially eclipsed conformations as found by fibre
diffraction (Arnott and Hukins, 1972}; they are relaxed by energy
minimisation and dynamics to almost perfectly staggered values.
The initial torsion angle values in the X-ray conformation of
dodecamer (Drew ef al., 1981) are influenced by the abnormal
conformations of nucleotides G,, Gy and G,, for which the mean
values of 6, ¢, £ and y are 1500, 2419, 1769 and 90°. Energy mini-
misation does not relax these values, but during the first 20ps
of the trajectory these irrcgular torsion angles are dynamically
annealed to become like those of other nucleotides.

After the initial equilibration, the mean torston angles are
essentially the samc in both dodecamer and (A).(T)., at any
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time along the trajectory (Table 1). Any systematic variation
in torsion angles duc to sequence or overall bending is much
smaller than the thermal fluctuation. The DNA double helix
can undergo large scale conformational changes that are not
reflected by any substantial changes (2°) of torsion angles, because
there are 14 flexible torsion angles per base-pair that can change
in a concerted fashion.

The propeller twist of the bases is close to 15¢ but due to the
overall motion in {A),4(T),, the mean angle between the base
normal and long axis (z) is over 200 in agreement with experiment
(Hogan et al., 1978; Lec and Charney, 1982). The average rise
per residue varies from 2.8 to 3.4 A and the number of base-pairs
per turn varies from 11 to 12.5 over 20ps. It is mot clear
why the turn angle is so much smaller than the experimental
value of 369; it may be due to the omission of solvent and long
range elcctrostatic interactions.

) Kinking in (A)20(T )sa

Although much of the motion of the DNA double helix ap-
pears to be smooth bending, kinking occurs once during the 96ps
(A)34(T)y simulation. Inspection of the x projection in Fig. 3
for the period 60ps to 96ps shows that the kink is caused as the
helix bends out of the major groove past the straight conformation.
A more detailed drawing (Fig. 4) shows that the angle between
the base-pairs at the kink is about 90°.

The kink formed here does not correspond in detail to either
of the kinks proposed by model-building (Sobell el al., 1977;
Crick and Klug, 1975). The chain kinks by about 90 into the
minor groove as proposed by Crick and Klug (1975), but the
change in torsion angles found here is smaller {< 259 and not
restricted to a single torsion angle. Kinking into the major groove
as proposed by Sobell e al., (3977} is not found here; bending
into the major groove seems smooth and involves torsion angle
changes of less than 29,
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P16, 4. Ali-atom drawings of some of the {A)y {1)e; conformations that occur during the 96ps
trajectory at 3000 K. {A) After 24ps, showing one of the most compact conformations, (B) Afier
89.6ps, showing one of the most extended conformations that has a $0° kink between base-pairs
ATy and ATy Both drawings are x-axis projections.

g) Electrostatic interactions

Electrostatic interactions between the negatively charged phos-
phate groups were not included in the energy function and these
long-range intcractions may be expected to affect the overall
conformation significantly. The electrostatic energy can be ap-
proximated as 332¢q% 21/R;, keal/mole (sce Table 1). The effec-
tive net charge on each phosphate group, ¢, will be less than
0.5 electrons due to tightly bound ions (Manning, 1978) and the
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cffective dielectric constant, D, will be close to that of water (80,
neglecting any Deybe-Huckle type shielding). For the straight
and bent form of the dodecamer, this gives energies of 14.2 and
14.5 kcal/mole (at t == 48ps and t = 90ps, respectively, see Table
1), a difference of only 0.3 kcal/mole for 12 base-pairs. For the
straight and bent form of (A),4(T),4, this gives energies of 46.6
and 48.5 kcaljmole (at t == 96ps and 72ps, sce Table 1}, a difference
of only 1.9 kcal/mole for 24 base-pairs. Although these diflerences
are small, they are significant in that the bent structures always
have higher electrostatic energies.

4,  Dhiscussion

a) The influence of solvent

The present calculations relate to DNA in vacuum and it is
important to consider the major effect of solvent, namely, the
viscous damping of vibrations. The dominant bending mode can
be approximated by considering a chain that consists of large
spherical particles each corresponding to half a turn of helix.
Assuming each sphere has a mass, m, of about 3000 Daltons and
a radius, a, of 10 A, gives rise to a Stokes frictional coeflicient of
6 wa . The momentum of such a moving sphere will decay
with a time constant 7 = 6za n/m or less than Ips (for water,
the viscosity # = 0.01 poisc), so that the 26ps bending motion
observed here in vacuum will be damped. Instead there will be
a diffusive motion with a relaxation time that has been calculated
by Barkley and Zimm (1979) to be 110ps (assuming G = 100
and 4 = 50 A). The nature and amplitude of the motion will
not change. In particular, conformations like those shown for
(A)ss (T)s4 in Fig. 3 may be important in water as they involve
small changes of the long-range electrostatic energy and a small
overall movements of the double helix.

b) Agreement with exferiment

The present calculations show DNA motion to be cooperative
with small correlated fluctuations of hydrogen bond lengths and tor-
sion angles that result in large-scale overall bending and twisting.
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The strongest correlations found here have also been obscrved
in the dodecamer X-ray conformations (Drew ¢t afl., 1981 ; Fratini
et al., 1983). The small eflect of overall bending on the torsion
angles has also been observed (Fratini et af, 1983).

The force constants calculated above from the frequencics of
smooth bending can be compared with the stiffness of DNA in
solution as monitored by the persistence length, P.  For DNA
that always bends along the dyad axis (Schellman, 1974 and
1980) as found here, P can be calculated from the bending force
constant as 2C/RT (RT is the thermal energy, of 0.6 kcal/mole
at T = 300 K), which gives calculated values of between 260 A
and 340 A. The experimental value in high salt (Borochov et
al., 1981; Harrington, 1978) has been estimated at 260 A,

The prepeller twist of the bases is close to 15¢ but due to the
overall motion in {A)gs (T),4 the mean angle between the base
normal and long axis (z) is over 20° in agreement with cxperi-
ment (Hogan ef al,, 1979; Lee and Charney, 1982). It is of
intercst that the apparent angle between the base-pair and the
helix axis as measured by electric dichroism decreases as the DNA
is stretched by an eleetric field {Lee and Charney, 1982; Diek-
mann et al., 1983) or aggregated into bundles (Mandelkern et
al., 1981). This led to the proposal that DNA might be super-
coiled under normal conditions (L.ee and Charney, 1982). Bend-
ing like that obscrved here for {A),, (T}, could also explain
these findings as the amplitude of the bending waves would be
decreased both by stretching or aggregation.

Nuclear magnetic resonance studies (Hogan and Jardetsky,
1980; LEarly and Kearns, 1979; Bolton and James, 1980) have
shown that there are nanosecond motions of the base, ribose and
phosphate groups of amplitude between 209 and 300  For the
central 14 base-pairs of (A),; (T4, the calculated rom.s. fluctua-
tion of the angle between the C8-H8 wvector and the helix axis
averages 17° for the period 20 to 96ps. The corresponding angle
between the two protons on G2° has an average r.m.s. {luctuation
ol 180, Thus, the fluctuations obtained here on a time scale of
100ps are smaller but comparable to those observed on a time
scale of 1 nanosecond.
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The surprising sensitivity of DNA conformation to drug bind-
ing (Sobell et al., 1977; Hogan et al., 1979; Dattagupta e al., 1981)
can be understood on the basis of the cooperative motion between
the very different conformations seen in Iigs. 3 and 5. The ener-
gies of these conformations are the same to within a few times
the room temperature thermal encrgy (0.6 kcaljmole) and low
concentrations of a molecule that binds across a groove could have
a major cffect on the overall conformation.
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SIMULATING THE ENERGETICS
AND DYNAMICS OF ENZYMATIC REACTIONS

ARIEH WARSHEL

Department of Chemustry
University of Southern California

ADSTRACT

Two methods for computer simulation of enzymatic reactions are described.
The first method allows one 1o estimate activation-free encrgies of enzymatic
rcactions by using available X-ray structures of enzyme-substrate complexcs,
"This method is based on the empirical valence bond (EVB) approach which
correlates reaction rates with the difference in electrostatic stabilization of the
relevant resonance structures in the enzyme and in solution. The second method
is based on a molecular dynamics extension of the EVE approach. ‘This method
allows one to study fundamental aspects of enzymatic reactions, including
analysis of the role of structural fluctuations and estimates of entropic effects.
The dynamical method is used here for examination of the relationship between
reaction [ree encrgies (AGo) and activation free energies (Ag=) in cnzyme ca-
talysis, The preliminary results presented here indicate that the rates of proton
transfer reactions in enzymes might be correlated in a simple way with the
corresponding pK., differences.

I. InrropucTiON

Understanding the molecular origin of enzyme catalysis is
onc of the basic problems in biochemistry, Although this com-
plicated question must be related to the exact three-dimensional
structure of the enzyme substrate complex, it was not resolved
even when X-ray studics provided detailed information about the
active sites of scveral enzymes. Basically, the rate of an enzyme
reaction is determined by the interaction cnergy between the ac-
tive site and the substrate, but available experimental information
does not discriminate between the various components of these
interactions and cannot determine their relative importance. Thus
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it is of great importance to develop theoretical approaches that
allow one to correlate available X-ray structures with the ener-
getics of the corresponding enzymatic reactions.

In addition to the interest in a direct structure function cor-
relation, there has becn recently a significant inferest in the
dynamical aspects of enzyme catalysis. Part of this interest is
is associated with the possibility that structural fluctuations play
an important role in catalysis {CGareri ef al., 1979). However,
despite extensive advances in studies of structural fluctuations
(Fraunfelder ef al., 1979; Karplus and McCammon, 1981) it is
questionable whether or wnot they play an important role in ca-
talysis. Obviously, enzymatic reactions, as well as other reac-
tions, involve fluctuations of the reacting system. However, it
has not been demonstrated that the reactive fluctuations arc
fundamentally different in enzyme and solution reactions (cata-
lysis is determined by the difference between a given reaction in
solution and in enzyme active sites).

In addition to the interest in the dynamics of enzyme catalysis
there is also a great interest in the role of entropic factors in cn-
zyme action. Such effects have long been considered to be ma-
jor factors in enzyme catalysis (sce, for example, Page and Jencks,
1971). However, while entropic factors are probably very im-
portant in substrate binding, there is no clear demonstration of
their contributions to the catalytic rate constant (kew:) in bond
breaking reactions (Warshel, 1981).

In view of the complexity of the factors involved in enzymatic
reactions, it might be very difficult to design an experiment that
will determine conclusively which dynamical effects are important.
It is possible, however, that computer simulation approaches
will eventually provide an important link between experimental
observation and the detailed dynamics of enzyme-substrate com-
plexes.

This paper will describe computer simulation approaches {or
both correlating X-ray structures to catalytic energy and for
simulating the dynamics of actual bond breaking enzymatic
reactions. The first part of the paper will concentrate on statical
approaches.
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II. PorenTIAL SURFACES AND DENERGETICS OF EnzyMaTic RE-
ACTIONS

Early attemps to study bond breaking enzymatic reactions used
different quantum mechanical approaches to evaluate the poten-
tial surface of the isolated reaction region {Loew and Thomas,
1972; Umeyama e al., 1973; Scheiner e el., 1975; Scheiner and
Lipscomb, 1976). These pioneering calculations were concerned
mainly with the properties of the reacting system and did not
include most of the enzyme.

The importance of including the microenvironment provided
by the enzyme and the surrounding water molecules became clear
in a study of the catalytic reaction of lysozyme (Warshel and
Levitt, 1976). This study indicated that no properly calibrated
quantum mechanical method could simulate a hetrolytic bond
cleavage process in solution or protein. In proteins and solutions
bond breaking processes lead in most cases (o ionic [ragments.
If the huge effect of “solvation ” of these fragments by the envi-
ronment is not included, onc obtains covalent fragments which
are less stable by 20 to 50 kcaljmol than the solvated ionic frag-
ments. ‘This environmental effect was introduced in the quantum
mechanical calculations by a microscopic dicletric model {Warshel
and Levitt, 1976) that includes the potential from the environ-
ment (the potential from the induced and permanent dipoles of
the enzyme and the surrounding water molecules was included
in the effective ionization potential of the reacting atoms). This
treatment gave rcasonable results for the relevant bond breaking
energies.

Subsequent quantum mechanical studies by other workers
made attempts to simulate part of the environmental effects.
Van Duijnen ef al. {1979) studied the formation of the Im* .8~
ion pair in papain including the permanent dipoles of the protein
a-helix. Bolis e al. {1978) studicd the reaction of papain including
two protein residues that form hydrogen bonds with the reacting
system. Hayes and Kollman (1980) studied the catalytic system
of several serine proteases including the permancnt dipoles of the
corresponding enzymes.  Allen and co-workers also considered

7
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the effect of the protein permanent dipoles on several enzymatic
reactions (Allen, 1981). Other relevant studies are reviewed by
Naray-Szabo and Blcha (1982). Including the protein permanent
dipoles is clearly a step in the right direction. However, such a
treatment still misses two key factors: the ““solvation” by the
protein induced dipoles and by the surrounding water molecules.
The error associated with such a partial treatment could amount
to ~ 30 kcal/mol {sce Warshel, 1981).

In principle it is possible to extend the approach of Warshel
and Levitt (1976) to @b initie quantum mechanical calculations
(Tapia, 1981). This, however, does not solve another problem;
It appears that even calculations of the isolated reacting system
in the gas phase are associated with very significant errors. Re-
liable results may be obtained by using a double zeta plus pola-
rization basis set which is extremely expensive for even small
reacting systems. Attempts to correct the gas phase error led to
introduction of an empirical *“ basis set correction ™ factor (Schei-
ner ¢t al., 1975; Kollman and Hayes, [981).

The difficulties associated with the reliability of current quan-
tum mechanical approaches {even when the environment is prop-
erly treated) point strongly toward the need for simpler and more
reliable approaches. This led recently to a change in focus and to
the development of an alternative approach which uses reactions
in solutions as a refercnce.  This approach, which is called the
Empirical Valence Bond (EVB) approach {Warshel and Weiss,
1980; Warshel, 1981a), will be used here to describe the physics
of electrostatic eflects in enzyme catalysis. As a simple example,
we will consider a proton transfer reaction.

AH -+ B -~ A- 4+ BH* {1
The basic quantum mechanics of this system can be described by
considering three alternative bonding forms (resonance structures):
V) e (A—H B)
¥, ={A- H-—— B¥) (2)
¥, = (A~ H* B)
Since the energy associated with ¥y is much higher than that of
the other forms we will neglect it in the presentg simplified treat-



SPECIFICITY IN BIOLOGICAL INTERAGTIONS 63

ment. The different resonance structures represent diflerent
limiting cases for the bonding arrangement, i.c., ¥, represents
a fully 1onic state and ¥, represents a pure covalent state. Thus
we can describe each structure using cxperimental information
about the pure related systems. That is, in the gas phase we can
write the energy of the two states as:

Ef = M (ra-u) + Vi (ra. .8)

Ef = Hy — 332/ra. .3 -+- M (rir.s) + (3)
Sk Van (I'H- -A) | (DB'I:AH — DA,,H)

where M 1s a Morse type potential for the corresponding bond,
Vi, is a repulsive non-bond potential, AHg is the energy of
the corresponding gas phase proton transfer reaction (forming
A- BH* from AH B at infinite scparation in the gas phase) and
D is the dissociation energy of the corresponding bond. The
potential surface of the reaction in the gas phase, T¢, is obtained
by solving the secular equation:

Ef T He,
(ng Ee—Toe/ 0 %)

where the mixing term, Hy,, can be evaluated using experimental
information (see Warshel and Weiss, 1980). To obtain the po-
tential surface for the reaction in solution, E5 one has to solve
the secular equation for the system in solution. The first order
effect of the solution is to leave the non-polar structure ¥, un-
changed while changing drastically the energy of the lonic state
¥,. This gives:

| O U (5)

I 22 B2 4 AGE)

sol

where AGY is the solvation energy of the ionic structure. Ap-
proximating H:, by HY, onc obtains the potential surface for
the reaction in solution in a very convenient way. The relation
between the gas phase and solution potential surfaces is described
in Fag. 1.

The key advantage of the EVB approach is in allowing one
to compare reactions in solutions to reactions in enzymes, That
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is, instcad of using gas phase experimental results (which
sometimes hard to obtain) it is more convenient to calibrate
energies of the reactions in solution using the corresponding
perimental energies.

are
the
ex-
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Yig, 1. The energetics of proten fransfer reactions in the gas phase (g) and in solution {s). L,
and 15, are the cnergies of the covalent and ionic states (A-H B) and (A~ H-B#), respectively.
E# js the ground stale potential surface obtaned from the mixing of ES and E. The reaction
coordinate is given in lerms of the change of the H. .B {r,) and A, .B (r;) distances. The energies
in the figure correspond to caleulations of a proton transfer between CHLOH and H,O in water.

reactions one can force the energy of A- BH' at infinite separation

to reproduce the corresponding experimental energy which is
given by:

AG4y = 2.3RT (pKy(AH) — pK, (BH*)) (6)
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With this calibration, which can be accomplished by changing
I by a constant, one obtains:

B = B |- (4GY, — 4GL,) (7)

Since i is calibrated by experimental information, the only
task left for actual calculations is the evaluation of AG?, — AG:,.
‘This point, which is demonstrated in Fig. 2, indicates that the key
problem in stmulating enzymatic reactions, i1s not the quantum
mechanical description of the reacting bonds but rather the evalua-
tion of the relevant difference in electrostatic energies. In fact,
using the EVDB approach one finds that the quantum mechanical
aspects of the problem ncarly cancel out. Thus the problem of
enzyme catalysis 1s reduced to an understanding of the origin of
the difference in interactions between the reacting bonds and their
environment in the enzyme active site and in the corresponding
reference reaction in solution.

In view of the above discussion the reliability of studies of
enzymatic reactions depends on the reliability of the calculated
solvation energy. A reasonable way to estimate solvation cnergies
in solution is provided by the Surface Constrained Soft Sphere
Dipoles (SGSSD) model described eclsewhere (Warshel, 1979).
'The error range associated with this model is 4-3 kcal/mol. Expe-
rimental estimates (Warshel, 1981a) can bring the error range to
the 2 kcal/mol range. The solvation of charged {ragments by
the protein can be estimated by simulating the protein environ-
ment using the microscopic dielectric model of Warshel and Levitt
(1976) and rcpresenting the surrounding water molecules by a
combination of all atom type models for some bound water mo-
lecules and a Langevin dipole model for the rest (Warshel, 1981a).
The error associated with this model 1s 4 5 kcal/mol. This error
can be reduced if the water molecules are represented by a Lan-
gevin model with a dense grid spacing (Russell and Warshel,
to be published}.

Actual EVB calculations of enzymatic reactions are reported
clsewhere (Warshel, 198la; Warshel, 1981b; Warshel, et al.,
1982). These calculations scem to indicate that the difference
between the activation free energy of a given enzymatic reaction



66 PONTIFIGIAE ACADEMIAE SCIENTIARUM SCRIPTA VARIA 55

AG7, and the corresponding reference reactions in a solvent cage,
AGT (see Warshel, 1981a), is correlated with the free encrgy dif-
ference (AGP; — AGE,). Tor example, as scen from Fig. 2, the
diffierences between AG% and AG* arc very similar to the differences
between E: and E2 If such a “ free energy relationship  can be
established as a general feature of enzymatic reactions, it might
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Fig. 2. Comparing the poiential surface for proton transfer reactions in solution and in an en-
zyme., The figure considers the energy of the covalent and lonic stales in the protein (p) and,
in solution (s}. The energy of the covalent state, E;, is similar in solution and in proteins while
the energy of the ionic state, By, depends strongly on its interaction with the corresponding envi-
ronment. The fipure indicates that the dillerence between the [ree encrgy for proton transfer,
AGpy, in the protein and in solution is determined by the corresponding change in solvation
free energy. The reaction coordinate is given in terms of ¢, and ¢, that correspond to the
change of rp and 1y in Tig, 1.

provide an important concept for structure-function correlation
in bioenergetics. However, the above static approach cannot be
used to prove the existence of such a relationship, since it docs
no give the reaction rate from a first principle. Moreover, our
static approach introduces free energies in the Hamiltonian, such
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a treatment is justified for the asymptotic states but clearly not
based on any first principle. To obtain a more rigorous dynami-
cal treatment (at the price of much more extensive calculations)
one has to be able to simulate the dynamics of bond breakingbond
making reactions. Here again the EVB approach provides a very
powerful and relatively simple model that will be described next.

III. SmmurLaTmivg THE DyNaMics OF ENZYMATIC REACTIONS

The calculations presented in the previous section are hased
on a static approach, estimating the activation free energy of a
given reaction by finding the least energy path for the reaction.
In order to deal more rigorously with the fluctuations of the
cnzyme-substrate complex one should simulate the molecular
dynamics of bond breaking reactions. This can still be done by
the EVB approach. The mai difference is that now the inter-
action of the various resonance forms with the surrounding cnvi-
ronment is included as a conformational dependent interaction
potential rather than as an eflective solvation free encrgy. The
term AGE, in eq. (7) is replaced by an interaction potential, U,
and E? 1s given by:

EP(R, 1) = Ef(R) -+ Uy(R, 1) (8)
where R are the coordinates of the reacting bonds and 1 arc the
coordinates of the protein and the surrounding water molecules,
The interaction potential, Ui, includes the interaction between
the i¥h resonance form of the reacting bonds and their environ-
ment (protein and water) plus the interaction between the envi-
ronment atoms and themselves. In this approach the free energy
is obtained as a result of averaging the relevant potential (see
below).

The effect of the fluctuations of the protein is introduced in
the calculations through the dependence of U{R, r) on the protein
fluctuations. TFor example, for the case of a profon transfer reac-
tion considered in I'ig. g, the energy of the ionic resonance sirue-
ture (A- HB*) changes upon change of the orientation of the
protein dipole while the energy of the covalent structures stay
almost constant.
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In simulating the dynamics of the system one has to consider
the fluctuations of both the protein and the surrounding water
molecules. Since including many water molecules in molecular
dynamic calculations 1s very expensive, we introduce in the present

ENERGY

I'ie, 3. Encrgetics of a proton transfer between an acid (A) and a base (B).The reaction is
deseribed in terms of a covalent resonance structure (A-XL B) and an ionic resenance struc-
ture (A~ H-BV). The encrgics of the valence bond structures are given in the text and de-
pend on the coordinates of the reacting atoms, R, and the coordinates of the rest of the sys-
tem, r. Only the ionic resonance structure interacts strongly with the dipoles and charges ol
the survounding solvent or protein cage. Thus, as shown schematically in the fgure, the encrgy
of the ionic structure, E,, changes strongly upon fluctuations of the surrounding dipoles, The
figure also shows the reaction potential surface, E(R, r), obtained by mixing of the relevant
resonance forms.

simulation the following simplification. {i} The induced dipoles
of the protein were treated using the approach of Warshel and
Levitt (1976). (i) Few bound water molecules were included
in the dynamics. (iii) The electrostatic effect of the rest of the
surrounding water molecules was introduced by evaluating its
average value (using the Langevin dipole model {Warshel and
Levitt, 1976)) for protein configurations generated by the tra-
jectory calculations. A more consistent approach that involves
molecular dynamics of the Langevin water model is in progress.
This, however, is not a crucial point in the present work which
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is mainly concerned with examining free cnergy relationships
rather than determining the absolute value of the rate constant
(see below). Thus our current practical simplification replaces
E: of eq. (8) by:

E2(R, r} = E{R) + UNR, r) + A7 (9)
where U? 1s the contribution to U; from the protein and the bound
water moleccules, while A% is the Boltzmann average of the solvation
energy, of the protein and the substrate, by the surrounding Lan-
gevin dipoles.

1. Calculating Rate Constants From Molecular Dynamics

The availability of potential surfaces for an enzyme-substrate
complex allows one to simulate the molecular dynamics of the
corresponding reaction. This can be done by solving the classical
equations of motion for all the atoms in the system, starting with
a given sct of initial conditions and keeping the average kinetic
energy at a value that corresponds to a given temperature. The
dynamical simulation is similar to that used to explore the thermal
fluctuations of proteins (Karplus and McCammon, 1981; Levitt,
1981} and the dynamics of the chromophore of the visual pigment
(Warshel, 1976). However, in the present study, we simulate
the protein fluctuations that lead to real bond breaking processes.
As a test case, we simulate the transfer of a proton from glutamic
acid 35 (Glu 35) to the oxygen atom of the Cj) - O, bond
that connects two sugar residues in the active site of lysozyme.
This reaction is the first step in the catalytic reaction of lysozyme
{sec, for example, Warshel, 1981a).

In exploring the dynamics of a given enzymatic reaction, we
start with initial conditions that correspond to the bound enzyme-
substrate complex. This initial state is referred to here as the
reactant state. IFollowing the dynamics of the thermally cquili-
brated system we monitor the formation of configurations which
correspond to the reaction product {e.g., protonate Oy, In our
proton transfer reaction). These configurations are referred to as
the product state. The rate constant of the reaction is given by
kasy = 1/Tasp where 7asp is the average time it takes for tra-
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jectories which start from the reactant state (with different initial
conditions) to reach the product state. A typical example of
such a direct simulation is shown in Fig. 4. The figure describes
a trajectory that leads to a proton transfer. The trajectory fluc-
tuates in the reactant state and then a productive fluctuation of
the system transfers the proton to the donor (04). After some
fluctuations in the product state the proton returns to the reac-
tant state. One can classify the coordinates of the system in terms
of a reaction coordinate, X, which describes the degree of proton
transfer. The reaction coordinate can be divided into three re-
gions: a reactant region, X < 0.5, a product region, X > 0.5 and
a transition state region X == X# = 0.5. (A more unique defi-
nition of a rcaction coordinate will be given below.) Note that
many different protein configurations give the same value of X.
A direct evaluation of the rate constant in terms of the average
time 7a-sn is practical only for reactions with small activation
barriers between the reactant and product states. Here, however,
we are interested in more general cases where the activation barrier
might be significantly higher than the average thermal energy. In
such cases the relevant productive fluctuations are very rare and
their simulation requires extremely long computer time. To eval-
uate the rate constant of rare productive fluctuations we exploit
recent advances in studies of reaction dynamics (Keck, 1966;
Anderson, 1973; Tully, 1981} and in statistical mechanics of many-
particle systems (Vallecau and Torrie, 1977). Thesc studies
established that the rate constant can be expressed as:

ka'*%b = I{u ----- HJF (10)

where ko »p is the cquilibrium rate constant of the well-known
transition rate theory (Glasstone ¢f al., 1941) and ¥ is a dynamical
correction term that relates the number of (rajectories that reach
the transition state from the reactant state to those that end up
at the product region {see, for example, Tully, 1981). The equi-
librium rate constant, ky.»y, can be expressed as a product of the
probability P(X~) dX that a trajectory of the system will fall in
a region between X# and X# -+ AX and the time (AX/[v#) it
takes to pass this region (where v# is the average velocity along
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the reaction coordinate at the transition state.] Thus we have:

kisy = v/ P(X#)F (11)
The factors v# and F (whose evaluation will be considered in the
next section} are not expected to change drastically in related
reactions in enzyme and in solution. The main difference hetween
the rate constants of related reactions is expected to be in the
probability factor P{X#).

a) Lvaluating The Probability Factor Using Umbrella Sampling

In order to determine the probability of being at X# or any
other value of X {e.g., X == X;), we use the so-called ““ umbrella
sampling ” approach (Valleau and Torrie, 1977). This approach
is in some respects a dynamical version of the *“adiabatic map-
ping”’ method used in exploring barriers for conformational changes
in cyclopentane {Lifson and Warshel, 1968) and i the substrate
of lysozyme (Warshel and Levitt, 1976). The implementation of
the umbrella sampling approach to chemical reactions in solu-
tions is described in Warshel (1982) which considers electron
transfer reactions in solutions. Here we basically extend the
same treatment to proton transfer reactions in proteins.  We
start by dividing the total partition function of the system into the
partial partition functions that correspond to the given X's.

Qo(Xi) == [exp{— Ey(X:1)f}dS (12)
where S is the subset of coordinates that span the configuration
space for a fixed X, 8= l/kyT and ky 15 the Boltzmann constant
and L, is the reaction potential surface. It is convenient to take
the partition {function of the most probable value of X at the reac-
tant region (X = X,) as a reference. In this way P(Xi} can be
expressed In terms of the relative partition function (qe(X:) ==

= qo(X1)/qe(Xa)) by:
X1 4 AX
P(X1) = [ qu{X)dx/Q. (13)

X
X+
Q=X
(aqxe) | doo
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In principle one can cvaluate eq. {13} by running trajectories and
finding the ratio between the time spent at the region
(Xi > X = X; 4 4X) and the total trajectory time. This direct
approach is, however, not practical in cases of significant acti-
vation barrier between the reactants and products. In such cases
it might take an enormous amount of time for a trajectory that
started at the reactant region to reach the product region. Thus,
it is impossible in many cases to use molecular dynamics on the
recaction potential surface Il to accumulate information about
configurations near the transition state. The umbrella sampling
approach offers a solution to this problem, where instead of runn-
ing trajectories on the reaction surface, Ilp, one runs trajectories
on a sampling potential, K, that forces the system to spend most
of its time near a chosen as one of the coordinates of the system
(e.g., the O-H bond length) and the sampling potential can be
chosen as (E1 = Ey(8, X} 4 Vi{X)). However, in cases of che-
mical reactions in solutions and proteins (e.g., electron transfer
and proton transfer reactions) the proper reaction coordinate
involves concerted change of many coordinates. In such cases
it is much more convenient computationally and conceptually to
use sampling potentials of the form:

Er = (1 — @) B  OE (14)

where I; and E, are the energies of the resonance forms that give
the largest contributions to the reactant and product regions
respectively (e.g., for proton transter reactions L), and L, are,
respectively, the energies of the covalent and ionic resonance struc-
tures). The paramecter, &, changes {from o to 1 upon motion from
the reactant to the product region. Instead of taking the reaction
coordinate, X, as a function of the length of the rcacting bonds
it is more convenient to divide the space of the system into classes,
S, that satisfy the relation E,(81) - E,(S1) = Cl, where Gl is a
constant, The locus of point X that minimizes 15, (S8?) for positive
Cl and L,(SY) for negative C! is taken as the reaction coordinate
(Warshel, 1982). Since this type of reaction coordinate is not
directly related to intuitive chemical concepts, we will discuss
the results in terms of the mapping parameter 6.
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The ratio between the partition function that corresponds to
E; and the one that corresponds to E, is given by:

QifQo = ffexp {— Exf} dSaX/Q, 5

Multiplying and dividing the numerator by exp {-— E,f} gives:

QIQo = ffep{ (B —Egfiexp {—Eolf o
QudSAX = < oxp {— (E: — Eo)f} >

where < > g, indicates an average over trajectories that are
propagated on Eo. This useful identity (Valleau and Torrie,
1977) is based on the fact that averaging over trajectories of L
corresponds  to integration over the distribution function
(exp {— Eoff}/Q,). Now the relative probability factor ¢o(x1) is
given Dby:

Qb = abfas = (afQ) (Qofat) (QuIQ) (ebfal
 (@Q) (Qufay) < exp{— (B —E) B} > me  (17)

of the sampling potential at X;. The ratio q;/Q, is evaluated
very easily numerically from the ratio between the time a trajec-
tory on Iy is spent between Xi - AX and the total trajectory
time. Q,/q} is evaluated in the same way from a trajectory on
E,. Note that the term (exp {(I(X)) —E,(X1))8} should be
replaced by the average ¢ exp {(Ei(X1) —E(X:))8} >m if X is
taken as a given bond length rather than the present selection
of X (which corresponds to a constant value of (E; -— Eo)}. Note
also that if 1 is taken as L, + Vi(X), then the average ¢ p
becomes simply exp {Vi(X1)g}.

An important practical point about the evaluation of eq. {17)
is that (Q1/Q o) should not be evaluated by a direct use of eq. (16).
Such a direct evaluation converges very slowly for large values of
(Eq -~ E,). The real advantage of the umbrella sampling approach
can be exploited when Q;/Q,.; is evaluated for closcly spaced
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x1 and X1, and then Q,;/Q) , is evaluated by the relation Q,/Q , =
= (Q1/Q1-1) (Q1-1/Quy) ... (Q4/Q,). Such an approach con-
verges relatively fast since trajectories on i reach points which
conirthute significantly to Q1 quite frequently. The relative pro-
bability Q1/Q1-; can be expressed in terms of the corresponding
free energy differcnce:

AG = Gy — Gy = — kT In(Q1/Q1.y) (18)

AG is the reversible work associated with changing Ei., to E,.
This gets a clear physical meaning in our choice of E; where the
sampling potential is associated with changing the charge distri-
bution of the reacting bonds from that of (O H-O) to that of
(*O-H O-). In this representation AG is related to the reversible
work involved in charging the reacting atoms.

The rcaction probability is determined by the relative pro-
bability q,(X;} which can also be expressed in terms of the cor-
responding free energy Agy(X:) = g,(X1) —go(Xa) = kT In-
(qo{X1)). The function Agy(X:) can then be considered as the
potential of mean force for the reaction.

The selection of the exact position of X# is quite arbitrary
in the present treatment, and the value of ke-»p, is invariant for

different values of X# (Anderson, 1973). However, if X # is chosen
as the point where 4g,(X) reaches its maximum, the corresponding
value of the dynamical factor F is close to unity. Thus we chose
X # by scarching for a maximum in Ago(X) and define the valuc
of Ag at X# as the activation free energy of the reaction. Once
X+# is defined, it is possible to use Ag{(i) in a convenient way to
evaluate the free energy difference AG, between the product and
reactant states. 'This can be done by the relation:

— X/
exp {— /]Goﬁ} Qn/Qa == [q()( )dX/ ( )dX (19)

where a and b indicate reactant and product states respectively.
This cquation can be written as:
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e X+ B
exp{- /‘Goﬁ}%;xp{ — Ago(X)BHXf exp }—Ago(X) X (20)

A preliminary study of the nature of Ag7 for proton transfer
reactions in proteins is summarized in Tig. 5. In this study we
took the test case of proton transfer in lysozyme and examined
the dependence of Ag# on the free energy difference between the
reactants and the product states (AG,). This was done by using
modified energies E? and LY given by:

Br(X, ) = B(X, 8) + (4 — Ex(X5, 8)
(X, 8) — ExX, S)

This relation forces the calculated difference between the minimum
of I at the product state (X2) and the minimum of E? at the
reactant state (X9) to correspond to an assumed energy difference
A. Changing A as a parameter for a set of calculations can be
used to evaluate the dependance of Ag# on AG.. Tig. 5 compares
calculations with three different values of 4. Despite the premili-
nary nature of the calculations, they seem to point toward a simple
relationship between the activation frec energies, Ag”, and the
corresponding free energy differences, AG,. For AG, = 0 the
change in Ag# is linearly correlated with the change in AG, while
for (AG, < 0)Ag# approaches zero. A more quantitative relation
can be obtained by considering the behavior of the solution of
eq. (4). Since 4G, is given approximately by the pK, diflerence
between the proton donor and the acceptor (Warshel, 1981a)

we can write (for AG, > 0) the approximate relation:
Adg# &2 AAG, =2 (23R TAAPK,) (22)

A verification of this relationship requires further studies.

(21)

2. Stmulating the Dynamics of rare veactive Flucluations.

In order to evaluate the average velocity v# and the dynamical
factors ¥ in eq. (10} onc has to be able to simulate the dynamics
of productive fluctuations at the transition state region. In cases
of high activation barriers it is impossible to simulate rare produc-
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Tre. 5. Evaluation of the activation fvee encrgy, Ag#%, for proton transfer reactions in proteins.
The figure presents the results of the umbrella sampling approach for several assumed values
of the free energy differences, AG,, between the products and reactant states, The error bars
correspond to an estimate of the convergence of the caleulations, Calcwlations of the type
presented here can be used to correiate Ag® of proton transfer reactions with the correspond-
ing pKy's differences.
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tive trajectories by starting the trajectories at the reactant region.
Yet, one can still simulate such trajectories in a rather convenient
way. That is, the trajectorics can be run on the constraint po-
tential, E;, that forces the trajectories to pass frequently through
the transition state, X#, at a kinetic energy that corresponds to a
given temperature. When a trajectory passes through the transi-
tion state one can switch the constraint potential, E;, to the real
surface, Eo. This produces trajectories that proceed downhill to
the reactant or product regions. Those trajectories that move
from X# to the reactant state arc the same rarc reactive trajectories
that lead from the reactant to the transition state, except that the
time is reversed. Such a time reversal approach can be used for
a direct simulation of the v# and I of eq. (10}. A preliminary
simulation gave a value of about 10'3A sec . This value is simi-
lar to the estimate of v# — (k,T/2nm)"? .= 6.3-10'2A scc' {at
3000K), obtained using transition state theory. The value of I
{for our proton transfer reaction is not much smaller than 1 but
many more trajectorics arc needed for exact determination of v#
and F. Regardless of the exact value of F and v# it scems
unlikely that they will change drastically between reactions in
enzyme to the corresponding reaction in solutions.

The use of the above approach for simulating the rare fluc-
tuation involved in the C;-O, bond cleavage in the reaction in
lysozyme is demonstrated in Fig. 6. Such a simulation can be used
to explore whether or not the proton transfer step in the reaction
of lysozyme is concerted with the C-O bond breaking process.

IV. Concrupine REMARKS

This paper considers static and dynamical approaches for
computer simulation of enzymatic reactions. The first part of
the paper reviews static approaches for correlating structure and
function of proteins. It is demonstrated that the calculations can
be formulated in a way that expresses rate accelerations in terms
of clectrostatic energy differences, thus overcoming the difliculties
associated with quantum mechanical calculations. The static
approach seems to suggest {Warshel, 1981b) that complicated en-
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zymatic reactions can be studied by simply considering the change
in stabilization of the ionic resonance forms between the enzyme
active site and a solvent cage. This suggestion, however, is not
based on a rigorous consideration of the dynamical nature of the
corresponding reactions.

The second part of the paper presents an approach for a direct
simulation of the molecular dynamics of enzymatic reactions.
This approach can be used for detailed studies of the role of struc-
tural fluctuations and for estimating entropic factors in enzymatic
reactions. The work described here concentrates on two aspects
of the dynamical calculations: (i} demonstrating the feasibility of
such calculations (i1) using the calculations to examine the validity
of using linear free energy relationships in analyzing rate accele-
ration by enzymes. Our preliminary dynamical study indicates
that the activation-frec energies of proton transfer reactions may
be related in a simple way to the corresponding differences
in pKu's. If this relation is confirmed by further studies it
might provide a powerful concept in bioenergetics (Warshel,

1981h).
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AsstrRACT

The structures of three proteins that regulate gene expression have been deter-
mined recently and suggest how these proteins may bind to their specific re-
cognition sites on the DNA, One protein (Cro) is a repressor of gene expression,
the sceond (CAP) usually stimulates gene expression and the third (% repressor)
can act as either a repressor or activator. The three proteins contain a sub-
structure consisting of two conseculive a-helices that is virtually identical in
cach case. Structural and amine acid sequence comparisons suggest that this
bihelical [old ocewrs in a number of proteins that regulate gene expression.
DNA-protein recognition appears to be based primarily on a network of hy-
drogen bonds between side-chains of the protein and the parts of the base-pairs
exposed within the major groove of the DNA.

. INTRODUCTION

The control of the genetic information encoded in DNA is of
critical importance in all living systems. It has been known for
some time that, at least in simple organisms, this control is achiev-
ed by proteins (* switch molccules ) that recognize and bind to
specific sites on the DNA.  Untl recently, little was known of
the structures of these molecules or the way in which they work.
However, within the past few years, the three-dimensional struc-
tures of three DNA-binding switch molecules (¢ Cro”, * CAP”
and “ 2 repressor”’) have been determined and have suggested
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how these proteins bind to their specific recognition sites on the
DNA.

In this paper we will bricfly review the structures of these
three proteins and discuss the modes of DNA-protein interaction
that are suggested. As will become apparent, there arc simila-
ritics between the three proteins, but there arve also striking dif-
ferences as well. For additional background and more detailed
information, reference can be made to the reviews of Ohlendorf
and Matthews {1983), Takeda ¢f al., (1983) and Pabo and Sauer
(1984).

9, THREE DNA-BINDING PROTEINS

Cro, Z-repressor and CAP are all dimeric DNA-binding pro-
teins, but have substantial differences in their overall structures.
For both CAP and A repressor, the respective polypeptides form
two domains. In A repressor, the amino-terminal domain binds
to the DNA whereas in CAP it is the carboxyl-terminal part of
the molecule that has this function.

Both Cro and 4 repressor bind to six similar but non-identical
17-base-pair sites on the chromosome of bacteriophage 4. The
sitc at which Cro binds most tightly is the weakest binding site
for A repressor, and wice versa. The two proteins arc involved in
the adoption by the phage of cither the lytic or the lysogenic
mode of development. Although this decision-making process is
complicated and not yet understood in its entirety, the respective
roles of Cro and A repressor have been analyzed in detail (Johnson
et al., 1981). Cro is a straight-forward repressor of gene expres-
sion. It binds preferentially to the DNA at its highest aflinity
site (0,3) and, when bound, prevents transcription from the
adjacent repressor maintenance promoter. A repressor Is more
versatile. In common with Cro it can act as a repressor but it
can also stimulate the expression of its own gene. CAP (* cata-
bolite gene activator protein,” also known as *“ cychic AMP recep-
tor protein ”*) participates in the regulation of a number of genes
in Escherichia coli. In the presence of cyclic AMP, CAP promotes
transcription of these genes, and, in some circumstances, can act
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as a negative regulator as well. The DNA scquence that CAP
recognizes is approximately 15 nucleotides long and more than
ten such sites are known in E. cols (de Crombrugghe ef al., 1984).

3. STRUGTURES OF DNA-BINDING PROTEINS

A sketch of the structures of Cro (Anderson et al., 1981),
the amino terminal domain of 4 repressor (Pabo & Lewis, 1982)
and the carboxyl terminal domain of CAP (McKay & Steitz,
1981) as determined from the respective crystal structures is
shown in Iig. L.

The structure of Cro is quite simple, consisting of three a-
helices (e, s, @3) and a three-stranded antiparallel f-sheet. In
the crystal, four polypeptides associate as a tetramer with approxi-
mate 222 symmetry. Ultracentrifugation indicates that Cro is
dimeric in solution. This dimer is presumed to be the one shown
in Fig. 1. Residues 55-61 of cach monomer extend and lie against

A Repressor CAP

TFre. {. Schematic drawing of a scgment of Watson-Crick B-form DNA together with dimers
Cro, A repressor amino terminal domains and CAP carbexy terminal domaing viewed down
their respective two-fold symmetry axes. The parts of the @, a, and ey {or av, az, ar} helices
that spatially correspond arc shaded, DNA phosphates whose ethylaton interferes with bin-
ding of both 2 repressor and Cro are indicated by the letter I within a double circle. Phe-
sphates whose cthylation eflfects 3 repressor (and also P22 repressor) binding, but not Cro,
are indicated by a P in a single circle (afier Ohlendor & Matthews, 1983; Takeda et af., 1983).
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the surface of the other monomer. Phe 58, in particular, makes
hydrophobic contact with its partner subunit. The carboxy-ter-
minal residues 63-66 are disordered in the crystals and, presu-
mably, in solution as well {Anderson et al,, 1981; Matthews et
al., 1983).

The DNA-binding form of intact 4 repressor 1s predominantly
a dimer. Proteolytic cleavage separates the protein into an amino-
terminal domain of 92 residues and a carboxyl terminal domain
consisting of residues [32-236. The amino-terminal domain is
responsible for DNA recognition and can act as both a positive
and negative regulator of transcription. Although monomeric
m solution, the amino terminal domain dimerizes as it binds
to DNA and protects exactly the same bases against chemical
modifications as intact A repressor. It is this amino terminal do-
main whose structure has been determined (Pabo & Lewis, 1982;
Lewis ef al., 1983) and is shown in Fig. 1.

The structure contains five a-helices with no f-sheet. In the
crystal, the two amino-terminal domains make contact via the
fifth e-helix in cach subunit {Iig. 1). Studies of mutants of A-
repressor suggest that a similar helix-helix contact may occur
In intact A repressor.

The complex of CAP with cyclic-AMP, i.e. the DNA-binding
form of CAP, was shown by McKay and Steitz {1981) to be a
two-domain structure. Fig. 1 includes only the carboxyl-terminal
domains, i.e. the presumed DNA-binding region. Not shown is
the larger amino-terminal domain to which the cyclic AMP
is bound. The structure in the crystals is dimeric with the amino-
terminal domains refated by a local two-fold axis. However,
the carboxyl-terminal domains adopt somewhat diflerent confor-
mations and are not exactly two-fold-related (McKay ef al., 1982;
Steitz et al., 1983Dh).

4. MODELS FOR DNA-BINDING

To date, no structure has been determined of a sequence-
specific DNA-binding protein complexed with its target DNA
sequence.  Structural models for DNA-protein recognition the-
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refore rely primarily on inspection of the uncomplexed proteins
as seen in the respective crystal structures (Fig. 1).

For Cro protein, the 34A spacing between the two-fold-related
az helices, together with their angle of tilt (Fig. 1), strongly sug-
gests that these a-helices bind within successive major grooves
of right-handed Watson-Crick DNA as illustrated in ligure 2.
It is presumed that the flexible carboxy-terminal residues of Cro
participate in DNA binding by lying along the minor groove.

This model for Cro binding is not only attractive stereochemi-
cally, it also is consistent with chemical protection and modifi-
cation studies of the DNA as well as the protein, and is supported
by recent NMR studies {Arndt e ol., 1983). A characteristic
feature of the model is the match between the two-fold symmetry
of the protein and the {approximate) two-fold secquence and spa-
tial symmetry of the DNA binding site (Anderson ef al.,, 1981;
Matthews e al., 1983; Ohlendorf et al., 1982).

A very similar mode of DNA binding has been proposed
for A repressor. Here also there is a pair of two-fold-related
ay-helices (Fig., 1) that are presumed to bind within successive
major grooves of Watson-Crick DNA. Furthermore, the amino-
terminal residues of 4 repressor form two long ““arms”™ with
flexible ends that “ wrap around > the DNA when the protein
binds. In this case the “ arms” contact the major groove of the
DNA. The presumed mode of DNA binding is consistent with
DNA protection and modification studies (Pabo & Lewis, 1982;
Lewis el al., 1983). Also the model is strongly supported by the
obscrved locations of mutations in A repressor that alter DNA
binding {Fig. 3} (Nelson et al., 1983; Hecht et ol., 1983).

The mode of interaction of CAP with DNA is not obvious.
As can be seen in Fig. 1, the a, helices arc 34A apart, but their
tilt {c.f. Cro) is not complementary to the grooves of right-handed
B-form DNA. TFaced with this dilemma, Steitz and coworkers
initially proposed that the DNA changes from right-handed to
left-handed when CAP binds to its sequence-specific sites (McKay
& Steitz, 1981). However, cxperiments designed to test this
hypothesis indicate that there is no unwinding of the DNA when
CAP hinds to such sites (Kolb & Bue, 1982). CGurrent models
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Fre. 2. Stylized drawing showing the complementarity hetween the structure of Cro repressor
protein and DINA. In the presumed sequence-specific complex, the protein is assumed to
move closer to the DNA, with the oy helices penetrating [urther into the major grooves of
the DNA than is shown in the (igure. The carboxyl terminal residues of the protein are presumed
to bind in the vicinity of the minor groove of the DNA, In order to maximize the contacts between
Cro and DNA, the protein may undergo a hinge-bending motion andfor the DNA may bend
{as shown), although these are not essential features of the model. The DNA is represented
stylistically by large dotted sphere centered at the phosphate positions and small dotted spheres
that follow the bettom of the major groove. In the protein, cach residue is represented by a
single sphere.  Acidic residues have solid concentrie ¢ircle shading, basic residues have broken
circle shading, uncharged hydrophilic residucs have dotted cirele shading and hydrophobic
residues have no shading (after Anderson ef ol., 1981; Ohlendor{ ef al., 1982},
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suggest that CAP may indeed bind to right-handed DNA with
the N-terminal parts of the a, helices placed within successive
major grooves (Pabo & Lewis, 1982; Steitz ¢t al., 1983a}. Recent
studies of mutants of CAP that recognize altered DNA sequences
support the right-handed DNA model (personal communication
from R. Ebright).

5. SEQUENCE SIMILARITIES IN DNA-BINDING PROTEINS

Following the structure determinations of Cro, GAP and A
repressor, it has become apparent that these threc proteins have
features in common which, presumably, extend to a number of
other DNA binding proteins.

The suggestion that several DNA-binding proteins might have
structural similaritics came first from comparisons of their amino
acid scquences. In some cases, such as Cro and A repressor, the
sequence homology is poor, and was not apparent on first inspec-
tion. However, with additional sequences available, the overall
homology becomes obvious (Fig. 3). The sequence homology
includes not only repressors and activator proteins from different
phages, but also other DNA binding proteins such as the flac repr-
essor from £. coli {Anderson el al., 1982; Matthews et al., 1982;
Sauver et al., 1982; Ohlendorf ¢t al., 1983h; Weher et al., 1982).

The region of best sequence homology occurs within the parts
of the sequences that align with the ¢, and ¢, helices of Cro and
of 1 repressor, 1Le. within the part of the respective proteins that
are assumed to interact with the DNA. Thus, it is rcasonable
to infer that the homologous proteins contain an a-helical DNA-
binding supersecondary structure similar to the a,-a; fold seen
in Cro and 4 repressor. The locations of known mutants of lac
repressor are consistent with such a hypothesis (Fig. 3) and ad-
ditional support in this case has subsequently come from NMR
studics (Arndt et al., 1982; Zuiderweg et al., 1983).

6. STRUGTURAL SIMILARITIES IN DNA-BINDING PROTEINS
Independent of the above sequence relationships, it was found

that Cro and CAP have a striking structural correspondence in

their presumed DNA binding regions (Steitz et al., 1982). The
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three a-helices {ay, @y, @) in the carboxyl-terminal domain of
CAP can be approximately superimposed on the a, o, and a,
helices of Cro (Figs. 1, 3). For the ap-a; and a,-a; helical units
the superposition is striking. There arc 24 g-carbons in the re-
spective units that superimpose with an average discrepancy
of 1.1A. An exhaustive search through all protein structures in
the Brookhaven Data Bank failed to find a similar two-helical
unit. Following the determination of the gene sequence and the
inferred amino acid sequence of CAP it has been shown that
there is an amino acid sequence homology between CAP and other
DNA-binding proteins corresponding with the observed structural
homology between CAP and Cro (Weber et al., 1982; Ohlendorf
et al., 1983D).

It has also been shown for Cro and A repressor that their a,
and ay helices, and parts of their a; helices as well, spatially su-
perimpose (Ohlendorf et al., 1983a) (Figs. 1, 3). Again, as with
Cro and CAP, it is the ay-0; helical units of the two proteins that
have virtually identical conformations.

The alignment of the sequences of the DNA binding proteins
included in Fig. 3 is based in part on scquence homology and also
on structural homology between Cro, CAP and A repressor. The
residues that are buried tend to be most strongly conserved.
Recent amino acid sequence comparisons made in the light of
the known structures of Cro, CAP and A repressor, suggest that
the two-helical unit may occur in additional DNA-binding pro-
teins not included in Fig. 3, that are involved in gene regulation
at the level of transcription (Ohlendorf{ e al., 1983b; Pabo &
Sauer, 1983).

7. SIMILARITIES IN DNA BINDING

The amino acid sequence comparisons and the structural
comparisons both point to a special role for the two-helical “ ay-
a3 7 unit in DNA recognition and binding.

The mode of interaction of this unit with DNA, as inferred from
the structure of Cro, 1s sketched in Fig. 4. The presumed mode of
binding of the a,-¢; helical unit in A repressor is very similar al-
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"“‘-_
DNA - binding
domains

FiG. 4, The figure illustrates the general nature of the interaction presumed to occur in many
DNA-regulatory proteins between a common oy helical unit and right-handed B-lorm DNA.
At left is a ““side view " with the two-fold axis of symmetry {arrowed) extending from lefi o
right.  On the right the view is **face on ” (aflter Ohlendorl et of., 1983b).

though not identical. The @, helix occupies the major groove
of the DNA with its amino acid side chains positioned so as to
make sequence-specific interactions with the exposed parts of
the DNA base pairs. Side chains of the @, helix are also presumed
to contact the DNA, these interactions being primarily to the
phosphate backbone.

It is reasonable to anticipate that similar modes of DNA
binding will be found for a number of other gene regulatory
proteins whose scquences have been shown to be homologous
with those included in Fig. 3. DNase foot-printing and chemical
protection experiments have estimated the sizes of the recognition
sites for such proteins to be about two turns of the DNA helix
{usually 15 to 20 nucleotides). This is the DNA length which
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would be expected to be covered by the DNA recognition super-
sccondary structure.

Although Cro and A repressor bind to the same sites on the
DNA (albeit with different relative affinities), the amino acid
sequences of their ¢, ““recognition helices” arc substantially
different (Fig. 3). In contrast, the comparison of the three-di-
mensional structures of the two proteins show that the backbone
conformations of their respective a,-a3 units are practically iden-
tical, However, the structural comparison also shows that there
are stereochemical restrictions that prevent these units binding to
the DNA in exactly the same way. Cro and A repressor apparently
use a non-identical set of amino acid side chains organized in a
somewhat different spatial arrangement to recognize the same
DNA sequence (Oblendorl et al., 1983a). This suggests that
there is not a simple one-on-one rccognition code between amino
acids and Dbases.

8. ELECTROSTATIC BINDING

The phosphate backbone of DNA is highly charged and it
is to be anticipated that the interaction between proteins and DNA
will have a significant ionic component.

For CAP and Cro, the known three-dimensional structures
have been used to calculate the clectrostatic potential surface
surrounding the respective proteins. The calculated potential
for Cro is shown in Fig, 5 (Ohlendorf ¢t al., 1983). There is a
dominant, clongated positive region that coincides remarkably
well, both in position and orientation, with the presumed DNA
binding site. For CAP there is also strong calculated positive
potential in the presumed DNA binding region. The distribution
scems to be more consistent with CAP binding to right-handed
rather than left-handed DNA (Steitz et al., 1983Db).

9, RECOGNITION OF SPECIFIC SITES

The above models for DNA-protein intcraction are based in
large part on an overall structural complementarity between the
protein and the DNA. An underlying assumption of such models

9
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is that the DNA docs not change its conformation very much
when the protein is bound. This has been experimentally verified
for lac repressor, A repressor and CAP. The complementarity
between the shape of the protein and the shape of the DNA is

.”'\\\::;,l "0;'.-

\\v..

Fre. 5. Calculated electrostatic potential energy surface for a dimmer of Cro. Contours are
drawn at intervals of 1.5 kT with poesitive potential energy shown as solid lines and negative
as broken lines. The backbones of Cro (below) and DNA {alove) are superimposed as solid thick
lines ({after Ohlendor! ¢ ol., 1983¢).

also consistent with the observation that these proteins bind to
non-specific sites on the DNA (I, co 10-® -10-*M)} in addition
to their specific sites (K, oo 1070 -10-12 M).

In order to obtain an insight into scquence-specific recognition,
model building and refinement were used to develop a detailed
model for the complexes between Cro and DNA (Ohlendorf
et al., 1982). 'This model is consistent with the know aflinitics
of Cro for its six binding sites on A DNA and for mutant sites as
well, The model suggests that the recognition of a specific base
sequence on the DNA 1s due, in large part, to a complementary
network of hydrogen bonds between amino acid side chains of
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the protein and DNA base-pair atoms exposd within the grooves
of the DNA.

The hydrogen bond network that is presumed to exist between
Cro and its tightest known binding site, 0,3, 1s shown schema-
tically in Fig. 6. In the figure, the successive base pairs are ima-
gined to be scen edge-on, with all the possible hydrogen bond
acceptor and donor atoms indicated. Atoms that do not hydro-
gen bond to the protein are presumed to remain hydrogen bonded
to solvent, One striking feature of the model is the multiple
hydrogen bonding of the amino acid side chains, for example,
Arg 38, Lys 32, Gln 27 and cven Scr 28 (Iig. 6). Such bi- and
multi-dentate interactions provide a clear rationale for enhancing
the specificity of DNA-protein recognition. Also, as has been
shown for lac repressor, hydrophobic interactions can play an
important part in recognition.

While protein-DNA interactions of the sort shown in Figure
6 are presumed to be responsible for recognition of a specific
base sequence, it is understood that the overall energy of interac-
tion of the complex comes primarily from intcractions with the
DNA that do not depend on the base sequence, including the 1onic
interactions suggested by Fig. 5.

10. PRINCGIPAL TEATURES OF DNA RECOGNITION

Taken together, the structural studies of Cro, CAP and A
repressor suggest the following principal features for DNA-pro-
tein recognition (Matthews ef al., 1983; Ohlendorf et al., 1982;
Steitz el al., 1983a; Pabo & Sauer, 1984):

@) The {approximate} two-fold symmetry of the DNA bind-
ing sites is matched by two-lold symmetry of the protein.

by A pair of two-fold-related a-helices bind within successive
major grooves of the DNA.

¢) A number of proteins that recognize specific sites on DNA
contain a similar two-helical DNA-binding structure.

d) Recognition of specific binding sites on DNA is accom-
plished, in large part, by a nctwork of multiple hydrogen bonds
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T16, 6, Schematic representation of the presumed sequence-specific inferactions between CGro
and the parts of the base-pairs exposed within the major groove of the DNA. The direction of
view is imagined 1o be directly into the major groove of the DNA with the base-pairs scen edge-
on. The dyad symbol within the topmost base pair indicates the cenfer of the overall 17-base-
pair binding vegion. The symbels are as follows: 3, hydrogen bond acceptor; $, hydrogen
bond donor; O, methyl group of thymine; ¥, guanine N7 which is protected from methylation
when Cro is bound. Presumed hydrogen bends between Ciro side chains and the bases are

indicated (I}, Apparent der Waals contacts between Cro and the thymine methyl groups
are not shown (after Ohlendor! ef of., 1982},
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between side chains of the protein and parts of the DNA basc
pairs exposed within the grooves of the DNA.

¢) A specific site on DNA does not need to change its con-
formation in order to be recognized.

f) Flexibility of DNA-binding proteins may be important
in finding the correct site on the DNA and binding to it.

11, EVIDENCE IN SUPPORT OF THE STRUCGTURAL MODELS

Considerable evidence, some very recent, provides support
for the general features of DNA-protein recognition as summarized
in the previous scctiom.

a) DNA protection and modification experiments of' John-
son ef al. {1981) and Pabo e al. {1982).

b) Lysine protection and carboxypeptidase digestion ex-
periments for Cro (personal communication from Y. Takeda).

¢) NMR studies of Cro {Arndt ¢f al., 1988} and lac repressor
{Arndt et al., 1982; Zuiderweg ¢t al., 1983).

d) Mutants of 1 repressor, Cro and GAP that lack the abi-
lity to bind to DNA (Hecht et af., 1983; Nelson ¢ al., 1983; Pabo
& Sauer, 1984; R.T. Saucr, personal communication; R. Ebright,
personal communication).

Presumably the best way to confirm the detailed basis of DNA-
protein recognition will be to determine the structures of specific
DNA-protein complexes.  Suitable crystals of such complexes
have been obtained in several laboratories and detailed structural
analyses arc underway {Anderson ef al., 1983; personal communi-
cations from J. Rosenberg, M. Ptashne and S. Harrison).
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PROTEIN-NUCLEIC ACID INTERACTIONS
MODELS AND REALITY *

WOLFRAM SALNGER

Institut fiir Kristellographie, Ireie Universitit Berlin
Takustr. 6, 1000 Berlin 33, FRG

ABSTRACT

The simple schemes which can be drawn on a theoretical basis for protein-
nucleic acid interactions are only rarcly observed in reality. Complexes between
individual amino acids and nucleotides or their constituents are hard to erys-
tallize and even then, interactions are often not as expected. I nucleotides
or single stranded polynucleotides bind to proteing, they unfold with torsion
angle v{O;~C;-C,~Cyr) in -5¢ or ap range instead of the usually preferred --se.
In this form, phosphate-sugar-base can interact better with protein active sites,
On the other hand, double stranded DNA maintains its helical structure and
proteins associate by inserting a-helices in major grooves as suggested by mo-
del building studies with repressor molecules.

INTRODUCGTION

In biology, the most important molecules are nucleic acids
and proteins, Whereas the latter are composed of 20 different units,
occur in a large varicty of shapes and sizes and take part in essen-
tially all processes associated with life, the nucleic acids are less
versatile. They consist of only 4 units, play a role either as single
strands or as double helices, and are found in two varietics, RNA
and DNA. Nevertheless, they have a crucial function because
DNA as site of genetic information and RNA as messenger and
as transfer RINA are essential for the expression of genetic infor-
mation. This expression comprises DNA replication, DNA tran-

* To be presented at the Pontifical Academy of Sciences, Meeting of the Study Group on
Specificity in Biolegical Interactions, City of Vatican, November 9-11t, 1983,



100 PONTIFICIAE ACADEMIAE SCIENTIARUM SCRIPTA VARIA 55

scription inte complementary messenger RNA and translation
of messenger RNA nucleotide scquence into protein sequence,
this step being mediated by transfer RNA.

These events are so complex that they are only partly under-
stood. In any case, they depend on protem-nucleic acid recogni-
tion which is also essential in other biological contexts where nu-
cleic acids or their constituents interact with proteins or other
molecules and is therefore of general importance.

During the past two decades, many studies have been report-
ed which are of relevance for the understanding of protein-nu-
cleic acid interactions. These include model systems employing
amino acids and nucleotides or only bases, more realistic cases
where polypeptides are investigated, “ rcal™ systems including
protein-nucleotide and protein-nucleic acid complexes, and mo-
del building studies where DNA was fitted to known protein
structures. It is the aim of this paper to give an assessment of the
present statc of the art,

1. MODEI CONSIDERATIONS

At the outset, let us investigate what parts of amino acids
and of nucleotides and what kinds of interactions are rclevant
if protein-nucleic acid interactions are considered.

Nucleotides arc composed of the three moieties phosphate-
sugar-base which can interact with a protecin. In general, con-
tacts to phosphate and sugar are said to be unspecific because
these groups belong to the “inert” backbone whereas contacts
to bases are said to be specific.  This notion, however, is questio-
nable because in most instances a protein intcracts with base, sugar
and phosphate simultaneously and proper alignment is required in
order to produce a biologically active complex. On the other
hand, amino acid side chains are taken to be specific sites in
protein structure.  Looking at the protein as a whole, however,
we know that its function is intimately correlated with the three-
dimensional folding (Schulz & Schirmer, 1979) and therefore
the “inert” backbone conveys specificity which can be even
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more important than individual side chains. In essence, if con-
sidering specific protein-nucleic acid interactions, onc should
not only look at amino acid side chains and nucleotide bases,
but be aware of the intricate folding of the “inert > backbone in
proteins and in nucleic acids which can as well express specificity.
As we shall sce later, backbone interactions can even be more
specific than those involving side chains.

On a theoretical basis, many interactions between proteins
and nucleic acids can be formulated. They comprise:

1) salt bridges between charged groups, e.g. phosphate and
lysine, arginine, histidine;

2) hydrogen bonds between functional groups, i.e. amino-,
imino-, keto-, hydroxyl groups. These can also involve charged
phosphate, ammonium or guanidinium groups;

3) hydrophobic interactions between non-polar groups;
4) stacking of aromatic amino acid side chains with bases.

Some of these interactions are presented in Iigure 1. In all
cases < cyclic > hydrogen bonds or salt bridges are drawn because
they appear to be more preferred than single, individual inter-
actions as has been demonstrated for basc-base association {Kyo-
goku et al., 1976). Of course, many more examples can be thought
of, especially if dipeptides or longer oligopeptides are folded
properly to allow for multiple contacts with bases or if besides
bases, sugar and phosphate moieties are included as well. Obvious-
ly, there are many possibilitics and theoretical predictions arc
bound to fail because the system is too complex.

2. LARGER MODEL SYSTEMS $TUDIED THLRORETICALLY

The situation is different if well-defined secondary or tertiary
structures of nucleic acids and of proteins serve as matrix to which
the other partner is fitted. If we consider a Watson-Crick double
helix, specific recognition of base sequence is only possible in
major and minor groove sites if sugar-phosphate backbone is
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F16. 1. Schematic representation of interaclions between amino acid side chains and nucleic
acid bases, and phosphate groups. Taker from (Sacnger, 1983).

taken as regular, “inert” part of the helix'. In a theoretical
study, it was proposed that the major groove should be the pre-
ferred target site because here distinction between A/T and G/C
base-pairs is far better than in the minor groove, (Sceman et al.,

1976).

L This is probably incorrect, because we know [rom the published oligonucleotide crystal
structures that base sequence is to some extent correlated with sugar pucker (2. Dickerson, 1983).
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We can go further and try to model-fit nucleic acid double
helices and protein f-pleated sheet and g-helix structures. In
protein structures, antiparallel S-sheets generally display a right-
handed twist which corresponds closcly to the curvature of grooves
in A-RNA or in A-DNA (Chothia, 1973). It was indeed possi-
ble to construct a model complex where a parallel or antiparallel
fB-sheet is inserted in the minor groove, with peptide N-H acting
as hydrogen bond donors to A-DNA (or A-RNA) 03’-atoms.
Even B-DNA is able to accommodatc an antiparallel p-sheet
if certain steric requirements are observed (Church et al., 1977},
and we shall sece later that in ero repressor such a scheme appears
to be verified. An important point is, that the dyad symmectry
inherent in the DNA (or RNA) double helix is also present in
antiparallel f-sheet, so that the overall symmetry is maintained
after complex formation. This is not the case for the parallel
B-sheet, but two such f-sheets arranged in antiparallel orientation
in consecutive minor grooves could satisty two-fold symmetry re-
quirements. In this context, it is of interest that most of the pro-
teins interacting with the DNA double helix are dimeric so that
the dyad symmetry of the overall complex can be preserved
(Sobell, 1976).

3. LEXPERIMENTAL MODEL SYSTEMS FOR NUCLEIC ACIDS AND POLY-
PEPTIDES OR THEIR CONSTITUENTS

There have been numerous attempts to study protein-nucleic
acid interactions by Jooking at individual nucleotides and amino
acids using spectroscopic and crystallographic methods. Because
the latter provide for a clearly defined picture of the mutual
interactions between the two partners, results obtained crystal-
lographically arc discussed here. In detail, it was observed:

A} Interactions between bases and carboxylie acids occur ify
for instance, N, in cytosine is protonated and the negatively
charged carboxylate accepts two H-bonds from N,-H and N7-H
(Ohki et al., 1980). This scheme is not invariant, however, be-
cause in 5-bromocytosine, the bases are dimerized cyclically via
two N,-H..N; bonds. Therefore, N, cannot be protonated;
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the partner glutamic acid does not dissociate and hydrogen bonds
{carboxyl} O-H...O, {cytosine) (Ohki ef al., 1977a). A compa-
rable case is also found in the self-complex formed by thymidine-
§-carboxylic acid {Suck ef al., 1974).

B) In solution, tryptophan forms strong charge-transfer com-
plexes with bases, as indicated by spectroscopic methods {Morita
1975). Surprisingly, however, if cocrystallized with 9-methyl-
adenine, no stacking is observed and the indole N-H forms only
hydrogen bonds with adenine N, and N, (Ohki e al., 1977Db}.

() Stacking can, however, be induced if bases are suitably
modified as in case of 1[,9-dimethyladenine, nicotinamide and
isoalloxazine which were cocrystallized with tyramine, an analog
of tyrosine {Ishida ef al., 1980). Stacking between naturally oc-
curring constituents was only observed in one example, uracil
and phenylalanine. The two partners are, however, covalently
linked to form a nucleoside peptide 5-|N-{L-phenylalanyl)-
amino luridine with the amino acid attached at the 5-position
of uracil, and therefore the situation is again artificial (Berman
et. al., 1973).

D) In the crystal structure, the above-mentioned molecule
also displays base-peptide hydrogen bonds. Similar interaction are
observed as well as in another ““ hybrid 7 molecule, 3-{adenin-
9-yl} propionamide with propionamide bound to N, of adenine,
(Takimoto e al., 1981). It should be noted, however, that both
cases are no cocrystallizations and that the partners, if not linked
covalently, might have crystallized differently, if not separately.

E) In addition, there are several instances of * hybrid ”
protein-nucleic acid constituents which crystallized without any
interaction between the partners and display only contacts protein-
protein and nucleic acid-nucleic acid Ohki e al., 1977c; Nara-
yanan and Berman, [977). This means that there is no tendency
to organize in a pattern where protein-nucleic acid contacts
are possible, although the two different moieties coexist in the dame
crystal.

In conclusion, all these examples suggest that complexes be-
tween constituents of proteins and nucleic acids do not form rea-
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dily, that patterns of interactions cannot be predicted and that,
cven if they are successfully cocrystallized, there might be no
inter-partner contacts. Needless to say that there have been nu-
merous frustrating crystallization experiments in many labora-
tories (including our own) which arc not reported in literature.

The situation is more clear if interactions between charged
groups like phosphate and primary ammonium (= lysine) and
guanidinium groups (= argininc} are studied. Phosphate or
dicthylphosphate were cocrystallized with arginine, propylgua-
nidine, putrescine, and complexes with structures sketched in
Figure 2 were obtained (Furberg and Sglbakk, 1974). They sug-
gest how the geometry of complexes between DNAJRNA and charg-
ed amino acid side chains can look like and they were used as a
basis in the investigations of complexes between double hclical
nucleic acids and synthetically available polylysine and poly-
arginine which may be considered as models for protamines,

Polylysine and polyarginine complex with DNA in a coope-
rative and irreversible mode (von Hippel and McGhee, 1972).
The positively charged polypeptide side chains neutralize negative
charges on phosphates and, at appropriate concentrations, DNA
is condensed into rod-like structures and precipitates. In all
cases, the melting temperatures Ty of the DNA or RNA double
helices arc raised after complex formation because negative charges
arc now shiclded and repulsion is diminished. The two polypep-
tides exert a different influence on DNA structure, polyarginine
preserving B-DNA under all humidity (or salt) conditions whereas
polylysine induces some conformational change attributed to
A, C and distorted B-forms (Suau and Subirana, 1977; Prescott
et al., 1976).

Aromatic amino acids are able to intercalate between basc
pairs, a process called © bookmarking » (Gabbay ef ol., 1973; Hé-
lene and Maurizot, 1981). It occurs casily if the aromatic residue
X is flanked on one or on both sides by basic amino acids, e¢.g.
Lys-X-Lys. NMR studies revealed that binding takes place in
two steps, one fast (on the periphery) and the other slow (interca-
lation). There is even modest sclectivity for intercalation in DNA,

Trp > Phe > Tyr > Ilew
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Besides these complexes formed between DNA, RNA and oligo-
or polypeptides, interaction between protein a-helix and transfer
RNA (tRNA) was observed when crystals of phenylalanyl-spe-
cific tRINAre were soaked with protamine AT (Warrant and Kim,
1978). This is a polypeptide mixture of 4200 daltons on average
and composed primarily of Lys and Arg. Protamine adopts a
helical structure, i.c. its positively charged groups are arranged
like bristles of a brush and interact with phosphate groups in minor
(wide and shallow) grooves of tRNA. This information was ex-
tended to DNA and models were put forward where a protein
a-helix binds to the major groove of B-DNA although binding
to minor groove sites could not be ruled out. Recalling that the
major groove is better suited for specific sequence recognition
than the minor groove (as outlined above), major groove binding
of a-helix to B-DNA should be preferred and is probably crucial
in repressor-DNA binding as outlined further below.

4., EXAMPLES FOR SPECIFIC PROTEIN-NUCLEIC ACID INTERACGTIONS

We shall now discuss systems where the topology of both
partners or at least of one of the (macromolecular) partners s
known from detailed X-ray crystal studies so that the mutual
recognition can be inferred with some safety. These systems are
grouped as follows:

A) Protein interacting with nucleotides and coenzymes;

B) Complex between RNA single strand and protein in to-
bacco mosaic virus (TMV);

C) Model building of DNA single strand to crystallographi-
cally derived structure of phage fd gene 5 protein;

D) Fitting of B-DNA to crystal structure models of netropsin
and of cro and J repressors and catabolite activator protein (GAP).

Since we arc now dealing in more detail with structures of
nucleotides and of single and double stranded nucleic acids, let
us first consider what the most preferred conformational para-
meters of 4 nucleotide are (Sacnger, 1983.) On the basis of spec-
troscopic, theoretical and crystallographic data it was concluded
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that in a 5’-nucleotide which constitutes the basic building block
of ADP, ATP, coenzymes and nucleic acids,

(1) The base favours the anfz orientation, i.e. the bulk of the
basc (O, in pyrimidine and G, in purine) is directed away from
the sugar, with torsion angle y {O~G-N;-Cy or O,~Cy-Ng-Cy)
at -900 < y < -1609. The syn form with 00 < » < 1000
is sometimes observed for purines, very rarely for pyrimidines.

(ii) The sugar puckering mode is Cy-endo or Cy~endo;

(ii1) Torsion angle y (O;-Cy-Cy-Cy.) describing orientation
about C,~C;. bond is +s¢ (~ 600)2;

{iv) C-O torsion angles f (P-O,-Cy~Cy.) and e{Gy~Gy-O4 P}
are both ap (~ 180°);

(v) In helical polynucleotides with right-handed screw sense,
P-O torsion angles ¢ and { are in -s¢ range {~ 3000},

These structural features are maintained for a nucleotide in
solution, in the crystalline state or if incorporated in DNA and
RNA double helices, i.c. the nucleotide can be treated as a * rigid
unit (Sundaralingam and Westhof, 1979). It is stabilized by a
(base)C-H..Oy. interaction (Taylor and Kennard, 1982) which
pulls O, “over ” the sugar and gives the nucleotide a compact
form. If a nucleotide as such or as constituent of a coenzyme or
single stranded RNA or DNA interacts with a protein, a confor-
mational change occurs in most cases which rotates Oy, away from
the sugar (y in -sc or ¢p) and thus produces a nucleotide in extend-
ed conformation {Figurc 3). Now all parts of the nucleotide, i.e.
phosphate-sugar-base, are exposed and can interact much better
with the protein surface than the nucleotide in its ““ rigid » form.
Let us discuss in more detail how these interactions look like.

Proteins Interacting with Nucleotides and Coenzymes

In Table 1, conformations of nucleotides bound to several
different proteins are gathered. There are only two examples,
the binding of GDP (o clongation factor Tu and NAD* bound
to lobster glyceraldehydephosphate dehydrogenase where y is in

o

? s == syn-clinal (~60%) (gauche), ac == anticlinal {~ 1200), ap = antiperiplanar (frens)
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@ URIDINE-5-PHOSPHATE
&) COMMON ATOMS Cl4'}-0f1')-Cir)
(O 6 AZAURIDINE-5-PHOSPHATE

Fie. 8. Conformational change of a 5-nucleotide with torsion angle y (Ogr-Cyr-Cyr-Cyr) in the
wsual -§ sc form {structure with flled bonds = uridine-5-phosphate) and in ap {open bonds,
G-azauridine-5'-phosphate). Note differences in position ef the phosphale group relative to the
nucleoside moiety, Central bond C-Cyr of torsion angle v marked by arrow. Taken lrom
{Suck et al,, 1979).

the ““ rigid * +s¢ range. In all other complexes, 4 1s in the unu-
sual -s¢ or ap forms, consistent with maximum extension and op-
timum interactions with the protein surface.

If we compare the arrangements in the known protein-nu-
cleic acid interactions, can we deduce any rules or recognize
any rccurrent motifs ?

Macroscopically, many of the nucleotide binding proteins
are composed of a certain sequence of a-helices and f-pleated
sheets in (faf) topology. This kind of tertiary structure was first
discovered by Rossmann in dehydrogenases. It seems to be a
general feature that has been conserved evolutionarily and has
been found in several other proteins as well {Rossmann et al., 1975).

On a more detailed level, we can look at individual contacts
between nucleotides and proteins. The question arises whether

0



.
a

"

PONTITICIAL AC

110

"d-O-d-°0 218ue uoIIO: SACUIP % AV PU¥ HIAYN ‘+A¥N Ul o

SOTIIOWN HS0QI1 PUR D50QI1 SPIUWBUNCOIT ‘QUIPNIAD ‘DQUISOUIPE 23BIPUL Y ‘N ‘D YV «

IENTIARUM SCRIPTA VARIA 55

ADEMIAE SC

opu- 2y CL— 062 02 ¢el 0s1 g nungnsg
opua-23 0t cig €61 S o z uwzazoxd Jod sapn
opua- 53 0L 0L 0L} 0¢z GF1 T -0o[NU 239U} YNY SILILA DIESOUL 0I0B]OTY,
opua- Fr Hup de d{rp)d aseapnu [e220d0Ayderg
opua- 50 ul ov -+ JND ,Z T1, osearonuoqry
opua- £1) z— 1zl et A - v
opua-, 0y LoT— — 012 - — o v (¢ %% 9O § ASeapEmMuOqIy
opa- 20y qup — de de os 4 v
opua- 50y up B~} e — o n w4, g osesponuUoqIy
opus-F0y Huo e de — — NeqoD dLV-1-g OSBUTOXOH]
opua- 1) up e 28+ 091 09 Jas ny, 10198] uoneSuo(y
oxa- £y up 0g G oF1 0Ll IJB[AUDPe- G-[ISOXA T, ASTIMPIUAS YN I (Aol
opua-F0) bt L 89— 91— FLi— N
opus- £y g6 cil— 191 LL v HEAVYN ISLIIMPIT AVROFOIPAYDT
_ [481 FEl 1< kil
opua-Fy 08— 6% HA €91 v SO V1Y-g
- [ 12! Ic o
opus- 0y ot 6% 651 Ll v 250qU- (Y 252UIS0IPAYIP [OYOI[E IAAT]
opur-70) g 88 0r— LF1 N
opuz- 0y 04— 51 8L ec v +A¥N aseusZ01pAyap anerepy
opus- ¥y wly ) o5+ 28 N jmngns pax
opus- 5y juv de 05— et Y
opua- £y uts o -+ o5+ 254 N ungns weaxs 2SRUDFOIPAYDP
opuz- Fry udy de de ' Je-- \'% SI¥N areydsoyd-g-apAyaplersodn
opur-F£0) P 6% £6— 691 8 N
opua- fry 16— gcy Qi 0z 601 v eantdd VN osEURFOXPAYIP 21EET
opa ) 06— L8 g~ L1 80t N
opua- 0y 96— g T 81 £0T v +dVN aseusBorpAyap Mene]
apua- # b 89T— 891 €97 aav aseuasoapiyop ey
opur- £ 16— 8L1 LT AWNV-,§ 2SEUBE0IPAYIP NTI0TY
xoxond x ] A I e
1eEns {0) s918uy uowsIOT,

¢ IPNIGIPRNAY

urmorg

{¢g61 “wafusng) wotf usypy

sunjosg Jo sang Supurg yium pappasssy wsym sspuospny fo suoypuiefuory ] a1avy,



SPECAFICITY IN BIOLOGIGAL INTERACGTIONS 111

there are some general rules and, in particular, are predictions
possible as derived in Figure 1? If we look at Table 2 where
protein-nucleic acid interactions found in several X-ray crystal
structures arc summarized, it is clear that this simple view cannot
be true. There are many intcractions between nucleotide pho-
sphate, sugar, base moleties and protein main chain as well as
side chain atoms which are unpredictable and cannot be assigned
to a general scheme. The only more “logical® contacts in Table 2
are the pyrophosphate-Arg salt bridge in the complex between
dihydrofolate reductase and NADPH (Matthews ¢ al., 1979)
which could have been proposed on the basis of Figure 3, where-
as the salt bridge between RNase S and the phosphate of Cp(2/,
5A involves the unpredictable combination of Glull, Hisl2,
and peptide of Phel20 (Wodak et al., 1977).

Morcover, there are “ hydrophobic pockets” in protein ter-
tiary structures which can accommodate bases. These pockets
can be rather unspecific as, for instance, in case of the lactate
dehydrogenase-NAD' pyruvate complex where adenine is not
involved in any hydrogen bonding (Chandrasckhar et al., 1973).
A similar unspccific insertion is found in dihydrofolate reduc-
tase where adenine of NADPH is bound in an unspecific pocket
in contrast to nicotinamide which is pocketed and recognized by
hydrogen bonds to main chain CO and NH groups, Table 2
(Matthews et al., 1979).

Staphylococcal nuclease is an enzyme that hydrolyzes RNA
and DNA single strands at the Oy-P bond and is not specific for
bascs. The latter are bound in a broad trough at the protein sur-
face via hydrophobic forces and there are no hydrogen bonds
involved in the recognition process. On the other hand, the pho-
sphate group is very specifically and tightly bound by two arginines
35 and 87 in bidentate mode already discussed in the model struc-
tures in Figures 1 and 3; these interactions are augmented by
coordination to Ca* ion and to a water molccule.

A completely different binding of the phosphate group is
observed in ribonucleasc A (RNase A} which claeves the O,-P
bonds of single stranded RNA specifically at pyrimidine nucleotides
via formation of a 2', 3'-O-cyclophosphate intermediate. In con-
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trast to staphylococcal nuclease, phosphate is anchored by Hisl2,
His119 and Glull in a rather ““soft” mode without involvement
of a metal ion, probably because the mechanism of phosphoester
hydrolysis is completely different. Pyrimidine bases are recognized
by main chain Thr45 NH...O,(pyrimidine) and side chain Thr45-
Oy-H..Nj(cytosine) and Thrd5-Oy---H-Ny(uracil), i.e. hydroxyl
Oy-H acts as H-bond donor and acceptor (Figure 4}.

An even higher, more selective specificity is exerted by ribo-
nuclease T; (RNase Ty} which hydrolyzes single stranded RNA
exclusively at the O,~P bond of guanylic acid using a mechanism
reminiscent of RNase A. In the complex RNase T,-2'-guanylic
acid studied crystallographically, the 2'-phosphate group is hy-
drogen bonded to His40 and if the substrate with 3’-phosphate
is bound, this hydrogen bond is probably broken and there is a
hydrogen bond to His92 in adjacent position (Heinemann and
Sacnger, 1982). Therc is no apparent interaction between sugar
and protein, but a number of different contacts between protein
and guanine which can discriminate all other bases. It is surpris-
ing to find that there are none of the predictable interactions bet-
ween guanine and amino acid side chains illustrated in Iigure
1. Rather, main chain peptide groups form hydrogen bonds,
viz.  Asnd3N-H..Qg(guanine) and (guanine)N;-H...O{Asnd4),
(Figure 5). In addition, there is stacking of side chains of Tyr42
and Tyr45 with guanine sandwiched between these two groups.

Complex Between RNA Single Strand and Protein in Tobacco Mosaie
Virus {TMV)

Tobacco mosaic virus (TMV) is a rod-like virus composed
of 240 identical protein subunits, cach of molecular weight 17,420
Dalton and arranged on a helix with 16 34 subunits per turn.
Along the “ empty ” interior of the helix, a single stranded RNA
with 6400 nucleotides is wound. 'The individual protein subunits
consist primarily of a-helical secondary structure and one of the
helices formed by amino acids 108-129 interacts with three con-
sccutive nucleotides, see Figure 6 (Holmes, 1980). The bases
of these nucleotides embrace the a-helix and stick to it; nucleo-
tide 2 is forced out on a larger radius because nucleotides 1 and
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8 -oxo A

g, 4. Recognition between RNase A and pyrimidine base uracil and cytosine {tlop and centey).
In the botlom picture, interaction of 8-oxoadenosine {in gw form) and the protein active site
is shown, Inall cases, Thr 43 main chain NH and side chain Oy act as hydrogen bond donorsf
acceptors, Of special interest is the dual function of GyH which can act as donor (wilh cytosine}
and as aceeptor (with uracil). Taken from (Saenger, 1983},
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3 arc held so close together. All nucleotides are in extended con-
formation with torsion angle y in af and -s¢ range. The protein-
base recognition has to be non-specific since RNA of ““ random ”’
sequence binds with different triplets to the same protein
subunit.

Lys 41 o ’ Fig. 3. Specific interactions of guanine
with RNase T). Besides hydrogen
bonds between guanine Op and N1,
and main chain peptide groups NH
and CO of Asn 43, the guanine system
is sandwiched (stacked) between phe-
nolic groups of Tyr42 {in the rear)
and of Tyr 45 (in front}). Taken from
(Fleinemann & Saenger, 1982).

His 40 2-GMP

¢) Model Building of DNA Strand to Crystallographically Derived
Structure of Phage fd Gene 5 Prolein

Lxpression of DNA is accompanied by unwinding of the double
helix in order to facilitate recognition of DNA by several enzy-
mes. There is a class of widely distributed proteins which serve
to unwind and to stabilize the single stranded DNA. One of these
proteins is the gene 5 product of phage {d, an 87 amino acids
long polypeptide chain. It was crystallized and subjected to
X-ray analysis (Brayer and McPherson, 1983).

The individual protein molecule is T-shaped and stabilized
by f-pleated sheet structure. Two molecules form a dimer with
the T-stems in antiparallel orientation and the T-bars (which are
also antiparallel) form a shallow trough where, according to mod-
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el building studies and NMR
results, the DNA single strand
is bound. As in the RNA.
-TMV complex, DNA-protein
interactions have to be of
general type because there is
no sequence specificity. The
contacts thus far identified for
a pentanucleotide which just
fills the trough are salt bridges
between DNA phosphates and
protein arginines and one lys-
ine, as well as stacking interact-
ions of all basecs with three
tyrosines and one phenyl-
alanine. These interactions
were model-built with only
slight rearrangement of the
protein side chains and are
corroborated by spectroscopic
data,  The oligonucicotide
fitted to the proten i an
extended form, 1.e. all torsion
angles v are not in the pre-
ferred +s¢ orientation but
rather -s¢c or ap.

When  binding to DNA
double helix, gene 5 protein
dimers (which also occur in
solution) probably separate
the antiparallel DNA strands
initially and then aggregate
lincarily in a side-by-side
manner. They build up a
new helical arrangement with

Axis of Tobacco
Mosaic Virus

A

I, G.
protein in tobacco mosaic virus {TMV).

Binding of an RNA single strand to
In this
virgs, protein subunits are arranged helically
around an axis {indicaled by @) and RNA screws
at a radius of 10 A, Shown are only two helices
of the protein to which RNA in extended confor-
mation is bound. Bases (drawn as cllipses num-
bered 1, 2, 3) are tightly attached to the «-he-
lices; this binding has to be non-specific because
RNA of ““random ” sequences is recognized by
the TMV protein. Taken from (Saenger, 1983),
redrawn from (Holems, 1980},

six gene 5 protein dimers per turn with 80-90A pitch height
and the DNA is inserted in a notch at a radius of about 234,
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d) Fitting of B-DNA to Crysial Siructure Models of Netropsin and
of cro and A Repressors and Catabolite Activator Protein (GAP)

The first *“ protein > to be considered here is netropsin.  This
antibiotic, in fact, contains peptide bonds but is not composed
of amino acids. Its crystal structure revealed a bow-shaped mo-
Jecule which could easily be fitted to the minor groove of B-DNA
(Berman ¢t al., 1979) where it binds tightly, as has been demon-
strated with other methods. The model suggests that interactions
between netropsin and B-DNA comprise three netropsin N-H groups
(as hydrogen bond donors) and O, of cytosine/thymine or Nj
of adenine/guanine which are In jsomorphous locations in the
Watson-Crick base pair. These groups belong to only one strand
of the double helix, i.c. the netropsin molecule is aligned nearly
parallel to the helix axis.

The crystal structures of three *“real ” proteins binding to
DNA, namely catabolite activator protein (CAP), ero repressor
and the N-terminal DNA binding domain of A-repressor, have
been determined. Cro is a 66 amino acids long polypeptide, binds
to a necar-palindromic sequence in DNA and forms a dimer or
tetramer in solution, and the latter occurs in the crystal. Looking
at a model of cre tetramer, it was striking that one half, a dimer,
had two a-helices 34A apart, in antiparallel orientation and tilted
by 329, a geometry just ideal for fitting the ¢ro dimer to B-DNA
double helix, Figure 7 (Anderson et ol., 1981). The model showed
that the a-helices can be located in major groove sites and the
minor groove in-between is filled by an antiparallel f-pleated
sheet formed by the carboxy terminal stretch of the repressor
dimer. The very last three amino acids at the carboxy terminus
arc not seen in electron density because, as has been proposed,
they wag and act as “feclers” to recognize the DNA double
helix.

What can be said about specific ero-operator interactions?
As already outlined on a theoretical basis in a previous paragraph,
protein-DNA recognition in the major groove is more favorable
than in the minor groove, a picture consistent with the co-DNA
complex. The model indicates a large number of contact points
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which comprise hydrogen bonding and salt bridges and are in
agreement with findings from chemical studies (Matthews ef al.,
1983).

By and large, the situation in cro-DNA complex is comparable
with the N-terminal DNA binding domain of A repressor and with
CAP (Pabo and Lewis, 1982; McKay and Steitz, 1981). They
also occur as dimers and exhibit g-helices in suitable positions
and orientations so that they can be model-fitted in major
grooves of B-DNA. For CAP, binding to left-handed B-DINA was

Thre

i,g{ X R
As A’“Crf}) “ %

ol :\J

&
Fio. 7a. Model fitting of DNA to the erystallographically derived siructure of ere repressor, The
protein (Figure 7 a) exists as a tetramer with twolold symmetry and the DNA-ers arrangement

is such that the complex exhibits dyad symmetry. Note that ere e-helices i in DNA major grooves
and B-pleated sheet formed by C-terminal part of ¢re inserts in DNA minor groove,
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Fre. 7b. Illustrates the model-built DNA~cre complex tlted by 329 from the viewer to show
fitting of o e-helix (thick arrows) and Be-plated sheet {thin arrows) in major and in minor
grooves, resp, The same parts in oo monomer (Figure 7 a) are also indicaled by thick and thin
arvows. Talen from {Andersen ef «f, 1881},



120 PONTIFICIAE ACADEMIAL SCIENTIARUM SCRIPTA VARIA 55

originally proposed but more recent data suggest that this infer-
pretation might be incorrect (Salemme, 1982). In detail, of course,
there are differences between these proteins, In CAP and A-re-
pressor, the ff-pleated sheet is missing which fits so nicely into the
minor groove of B-DNA in the ero repressor. There is no replace-
ment for it in GADP but in A-repressor, the N-terminus is not invol-
ved in secondary structure and mode]l building suggests that it
embraces the DNA double helix at the “ backside by insertion
of the arms of the dimer in the major groove.

If the local geometries around the @-helices which are suppo-
scd to bind to B-DNA are compared, it is obvious that there is
a two-helix-motil’ where each g-helix that inserts in the major
groove is in near-perpendicular arrangement with another a-
helix directly associated with it.  This tertiary structure feature
appears to be general among repressors because comparison of
scquence data strongly suggests that DNA binding domains are
conserved and consist of two helices joined by a short peptide link
(Ptashne of al., 1982).

Concerning the DNA-repressor complexes, the twofold sym-
metry inherent in the DNA double helix is conserved not only
structurally but also nucleotide sequences arc palindromic or
nearly so and are matched by dimeric repressor structure. The
palindromes are, in most cases, not ideal and present a good case
where deviation from exact symmetry can lcad to fine tuning
of complex formation and association constants.

CoONCLUSIONS

The examples of protein-nucleic acid recognition which were
presented in this article cover a broad areca {from interactions
between individual units to more complex systems where proteins
associate with nucleotides, coenzymes or single and double stranded
nucleic acids. It is clear that there is not a simple scheme by which
the two partners recognize cach other. The illustrations in Figure
1 are too naive and simplified and can only be valid in a few
cases or they are augmented by other contacts or they are not
observed at all.
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One general rule is followed, however, because in almost all
complexes where nucleotides, coenzymes or single siranded DNA
or RNA interact with proteins, they adopt an extended form
with torsion angle 4 in the -s¢ or ap orientation. This facilitates
recognition of phosphate-sugar-base by the protein, yet what
protein side chain or main chain groups interact with phosphate,
sugar, base, is not predictable.

On the other hand, recognition between proteins and nucleic
acid double helices follows a more simple scheme. This is because
double helices display and maintain a well defined structure to
which the protein has to fit. Data available thus far on such
systems suggest that protein g-helices insert into major grooves
of B-DNA and in each case studied, the dyad symmetry of DNA

is also preserved by the proteins which occur in dimeric forms.
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ANSTRACT

It is now possible to change at wili amino acid residucs in proteins by
site-directed mutagenesis of their genes and hence perform structurec-activity
studies on molecular interactions. Residues in the tyrosyl-tRNA synthetase that
are known from protein crystallographic studies to interact with the substrate
arc being systematically altered in this manner and the cflects on binding and
catalysis analysed. It Is shown how the strengths of molecular interactions
may be measured and how site-directed mutagencsis can prebe such interac-
tions, The results indicate how hydrogen bonding in enzyme-substraie complexes
must be analysed in terms of an exchange process with solvent. This concept
is used to predict a structural modification that increases the affinity of the en-
zyme for ATP. It is also seen how site-directed mutagenesis can provide evi-
dence on theories of enzyme catalysis.

I. IwnTrRODUGTION

a) Oligodeoxynucleotide-divected mutagenesis

Until recently, the only general experimental procedure for
studying structure-activity rclationships in protein-ligand interac-
tions was to modify the structure of the ligand. DBut it is now
possible to study such structure-activity relationships by systema-
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tically altering the amino acid residues of a protein by site-directed
mutagenesis of its gene. For example, amino acid residues in
the tyrosyl-tRNA synthetase from Bacillus stearothermophilus have
been modificd as follows - see Fig. 1 (Winter e al., 1982; Wilkin-

¥ 5

3
GAGATGCCGCCCAAACP v prmer

e CTCTACTGCGGRTTTS
Leu Tyr Cys Gly Phe single stranded
5 3 (+IMI3 template

DNA polymerase T
subfragment | lgase

v
CAGATGCCGCCCAAAT

CICTACTGCGGGTITG
clased circular
DNA

transform  JMIO

v o v v ¥ ¥
CTCTACTGCGGGTTTG CTCTACGGCGGGTTTG
l Leu Tyr Cys Gly Phe [ Leu Tyr Gly Gly Phe

wild (4} strand mutant (+) strand

Fig. 1. Scheme for site-directed mutagenesis {Winter ¢f ol., 1982).

son et al., 1983 a). The gene coding for the enzyme was cloned
into the bacteriophage vector M 13; a short oligodeoxynucleotide
primer was synthesized that is complementary to the sequence of
the DNA to be mutated apart from a single mismatch; the mis-
match was designed to convert the codon for the target amino
acid into that for the desired mutant amino acid residue; the
oligodeoxynucleotide was anncaled to the single-stranded DNA
and used as a primer for replication catalysed hy a DNA poly-
merase; the new strand was ligated using DNA ligase to produce
a heteroduplex of wildtype and mutant DNA; host cells were
transformed by the heteroduplex to give cells containing mutant
or wildtype vector. Mutant plaques were identified using the **P-
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labelled mutagenic primer as a probe in a hybridisation assay since
it binds preferentially to the mutant DNA (Wallace ef of., 1981).

Site-directed mutagenesis has been used in the past few years
to produce mutations at the nucleotide level for studying pro-
moters, for example, or for modifying genes in regions that do
not correspond to the final structural regions of proteins. It is
only recently that the technique has been successfully applied to
studying the effects of mutation on an enzyme of known three
dimensional structure. When combined with a high resolution
crystal of a protein, site-directed mutagenesis provides a means
of measuring the contribution of all residucs at the active site to
binding and catalysis. It may also allow an assessment of the
roles of amino acid residues in the folding of the protein and the
assembly of subunits where involved.

by The target —— the tyrospl-tRNA synthetase (TyrT5)

The first such systematic study has been on the tyrosyl-tRNA
synthetase from Bacillus stearothermophilus (Winter ct al, 1982).

This enzyme catalyses the aminoacylation of tRNA™* in a
two-step reaction (eq 1 and 2) (Fersht and Jakes, 1975). ltis a

L 4+ Tyr + ATP == E.Tyr-AMP 4 PP; (1)
E.Tyr-AMP |- tRNA®Y" —=  Tyr-tRNA™" + AMP - £ (2)

symmetrical dimer of M 2 x 47.5k (Koch, 1974; Irwin et al.,
1976). The nucleotide sequence of the gene has been determined
from a clone in the vector pBR322 (Winter ef al., 1983). X-ray
crystallographic studies on the enzyme at 0.3 nm resolution have
been published (Bhat et al., 1982) and in subsequent work refine-
ment has been extended to a nominal 0.21 nm (T.N. Bhat, P.
Brick & D.M. Blow, unpublished). Most importantly, the crystal
structure of the enzyme-bound tyrosyl-adenylate complex has also
been solved (Rubin and Blow, 1981) so that there is the rare
opportunity of directly knowing the interactions of the enzyme
with a substrate (Fig. 2). Aside from this, the tyrosyl-tRNA
synthetase has convenient kinetic properties that render it a suit-
able target for mutagenesis studies: the enzyme is readily assayed
by active site titration so that accurate and reproducible stcady

u
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state kinetic measurements may be made (Fersht ef al., 1975 a);
the partial reactions of activation (eqn 1} and the overall charging
reaction are readily determined by casy assays; pre-steady state
kinetics of activation may be followed by stopped flow fluorescence

(G 98]

MC 38 Asy
I ol o

- +
c7 N NH

H - !
‘ N~H N HNw 7
Tyr 169 O/ ; / '

H
e H\ \N
co, 0 C
MC 192 Gly
oty R

Frc. 2. Possible hydrogen bonds between tyrosyl-¢RINA synthetase and tyrosyl-adenylate
(courtesy of D.M. Blow),

studies (Fersht ef al., 1975 b) and of the transfer step {eqn 2) by
rapid quenching methods (Fersht and Jakes, 1975). There are
also interesting properties of the enzyme as oligomer-kinetic
studies indicate that the two active sites interact: only one mol
of tyrosine is bound (tightly) per dimer in solution (Fersht, 1975)
as is only one mol of tRNA™T (Fersht, and Jakes 1975: Dessen
et al., 1982); one mol of tyrosyl adenylate is formed far more
rapidly than the other at the two active sites (Mulvey and Fersht,
1977).  Under the conditions of pyrophosphate cxchange, only
one active site is primarily responsible for the chemical catalysis
{Fersht et al., 1975 b).
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c) Strategy

Structure-activily relationships. The utilization of binding cnergy
is at the heart of enzyme catalysis and specificity. There is a simple
equation relating the rate constant keat/Em of the Michaclis-
Menten equation to the binding energy of the enzyme and
substrate (eqn 1; Fersht, 1974; Fersht, 1977).

RTIn(keat/Kn) = RTIn(AT(h) — 4G™ — AGy  (3)
(where AGs is the binding energy between the enzyme and sub-
strate, 4G is the energy of activation of the chemical steps, and
k and % are the constants of Boltzmann and Planck respectively.)

Using site-dirccted mutagenesis, we are able to alter the bind-
ing encrgy term, AGs, by changing the side chains of the amino
acid residues that interact with the substrate. The changes of
binding energy may be calculated from keai/Em using eqn 3 and
the importance of the interaction evaluated. 'This provides an
experimental means of measuring the binding energies of the
interactions. Theoretical considerations {Fersht, 1974) show that
reaction rate is optimized when the binding encrgies of these
interactions are realized in the enzyme-transition state complex
rather than the enzyme-substrate complex -— the concept of
{ransition state stabilization. Further, hydrogen bonds should be
particularly important in mediating such differential binding
effects because the strength of hydrogen bonding varies strongly
with interatomic distance and so is sensitive to the movement of
atoms during the reaction. Accordingly, the initial strategy of
our experiments is to alter residues that form hydrogen bonds
with the substrates.

9. RrusurLts

a) Nature of hydrogen bonding of enzymes with subsirales

The mutation of Cys-35 to Ser-35 was the very first experiment
in which a residue at the active site of an enzyme of known three-
dimensional structure was specifically mutated (Winter et al., 1982;
Wilkinson et al., 1983 a). This residue is seen in Iig. 2 to make
a possible hydrogen bond with the 3’-hydroxyl of the ribose moicty
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of Tyr-AMP. The mutation experiment changes -SH to -OH in
the amino acid side chain. Although the absolute strength of the
hydrogen bond -OH...O- is greater than that of -SH..-O- in
stimple intermolecular associations, it is {found on comparing the
wild-type Tyr'T'S with the mutant TyrTS(Ser-35) {Table 1) that

Tanwr 1. dctivation of Tyr

kcat KM K.\i k(:ntfﬁ.n
Mutant {ATE} (Tyr) (ATP)

st mM M s M!
Native 7.6 0.9 2.4 8,400
Cys--35>Gly 2.8 2.6 2.7 1,120

Cys-35->Ser 2.4 24 2,6 1,000

From Wilkinson et af. (1983a)

the wild type enzyme has a higher affinity {or the substrate {cal-
culated from eqn 3). The difference between the enzymic and
non-enzymic hydrogen bonding strengths stems {from two reasons.
i, it 1s not the absolute strength of a hydrogen bond in an enzyme-
substrate complex that affects the enzyme-substrate dissociation
constant (Jencks, 1969; Fersht, 1977). It is the difference in encrgies
of the hydrogen bond donor/acceptor in the free enzyme and the
acceptor/donor in the free substratc when they are separately
hydrogen-bonded to solvent water compared when hydrogen
bonded to cach other that is important (eqn 4).

E...OH, - $-.-HOH — E...S .- HOH..-OH, (4)

i, there are geometrical constraints on hydrogen bond formation
in enzyme-substrate complexes because the donor and acceptor
groups are held at fixed distances from cach other. For example,
the S-O distance in SH---O Dbonds is 0.5 nm longer than the
0-O in OH...O. The substitution of the side chain hydroxyl
of a serine residuc for a cysteinyl is thus energetically unfavourable
because the O-0 distance is too long (Fersht and Dingwall, 1979).
Comparison of TyrTS(Ser-35) and TyrTS(Gly-35) (Table 1)

shows that the serine side chain contributes no apparent binding
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energy with the substrate and, il anything, the presence of the
side chain actually weakens binding.

It is concluded that the presence of a poor {too long) hydro-
gen bond in an enzyme-substrate complex can increase the dis-
sociation constant and lower Aeat/&m. Perhaps the removal of a
weak hydrogen bond by site-directed mutagenesis could be used
to increase the affinity of an enzyme for its substrate?

b} Improving the enzyme

Preliminary indications suggested that Thr-51 makes a long
hydrogen bond with the adenylate (FFig. 2}. TIurther, although
all the other side chains illustrated in T'ig. 2 arc conserved in the
E. coli enzyme, it has a proline residue in this position that cannot
possibly make a hydrogen bond with the substrate and will also
distort the secondary structure in this region. Accordingly, in
light of the conclusion of the last section, we changed Thr-51 to
first Ala-51 to note the effect of deleting the hydrogen bond, and
then to Pro-51 to examine the results of causing a larger structural
change (Wilkinson et al., 1983 b).

The results for activation of tyrosine by these mutants are
listed in Table 2. It is seen that the Km for ATP of
TyrTS{Ala-51) is two times lower than that of wild type. It
does appear in fact that the interaction of Thr-51 with the sub-
strate is very weak and so lowers the affinity of the enzyme for
the substrate. Site-directed mutagenesis is thus a good fine struc-
ture probe for hydrogen bonding.

Tawvre 2, Improving the FKnzyme

Activation of Tyr

.':Cc:n K_\{ K,“ kcﬂlf““,‘n[
Mutant (ATP) {Tyr) (ATT)

st mM M 5 M2
Native 7.6 0.9 2.4 8,400
Thr-51->Ala 8.6 0.54 2.0 15,960
Thr-51—Pro 12.0 0.058 208,000

From Wilkinson ef al. (1983b}
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Mutation to TyrTS(Pro-51} causes a massive increase In
keat/[Fm, Involving Dboth an inecrease in fear and a decrease in
Kwu. Thus, engineering a single point mutation has caused a signi-
ficant improvement in enzymic activity and so shows that there
are real biotechnological possibilities of engineering the activities
of enzymes  vitro.

c) Evidence for transition state siabilization in the activation reaclion

How is the attack of the tyrosyl carboxyl group on ATP
(cqn 1) catalysed? General base catalysis of the nuclcophilic
attack is not possible since the carboxylate is {ully ionized. Nucleo-
philic catalysis by a group on the enzyme forming an intermediate
with AMP is unlikely since ATP is already an activated compound
containing a good leaving group (pyrophosphate). The remaining
possibilities are electrostatic catalysis and transition state stabi-
lization whereby certain groups on the enzyme make stronger
interactions with the substrate when it is in the form of'its transition
state. A predicted characteristic of transition state stabilization is
the following, When a group on the enzyme Is removed, as in
a site-directed mutagenesis experiment, the affinity of the enzyme
for the substrate will be decrcased to some extent, but the aflinity
for the transition state will be decreased to a much greater extent
if the transition state is stabilized. This means that the value of
Es may be increased to a greater or lesser extent but the value
of kear will fall. This is seen to Dbe happening in the data in
in Table 3. Particularly noteworthy is the change from His-45
to Asn-45 leading to a 2000-fold drop in kea whilst the values of
Ky are hardly affected. Similarly, the rate of attack of pyropho-
sphate on the tyrosyl adenylate complex is lowered 2000-fold in
TyrTS(Asn-45). His-45 is not seen to make an interaction with
the tyrosyl adenylate complex {Fig. 2). It is likely that an elec-
trostatic interaction occurs between the positively charged side
chain and the transition state structure of the substrate as the
a-phosphoryl group of ATP becomes pentacovalent.

Changes in ke, and Em as found in Table 3 may also arise
from mechanisms such as ‘induced fit’ and ‘non-productive
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binding.” Because of this, the results of previous kinetic studies
on structure-reactivity relationships from studics where the struc-
ture of the substrate has been altered have usually failed to pro-
vide unambiguous evidence for © strain * mechanisms (Fersht, 1977).
However, the changes induced by site-directed mutagenesis of the

keat Ex keatf Ky
Mutant (ATP)

53 mM s+ ML
Native 7.6 0.9 8,100
Cys-35->»>Cly 2.8 2.6 1,120
Cys-35—>-Ser 2.4 2.4 1,000
His-18—>-Gly i.6 1.4 1,140
His-45 —-Asn 0.003 1.0 5

Data from Wilkinson ef af. {1983a) and unpublished,

tyrosyl-tRNA synthetase are more amenable for producing unam-
biguous analysis for the following reasons: ¢, it will be possible to
solve the structures of the native enzyme and enzyme-substrate
complexes for the mutants by X-ray crystallography; , many of
the structural changes will be sufficiently small that the binding
energetics may be calculated,  Even in the absence of precise
structural data, the combination of chemical intuition and inspec-
tion of the enzyme structure by computer graphics strongly suggests
that transition state stabilisation is operating.
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ABSTRACT

We have applied hoth distance-dependent nuclear Overhauser cffect meas-
urements to elucidate structural information and saturation recovery methods
to evaluate hydrogen exchange kinetics at the individual base pair level for
nucleic acids in aquecous solution. These experiments demonstrate a sequence
dependence of the local conformation and dynamics of DNA in solution. We
show that intermolecular nuclear Overhauser eflect measurements can map
out the complexation sites of antibiotics on the DNA helix and hydrogen cx-
change measurements can estimate the extent of kinetic stabilization at and
adjacent to the ligand binding site.

INTRODUCTION

There has been a significant increase in the last few years in
our knowledge of DNA structure and its interplay with various
other components of the metabolic apparatus. These develop-
ments have been sparked by recent advances in the synthesis,
sequencing and cloning of nucleic acids.



134 PONTITVICIALE ACADEMIAE SCIENTIARUM SCRIPTA VARIA 55

Our ecfforts are focused on the conlormation and dynamics of
DNA and their complexes with low molecular weight ligands and
proteins, We have used high resolution NMR methods to investi-
gate {ragments containing one to two turns of helix of known
defined sequence and their antibiotic complexes (Patcl, e al.,
19825 Patel, et al., 1983; Feigon, ¢ al., 1983) in an attempt to
correlate with and add to our current knowledge of structure
based on single crystal X-Ray analysis of rclated DNA sequences.
(Dickerson, et al., 1983; Viswamitra, 1983; Wang, et al., 1983).

This contribution outlines the application of NMR. methods
to characterize conformational and dynamic features of the
d{CGATTATAATCG) self-complementary duplex {henceforth
called Pribnow 12-mer, Scheme I}. These results are compared
where appropriate with two related sequences d(CGCGTATA-
CGGG)  (henceforth called TATA 12-mer, Scheme II} and
d(CGCGAATTCGCG)  (henceforth  called  AATT  12-mer,
Scheme 1IT). The TATA sequence in the TATA 12-mer and
the TATAAT sequence in the Pribnow 12-mer are common fea-
tures of DNA promotor regions which are the sites of initiation
of the transcription of nucleic acids.

We have also clucidated structural aspects of the binding site
ol netropsin on the AATT 12-mer duplex and monitored the
dynamics by measuring hydrogen exchange characteristics at and
adjacent to the antibiotic complexation site.

L. Spectral Resolution

The excellent spectral resolution at high magnetic ficlds (Patel
and Canuel, 1979; Early, et al., 1980; Patel, ¢f al., 1982 a; Kan,
et al., 1982; Tran-Dinh, et «l., 1982; Sandecrson, e al., 1983) is
demonstrated by the 498 MHz imino proton NMR spectra of
the Pribnow 12-mer in 0.1M phosphate, H,O solution between
12 and 15 ppm at -5°C {Figure IA). We observe six well resolved
imino resonances {thymidine H-3 from an A.T base pair and
guanosine H-1 from a G-C base pair, Scheme IV) so that NMR
at high magnetic fields provides markers of hydrogen-bonding at
cach base pair along the Pribnow, 12-mer sequence (Figure 1A),
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The nonexchangeable base and sugar proton NMR spectrum
of the Pribnow 12-mer in (.1 M phosphate solution between 5.5 and
8.5 ppm at 5°C is presented in Figure 1B. The purine H-8 and H-2
and pyrimidine H-6 protons (Scheme IV) are partially resolved
from cach other (Figure 1B) as are the pyrimidine CH,-5 resonances
(Scheme IV) between 1.2 and 1.6 ppm. These resolved proton
resonances provide additional markers for monitoring base stacking
and the duplex to strand transition (Patel, ef al., 1982a).
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We next describe distance dependent nuclear Overhauser effect
measurements (Bothner-By, 1979; Schimmel and Redfield, 1980;
Redfield, et al., 1981) which permit assignment of the exchan-
geable imino and nonexchangeable base protons to specific po-
sitions in the Pribnow 12-mer sequence.

2. Inter-base Pair NOEs — Imino Protons
Redfield and coworkers have pioncered the application of
nuclear Overhauser effects (NOE) to nucleic acids in their seminal
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Fre. 1. The 198 MHz imino proton NMR spectra of the Pribnow 12-mer in 0.1M phosphate,
2.5 mM EDTA solution, The signal to noise of the spectra were improved by applying o [ Hz
line broadening contribution. The proton assignments to specific base pairs are designated over
the resonances, (A} The imino speetral regton (12,5 to 14.5 ppm) in §:1 H,O0:D,O, pH 6.90
at -59C, (B) The aromaltic spectral region (3.5 to 8.5 ppm) in D0, pH 7.17 at 5°C.

studies on transfer RNA (Roy and Redfield, 1981; Tropp and
Redficld, 1981; Hare and Reid, 1982; Heerschap, et al., 1982;
Kime and Moore, 1983). The magnitude of the NOE between
proton spins depends on the inverse sixth power of the inter-
proton separation and on the frequency of motion of the spins.
We observe negative NOEs corresponding to a loss of resonance
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intensity for DNA fragments at low temperature and their ma-
gnitude varies from a few percent at inter-base pair separations
of 3-4 A to much larger effects at shorter proton separations
within the same base pair. (Patel, ef al., 1982a,b; Kan, & «al.,
1982; Broido, et al., 1982; Patel, et al., 1983c; Reid, et al., 1983;
Chou, et al., 1983). 'The assignment procedure is based on start-
ing with an independently established imino proton at cither the
terminal or central base pair and using NOEs between imino pro-
tons on adjacent base pairs to walk down the duplex.

We can distinguish dA-dT from dG-dC base pairs in the
Pribnow 12-mer duplex at -3°C {Iigure 1A} since saturation of
the thymidine imino protons (12 to 14 ppm) results in strong
intrabase pair NOEs to the narrow nonexchangcable adenosine
H-2 protons (6.5 to 8 ppm) on the same base pair (Scheme IV).
By contrast, saturation of the guanosine imino protons (12 to
14 ppm) results in intra-base pair NOEs to broad amino reso-
nances in the same pair {Scheme IV) (Redfield, e/ «l., 1981;
Patel, et al., 1982a). This permits assignment of the two imino
protons to highest field (12.82 and 13.13 ppm) to dG-dC base
pairs in the Pribnow 12-mer at -5°C (Figure 1A) with the 13.138
ppm resonance assigned to base pair 1 since it broadens out on
raising the temperature to 59C (Figure 2A). This reflects fraying
at the ends of the duplex (Patel and Hilbers, 1975; Hilbers, 1979)
with the imino proton broadening out when its lifetime in the
paired state becomes <5 msec.

The thymidine imino protons from the four dA  dT base pairs
resonate at 13.18, 13.48, 13.65 and 13.70 ppm in the Pribnow
12-mer at 50C (Figure 2A). The presence of a two-fold center
of symmetry in the Pribnow 12-mer results in dA-dT base pair
6 being flanked by an identical base pair in one direction and
dA -dT base pair 5 in the other direction {Scheme I). We observe
a single inter-base pair NOLE at the 13.48 ppm imino proton on
saturation of the 13.18 ppm imino proton (Figurc 2C} permitting
assignment of these resonances to dA -dT base pairs 5 and 6 respec-
tively. By contrast, the remaining dA-dT base pairs 3, 4 and 5
have different base pairs flanking them in the Pribnow 12-mer
sequence {Scheme I). Thus, saturation of the 13.48 ppm thymi-
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Tra. 2. (A} The 498 MHz
proton Fourier transform
spectrum of the imino
{12.5 1o 14.5 ppm) and
the aromatic (7 to 9 ppim)
of the Pribnow 12-mer
duplex i 0.1M  phoes-
phate, 5:1 HaO:1, G, pHL
6.9¢ at 5°C. The imino
proton  assignments (o
specific base palrs are
designated over the reson-
ances. (B) The diflerence
spectrum  following 1
second saturation of the
12,83 ppm guanosine im-
ino proton {desighated by
an arrow). We observe
negative NOEs at the
8.51 ppm cytidine amino
protons of the same base
pair and at the 7.80 ppm
adenasine H-2 proton and
the 13.65 ppm thymidine
imino  proton of an
adjacent hase pair (desi-
gnated by asterisks). (C)
Saturation of the 13.18
ppm  thymidine  imino
proton resuits in negative
NOEs at the 7.01 ppm
adenosine H-2 proton of
the same base pair and
the 13.48 ppm thymidine
imine proton of an adjac-
ent base pair,
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dine imino proton assigned to dA -dT base pair 5 results in inter-
base pair NOEs at the 13.18 ppm imino proton assigned to dA .dT
base pair 6 and the 13.75 ppm imino proton which must be assigned
to dA -d'T base pair 4 in the Pribnow 12-mer secquence (Figure 2B).

We have adopted this procedure of monitoring NOlis between
adjacent base pairs to complete the imino proton assignments in
the Pribnow 12-mer and these are shown in Figures 1A and 2A
and the chemical shifts at 5°C and listed in Table 1.

TasLe 1. The imino and nonexchangeable base profon chemical shifis in the Pribnow
12-mer duplex in 0.1M phosphate solution at 5° C.

Pair Position Purine Pyrimidine

{H-1) (11-8) (H-2) (I1-3) (H-6} (11-5)
G.C 1 ool3d 7.93 7.58 5.81
G-C 2 12.33 7.95 7.45 5.60
AT 3 8.28 7.80 13.65 7.12 1.26
AT 4 8.14 7.54 13.75 7.18 1.33
AT 5 8.19 G.50 13.48 7.38 1.58
AT G 8.31 7.02 13.18 712 1.34

3. Inter-Base Pair NOEs - Nonexchangeable Protons

It is quite straightforward to differentiate between the narrow
adenosine H-8 (8.1 1o 8.3 ppm) and guanosine H-8 (7.9 to 8.0
ppm) singlets, the cytidine H-6 (7.4 to 7.6 ppm) and cytidine
H-5 (5.6 to 5.8 ppmj doublets, the broad thymidine H-6 (7.1
to 7.4 ppm) and thymidine CH,—5 (1.2 to 1.6 ppm) singlets
and the very narrow adenosine H-2 (6.5 to 7.8 ppm) singlets
based on chemical shifts, coupling constants and deuteration rates
(Figure 3A). We outline procedures for assignment of the nonex-
changeable protons to specific positions in the Pribnow 12-mer
duplex based on NOKEs between nonechangeable protons on
adjacent base pairs,

It can be shown that the thymidine CH;—5 and adenosine
H-8 protons are < 4A {rom cach other in the dA{3'—5)dT
segment but < 4A from cach other in the dT(3"5)dA scgment
based on an examination of molecular models of right-handed
B-DNA (Patel, ¢t ol., 1983a; Feigon, e «l., 1983; Reid, et al.,
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1983). Thus, we observe an NOE at the [.33 ppm thymidine
CH,-—5 proton on saturation of the 8.28 ppm adenosinc H-8
proton in the Pribnow 12-mer at 5°C (Figure SB) Such an NOE
would be predicated between adjacent bases in the dinucleotide
segments dA,—dT,, dA;—dT, and dA,—dT; but not for the
dinucleotide segments dTy-—dA, and dTe-—dA; in the Pribnow
12-mer sequence (Scheme I).

We also observe an NOE at the 7.95 ppm guanosine H-8 proton
on saturation of the 8.28 ppm adenosine H-8 proton in the difference
spectrum in Figure 3B. This permits assignment of the 7.95 gua-
nosine H-8, 8.98 ppm adenosine H-8 and 1.33 ppm thymidine
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Fie. 3. {A) The 498 MHz proion NMR specirum (5.5 1o 8.5 ppm; 1 1o 2 ppm) of the
Pribnow 12-mer in 0.IM phosphate, 2.5 mM EDTA, B0, pH 7.17 at 5C. (B) The
difference spectrum following 1 second saturation of the adenosine H-8 proton at 8.28 ppm.
The saturated resonance is designated by an arrow and the observed NOEs are designated
by asterisks.

12
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CH;—5 to the trinucleotide segment dGp—dA,—dT, in the
Pribnow 12-mer sequence.

We have recorded the onc-dimensional NOEs by saturating
all the resolvable base protons in turn and this has permitted us
to complete the base proton assignments in the Pribnow 12-mer
duplex. These are indicated over the spectra in Figures 1B and
3A and their chemical shifts at 5°C are summarized in Table T.

4. Premelting Transition

The resolved and assigned proton chemical shifts in the Pribnow
12-mer duplex have been monitored between 09 and 400C. We
observe pronounced premelting chemical shift changes at the
dA.dT basc pair protons which are not detected at the dG.dC
base pair protons in this temperature range (Figures 4A and 4B).

This is most dramatically demonstrated for the four thymidine
imino protons in the Pribnow 12-mer which undergo large upficld
premelting shifts with increasing temperature (Figure 4A}. The
observed ~0.3 ppm premelting shift change for the imino protons
over a 40°C temperature range is ~109%, of the overall chemical
shift difference of ~2.5 ppm between the thymidine imino protons
in the paired and unpaired states.

The single crystal X-Ray analysis of the d(CGCGAATTCGCG)
duplex reveals several interesting features for the A—A—T--T
tetranucleotide core of the helix (Dickerson, ef al., 1983). The
dA .dT base pairs are propeller-twisted and there is an organized
spine of hydration in the minor groove in the crystalline state.
The premelting transition monitored at the dA.dT rich ATTA-
TAAT segment of the Pribnow 12-mer probably reflects changes
in the propeller-twists andfor changes in the minor groove dimen-
sions resulting from disruption of bound water with increasing
temperature,

5, Melting Transition

‘The majority of the nonexchangeable base protons shift as
average peaks during the duplex to strand transition of the Prib-
now 12-mer with increasing temperature (Figure 4B). We mea-
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Fis. 4. (A} The temperature dependence of the imino proton chemical shifts in the Pribnow
1Z2-mer duplex in 0.1M phosphate, 2.5 mM EDTA, 5:1 H,0:0,0, pH 6.90 in the premelting
region between 249 and 440, (B) 'The temperature dependence of the nonexchangeabie
thymidine H-6 and cytidine H-6 protons in the Pribnow 12-mcr in 0.1M phosphate, 2.5 mM
EDTA, DO in the premelting and melting transition regions hetween 5° and 85°C.

sure a transition midpoint of 5541°C at the five nonterminal
base pairs 2, 3, 4, 5 and 6 for the Pribnow 12-mer in 0.1M pho-
sphate solution. This observation requires that a minimum of
ten non-terminal base pairs in the Pribnow 12-mer melt in a coo-
perative manuner during the helix-coil transition.

6. Inter-Base Pair NOFs — Adenosine H-2 Protons

Recent single crystal X-Ray investigations of oligonucleotide
duplexes (reviewed by Neidle and Berman, 1983) strongly demon-
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strate that the double helix is not built up by rotational and trans-
lational transformations of the same mononucleotide repeat as
initially suggested from X-Ray fiber diffraction analysis. Dickerson
and coworkers observed propeller-twisting of base pairs in their
single crystal X-Ray analysis of the AATT 12-mer (Scheme T1I)
which results in subtle sequence dependent effects along the
length of the dodecanucleotide duplex {Dickerson, et al., 1983).
Specifically, propeller-twisting results in close contacts between
adjacent purines in the minor groove in pyrimidine (3’-5") purine
steps and in the major groove in purine (3'-5") pyrimidine steps.
By contrast, there are no close steric contacts in pyrimidine (3'-5")
pyrimidine steps when the purines are on the same strand {Calla-
dine, 1982; Dickerson, 1983).

We set out to deduce whether the striking sequence dependent
observations observed for right-handed B-DNA {ragments in crystal
also holds in solution. We have used the adenosine H-2 proton
located in the minor groove of dA-dT base pairs to differentiate
between the three sequence dependent geometries for the dinu-
cleotide segments (dA,—dT,) - {dA,—dT;) {Scheme V-A), (dT,—
dTy) - (dA,—dA,) (Scheme V-B), and (dT;—dA,) - {dT;-—dA;)
{Scheme V-C) in the Pribnow 12-mer duplex (Scheme 1) (Patel,
et al., 1983c).

The adenosine H-2 protons of dA-dT base pairs 3, 4, 5 and 6
in the Pribnow 12-mer duplex have been assigned from intra-
and inter-basc pair NOEs between the assigned thymidine imino
protons and the adenosine H-2 on the same and adjacent base
pairs. ‘Three of the four adenosine H-2’s in the Pribnow 12-mer
resonate between 7 to 8 ppm with the remaining proton at 6.5
ppm resonating to high ficld of the spectra in Figure 2A.

Thus, saturation of the 13.18 ppm thymidine imino proton of
base pair 6 in the Pribnow 12-mer at 5°C results in an intra-basc
pair NOE at the 7.01 ppm adenosine H-2 proton of the same base
pair 6 (Figure 2C) and an inter-base pair NOE at the 6.50 ppm
adenosine H-2 of adjacent base pair 5 (data not shown). Satura-
tion of the 13.48 ppm thymidine imino proton of base pair 5
results in an intra-base pair NOE at the 6.50 ppm adenosine H-2
of the same basc pair (data not shown) as well as inter-base pair
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NOEs at the 7.02 ppm adenosine H-2 of adjacent base pair 6
and the 7.54 ppm adenosine H-2 of adjacent base pair 4 in the
Pribnow at 5°G (Figure 2B). 'This approach of saturating the
assigned and resolved thymidine imino protons and monitoring the
NOZEs at the adenosine H-2’s of the same and adjacent base pairs
permits assignment of the four adenosine H-2°s at 7.80 ppm (dA,),
7.54 ppm (dA,), 7.02 ppm (dA,) and 6.50 ppm (dA;) in the Prib-
now [2-mer at 5°C (Figure 5A, Table TI).

The four adenosine H-2 protons are well resolved from cach
other (Figure 5A) so that it i1s possible to selectively saturate the
resonances and monitor NOEs between adenosine H-2’s on adjacent
base pairs in the minor groove of the d(ATTA) -d{TAAT) segment
of the Pribnow 12-mer duplex. We demonstrate this with two
examples involving 1 second saturation of the 6.50 ppm adcnosine
H-2 of basc pair 5 (IFigure 5B} and the 7.54 ppm adenosine H-2
of base pair 4 (Figure 5C) in the Pribnow 12-mer at 50C. 'The
most striking observation is the sequence dependence of the magni-
tude of these inter-base pair NOEs with the largest effect between
pairs 5 and 6 in the dT-——dA step (Figure 5B) and the smallest
hetween pairs 3 and 4 in the dA—dT step (Figure 5C).

7. Sequence Dependence of Base Pair Stacking

We have monitored the buildup of the NOEs between adjacent
adenosine H-2s m the Pribnow 12-mer at 5°C as a function of
the length of the saturation pulse between 50 msec and 3 sec.
The results on saturation of the adenosine H-2’s of base pairs 5,
6, 4 and 3 are presented in Iigures 6A, 6B, 6C and 6D respectively.
The magnitude of the NOEs reach a steady state value 5 (where
1 and j are the satured and observed protons, respectively) for
saturation pulses of length above 2 seconds (I'igure 6) and these
values between adjacent adenosine H-2 protons in the Pribnow
12-mer at 5°C are listed in Table II.

The selective spin lattice relaxation times for the individual
adenosine H-2’s in the Pribnow 12-mer at 5°C have been measured
from saturation recovery experiments. This approach monitors the
recovery of magnetization as a function of the delay between the
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Tra. 5. (A) The resolution cohanced 498 MHz proton Fourier translorm spectrum of the

aromaiic (6 to 8.5 ppm) protons of the Pribnow 12-mer dupiex in 0.1M phesphate, 1D,0, pH
7.17 at 3%C. (B) The difflerence spectrum following 1 second saturation of the 6,590 ppm adeno-
sine H-2 proton of dA-dT base pair 5 Steady state negative NOEs are observed at7.55
adenosine -2 of dA -dT base pair 4 and the 7.03 ppm adenosine H-2 of dA .d'T" base pair 6.
{C) The difference spectrum following 1 sccond saturation of the 7.55 ppm adenosine H-2 pro-
ton of dA T base pair 4. Steady state negative NOEs are observed at 7.81 ppm adencesine
H-2 of dA-dT base pair 3 and the 6.50 ppm adenosine H-2 proton of dA.dF base pair 5,
The NMR spectra contain a spike at 7.45 ppm designated by an x,
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Fre. 6. The buildup of negative NOEs as a lunction of the length of the saturation pulse in the
Pribnow 12-mer duplex in 0.1M phosphate, 1,0, pH 7.17 at 59C. The NOLs are monitored at
adjacent adenosine H-2 protons on saturation of {(A) the 6.50 ppm adenosine -2 of dA.dT
base pair 5, (B} the 7.03 ppm: adenosine H-2 of dA .dT base pair 6, {C) the 7.55 ppm adenosine
H-2 of dA - d'T base pair 4 and (DD} the 7.81 ppm adenosine H-2 of dA . d'T base pair 3. The
symboal 35 corresponds to the magnitude of the NOE on saturation of i and observation of j.

saturation and observation pulses. The selective spin-lattice re-
laxation rates g; for the four adenosine H-2 protons in the Pribnow
12-mer at 5°C are listed in Table II

The cross relaxation rate o1y = 1;0; between adenosine H-2
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Tapii 2. Cross-relaxation rales and inter-proton distances befween adenvsine H-2
protons on adjacent dA -dT base pairs in the Pribnow 12-mer at 5° C.

Spin ) e oij rij

¢ J

3 4 - 09 1.29 - 12 4.0
4 3 .09 .97 ~.08 4.2
4 5 1% 1.63 25 3.6
5 4 —.23 1.29 —.30 35
5 G e 38 .31 - .50 3.2
i 5 e 37 1.63 e G0 31

protons on adjacent base pairs can be determined {rom the measur-
ed values of the steady statc NOE, mi;, and the selective spin-
lattice relaxation rate constant, g;. The assumption of an isolated
two spin (i,j) system is appropriate in this casc since the adenosine
H-2 protons are isolated from other non-exchangecable base and
sugar protons in the duplex state. The cross relaxation rate con-
stants oy; between the adenosine H-2 protons on adjacent basc
pairs in the Pribnow 12-mer at 5°C are summarized in Table I

The inter-proton distance ryy can be estimated {rom the meas-
ured valuc of o1; and 7., the correlation time for isotropic tumbling
of the dodecanucleotide duplex, by

U1j r“G Te
This equation (Tropp and Redfield, 1981) is applicable when
wte> | and holds true at 498 MHz and a 7. value of 9 ns for
the dodecanucleotide at 5°C.

The experimental data permits two estimates cach of the
inter-proton distance between adenosine H-2’s on adjacent pairs
3, 4, pairs 4, 5 and pairs 5, 6 in the Pribnow 12-mer duplex
(Table IT). These valucs are ~4.1A for the (dA;—dT,) - (dA—
dT,) step (Scheme V-A), ~3.554 for the (dT,—dTs) - (dA;—-dA,)
step {Scheme V-B) and ~3.154 for the (dT5—dAg) - (dTp—dAs)
step (Scheme V-C).

These experimentally measured inter-proton distances between
adjacent adenosine H-2’s in the d(A,—T—T;—Aq) - A(T j-—Ay—
A,—T,) fragment of the Pribnow 12-mer can be compared with
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the corresponding values computed for DNA conformations based
on an analysis of fiber diffraction patterns {Arnott and Hukins,
1972; Arnott, et al., 1983). These computed values are summa-
rized in Table III in the presence of a small (49) propeller-twist
of opposite handedness as in Scheme V (Arnott-Hukins model)

TanLr 3. Interproton distances between adenosine F-2 prolons on adjacent dA . dT
base pairs in the d{dy—T Ty Ay) - d{To—dAydAd—dT,) segment based on
Siber diffraction madels of right handed DNA with propeller-twisis of differeni magni-
tude and handedness

Yiis ;“X
Pair -
Arnoti-Huking? Arnott-Chandrasckaran?
3,4 4.12 4.36
4.5 3.76 3.63
5,6 3.57 2.94

T Computations undertaken by Dr. R. Chandrasckaran.
#The propeller twist is 42 and has an opposite sense of rotation from Scheme V,
#The propeller twist is 139 and has the same sense of rotation as in Scheme V.

and in the presence of a large (139) propeller-twist of the same
handedness as in Scheme V (Arnott-Chandrasekaran model).

We note that the experimental NMR observation that ry, is
~0.55A longer than r,; which in turn is ~0.4A longer than r;,
(Table II} is in good agreement with the Arnott-Chandrasekaran
model which predicts that ryy is ~0.7A longer than r,; which in
turn is ~0.65A longer than ry,. Thus, the NOF mecasurements
on the Pribnow 12-mer duplex demonstrate that the dA - dT base
pairs are propeller-twisted with the same handedness as observed
in the solid state (Patel, et al., 1983c).

8. Saturation Recovery Measurements of Hydrogen Exchange Kinetics

It has been shown from hydrogen-deuterium exchange stop
flow measurements that the exchange kinectics of the Watson-
Crick imino protons are sensitive markers of the dynamics of base
pair opening in the interior of nucleic acid duplexes {Mandal,
et al., 1979; Mandal, ¢t al., 1980; Hayashi, et al., 1981). Hydrogen
cxchange can also be monitored by the saturation recovery NMR
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method first applied by Redfield and coworkers to probe the
dynamics of transfer RNA in solution {Johnston and Redfield,
1977, 1981; Hurd and Reid, 1980). The method consists of satu-
rating the imino protons of the nucleic acid in H,O and moni-
toring the kinetics of magnetization recovery as a function of
the delay between the saturation and observation pulses. The
contribution to the recovery due to exchange of the imino protons
with unperturbed solvent can be partitioned out to yield the
hydrogen exchange kinctics at individual base pairs in the nucleic
acid sequence (Schimmel and Redfield, 1980; Rarly, ¢ al., 1981a,b).
We have used this approach to evaluate the kinetics of base pair
opening reactions in DNA duplexes (Pardi and Tinoco, 1982;
Pardi, ¢t al., 1982, 1983; Patel, el al., 1983b).

We demonstrate the application of the saturation recovery
method to DNA fragments with studies on the Pribonw 12-mer
in 0.1M phosphate, 5:1 H,O:D,0, pH 6.90 solution. The recovery
of imino proton magnetization as a function of the delay between
saturation and observation pulses at 22.50C is presented in Figure
7. The individual imino protons are well resolved so that the re-
covery from saturation can be monitored at base pairs 2, 3, 4, 5
and 6 in the Pribnow 12-mer duplex. The magnetization rccovers
by a first order process and the saturation recovery lifetimes can
be deduced from the slope of a plot of the natural logarithm of
the fractional saturation as a function of the delay between satu-
ration and observation pulses. We estimate lifetimes ranging
from 120 to 180 msecs for the four dA -dT base pairs in the Pribnow
12-mer sequence in 0.1M phosphate, pH 6.90 at 22.5¢C (Figure 8).

The saturation recovery lifetimes have been cvaluated as a
function of temperature and these values for the Pribnow 12-mer
in 0.1M phosphate, pH 6.90, between -4¢ and 34°C are listed in
Table 1V. The corresponding Arrhenius plots of the natural
logarithm of the saturation recovery rates as a function of the in-
verse of the absolute temperature are plotted in Iigure 9 for the
four dA-dT base pairs in the Pribnow 12-mer duplex in 0.1M
phosphate, pH 6.90 solution. The saturation recovery rate at
any given temperature is the sum of the magnetic (spin-lattice
relaxation) and chemical (exchange} contributions which can be
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Fra, 7. The 498 MHz proton
Fourier transform  spectra
(12.5 1o 13.5 ppm) of the
Pribrrow  12-mer in 0.1M
phosphate, 5:1 HyG:ID,0,2.5
mM EDTA, pH 690 at
22.5° G, A variable delay
was introduced between the
broad band saturation and
observation  pulses with a
1500 msec value for the top
spectrum and  the  various
values for the romaining
spectra as noted in the Tig-
ure. A repetition delay of 1.5
scconds was introduced after
cach accumulation.
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Fre. 8. Plots of the [ractional saturation of the imino protons of (A) dG.dG base pair 2, (B)
dA T base pairs 3 and 4 and (C) dA-dT basc pairs 5 and G in the Pribnow 12-mer duplex
as a function of the delay between the saturation and observation pulses in msec at 22,590,
The buffer was 0.1M phosphate, 5:1 I1,0:1,0, 2.5 mM EDTA, pH 6.90.

Tanir 4. Temperature and pH dependence of the 498 Mz saturation recovery life-
times (msecs) of the iming protons in the Pribnow I2-mer duplex in 0.1 phosphate solution

Temp. °C Fmino proton lifetimes in msce

722 73 sd 45 6

pH 690
o 40 154 216 215 224 194
30 177 276 273 294 247
100 167 260 259 273 251
150 142 224 274 2350 240
18.70 01 170 2359 193 187
22,50 G2 i24 182 147 130
26,20 38 72 128 80 84
300 32 16 77 35 60
33.70 82 5l 39 14
pi 851
18.70 73 133 63 85
22.5¢0 35 449 31 47
26.90 37 30 34

partitioned as outlined below. The saturation recovery rates arc
essentially temperature independent between -4° and --15°C and
arc predominantly a measure of the magnetic spin-lattice relaxation
rate in this low temperature region. By contrast, the saturation
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Fr. 9. Arrhenius plots for the inverse of the imino proton lifetimes of {A) dG .dG base pair
2, (B) dA-dT base pairs 3 and 4 and {C) dA -dT base pairs 5 and G in the Pribnow [2-mer
duplex in .1M phosphate, 2.5 mM LITA, 5:1 H,0:D,0, pH 6.90.

recovery rates increase dramatically between 15 and 34° and are
predominantly a measure of the chemical exchange rate in this
elevated temperature region.

The slopes of the saturation rccovery data between 159 and
34°C yield activation barriers of 18 to 22 kcal for the Pribnow
12-mer base pairs 3, 4, 5 and 6 (Table V). Subtraction of the
constant magnetic contribution (saturation rccovery rate at 0°C)
from the saturation rccovery data at clevated temperatures yields
a corrected activation barrier of 29 to 34 keal for the chemical
hydrogen exchange contribution for Pribnow 12-mer base pairs
3, 4, 5 and 6 between 159 and 34°C (Table V).

Tanie 5. Activaiion barriers (18.7¢ lo 35.70 C) in the Pribnow 12-mer Duplex !

Activaiien Barrier (kcal)

Contrilution 73 4 WS 76 o
Saturation Recovery? 22 20 21 18

Exchange? 30 34 33 29

* Buffer is 0.IM phosphate, 5:1 H,0:D,0, pH 6.90.

* The saturation recovery rates between 18.79 and 33.7°C are directly used to determine the
activation energy.

% The magnetic contribulion (saturation recovery rate at 00C) is subtracted from the saturation
recovery rates between {87 and 33.7¢ to evaluate the exchange contribution.
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9. Sequence Dependence of Transient Base Parr Opening

[t was of interest to evaluate the hydrogen exchange kinetics
in DNA fragments containing the TATA and TATAAT promotor
sequences with the corresponding values for non-promotor se-
quences.  We therefore set out to evaluate the sequence depen-
dence of hydrogen exchange kinctics by comparing the saturation
recovery parameters for the AATT 12-mer (Scheme IIT) and
TATA 12-mer (Schemec II) duplexes which have common
d(CGCG) segments flanking a sequence dependent dA - dT tetra-
nucleotide core (Patel, et al,, 1983b).

We have evaluated the saturation recovery lifetimes for these
two dodecanucleotide duplexes in 0.1M phosphate, neutral pH
as a function of temperature. The lifctimes at the individual
base pairs in the AATT 12-mer and the TATA 12-mer at 22,59,
37.5% and 52.5°C arc summarized in Table VI under temperature
conditions where hydrogen exchange makes the predominant
contribution to the recovery of magnetization.

It is readily apparent that faster hydrogen exchange rates are
observed in the TATA 12-mer compared to the AATT 12-mer
at dA - dT base pair 3 and at dA. dT base pair 6 between 22.50
and 52.5°C (Table VI). We also observe faster hydrogen exchange
rates {for the TATA 12-mer duplex at dG dC base pair 4 but
the exchange rates are similar for both duplexes at dG - dC base
pair 2 (Table VI). These studies establish a sequence dependence

Tanre 6, Temperature dependence of the 498 MHz Saluration recovery lifetimes {(mesec)
of the imine protons in the AATT 12-mer {pH 6.05) and the TATA 12-mer (pH 6.54)
i O IM phosphate, 4:1 H,0:D,0 solution

Imino proton Lifetime in msecs

s s s

22,500 AATT |2-mer 139 336 418 373 383
TATA i2-mer 132 339 377 157 181
37.5°0 AATT 12-mer 33 170 283 114 172
TATA 12-mer 46 177 228 5i 70
52.5°C AATT 12-mer 38 145 30 50

TATA 12-mer 17 46 20 23
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to the hydrogen exchange rates of imino protons in the interior
ol DNA fragments.

Imino protons in nuclelc acids are postulated to undergo
hydrogen exchange from the unpaired state as depicted schema-
tically in Scheme VI. The exchange rate constant (kex)} is given
by the expression

fpx — <oPken(BH)

ken(BH)

kex -

where kop and kegy, are the opening and closing rate constants
and kcu(BH) 1s the base and buffer catalyzed rate from the open
form with solvent. (Teitelbaum and Englander, 1975a,b).

Kop

>N—Hm||N\< - = >N*H + N<

KoL

KcH
_ N\

/

N-H¥*+ BH

>N_H+ BH* -t}

When kceu(B) >>kar, exchange occurs every time the duplex
opens and is a direct measure of the local duplex opening rate
constant.

The hydrogen exchange rate constant is independent of base and
general bufler catalysts and this mechanism is found to predominate
for base pairs in the interior of duplexes (Patel and Hilbers, 1975).

By contrast, when kep > keu(BH), the paired and open



SPECIFICITY IN BICLOGICAL INTERACTIONS 157

states arc in rapid cquilibrium with occasional leakage from the
open state with solvent H,O

kgx == koe kea(BH}
aL
The hydrogen exchange rate is dependent on the concentration
of base and general catalysts and this mechanism is found to
predominate for base pairs at the ends of duplexes {Patel and Hil-
bers, 1975).

We have measured the hydrogen exchange lifetimes for the
AATT 12-mer and TATA 12-mer duplexes between pH values
ranging from 7 to 8.7 and observe that the lifetimes for internal
basc pairs 4, 5 and 6 decrease by a factor of < 1.5. The exchange
rates are therefore ecssentially independent of base concentration
and hence are a direct measure of the duplex opening rate constants
at internal base pairs 4, 5 and 6 in the two dodccanucleotide
duplexes. Thus, we observe much faster transient base pair open-
ing rates at the GTATAC segment of the TATA 12-mer (Scheme
II} compared to the GAATTC scgment in the AATT 12-mer
duplex (Scheme III}.

By contrast, hydrogen exchange lifetimes decreasc by a factor
of 2 to 4 on raising the pH from 6.9 to 8.5 in the Pribnow 12-mer
in 0.1M phosphate solution (Table IV). This indicates that the
prequilibrium pathway also contributes to hydrogen exchange
for the Pribnow 12-mer scquence which contains a stretch of
eight internal base pairs.

10. Antibiotic ~— DNA Complex Formation

Conformational aspects of ligand-DNA interactions can be
approached by scarching for and measuring intermolecular NOL
effects between protons on the ligand and those on the DNA.
A few cxamples of such complexes are available where the ligand
is an antibiotic (Patel, 1982; Reid, et al., 1983b) and a protein
(Alma, et al., 1981, 1983; Nick, et al., 1982; Kime and Moore,
1983 Scheek, et al., 1983). We report below on such an mvesti-
gation of the netropsin-AATT 12-mer complex where we have

13
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successfully observed intermolecular NOEs between antibiotic and
nucleic acid protons (Patel, 1982).

Previous studies have demonstrated that the peptide antibiotic
netropsin (Scheme VII) binds in the minor groove at dA.dT
rich sites on double helical DNA (for reviews see, Zimmer, 1975;

A(H-2) #6
AlH-2) set
I = I AH-2) #57
= AlH-2)
_ H =
= o0 TE Yo
AN o =
N Hy H =
° /ﬂ | H\c/H N
Ll D LN g
L I v >S4 NH,
3 0

Hahn, 1975; Krey, 1980). The N-methylpyrrole ring, the pep-
tide groups and the charged ends of the antibiotic can form van
der Waals’ contacts, intermolecular hydrogen bonds and electro-
static interactions with the nucleic acid base pair edges in the
complex. (Wartell, et al., 1974; Patel and Canuel, 1977; Patel,
1979; Dattagupta, e al., 1980; Patel, ¢f al., 1981; Patel, 1982).
The crystal structure of netropsin (Berman, ef al., 1979) and the
AATT 12-mer (Dickerson et al., 1983) have been individually
determined but no crystallographic information is available on
the antibiotic complex with DNA.

The proton NMR spectrum of the complex formed on addition
of I equivalent of netropsin to the AATT 12-mer in H,O at 300C
is prescnted in Figure 10A. The exchangeable resonances are de-
signated by asterisks and include the imino (12.5 to 14.5 ppm)
and amino (6 to 8.5 ppm} protons of the dodecanucleotide and
the peptide and amino end groups {9 to 10 ppm; 6 to 8.5 ppm)
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Fie. 10. (A) The 498 Mz proton NMR spectrum (12,5 to [4.5 ppm; 6.0 to 10.0 ppm}) of
the 1 netropsin per d{CGOGAATTCGCG)  complex in 0.2M phosphate, 5 mM EDTA, 4:1
11,0: 1,0, pH 6.9 at 309G, The exchangeable resonances are designated by asterisks, (1)
Difference spectrum followmg saturation of the 13,55 ppm thymidine imino proton in the
complex, Negative NOE eilects designated by asterisks are observed at the 8.09 ppm adenosine
H-2 proton of the same dA. dT base pair and 14.17 ppm thymidine H-3 imino protons of
an adjacent dA - dT base pair. (G) Difference spectrum following saturation of the 14.17 ppm
thymidine imino proton in the complex, Negative NOE effects designatesl by aslerisks are
ahserved at the 7.44 and 7.37 ppm adencsine H-2 protons of the same dA . dT base pair,
the 8.09 ppm adenosine H-2 proton of an adjacent dA. dT base pair and the 12.75 ppm
guanosine imina proton of an adjacent dG- dC base pair.  The saturation pulsc was on for
250 msee during each accumulation,
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of the antibiotic in the complex. Netropsin {(Scheme VII) lacks
an clement ol symmetry and hence removes the two fold symmetry
of the AATT 12-mer on formation of a tight complex. Thus,
the symmetry related imino protons of base pairs 3, 4, 5 and 6
give resolved pairs of resonances in the complex in contrast to
the imino protons of base pair 2 which give a single peak. (Figures
10A and 11B).

The imino protons of individual base pairs in the complex
were assigned from inter-base pair NOE measurements with
typical data used to differentiate dA - dT base pair 5 from dA . dT
base pair 6 shown in Figures 10B and 10C. These studies demon-
strate that the thymidine imino proton of dA.dT base pair 5
resonates to low field from that of dA .dT base pair 6 in the com-
plex (Figure 10A).

We observe intra- and inter-base pair NOLs in the aromatic
region on saturation of the assigned thymidine imino protons of
dA.dT base pairs 6 (Figure 10B) and 5 (Figurc 10C) in the
complex. This permits assignment of the adenosine H-2 protons
with that of dA - dT base pair 6 resonating to low field from that
of dA-dT base pairs 5 in the complex (IFigures 10B and 10C).

The large sclective complexation shilts obscrved at the thy-
midine imino protons (Figure 11) and adenosine H-2 protons of
AATT 12-mer (Table VII) suggests that netropsin binds in the
dA-dT rich core of the DNA duplex. The chemical shift infor-
mation cannot be directly analyzed in structural terms since
large downficld complexation shifts are observed at the thymidine
imino proton of base pair 5 and adenosine H-2 of basc pair 6
while the thymidine imino proton of base pair 6 and the adenosine
H-2 of base pair 5 are essentially unperturbed on complex for-
mation (Table VII).

We have differentiated between the pyrrole H-3 and H-5
protons of netropsin in the AATT 12-mer complex since the latter
show intramolecular NOEs to the pyrrole NCH, protons. The
pyrrole H-3 protons resonate to high field ol the pyrrole H-5
protons for netropsin in the absence and presence of AATT 12-mer
with large downfield shifts observed at the pyrrole H-5 protons
on complex formation (Table VII). Though this chemical shift
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Fig, 11, The 498 MHz proton NMR spectra of the (A) AATYT 12-mer and (B) the | netropsin
per AATT [2-mer complex at 308C. The spectrum of the duplex was recorded in 0.1M phao-
sphate, 2.5 mM EDTA, 4:1 H,0:D,0, pH 6.95 with a line broadening of 5 Hz. The spec-
trum of the complex was recorded in 0.2M phospbate, 5 mM EDTA, 5:1 H,0:D,0, pH 6.86
with a line broadening of 1 Hz.

Tanre 7. Chemical St Changes of the AATT 12-mer Thymidine H-3 and Adenosine
H-2 Protons on Netropsin Complex Formation ai 30° C

12-mer ! Complex ?

8, ppm 3, ppm A8, ppm ?
Base Pair §
T(H-3) 13.73 14.19, 14,15 -=0.44
A(H-2) 7.26 7.44, 1.37 —0.14
Base Pair 6
T{H-3) 13.59 18.55, 13.51 +-0.06

A(H-2) 7.61 8.09 —0.48

1 Buffer: 0.1M phosphate, 2.5 mM EDTA, 4:1 H,0:D,0, pH 695
2 Buffer: 0.2M phosphate, & mM EDTA, 4:1 H,0:D,0, pIl 6.9.
8 Downfield and uplield complexation shifts are designated by minus and plus signs respectively.
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TasLe 8. Chemical SHfL Changes of the Netropsin Pyrrole NCH,, H-3 and H-5 Pro-
tons on AATT I2-mer Complex Formafion at 30° ¢

Netropsin Complex *
3, ppm 8, ppm A8, ppm ?
Pyrrelle H-5 7.08 7.63 —0.55
7.08 7.48 -—-0.40
Pyreole NCH, 3.78 3.89 —0.11
3.7% 4.02 ~{).23
Pyrrole H-3 6.76 5.67 --0.09
6.73 6.55 +0.18

1 Netropsin chemical shifts in the dissociated antibiolic - d{GGAATTCC) complex in 0.IM
NACL 10 mM phosphate, 1 mM EDTA, 1,0 at S0°C,

2 Netropsin chemical shifts in the intact antibiotic ({CGCGAATTCGCG) complex in 0.2M
phosphate, 5 mM EDTA, D,O, pH 6.9 at 30°C,

3 Downlield and upficld complexation chemical shifts are designated by minus and plus signs
respectively,

information may suggest that the pyrrole H-5 protons of netropsin
are interacting with the DNA, the NOL data outlined below
rule out this possibility.

Current models of the netropsin-DNA complex postulate anti-
biotic binding into the minor groove at dA -dT rich sites on DNA
(Zimmer, 1975; Wartell, ¢t ol., 1974; Patel and Canuel, 1977).
We therefore searched for intermolecular NOEs between protons
on the N-methyl pyrrole rings of the antibiotic and the adenosine
H-2s of base pairs 5 and 6 located in the minor groove in the
center of the AATT 12-mer duplex. The aromatic spectral region
(6.5 to 8.5 ppm) of the netropsin - AATT 12-mer complex at 30°C
is shown in Figure 12A. We observe large intermolecular NOEs
at the superpositioned 8.09 ppm adenosine H-2 protons of dA.dT
base pair 6 in the complex on saturation of the netropsin H-3
protons at 6.55 ppm (Figure 12B) and at 6.67 ppm (Figure 12C).
The magnitude of these intermolecular NOLEs as a function of
the length of the saturation pulse are listed in Table IX and ex-
hibit large values of -0.43 and -0.60 for a 1 sccond saturation
pulse. Saturation of the 8.09 ppm adenosine H-2 proton of dA-
+dT base pair 6 results in intermolecular NOLs at the 6.55 ppm
and 6.67 ppm netropsin H-3 protons of the complex (Figure 12D
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Fig, 12, (A) The 498 MHz proton NMR spectrum (6.5 to 8.5 ppm) of the 1 netropsin per
d{CGCGAATTCGCG) duplex complex in 0.2M phosphate, 5 mM EDTA, D,0O, pH 6.9 at
300C,, The arrows designate the adenosine H-2 protons of dA-dT base pairs 6 (8,09 ppm)
and 5 (7.44, 7.37 ppm)} while the asterisks designate netropsin pyrrole H-5 (7.63, 7.48 ppm)
and pyrrole H-3 (6,67, 6.53 ppm) protons. (B and C) A negative intermolecular NOB
is observed at the 8.09 ppm adenosine -2 proton of dA-dT base pair 6 on saturation of
the 6.55 ppm netropsin pyrrole H-g proton in differenee spectrum B and on saturation of the
6.67 ppm netropsin pyrrole H-3 proton in diflerence spectrum € of the complex. (D) Negative
intermolecular NOL eflects are observed at the pyrrole H-3 protons at 6.67 and 6.55 ppm on
saturation ol the 8.09 ppm adenosine H-2 protor: of dA . dT basc pair 6 in the complex. The
saturation pulse was on for 1000 msec during cach accumuiation.
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Tasre 9. Intermolecular NOE Fffects Between the AATT 12-mer Adenosine H-2
Protons of Base Pair 6 and the Pyrrole Ring H-3 Protons of Netropsin in the Complex
al 300 ¢

Saturation at NOE Qbserved at
Net H.51 Net H-3% DNA A(H-2) ¢

100 msec

Net H-3* 0.12
Net H-32 ~0.17
DNA A(H-2)# (3,09 —0.13

250 pisec

Neg I1-31 (), 29
Net H-32 —(.37
IDNA A(H-2) @ —{0.21 (), 22

1060 msec

Ne¢t H-31 —-0.45
Net H-32 (0,60
DNA A(H-2)® ), 34 —0.37

b Netropsin H-3 resonance at 6.67 ppm in complex at 309C.
# Netropsin H-3 resonance at 6.35 ppm in complex at 300C,
¥ Adenosine H-2 resonance of dA .dT base pair at 8.09 ppm in complex at 300C.

and Table IX) confirming the conclusions reached above. These
results establish two points of contact between the antibiotic and
the DNA with each N-methylpyrrole H-3 proton of netropsin in
close proximity with cach adenosine H-2 proton located in the
center of the duplex (Scheme VII).

We do not observe intermolecular NOEs between the adeno-
sine H-2’s of the dA.dT base pairs and either the pyrrole H-5
or NCH; protons of the nctropsin. We conclude that it is the
netropsin pyrrole H-3 protons that are directed towards the DNA
and the pyrrole H-5 and NCH, protons that face the exterior
in the antibiotic-DNA. complex.

We have also observed a weaker intermolecular NOE between
the adenosine H-2 proton of dA.dT base pair 5 at 7.44 ppm and
a proton resonancc(s) at 4.12 ppm in the complex. The latter
resonance is tentatively assigned to the guanidine methylene pro-
tons of netropsin and establishes a third point of iInteraction in
the complex {Scheme VII). The remaining adenosine H-2 proton
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of dA -dT base pair 5 at 7.37 ppm is not well resolved and attempts
to search for an intermolecular NOE to the amidinopropyl GH,—
CH, groups of netropsin have not yet been successful (Scheme VII).

We have generated the complex between netropsin and the
AATT 12-mer subject to the constraints from the intermolecular
NOLs between the antibiotic and the DNA and a GPK model
of the complex 1s presented in Plate I, The three amide peptide
groups of netropsin can hydrogen bond with the adenosine N3
and thymidine O2 acceptor groups in the minor groove of the
dA - dT base pairs. The antibiotic spans four base pairs in the
proposed model of the complex.

Pruve

Prare 1: {(A) A view of the minor groove in the CPK model of the d{AATT) tetranucleotide
duplex segment.  The adenosine H-2 protons on the four dA -dT basc pairs are designated by
asterisks,  The INA helix axis is inclined relative to the vertical of the page. (B} A CPK
model of netropsinn in a planar confliguragion. The peptlide amide and pyrrole H-3 protons are
on the concave face while the peptide carbonyl, pyrrole H-5 and NCHy groups are on the
convex face, (G} A view of the CPK model of the netropsin - d{AATT) complex. The con-
cave face of the antibiotic is directed into the minor groove of the nucleic acid. The ends of
the netropsin molecule are designated by arrows,  The DNA helix axis in the compiex is
inclined relative to the vertical of the page.
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The netropsin interacts directly with the DNA and hence
complex formation must involve displacement of the tightly bound
water molecules that are obscrved in the minor groove dA.dT
rich core of the AATT 12-mer in the crystalline state. The inter-
molecular NOE measurements readily explain why netropsin does
not bind to dG. dC rich sites on duplex DNA. The magnitude
of the intermolecular NOEs suggests that the pyrrole H-3 protons
arc proximal to the adenosine H-2 protons in the complex so
that there would be no space to replace the adenosine H-2 pro-
ton by a bulky guanosine 2-amino group and still maintain the
interaction.

L1, Kinetic Stabilization at and adjacent to the Antibiotic Binding Site

We have compared the hydrogen exchange kinetics of the
imino protons of base pairs at and adjacent to the netropsin bind-
ing site on the d(AATT) segment of the d{(CGCGAATTCGCG)
duplex (Pardi, et al., 1983). Large differences are observed in
the imino proton magnetization recovery rates between the AATT
12-mer duplex and its netropsin complex as monitored at dG- dC
base pair 4 (Figure 13A), dA-dT base pair 5 (Figure 14B) and
dA-dT base pair 6 (Figure 13C) in phosphate buffer at 52.5°C,
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Fre. 13, Plots of the fractional saturation of the imino protens of {A) dG. dC base pair 4,
(B) dA dT base pair 5 and () dA.dT base pair 6 in the AATT 12-mer duplex in 0.1M
Phosphate, 4:1 H,0:D,0, pH 6.95, 52.50C {O) and the complex of the AATT 12-mer with
I equivalent of netropsin in G.2M phosphate, 5:1 H,0:12,Q, pH 6.86, 52.50C (@). These
experimental data were collected at 498 MHz.
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The observed imino proton lifetimes arc a measure of hydrogen
cxchange at this temperature and the experimental values for the
dodecanucleotide and its antibiotic complex at 52.5° and 60°G
are summarized in Table X.

Tasie 10, Temperature dependence of the 498 MHz saluration recovery lifelimes
(msec) of the imino protons in the AATT 12-mer* and the complex of the AATT I2-

Imino proton lifetimes in msec

Tenp. o G.C#3 G- Cd  A-T#S AT H6
52,500

12-mer 38 145 30 50
Complex 38 249 176 162
60.00C

12-mer 15 15 i6 23
Complex 206 116 94 87

L Buffer: 0.1M phosphate, 2.5 mM EDTA, 4:1 ¥,0:D,0, pH 6.495.
t Buffer: 0.2M phosphate, 5 mM EDTA, 4:1 FH,0:1,0, pH 6.86,

Netropsin binding at the dA - dT rich core of the AATT 12-mer
duplex results in a kinetic stabilization of a factor of 3.5 at
dA - dT basc pair 6 and a factor of 6 at dA - dT base pair 5 at the
complexation site (Table X). We also note a kinetic stabilization
of ~2 at dG-dC base pair 4 which is adjacent to the netropsin
binding site.

Arthenius plots of the saturation recovery lifetimes ol the
AATT 12-mer and its netropsin complex at dG- dC base pair 3
(Figure 14A), dG - dC base pair 4 (Figurc 14B}, dA- dT base pair
5 {Figure 14C) and dA - dT basc pair 6 (Figure 14D indicate
that the kinetic stabilization on antibiotic binding is maintained
over the entire temperaturc range where exchange makes the
predominant contribution.  Further, similar activation barriers
are observed for imino proton exchange in the absence and pre-
sence of netropsin (Figure 14) indicative of the same base pair
opening process operating for the dodecanucleotide and its anti-
biotic complex (Pardi, et al., 1983).
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TG, 14, Avvhenius plots for the inverse of the obscerved imino proton lifetimes of {A) dG QG
base pair 3, (B) dG-dC base pair 4, () dA-dT base pair 5 and (D) dA-dT base pair 6
in the AATT 12-mer duplex at pH 6.8 {O) and the complex of AATT 12-mer with | equi-

valent of netropsin at pH 7.0 (@) in 0.1M phosphate, 2.5 mM EDTA, 4:1 1H,0:D,0. Thesc
experimental data were collected at 360 MHz.

SUMMARY

This review summarizes our recent NMR contributions on the role of
sequence on the structure and base pair opening kinetics of DNA fragments
and their antibiotic complexes in solution. The experimental techniques are
outlined with examples on the d{(CGATTATAATCG) duplex whick contains
the consensus TATAAT promotor sequence,

The well resolved imino and nonexchangeable base protons are assigned
[rom one-dimensional NOE  experiments and  their temperature-dependent
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chemical shifts are used to monitor the premelting and melting transitions.
We have monitored the distance-dependent NOFEs between minor groove pro-
ton markers on adjacent base pairs to demonstrate that the dA - dT base pairs
are propeller-twisted with a defined handedness which results in a sequence
dependence to base pair stacking in solution.

We have monitored hydrogen exchange kinctics at the individual base pair
level from saturation recovery measurements on the resolved and assigned imino
protons in the d(CGATTATAATCG) duplex in 0.1M phosphate solution.
A comparison of this exchange data with related parameters in the d{GGCGTA-
TACGCG) and d{CGCGAATTCGOG) duplexes demonstrates a sequence
dependence to base pair opening rates in DNA helices. Specifically, dA .dT
rich sequences such as TATA and TATAAT which are common features of
promotor sites exhibit transient opening kinetics which are a factor of 2 to 3
faster than the related AATT sequence.

The hinding site of netropsin on the d(CGCGAATTCGCG) duplex has
been elucidated from intermolecular NOE mcasurements between the antibiotic
and the nucleic acid. These experiments demonstrate that netropsin binds
in the minor groove at the AATT central region of the dodecanucleotide. A
comparison of the hydrogen exchange kinetics of the imino protons in the do-
decanucleotide and its antibiotic complex indicates that netropsin kinetically
stabilizes the dA -d'T base pairs at its binding site as well as flanking dG -dC base
pair regions on ithe d{CGCGAATTCGCG) duplex.

The review has emphasized one dimensional NMR measurement of DNA
fragments and their antibiotic complexes to estimate siructural features of
nucleic acids and their ligand complexation sites. Recent advances in two
dimensional NMR technigues can readily be applied to nucleic acids resulting
in the complete assignment of all the base and sugar protons in DNA fragments
up to ~ 2 turns of helix. (Feigon, et «f., 1983%; Haasnoot and Hilbert, 1983;
Scheek, ef al., 1983; Hare, of af., 1983; Welss, ef of., 1984). Several laboratories
are currently attempting to couple the distances derived from NOE measure-
menis between pairs of proton spins with distance-geometry algorithms to
derive detailed nucleic acid structures by NMR in solution.
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ABSTRACGT

Model studies on interactions of non-intercalating ligands with 1DNA have
provided important information for the specific binding of proteins and DNA.
The elements involved in their specific binding with DNA double helix may
be wsed in melecular interactions of hioclogical systems. Two classes of DNA-
binding drugs, netropsin-like oligopeptides and antitumour-active compounds
having quarternary ammonium structures, are discussed as representative non-
intercalators.

It is documented that hase pair specificity, groove binding and geometrical
requirements of thelr interaction are related to the properties inherent in the
structure and dynamics of both the interacting ligand and nucleic acid.

INTRODUCTION

Nucleic acid protein interactions play a central role in all
biological processes of gene transcription, replication, recombi-
nation, repair or transposition. Efforts have been made for many
years to understand the mechanism of recognition between pro-
teins and DNA at the molecular level (for compilation sec von

Abbreviations used: Nt, nctropsing Dst-3, distamycin A; Dst-2, Dst-4, Dst5, analogs of Dst-3;
bis-Nt, bifunctienal Nt-like ligand containing two monomeric Ni-like units; NSC-101327 name
for NSC number (National Cancer Institute, TUSA); SN, screening number for compounds
as documented clsewhere (Baguley, 1982).
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Hippel, 1979; Wells et al., 1980 or Helene and Lancelot, 1982).
For this reason research has been directed to diflerent conforma-
tions and to the dynamics of nucleic acids as well as to the main
factors, which determine the reactivity and complementarity
between DNA and proteins {Gursky et «l., 1977; Helene and
Lancelot, 1982). ILlucidation of the binding of regulatory pro-
teins to DNA is more complex. Small DNA-binding ligands
were found to be more simple external reactants and provided
important information on the nature of the reactivity and spe-
cificity in their interaction with DNA. Most of them bind non-
covalently and reversibly to DNA., Two major classes ol DNA-
binding ligands as model systems are represented by intercalating
and non-intercalating drugs. In addition to that many of thesc
drugs became important tools in the biochemical and biological
rescarch of the genetic material. Many biologically active small
lipands cause their genetic, biochemical and pharmacological
effects as consequences of an interaction with DNA (for compi-
lation sce Waring, 1981). As intercalators actinomycin D or
acridines arc most cxtensively investigated and widely used in
DNA biology {Neidle, 1979; Waring, 1981). In this case chro-
mophoric ring systems are placed hetween base pairs. On the
other hand the oligopeptide antibiotics netropsin {Nt) and di-
stamycin A (Dst-3) represent one prototype of non-intercalating
ligands exhibiting site-specific groove binding properties (Hahn,
1975; Krey, 1980; Zimmer, 1975, Gursky et al., 1977).

This article outlines our efforts to elucidate essential clements
involved in the specific interaction of non-intercalative DNA-
binding drugs. The subject will be based mainly on the groove
binding ligands of netropsin-type oligopeptides and of bisquar-
ternary ammonium heterocyclic compounds (reviewed in previous
and recent papers: Hahn, 1975; Zimmer, 1975; Grunicke et al.,
1976; Krey, 1980; Zimmer, 1983%; Baguley, 1982). A large num-
ber of other substances interacting to the exterior of the DNA
helical structure will not be considered hercin.  Some of these
important types of non-intercalators interacting non-covalently
with DNA are described In recent compilations {(Waring, 1981;
Baguley, 1982; Pullman et al., 1983).
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1. STRUCTURES OF NON-INTERCALATORS

As naturally-occurring compounds Nt and Dst-3 represent
unusual basic oligopeptide structures consisting of 1-methyl-
pyrrole-2-carboxamide residues linked to guanidinoacetamido and
propionamidine groups in the first case and a formyl and amidi-
nopropyl group in the second one (Fig. 1, A). They were found
to be DNA-binding agents with antibacterial, antiviral and an-
tincoplastic propertics (Finlay et al., 1951; Zimmer, 1975; Hahn,
1975; Grunicke, 1976). To modily and possibly to improve their
biological cffects as well as the DNA binding specificity, analogs
were used and their synthesis was designed in several directions;
e.g. modification of the chain length of Dst-3 {Fig. 1B) l-mcthyl-
pyrrolecarboxamide units from n ==1 to n =5 (Arcamone et
al., 1968; Grokhovsky et al., 1975, Grokhovsky et al., 1978) and
substitution of the methyl group by propyl or isoamyl residues
in Dst-2 and replacement of two amide bonds by methylamide
ones (Grokhovsky et al., 1978; Grokhovsky e al., 1982). More
recently a new type of highly sequence specific DNA-binding
ligands have been constructed containing two netropsin-like mo-
lecules {Khorlin, e al. 1980; Khorlin, et al. 1982; Tig. 1, C).
The basic structures of Nt and Dst-3 carry several potential reac-
tion sites for binding to DNA: positively charged terminal re-
sidues, amide groups as hydrogen donor sites as well as CH,
groups for possible intermolecular contacts. The capacity of
hydrogen donors and acceptors of the peptidic linkage Increases
with the chain length of the oligopeptides from n =1 to n =5
(Fig. 1, A).

Other DNA-binding ligands with similarities to Nt with re-
spect to structural features and potential reactive centers are a
serics of antitumour compounds composed of bisquarternary am-
monium structures containing benzene and heterocyclic  ring
systems {Baguley, 1982). The DNA-binding capacity of three
members of this group compared with that of Nt are NSC-101327,
SN-6999 and SN-18071 (Fig. 1, D, I, I').

The stereochemistry of netropsin and of the distamycin analog
Dst-2 {Fig. 1, A) has been elucidated by crystal structure analysis
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(Berman et al., 1979; Gurskaya et al., 1979). The data suggest
important information on the geometry of reactive sites which
are responsible for the binding to DNA. Essential features of the
conformation of netropsin sulfate in the crystal structure are shown
in Fig. 2. There is a concave side persisting of amide groups
(A in Fig. 2) which are themselves hydrogen bonded to water

TFie. 2. Crystal structure of netropsin suifate according to Berman ef al, 1979, The structure
contains alternating hydrophilic and hydrophebic seetions. Hydrophilic regions are represented
by netropsin cations with concave sides (N} facing water molecules {spots: W) and sullate
anions (S} sandwiched between positively charged terminal residues. The cenvex sides of ne-
tropsin conformaltion contain carbonyl {C) and methyl groups (M); A. amide groups.

molecules {spots, W). By this way an oligopyrrole backbone is
formed. The convex sides of the netropsin molecules bearing
the carbonyl {G) and methyl residues (M} form hydrophobic sec-
tions while the terminal cations together with their concave sides
form hydrophilic sections, Orientation and bonding of potential
reaction centers in the crystal, especially NH groups in the middle
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of the concave side {N) of the molecule show their hydrogen donor
function and mirror the ability of the flexible Nt molecule to
adopt a bowed backbone-like structure. This has some relevance
for an isohelical orientation of Nt in a binding model with DNA
{(below).

2, INTERAGTION OF NETROPSIN-TYPE LIGANDS

a) Basc pair specificiiy

The binding of Nt and Dst-3 to DNA was demonstrated by
using optical and hydrodynamical methods (Zimmer, 1975).
Based on numerous results of melting temperature increase, UV
spectral changes, induced circular dichroism and viscosity changes,
a high specificity for dA-dT rich regions was shown to be im-
portant in the interaction of both oligopeptides with DNA,

As one of the most powerful spectroscopic binding increments,
the extrinsic Cotton cffccts caused in the CD spectra of DNA
complexes with Nt and Dst-3 directly reflect bound drug mole-
cules in solution (Zimmer ¢ al., 1972; Luck et al., 1974; Zascda-
telev ¢f al.,, 1974). Typical CI) spectra of the Nt complex formed
with poly(dA) - poly(dT) are shown in Fig. 3. Nt free in solu-
tion 1s optically inactive. The induced CD around 315nm shows
binding of Nt with increasing total ligand concentration. Thus
under comparable conditions the CD amplitude of this extrinsic
band demonstrates the binding efficiency of the drugs with dif-
ferent DNA’s (Table 1). Greater CD signals of dA - dT contain-
ing duplex DNA suggest an extremely high aflinity of Nt and
Dst-3 to dA . d1" base pairs whereas weak or no binding was
detected for duplexes with 1009, dG - dC pairs. Binding of Nt
and Dst-3 is also absent for RNA and for single-stranded DNA’s
{Table 1). The specificity and tight binding to dA.dT base
pairs in clusters is reflected by several lines of evidence. The oli-
gopeptides are attached to DNA in the minor groove without
intercalation (Zimmer, 1975) as evidenced by the findings that
bulky groups in the major groove do not lower their binding
efficiency (Zasedatelev et al., 1974; Wartell ¢t ol., 1974). Binding
of Nt as well as Dst-3 to DNA’s is increasingly sensitive to ionic
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6. 3. CD spectra
of the Nt complex
with poly(dA) - poly
(dT} in 0.1M NaCl,
attached numbers de-
signate 1’ of Nt,

AE

-18

1
3p0

1
260

Wavelength fam

1
340

Tasre 1, Binding of Nt and Dsi-3 deiected by cireular dichroism at 0.02 M NaCl

Polynucleotide

Poly (dA). Poly (dT)

Poly {dA-dT) . Poly (dA-dT)
Poly (dF-dC)- Poly {d1-dC)
DNA (58 mole-%, AT}
Poly {dA-dC) . Poly (dG-dT)
DNA (28 mele%, AT)

Poly (dG-dG) - poly (dG-dC})
Poly (dG)- Poly {dC)

ds RNA ((2phage)

ss DNA (oX174)

Poly (dT), Poly (dA)

Ag (M2 em?)

Nt Dst-3
4.9 10
4.0 17
3.0 1L.0
3.2 7.0
2.0 7.0
1.9 5.0
no binding 0.3
no hinding 0.3 (2.0)

no binding
no binding
no hinding

ne hinding
ne binding
ne hinding

Ag was measured at ¢ == 0.1; at 315 - 320 nm for Nt and at 325 - 328 nm for Dst-3.
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strength as the dA.dT content decreases {(Luck ef al., 1974;
Zasedatelev et al., 1974; Wartell et al., 1974). The highest stability
nf a Nt complex is formed with poly(dA) - poly(dT). As indicated
by the CGD signal at 315am in Table 2 even at 5M LiCl no disso-
ciation occurs. A first marked decrease in As is caused in the
presence of hydrogen bond breaking agents, such as urea or gua-
nidine hydrochloride, but dissociation is still not complete. This
demonstrates a weakening of the Nt binding and suggests a do-
minating role of hydrogen bonding involved in the specific com-
plex formation with double-stranded DNA. The high degree
of binding specificity to dA-dT base pairs in clusters of DNA
is also supported by comprehensive viscosity data (Reinert, 1971;
et al., 1979). Raman spectroscopic analysis provided further
physical cvidence for hydrogen bonding (Martin ef al., 1979).
Specific binding of Nt-type oligopeptides is predominantly achicved
by hydrogen bonds between NH groups of the drugs and 02
atoms of thymidine residucs andfor N3 atoms of adenine bases.
The role of amide groups as primary hydrogen donor sites is
indirectly evidenced by the finding, that the distamycin analog
Dst-2 (Fig. 2, B) containing two of the three amide groups repla-
ced by methylamide ones, failed to interact with poly(dA)-
-poly(d’l’) (Grokhovsky et al., 1982, Krylov ef al., 1979). Some
essential binding constants, reviewed in Table 3 are in accordance
with a dA . dT specific binding of Nt and Dst-3 as well as their
analogs. 'The collected literature data, however, deserve a comment.
Binding constants exhibit a relatively broad scatter for DNA com-
plexes which is due to different conditions and methods used.

Direct comparable data are based on a method by using
fluorescent labeled Dst analogs (Krylov ef «l., 1979; Gursky et
al., 1983). The decrease of the binding constant of Dst-3 corre-
sponds two orders of magnitude in going from poly(dA-dT)-
-poly(dA-dT} to the dG.dC containing duplexes (Table 3).
In close agreement with an dA.dT specific interaction of N,
Gursky et al.,, 1983 cstimated from their binding data the free-
coergy changes for the interaction of a single amide group of
the distamyecin molecule, which is 4G = —2.1 for thymine,
AG == —1.1 for adenine, AG = —0.9 for cytosine and AG ==
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= -{-0.9 kcal- M* for guanine. This nicely supports the conclu-
sions on the highest reactivity of Nt-NH groups with 02 of thy-
midine residues., The {ree energy contribution of a pyrrolecarbo-
xamide unit 15 about 2 kcal per mole for its interaction with an
dA.dT pair and 0.95 kcal/mole for a dG.dG pair (Krylov
et al., 1979). The presence of dG.dC pairs weakens the bind-
ding affinity of Nt as well as of Dst-3 because cytosine 02 atoms
are involved in hydrogen bonding with guanine and hence they
represent very weak acceptors.  In duplexes containing dI-dC
pairs, however, the 02 position of cytosine in the minor groove
has an increased acceptor function due to unshielding of N3 of
inosine. The binding of Nt and Dst-3 to this duplex polymer is
nearly as cffective as in the case of dA-dT duplexcs (Table 2).

Tasre 2. Effect of sall, wea and guanidine hydrochlovide (GIICL) on the binding
of Nt to poly{dA) - poly{dT) detected by CD.

Az (315 am)

Conditions e
v’ QL] o (0.2

0.02 M 4.9 4.9
0.1 M NaCl 4.8 4.8
4 A LiC) 5.8 3.9
5 M GsCl 2.4 2.5
2 M LiCl 4

6 M urea 1.7 29
2 M LiCl 4 i.8 2.6

5 M GHCOI

Recently Marky e al., 1983 reported the calorimetrically-deter-
mined binding enthalpy of —9.2 kcal. M for the Nt complex
with poly(dA-dT) - poly{dA-dT). If the main contribution re-
sults from hydrogen bonding of amide groups onc obtains -3
kcal per hydrogen bond, a reasonable value, which may explain
the specific binding to three dA-dT pairs due to the presence
of three NH donor groups. A fourth hydrogen bond scems also
possible through one of the terminal residues. The positively
charged terminal groups of Nt and Dst-3 {Fig. 1) are, however,
potential sites for strong clectrostatic interactions with phosphate
sites of the DNA hackbone (Zimmer, 1975). This has no marked
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effect on the specificity of drug binding, e.g. removal of the gua-
nidine as well as the propionamidin side chain from Nt (Iig. 1}
does not climinate the specific binding of this Nt derivative to
poly(dA) - poly(dT) {Wihnert et al.,, 1975; Berman et al., 1979).
In principle the analogs Dst-4 or Dst-5 (Fig. 1) containing 5 and
6 NH donor sites more efliciently bind to dA.dT duplex poly-
mers.  On the other hand with chain elongation up to that of
Dst-5 the patential increases to form more or less stable complexes
with dG.dC containing duplexes (Zimmer ¢t ol., 1983 b), which
can be attributed to hydrogen bond formation with dG.dC
pairs. This context is considered below in section (B). It appears
thercfore, that Nt and Dst-2 (Iig. 1) can be classified as highly
dA - dT specific ligands (Zimmer ¢ af., 1983 b). The binding
specificity to dA-dT pairs has been considerably improved by
the synthesis of bis-Nt molecules {Gursky ef al., 1983). The high-
est binding efliciency to poly(dA) - poly(dT) is observed for bis-Nt
which contains the two fragments oriented in parallel sequence
(Fig. 1 C). The CD binding data (Gursky et al., 1983) suggested
a much greater specificity of bis-Nt as compared to that of the
monomeric molecule. Summarizing the data on base pair spe-
cificity of Nt-like DNA-binding oligopeptides this class of non-
intercalating ligands specifically recognize dA-dT pairs in the
IMINor groove.

b) Sequence spectfictly

Analysis of DNA complexes with Nt, Dst-3 and their congeners
revealed a sclective interaction with dA . dT base pairs in clusters
(Zimmer, 1975; Wartell ef al., 1974; Reinert et al., 1979). A site
size of four to five base pairs was obtained for Nt binding in stud-
ics with dA - dT duplex polymers (Luck et al., 1974; Zascdatelev
et al., 1974; McGhee, 1976). At least two or three consecutive
dA . dT pairs are required for a strong Nt binding. Recent NMR
data on imino proton redistribution suggest that the Nt molecule
interacts with the dA-dT tetranucleotide corc of a sclcomple-
mentary dodecamer causing considerable stabilization (Patel et
al., 1981; Patel ¢t al., 1982). The sequence specificity of the Nt
binding is indirectly reflected by our CD and enzymatic studies
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(Zimmer et al., 1979; Zimmer ¢ al., 1980 a}. Fig. 4 A shows
CD titration curves obtained for binding of Nt to poly{dA) - poly-
(dT) and poly(dA-dC) - poly(dG-dT). The saturation level of
Nt to the dG.dGC containing sequential polymer is markedly
lower than that of poly(dA} - poly(dT) indicating a greater bind-
ing specificity to the latter. A sharp dissociation by increasing
salt concentration of Nt from the complex of poly(dA-dG) - poly-
(dG-dT) further verifics a much lower binding strength for this
sequence, whereas the dA . dT containing duplex polymers are
highly stable (Fig. 4 B). This means that placement of onc
dG.dC pair between two dA.dT pairs strongly reduces the
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_<1 0ek B Vartation of the stability of
© Nt complexes of duplex poly-
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specificity of the Nt interaction due to the absence of neighbouring
of 02 atoms of thymines as primary acceptor sites and the presence
of additional steric hindrance of the adjacent guanine amino group
(Wartell ¢ ol., 1974, Zimmer, 1983; Gursky, 1983). A selective
protecticn cffect of DNA duplex polymers against DNase I cleay-
age caused by Nt interaction also mirrors the higher binding
strength to pure dA.dT containing polymers as a consequence
of a greater binding specificity. As shown in Table 4 the degree

d(A-A-4-A } d(A-A-T-T} d  A-T-A-T }g (A-C-A-C )} d(6-C-G-C )
d(T-T-T-T Fd(T-T-4-4 }>c'f Q—A—I—A )->d (T-6-T-G}Fd(C-G-C-6)
o — s - ™ ~ W/ d

Frs. 5. Order of sequence preferred binding of Nt to its site size
of a tetramer duplex: s, strong binding sites; w, weak binding sites,

of the Nt protection from the endonucleolytic DNA degradation
1s 100% for poly(dA)- poly(dT), about 65% for poly(dA-dT).
-poly(dA-dT} and is completely absent for the two dG-dC
containing duplexes. The order of a decreasing binding specificity
of Nt to different tetramer-duplex sequences can be suggested as
given in Fig. 5. In extracting most relevant binding data {Table
3) one may consider two different binding constants for Nt around
Koo 108M7? and K oo 105 to 108M-1 which roughly could ac-
count for strong and weak types of binding regions. In agreement
with some of the collected binding data in Table 3 one may clas-
sify pure dA - dT clusters as strong sites and alternating dG - dC
containing sequences as weak aflinity sites for Nt. The reduced
affinity of Nt for the alternating dA-dT copolymer relative to
that of the homopolymeric sequence of poly{dA) - poly(dT) (Fig.
4B, Table 4) can be well interpreted by the finding that the
structure of the former has a lower minimum of the electrostatic
potential in the minor groove il it exists in an alternating B form
(Pullman and Pullman, 1981). A direct technique for determin-
ing binding sites of Nt and Dst-r by drug-protection in a clecavage
pattern caused Dby methidiumpropyl-EDTA-Fe (II)  complex
clegantly showed a minimal protected segment of four base pairs
(Van Dyke e al., 1982). The strong binding sites of Dst-3 to a
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Tasre 3. Bmdmg conslants (K«) af ne!wpsm and a’zrtanylcm complexes with DNAs

OhgoprUdL })\TA Ko (M) R(.I"cmnf‘c‘.s
Nt Call thymus 2.9.10% a
Nt Various bacterial DNA’ 9.10%.2.7. 108 b
Nt Poly (dA). Poly {dT) 4.9.10% b
Nt Poly (dI)- Poly {dC) 4.5 108 b
Nt Poly {dA-dT). Poly {(dA-dT) 4.0. 108 b
Nt Poly (dA-dT). Poly (dA-dT} 5.0 108 c
Bis-Nt Poly {dA) - Poly {dT) oo 1012 d
Dst-3 Call thymus DNA 1.2.109 a
Dst-3 SPP1 phage DNA 2.4. 100 a
Dins-Gly-Dst-2 Poly (dA-dT}. Poly (dA-dT) (18 3) . 104 d
Dins-Gly-1Dst-2 Poly (dA-dCl). Poly {dG-dT) (107 5) . 10% d
Dns-Gly-Dst-2 Poly (dG-dC) . Poly (dG-dC) {108 d
Dns-Gly-Dst-3 Poly (dA-dT). Poly {dA-dT) (18t 3} 10° d
Dins-Gly-Dst-3 Poly (dA-dC)- Poly (dG-dT) @2 n. d
Dins-Gly-Dsi-3 Poly (G} Poly (dG) (5*3). lO1 d
& Luck et al,, 1974; ¢ Mc Ghee, 1976;

D Wartell of al., 1974; U Gursky el al., 1983.

Taste 4. Protection of duplex DNA’s against DNase I cleavage by spectfic nleraction
with Nt, Dsi-5 and Dsi-A,

Duplex DNA Degree of protection ﬁom enzymatic cleavage (%)

Nt Ds1-3 Dst-5
Poly (dA). Poly (dT) 100 e s
Poly (dA-d'T). Poly (dA-dT) 65 43 47
Toly (dA-dC) . Poly (dG-dT) 0 12 37
Poly {dG-dC}- Paly {dG-dC) o e

Decree of protection is given by the percent age of the inhibition of DNase I cleavage of the
free polymer caused by the ligand added at == 0.1; kinetics of the reaction was measured
by hyperchromicity caused by DNase I (10 ug]ml) il saturation after 30 min as given by
Zimmer ef al., 1980,

fragment of pBR322 DNA at low ligand concentration are com-
posed in almost all cases of at least two adjacent thymine residues
of the protected dA.dT tetranucleotide region. This again
testifies the highly specific binding to dA.dT clusters with con-
secutive thymines. Some deviation in the sequence binding af-
finity was recently reported for the elongated chain, such as for
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Dst-5 {Zimmer et al., 1983 H). In contrast to Nt or Dst-2, analogs
having three to five methylpyrrolecarboxamide units tend to form
complexes with dG - dQ containing sequential duplex polymers.
Such a Dst-5 complex is even not completely dissociated at 1 M
or at 4 M NaCl (Vig. 6). Also there is a protection by Dst-3 and

oM 0.32M 1.0M I2M 16.6pd
3 T 1 T

Lo}
i
2 08 _a M
f Dst-2
g (dA-dThy " (@A-dT)y
g 061 B
[~}
Ly
T g4 i

Lor—eF . :
~
508 4
2
WSt oo6- -
2 {dA-dC ), @G-dT)n
2 o4t & pst-5
“21 ‘. Dst-2

0.2b oMt Dst-3

0 lArd 1 H 1 n 1 i

20 10 05 0 a5 0

piNa

Fre. 6. Influence of increasing sall concentration {NaCl) on the
complex formation of synthetic duplex DNA polymers at the total
ratio ', drug per nucleotide, as designated by symbols g 0.1 Pst-2,
0.2 D23 (PO Dst-3; ©0.2 Det-3;5 11 0.1 Dst-5, A 0.2 Ds-5;
@ 0.1 Nt. Aeg was normalized by taking fts intensity at plNa = 1
{or pNa == 2} as 1.0; Ae at the CD maxima is used for Nuat 315 nm,
Dsi-2 at 320 nm. Dst-3 at 330 nm, Dst-3 at 338 nm (according to
Zimmer ef al., 1983).

Dst-5, e.g. of poly(dA-dC) poly(dG - d'T) in the endonucleolytic
cleavage of DNasc I {(Table 4). These data seem to suggest, that
Nt and Dst-2 possess the higher sequence specificity, which means
they do not show binding affinity to dG-dC pairs. Interestingly
the binding behaviour of the Nt-type ligands exhibit a relation-



SPECIFICITY IN BIOLOGICGAY, INTERACTIONS 189

ship to their reactive sites to the oligopeptide structure {Table 5).
Obviously the interaction with dG-dC pairs 1s favoured when the
keto-acceptor sites or amide-donor sites exceed n = 3 (Table 5).
The possible function of the peptide group of Dst-5 as an acceptor
for guanine in the minor groove has been suggested (Zimmer

‘Tanrr 5. Relationshif belween oligopeplide binding with dG . dC containing  du-
Dlexes and the number of veaciive groups of non-intercalating oligopeplides,

) P Number {n) of Charged
Oligo- A o (AT) Ae(AGICT) Ae(uey Metvlpymole o o cing Sites  Groups

peptide Carhoxamide- Donor  Acceptor ek
Dst-2 0.3 0 2 3 3 1
Nt 15 1.8 0 2 3 (4 3 2
Dst-1D —_ 3.8 0 3 3 3 2
Dst-3 18 G.6 0.9 3 4 4 1
Dst-4 26 11.3 2.0 4 5 5 1
Dst-5 40 26 3.0 5 G 6 !

Ae correspond to €D maxima of bound ligands from 315 nm o 330 nm at ¢° == 0.1 in 0.1
M NaCl:

Ag (AT} poly (dA-dT).poly (dA-dT), Ae {AC/GT) poly {dA-dC). poly (dG-dT), Ae (GC)
poly {dG-dQC) . poly (dG-dC) or homopolymer duplex.

et al., 1983 b). This type of interaction is probably weaker than
hydrogen donation of the amide group. In agreement with the
high hydrogen-bond donating capacity of Nt in the crystal struc-
ture (Fig. 2} three amide nitrogen atoms interacting with 02
atoms of neighboured thymines can cxplain this sequence speci-
ficity. In case of bis-Nt {Fig. [C, Table 3} the two Nt-like units
react independently and the binding specificity is strongly in-
creased (Gursky ef al., 1983).

c) Geometry of the interaction

Binding of Nt and Dst-3 to the double-helix structure requires
the B conformation of DNA as evidenced by lacking of any bind-
ing signal for double-stranded RNA (Table 2}. Poly(rA) - poly-
(rU) and a natural DNA.RNA hybrid, which is believed to
exist in the A conformation also failed to interact specifically
with Nt (Wartell ez al., 1974; Zimmer, 1975). CD studies clearly

15
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demonstrate that Nt and Dst-3 binding to A-type DNA in solution
cause a reversal to the B-type conformation {Ivanov et al., 1974;
Minchenkova and Zimmer, 1980}, The CD spectral changes of
the DNA-Dst-3 complex illustrate this behaviour (Fig. 7). The
low-humidity A-type conformation of DNA (curve 0) characteriz-
ed by the large CI signal at 270 nm is drastically decreased upon
binding of Dst-3, which is directly monitored by the CD at 330
nm. The A-DNA existing at 82% ethanol (Ivanov et al., 1974)
is converted to B-DNA with increasing binding of the ligand
(Fig. 7, below). The CD signal at 270 nm of A-DNA approachcs
that of the B-DNA at 659 cthanol on interaction with Dst-3.
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This demonstrates that the Nt-type oligopeptides specifically in-
teract with the B geometry and do not react in a similar way
with RNA and A-DNA as well.

This conformational specificity of Nt has been used to investi-
gate the presence or induction of B-like structures in certain
DNA - RNA hybrid duplexes in solution (Zimmer et al., 1982;
Marck ¢f al., 1982). CD titration curves for Nt of A.T, A.U
and I.CG duplexes containing deoxyribose, ribose or 2’-deoxy-
2'fluororibose as sugar on either strand arc compared in Fig. 8.

The hybrids with dAfl, rA, dIfl and dCfl in one strand are pro-

poly (dA)- poly (dT)

4iF poly (dAft)- poly{dT) :
sk i
2 poly(rd)-poly(d7) 7

i I
T 3

poly{dA)- poly (di)) J

4
3 -
'l-lg
B . poly(dAft)- poly(@U)
q 2r 1
ir -
poly (rA)-poly dU)
Frc. 8. CD titralion at 315 0 } } t t t
nm {binding curves} of syn- —— poly(d!)-poly (dC
thetic IDNA  duplexes and — P _y )-poly @C) i
DNARNA hybrids with Nt 3r poly (d!fl)-poly (dc)

() at 0.1 M NaCL A:
thymidine, B: uridine and C: 2r
nosine-cytidine  containing

duplexes. dAfl, 2-deoxy-2'- p
fluororibo-adenosine;  difl,

2’ -fluororiboinosine;  dCi, ] ! | ]
2’-flourcribocytidine (ac- a :
cording to Zimmer ef al., 01 02 03 0.4 0.5

1982; Marck ef af., 1982). Netropsinf Nucleotide (r')

poly (d/)- poly (dC )
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bably A-type duplexes (Zimmer el al.,, 1982; Marck et al., 1982).
Nt binds to all six hybrids but shows lower CD signals over the
whole titration range in comparison to that of the three B-type
duplexes of poly(dA)- poly(dT), poly{dA) - poly(dU) and poly-
(dl) - poly(dC). This has been considered as an evidence that
the hybrid duplexes may adopt a B-like conformation upon bind-
ing with Nt, which takes place to a different degree. Dst-3 and
analogs show similar behaviour. The importance of the sugar
conformation in the modulation of the geometry under the in-
fluence of Nt is obvious from the slightly lower binding signals
of the duplexes containing fluorine in the purine nucleoside. The
poly{rA) duplexes show much lower binding tendency for Nt in
both series with poly(dT) and poly(dU) Fig. 8. Also the weaker
binding signals found for hybrids with poly(dU) suggests that the
absence of the methyl group favours the A-form more readily than
the B-like structure. The data on this subject nicely suggest that
Nt-type oligopeptides act as stabilizers of the B geometry and show
at the same time some clements playing an essential role in the
geometry of the Nt interaction.

Besides the B and A conformations the recently discovered
left-handed Z-DNA has received great importance (Wang e al.,
1979; Drew et al., 1980; Sage and Leng, 1980; for compilations
sec Wells et al., 1989; Zimmermann, 1982). It was of interest
to test the binding aflinity to Z-DNA of the Nt-type oligopeptides,
since left-handed Z-conformations scem to be of importance in
natural DNA and in biological systems (Brahms et al., 1982;
Nordheim, et al., 1981). Onec of the most investigated Z-DNA
structure is that of poly(dG-dC) - poly(dG-dC) which shows a B
to Z transition at high salt solution or in the presence of cthanol
at low salt concentration (reviewed in Wells e/ al., 1980; Zimmer-
mann, [982). As dA.dT specific ligand Nt does not interact
with poly{dG-dC} - poly{dG-dC) under moderate and high salt
concentration {Table 1). Binding occurs, however, at very low
ionic strength due to clectrostatic interactions. As demonstrated
in Fig. 9 A the Nt binding to the B form of poly(dG-dC) - poly-
(dG-dC) at very low salt requires higher ligand concentration,
No interaction occurs with the non-reversible Z-conformation of
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poly(br#dG-dC) - poly{brédG-dC) (Fig. 9 B) whereas the reversi-
ble Z-form existing in 609, cthanolic solution is converted to the
B-type conformation (Fig. 9 G). The ability of Nt to induce the
Z to B transition was demonstrated in our recent work (Zimmer
et al., 1983 a}. Therein the possible factors responsible for a con-
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version of non-B-DNA structures induced by netropsin have been
related to differences in geometries and replacement of water
shells in the hydration spine in the minor grooves.

Essential contribution to the explanation for the high affinity
of Nt-type oligopeptides to the B-DNA geometry has been pro-
vided by theoretical works of Pullman and his coworkers (Pull-
man and Pullman, 1981; Pullman et al., 1983). Intercstingly the
distribution of the electrostatic potential of the surface envelopes
in the minor groove suggests a relation to the specific binding
of Nt and Dst-3 in B-DNA. The minimum electrostatic potentials
of the minor groove account very well for a high dA-dT affinity
of the drugs in B DNA of poly(dA) - poly(dT} and of other DNA’s,
but it clearly disfavours their binding in the A conformation
{Lavery and Pullman, 1981). In good agrecement with our data,
interaction of Nt and Dst-3 with the left-handed Z conformation
is disfavoured {(Pullman and Pullman, 1981). The calculated
potentials of poly(dG-dC} - poly(dG-dC) also explain the restrict-
ed binding of Nt and Dst-3 to this B gecometry while the surface
potential of the minor groove for the dI. dC containing B form
accounts for a favoured binding (Lavery and Pullman, 1981) as
it is found experimentally {Table ).

The specific interaction of Nt and Dst-3 with the B-DNA con-
formation involves an isohelical orientation of the oligopeptide
backbone within the groove (Zimmer, 1975; Zasedatelev et al.,
1976, 1978; Berman el al., 1979) suggesting a binding model in
which the methyl groups of the pyrrole rings project away from the
groove and the amide groups form hydrogen bonds with 02 atoms
of thymine residues (Iig. 10). This is also implicated in the cry-
stal structure analysis of Nt (Berman ef al., 1979; see Fig. 2) and
of Dst-2 (Gurskaya ¢f al., 1979). lLvidence was provided by Ra-
man spectroscopy (Martin et al., 1978) and by the fact that sub-
stitution of the methyl groups on the pyrroles by propyl (Krylow
et al., 1979) or isoamyl residues (Grokhovsky et «f., 1982) did not
aflect binding of distamycin analogs. In principle, the groove
binding model of Nt (Fig. 10} has been supported by very recent
crystal data analysis of Dickerson’s group (unpublished data of
Kopka et al., 1983). The orientation of the Nt molecule to the
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B-lile DNA geonetry
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Fig, 10, Schematic model of the coordination of netropsin to the AT-rich tetranucleotide se-
quence of the minor groove of B-DNA, (Data according to Zimmer, 1975; Luck e al., 1974;
Zascdatelev et al., 1976, 1978; Wartell ¢t al,, 1974; Patel, 1982; Snounou and Maleolm, 1983.)

dA - dT tetranucieotide in the middle of a dodecamer co-crystal
structure shows, however, interesting variations.

According to their results it appeared that Nt is directly cen-
tered within the groove by forming most probably bifurcated
hydrogen bonds, and positively charged terminal groups are
located also in the groove. It seems that Nt may replace the
ordered hydration spine of dA.dT rich scgments in the minor
groove of B-DNA (Drew and Dickerson, 1981). This would also
explain the stabilizing effect of Nt and Dst-3 on B-DNA since
the regular, ordered spine of water molecules in the minor groove
is an essential clement in the B-helix stability relative to A or
Z gcometry.

The specific groove binding of Nt is associated with a local
conformational change (Reinert, 1971; Zimmer ef al., 1980 b).
Interaction with superhelical DNA cause a slight unwinding not
higher than 6° per bound oligopeptide (Luck et al., 1974). This
proves non-intercalation between base pairs.  Interestingly, the
recent finding of Snounou and Malcolm, 1983 demonstrated that
Nt binding increases the linking number of DNA and may {avour
the creation of positively supercoiled molecules. This could re-
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flect a change in the backbone geometry resulting in an increase
of helical twisting duc to Nt groove binding. Previous NMR
results (Patel, 1979 a, b; Patel and Canual, 1977) suggested Nt-
induced changes in the glycosidic torsion angles of a DNA duplex
polymer which extends into the drug non-bound base pair regions
on cither side of the Nt-bound site. An altcration of the confor-
mational properties in natural DNA by Dst-3 binding has been
related to a transmission of an allosteric effect (Hogan et al., 1979),
Careful viscosimetric studies on natural DNA’s have revealed that
conformational changes occur as a consequence of Nt binding
causing an increase in contour length of DNA and a stiffening
in the bound region (Reinert et al,, 1979; Reinert et al., 1980).
Groove binding of Nt is associated with different binding modes
and can be ascribed to various forms of dA-dT clusters having
different secondary structure due to differing nucleotide sequences
(Reinert et al., 1980). The hydrodynamic data showed that bound
distamycin molecules modify locally certain DNA helix parame-
ters. A distinct deviation was observed in the DNA interaction
studies between Nt and Dst-3. In contrast to Nt, Dst-3 and ana-
logs cause a local helix bending without essential elongation at
low degree of ligand binding (Reinert, 1981). At high degree
of binding Dst-3 leads to an increase in contour length. Thus,
it appears that the stercochemistry of the bound oligopeptide
differs between Nt and Dst-3. Findings on the binding of dista-
myecin analogs (Luck ef al., 1977; Zimmer ¢t al., 1983 b) point to
this notion. The conclusion needs, however, further experiments.

Stereochemical models have been developed for the molecular
recognition of dA- dT base pairs by Nt and Dst-3. Suggestions
involve an isohelical intcraction in the minor groove of the B-
type double helix by forming specific hydrogen bonds with the
bases to the same DNA strand (Zasedatelev ef al., 1978; Berman
et al., 1979) whereas for Nt, also groove binding with both strands
was considered (Wartell et al., 1974). Our CPK model studies
imply both possibilities (Zimmer et af., 1979}, Fig. 11 illustrates
that the concave side of the Nt molecule is faced into the minor
groove to a tetramer of an dA-d'T base pair segment of B-DNA.
One charged terminal group is placed towards oxygens of phos-
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Fig. 11, CPK model of B-DNA interacting with netropsin within the minor groove {(According
to Zimmer ef @, 1979},

phate sites while its bulky end chain mainly occupies the space
of the groove. All essential clements involved n the specific
binding of Nt-type oligopeptides are collected in I'ig. 10. Loca-
tion of the ligands in the minor groove also agrees with their
protection of sites in this groove against methylation with dime-
thylsulfate (Kolchinsky ef «f., 1975). Specificity, hydrogen bond-
ing and geometry including energetical features concern the con-
sidered topics above, Recent intermolecular nuclear Overhauser
effects of a Nt complex with a dodecamer {further strongly support
the contacts of Nt in the minor groove of the bound d{A-A-TT)
tetranucleotide region (Patel, 1982).

3. INTERACTION OF BISQUARTERNARY AMMONIUM HETEROCYCLES

Design of synthesis and recent DNA binding studies have been
devoted to scveral bisamidine and bisquarternary ammonium
heterocyclic drugs {Braithwaite and Baguley, 1980; Baguley,
1981}, This group of compounds contains interesting structural
modifications related to the Nt-type oligopeptides (Fig. 1 D to F).
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The majority of these agents show cytotoxic activity, but some
of them were described as antitrypanosomal and antileukacmic
drugs (Baguley, 1981).

Binding to DNA of bisquarternary ammonium drugs was shown
by some spectrophotometric changes and studies on ethidium
bromide displacement from DNA (Braithwaite and Baguley, 1980).
In a recent comprehensive spectroscopic analysis we were able to
obtain more information on the binding properties of one type of
these compounds, NSC-101327 (Fig. 1 D), Very similar as found
for the DNA-Nt complex (Fig. 3) the drug NSC-101327 exhibits
an induced GD upon binding to double-stranded DNA (Fig. 12).

10 T T T T T T T T

81" (dA-ar), - (da-d1), /

03 ! S \or
0 !’I" 023\}\/\—005
Y v\ 0.02 ]

RN
RN

0.3

(dG-dC), {G-dC),

Fre. 12, Binding of NSC-101327
] to DNA as reflected by CD spectra
of poly(dA-dT) - poly{dA-dT) and
7 poly(dG-dC) - poly(dG-dG) compl-
exed with increasing amounts of
“8f . , . . ) ] the ligand at 0.iM NaCl attached
200 240 280 220 360 numbers designate total ligand ratio,
Wavelength (nm) " {from Luck e al, 1984).
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Bisquarternary ammonium heterocyclic structures shown in Fig.
1 D to F, are optically inactive when existing frec in solu-
tion. Thus, the extrinsic CD band around 328 nm is taken as
indicator of bound ligand molecules. As indicated by the relative
large positive CD signal at 328 nm (Fig. 12} interaction of NSG-
101327 to poly{dA-dT) - poly(dA-dT) becomes inverted to a ne-
gative one between ligand per nucleotide ratios 1" = 0.1 and
¢ == 0.8 which is attributable to a two step binding mechanism
(Luck et al., 1984). Interestingly binding of NSG-101327 also
occurs to poly(dG-dC) - poly(dG-dC) at 0.1 M NaCl associated
with a negative GD signal within the entire titration range (¥Fig.
12). This result differs from Nt-type oligopeptide.

The spectroscopic binding propertics of the drug NSG-101327
are summarized in Table 6. The analysis of its complex formation
with nucleic acids has revealed several striking features which
differ from the specific DNA binding of Nt. First, NSC-101327
interacts with dA-dT and dG.dC containing duplex polymers
although its affinity to the former is higher than to the latter
(Table 6). Sccond, the drug binds to some extent to RNA and

TaBLE 6. Spectroscopic data on interaction of NSC-101327 with DNA's and RNA's
in 0.1 M NaCl, measured at v == 0.1 ligand per nucleotide

Polymer Ae €max,« {0F  Fmax,- 10? ATm
(M7Yem ) (M-lan?) (M-tcn™) (°C3)
Paly (dA} . Poly (dT) 10.2 22.5 e 10,2 - 16.5
TPoly (dA-dT) . Poly (dA-dT) 9.3 20.3 - 4,6 - 154
Poly (dI-dC) - Paly (dI-dC}) 56 4.8 e 29, G0 —
Calfl thymus DNA 1.0 90 0 - -13.6 4 2.0
Poly (dA-dC) - Poly (dG-dT?} e 2.8 9.3 -— 8.5 4+ 0.3
Poly (dG-dCG) « Poly (dG-dC) — 1.5 6.5 — 80 —
Poly (br® dG-dC) - Poly (br# dG-dC) 0.6 3.92 -— 33,88 —
Poly (rA}) - Poly (xU) 21.6 28.9 s M1 - 15.0%
ds RNA ({2 phage) 6.3 22.4 e 13,3 4 0.3

Poly (dT) 12.5 4.8 — 19.3 no®

A e corresponds Lo the CT maxima around 823 to 327 nm; Smax; and Smax, are maxima and
minima of UV absorption difference spectra {(NSC-101327 complex versus free NSC 101327)
around 330 to 340 nm and 300 to 305 nm, respectively; A Tm is the mehing temperature
increase caused by interaction with NSC-101327 in 0.3 M NaCl; ®at ¢% = 0.3, » T increase
of a fraction relative o melting of free duplex; ¢ slight hyperchromic change with broad melling.
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to the left-handed Z conformation of poly(br!dG-dC) - poly-
(brédG-dC} (Table 7) and hence is less selective for the DNA B
geometry in comparison to Nt and Dst-3, NSC-101327 also ex-
hibits a binding tendency to single-stranded polynucleotides, c.g.
to poly(dT) (Table 7). With respect to the first binding step,
interaction of NSC-101327 with double-stranded DNA occurs in
the minor groove. Like Nt, the bisquarternary ammonium hete-
rocyclic drug most probably forms hydrogen bonds between amide
groups of peptide linkages and base pair edges as well as ionic
contacts of the terminal groups and DNA phosphate sites. A
competitive binding experiment with Nt (Fig. 13) suggests that

T T T T T T T T T

-~ e
\/\,/ = \‘\ . ’
-2k 0.2’-\_././ N

1. i k. 1. 1 Il 1 1 i
230 250 270 230 310 330 350 370 380
Wavelength (nm)

125 .
B
sk (dadT)y - (dA-aT)y
4F ..
t
o
z g Ine. 13.  A: Binding of
NSC-101327 to poly-
-4 e (dA-dT} - poly(dA- dl) com-
plexed with Nt (at " == 0.1,
-8l (dA AT (ta-dT) - Nb J curve 0} B: CD titration oi
" g Complex poly(dA-dT) . poly (dA-dT)
bbbt L0 PRI B and  its Nt-complex with
0 Gt 0.2 0.3 NSC-101327 {from Luck ef

riof NSC-101327 al., 1984).
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NSC-101327 binds to the minor groove by non-intercalative means.
Nt, which exclusively interacts with this helical groove inhibits
both binding steps of NSC-101327 (Luck e al., 1984). Iig. 13
illustrates the blocking of the first binding step of NSC-101327 to
poly (dA-dT) - poly(dA-dT) by pre-hound Nt. Tis non-intercala-
tive binding is also based on some viscosity data of this class of
ligands {Braithwaite and Baguley, 1980). In principle, the struc-
tural composition of NSC-101327 consists of subunits which pos-
sess, similar as in case of Nt-type oligopeptides, hydrogen donating
capacity and electrostatic functional sites, Other structural dif-
ferences scen in the chemical structure of NSC-101327 account
for the variation of its nucleic acid binding properties indicated
by a lower degree of basc pair specificity and conformational
selectivity.  The predominant contribution of positively charged
side chains to the binding affinity is also suggested by our CD
binding results of SN-18071, which has no amide groups as speci-
fic hydrogen donor sites (Iig. 1 F). Binding of SN-18071 to DNA
duplexes also does not reflect a clear-cut base pair specificity
(Table 7).

Tanre 7. Binding of non-infercalating bisquariernary ammonium. compounds lo DNA's
as measured by circular dichroism.

i i Ag{M-1em~!
Polinucleotide (MLt em 1)

NSC-101327 SN-6999 SN-18071
Poly (dA-dT) - Poly (dA-dT} 9.3 11.8 4.0
DNA (58 mole-%, A +'T) 1.0 5.5 2.6
Poly {dG-<C} - Poly (dG-d() — 1.5 no binding 0.5
Poly (br¥ dG-dC) - Poly (br# dG~(2) 0.6 0.2 ——
ds RNA (2 phage) 22,4 no binding
Poly {rA} . Poly (rU} 28,6 - 0.9

Measurements were made in 0.1 M NaCl at ¢ == 0.1, for NSC-101327 at dmax = 323 10 327
mn, SN 6999 at hmax == 3080 nm, SN 18071 at hmex = 405 nam; 2at 10-2 M NaCl.

On the other hand we found that SN-6999 more specifically
interacts with dA.dT base pairs in duplex DNA and {ailed to
react with RNA (Table 7). This contrasts the behaviour of NSC-
101327, but is comparable to that of the DNA-specific Nt binding.
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We also observed a direct competition in the DNA binding bet-
ween SN-6999 and Nt (unpublished results of the authors). We
propose that SN-6999 interacts in the minor groove like Nt by
formation of hydrogen bonds and ionic contacts.

One further element that emerges from the differential bind-
ing of other non-intercalators with DNA is the influence of the
ligand structurc on base pair specificity. As in case of a weaker,
but significant binding affinity of Dst-5 to dG.dCG pairs {Luck
et al., 1977; Zimmer et ol., 1983 b), the drug NSC-101327 is less
sequence-specific and less sclective for the B-DNA conformation
in comparison to Nt and SN-6999.

It has been shown that other non-intercalators such as the
fluorochrome Hoechst 33258 (Houssier and Iredericq, 1975) or the
novel antitumour antibiotic CC-1065 (Chidester et al., 1981; Li
et al., 1982) are potential dA - d'T specific groove binding ligands.
These compounds consist also of structural elements having a hy-
drogen donating capacity and thercfore they may react similarly
as Nt by isogeometric attachment in the minor groove of B-DNA.

4, CONCLUSIONS AND BIOLOGICAL IMPLIGATIONS

The interaction of small DNA-binding ligands with the DNA
double-helix involves a number of essential clements which in-
fluence or determine the reactivity of the DNA. These molecular
features are certainly important for the understanding of the
recognition between DNA and proteins.  First the majority of
non-intercalative groove binding ligands specifically react with
dA - dT base pairs from the minor groove. On the other hand
intercalators, such as actinomycin D recognize dG-dC pairs in
the minor groove of B-DNA (Gellert e al., 1965; Gursky et al.,
1983). The primary role of hydrogen bonding in the specific
recognition of dA.dT pairs in the mmor groove is reflected by
non-intercalative binding of several drugs. TPossible acceptor and
donor sites at the edges of base pairs, proposcd by Seeman et al.,
1976 {e.g. 02 atoms of thyminc and N3 of adeninec bascs) arc
experimentally verified.

Second, sequence-specificity and conformational dependency of
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the interaction of various non-intercalative ligands with DNA
demonstrate the stercochemical requirements and complementa-
rity. For Nt-type oligopeptides the best molecular correspondance
is achicved for a pure dA-dT containing sequence of the DNA
B-geometry. This depends on the nature of the interacting ligand,
e.g. different from Nt the drug NSC-101327 shows binding affinity
to the B- and to the A-conformation. The sequence-specificity
exhibited by Nt or Dst-3 is considerably ecnhanced on increasing
the specific reaction centers in bis-Nt (Gursky et al., 1983). Se-
quence-dependence and stercochemistry of the oligopeptide-DNA
complex illustrate a model which may be used in the molecular
correspondence between proteins and DNA. Interesting proposals
have been made for the complementary and a possible recognition
code. These are based on the g-sheet structures of the polypeptide
interacting along the minor groove through hydrogen bonding of
its peptide groups (Gursky et al., 1975; Gursky et al., 1977},

A third important factor is involved in the geometrical varia-
bility of the DNA structure under the action of Nt-type oligo-
peptides.  Non-B DNA conformation can be modified to B-like
conformation upon binding of Nt or Dst-3. Specific binding of
Nt-type oligopeptides induces some conformational changes in B-
DNA (Patel and Canual, 1977; Reinert, 1971, Zimmer et al.,
1980; Patel, 1982}, which may be associated with an allosteric
effect (Hogan et al., 1978). Although Nt-binding causes no drastic
conformational effects of B-DNA, it distorts the sugar phosphate
backbone (Patel and Canual, 1977; Snounou and Malcolm, 1983).
These effects may be of significance in the molecular process of
DNA enzyme rccognition.

The sequence-specific binding properties and conformational
requirementis of non-intercalative drugs imply models for rcco-
gnition between regulatory proteins and DNA, e.g. the repressor-
operator or promotor-RNA polymerase interactions (Von Hippel,
1979; Wells et al., 1980). In the light of improved binding speci-
ficity of DNA-groove binding ligands modes of binding of regu-
latory proteins, such as of the Cro protein and lac repressor, were
ascribed to p-associated oligopeptide interaction with DNA (Gur-
sky 1983).
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As sequence-specific binding ligands, Nt-type oligopeptides and
other non-intercalators represent inhibitors of the template-activity
of the DNA-dependent DNA- and RNA-polymerase systems in
vitro (Zimmer, 1975, Gursky ef al., 1983). These antibiotics also
interfere with cleavage sites of restriction endonucleases and speci-
fically block the DNase I cleavage in segments of dA.dT hase
pair clusters (Zimmer ef af., 1980, Nosikov and Sain, 1977). These
examples along with numerous other data (for compilation sce
Zimner, 1983) show that non-intercalative DNA binding ligands
are useful tools in DNA biochemistry and in biology.
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ABSTRACT

The three-dimensional structure of two clongator (RNAs, tRNAT" and tRNA#s»
from yeast, has been solved at high resolution.  Their secondary cloverleal
structures are [olded in a tertiary L-shaped conformation with a more open
structure for tRNA*P,  Both tRNAs present different molecular dynamics as
revealed by temperature factors of the different parts of the molecules. These
features are related to different conformational states of the tRNAs: (RNAFbe
would possess the structure of a free tRNA and tRNA*» that of a (RNA on
the rihosome. The solution structure of both tRNAs was probed with chemical
reagents and compared with the crystal structures,  Structural similarities as
well as dillerences were detected reflecting the versatility of tRNA structures.

Comparing the accessibility of tRNAs, in their free state and complexed to
aminoacyl-tRNA synthetases or elongation factor LF-Tu, to chemical or enzy-
matic probes, it was possible to determine the regions of tRNAs in ¢lose contact
with their macromolecular partners. Upon complex formation with aminoacyl-
tRNA synthetases a multistep adaptation of both macromolecules takes place,
analogous to an induced fit. This process determines the specificity of the tRINA
aminoacylation reaction. In the particular case of the yeast phenylalanine
system, the wybutine residuc next to the anticodon of tRNAP" has heen iden-
tified as an important element in this mechanism, More precise structural in-
formation will arise in future from studies on crystallized complexes. Such a
complex, that between tRNA#*» and aspartyi-tRNA synthetase, has been crys-
tallized and is under investigation,

1. InTRODUCTION

Transfer RNAs (tRNAs) represent a fascinating family of
nucleic acids, because they participate in numcrous biological
functions. The function which has been the most extensively
studied is their role in the mRNA mediated protein biosynthesis
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(for a review see Schimmel et al, (1979) (Table IA)). However
this 15 not the only cellular role played by these molecules. Transfer
RNAs are also involved in other important functions. For exam-
ple they participate in the mRNA independent transfer of ami-
no acids into different cellular components, such as peptidoglycans
in the bacterial cell wall biosynthesis, complex lipids and even the
terminal NH, groups of synthesized proteins (Table IB). All
these functions involve numerous interactions with different bio-
logical partners. Other interactions are related to tRNA process-
ing and modification (Table IC). TFinally there is more and more
evidence for the involvement of tRNAs in functions where they
interact with genomic components. Several tRNA species arc

Tasre 1. Inleractions between IRNds and several lgands velaled to different tRNA
Junctions

A) mRNA mediaied protein biosynthesis B} mRNA independent frangfer by several iRNAs

Interaction of (IRNA with:

— aminoacyl-RNA synthetases

— initiation and clongation factors
— mRNA

~— ribosome

of amino acids inte:
- peplidoglycans
—- complex Hpids
— NH, terminus of synthesized proteins,

Gy IRNA processing and modification

Interaction of tRNAs or of their precursors
with:
e PrOCEssing enzymes
- nucleoside modifying enzymes
- in situ modificatons of nucleosides
(methylated nucleosides, dihydrouridine,
pseudouridine, hypermodificd nucleosides,
cle.)
-~ Insertion of € base

D) Iiteraction of (IRNA with genomic components

— involvement of several tRNA species as
primers in reverse transcription of viral
RNAs {retroviruses)

—- regulatory functions of (RNA  (regulation
of biosynthesis of amino acids, aminoacyl-
(RNA synthetases, IRNA, rRNA).

involved as primers of reverse transcriptase and participate in
regulatory processes (Table ID) (for a review see La Rossa and

Ssll, 1980).

Among these various functions, the best understood role of
tRINAs is their participation in protein synthesis. In that process
their function is to carry amino acids to the ribosomes, to decode
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the messenger RNAs and to incorporate the correct amino acid
into the protein sequence. These functions lead tRNAs to many
interactions with different proteins and nucleic acids, With ami-
noacyl-tRNA synthetascs, enzymes which attach the correct amino
acid to the 5’-end of their cognate tRNAs, the molecular recognition
must be highly specific. The same is true for the decoding of the
genctic code at the messenger RNA level.  However, with the
clongation factor, which carries the aminoacylated tRNAs to the
ribosome and also with the ribosomal components which are
involved in peptide bond synthesis, the common partners imply
common features. In this study, we will concentrate on two inter-
actions which are cxamples of these two situations and which
have been extensively studied in our laboratory: the highly specific
interaction of tRNAs with aminoacyl-tRNA synthetases and the
less specific interaction of aminoacyl-tRNAs with the bacterial
elongation factor EF-Tu.

IT. Structurrk or tRNA

The three-dimensional structures of two tRNAs, ycast tRNAMe
and tRNA* have been solved at high resolution. Both are
clongator tRNAs with a short extra-loop. In this section, we
will focus on the structure of tRNA with reference to that of
tRNAM:,

L. Primary structure

The nucleotide scquence of yeast tRNAM, shown on Figure 1
together with that of tRNA™, presents some characteristic
features {Ganglofl ¢f afl., 1971, RajBhandary and Chang, 1968).
It contains a high number of G-C base pairs, except in the
D-stem where two G-U base pairs are present. The variable
loop is made of four nucleotides versus five in tRNA™ (for
convenience of comparisons we kept the same numbering,
assuming a deletion at positions 47). The D-loop has the same
length as that of tRNA™ but the two conserved (s, which are
crucial for D and T-loops tertiary interactions, are at positions
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T16. . The nucleotide sequence of yeast tIRNAME and (RNAThe, Yor conventence the numbering
system ol the nucleotides is that of yeast tRNATRe: in the 75 nucleotide~ long tRINAMP position
47 in the variable loop has been omitied. Non-classical Watson-Crick base pairs are indicated
Ly broken lines,

[7 and 18 instead of 18 and 19, thus making « and j regions of
the D-loop quite symmetrical, Last but not least, the anticodon
GUQC presents the peculiarity to be self-complementary, with a
slight mismatch at the uridine position. This feature was first
noted by Grosjean et al. (1978} who showed the existence of a
significant interaction in solution and suggested it to be a temp-
ting model to study tRNA-mRNA recognition.

2. Grystal structure

Structure determination: The molecular structure of phenylalanine
specific tRNA from yeast has been solved independently in differ-
ent laboratories. The groups at MIT and Duke have reported
their results on the orthorhombic crystal from an analysis at
2.5 A resolution (Kim ef al. 1974; Quigley et al.,, 1975 a; Suss-
man ¢ al., 1978). The MRC group has reported his work on
the monoclinic crystal form at 2.5 A from MIR {multiple
isomorphous replacement) maps and also a real-space refinement
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of the model at 2.5 A resolution (Ladner et al., 1975; Jack et al.,
1976). The same crystal form was solved independently at Madison
by Stout et al. {1978).

For yeast tRNA*® two structures have been solved from a
multiple isomorphous replacement (MIR} X-ray analysis of two
crystal forms (Moras ¢f al., 1980). The transition between forms
A and B is temperature dependent but it can also be induced
around 200 by pH changes or the addition of some heavy atoms
derivatives (Huong et al., 1984). The structure of one form,
the lower temperature one, has been refined in reciprocal space
using the restrained least-square method of Konnert and Hen-
drickson (1980) and in recal-space with the graphic modelling
program I'RODO {Jones, 1978). Both programs were adapted
for nucleic acid handling.

Boomerang versus L~shape: A view of the tRNA™ molecule
together with a similar view of tRNA™ is shown on Figure 2.
The topological organization of the cloverleaf sequence is similar
to that first found for yeast tRNA™<. This gives the L-shaped

Fre. 2. Two views of the three-dimensicnal structures of yeast (RNAMY (right) and (RNAPhe
(left). The coordinates of tRNAP refer to the refined low temperature form; the R-factor for
these data is presently 24.5% at 3 A resolution. The CCA-end part however is not yet fully
defined and was set in the standard helical conformation, The coordinates of yeast tRNATe
are those of the orthorhombic erystal form (Quigley et al., 1975 b).
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structure formed by two units: vertically the anticodon and the
D-stems, horizontally the T- and the amino acid accepting stems.
However in the case of tRNA*" the two branches forming the L
are more open {by more than 10°) than in tRNA™ conferring
to this tRNA a boomerang-like shape. This results in a differ-
ent positioning of the anticodon and of the T-stems and loops
with respect to fixed acceptor and D-stems which superpose well
to the corresponding part of tRNA™ (Moras et al., 1980).

Anticodon-anticodon interaction: In the orthorhombic crystal lat-
tice (space group G 222,) tRNA*® molecules are associated through
a two-fold symmetry axis parallel to the crystallographic b direc-
tion by anticodon-anticodon interactions. Figure 3 represents
the local conformation (Westhof el al., 1983). The GUC anti-
codon triplets of symmetrically related molecules form comple-
mentary hydrogen bonded base pairs, arranged in a normal
helical conformation. This small helix is stabilized by stacking
of the modified base m*G37 on hoth sides. This packing confers
a great stability to the dimeric structure and explains the good
quality of the electron density map in the anticodon region. A
contact between the anticodon loops of two (RNAs also cxists
in the orthorhombic form of yeast tRNAM™. 1In that case,
however, the GumAA anticodons cannot be base paired and they
are arranged in a stacked conformation.,

Dynamic aspects: Crystallographic refinement leads to the de-
termination of the so-called Debye-Waller temperature factor.
Although temperature factors contain various components, it has
been shown (Frauenfelder ef al., 1979 and Artymiuk et al., 1979)
that their variation along a macromolecular backbone has some
physical mecaning. In Figure 4 are represented the temperature
factors of each phosphate along the polynucleotide chain in
tRNA% and in t(RNA™-,

For tRNA™P, it is apparent that the stems are more rigid
than the loops, except for the end of the amino acid acceptor
stem. This variation is not so apparent for tRNA™e although
the effect is present. Also, in tRNA*", the T-loop presents higher
temperature factors than the anticodon loop. This is in marked
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Fre. 3. Sterco-views of the {(a) anticodon tripiet (GUC) base pairing in yeast IRNAM? and (b)
of the corresponding triplet in the RNA-11 conformation (Arnott ef af., 1972).

contrast to the situation in tRNA™, where the anticodon loop
presents the highest temperature factors and the T-loop the lowest
oncs. There is a similar but less pronounced reversal in the re-
gion of the Pl0-loop, where P10 is at a minimum in tRNA*®
and at a maximum in tRNA™  The origins of these differences
arc difficult to pinpoint. We think that the different behaviour
of the * flexibility ”* of the tRNA molecule in the two crystals
arises from the diflerent packing of the molecules in crystals of
tRNAA and of tRNA™, since there is anticodon-anticodon
base-pairing in the former crystals and not in the latter ones.



Tig. 4. Thermal vibration of the backbones. Two sterco-views of yeast tRNAMD (up) and
tRNAP?e (hottom) are shown, Lach phosphate group is preseated by a ball propertional to
the value of the temperature factor,
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To summarize, we can say that the structure of tRNAMP
shows the conformational state of a tRNA on the ribosome. In
the crystals one GUC triplet from one tRNA molecule mimics
a codon of mRNA interacting with the GUC anticodon of a
second molecule, This interaction might act as a signal and trigger
conformational changes elsewhere. The open structure of the
tRINA might be a result of such a mechanism. Influence on the
D and T-loop association is strongly suggested by thermal factors.
The structure of tRNA™ would be that of a free tRNA, with
{lexible anticodon stem and loop.

3. Solulion structure

Experimental approackes: Solution structures of tRNAs have al-
ready been approached by a varicty of physical and biochemical
techniques (for a review see Schimmel and Redfield, 1980). Here
we have used new biochemical methodologies which permit to
probe the accessibility of the tRNA molecule to chemical reagents
specific for different functional groups of the nucleic acid.  Enzy-
matic probes can also be used {c.g. Wrede ¢ al., 1979; Favorova
¢t al., 1981; Boutorin et al., 1982; Florentz et al., 1982), but in
this study we have given the preference to the chemical reagents,
hecause of their small size compared to the bulky enzymes. This
allows one to probe discrete conformational features in the tRNA.
The principle of the different methods derives from the chemical
sequencing methodologies of nucleic acids (Peattic, 1979; Maxam
and Gilbert, 1980} and relies on their statistical and low yicld
modification at each potential target, in such a way that each tRNA
chain undergoes less than one modification. Two experimental
conditions are usually chosen; one which maintains the native
structure of the t(RNA and another one where the tRNA is denatured
in such a way that all potential targets become accessible and can
rcact with the probes. The tRNA molecules labelled at their 3" or 5
end with radioactive [*2P] ATP arc then specifically split at the
modified positions and the resulting end-labelled oligonucleotides
are analyzed by high voltage electrophoresis on sequencing gels
followed by autoradiography. The assignment of the bands is
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done by comparing their migrations to ladders obtained after
limited T, RNAse digestion or alkaline hydrolysis, In such a way
it becomes possible to probe the entire tRNA molecule in one
experiment.

Three chemical reagents, ethylnitrosourea (ENU), dimethyl-
sulfate (DMS) and dicthylpyrocarbonate (DEPC) were used.
All three are potent carcinogenic agents which react at different
sites of nucleic acids (Leonard ef al., 1971; Kusmierck and Singer,
1976) but with a pronounced preference for those indicated in
Figure 5. The modification reactions labilize the ribophosphate
backbone so that it can be split easily at the modified positions
according to the scheme shown in Figure 5.
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Fig. 5. Principles of the chemical modification reactions of ribonucleic acids with ENU (a),

DMS (b, e} and DEPC (d) and of strand-scission at the modified pesitions. The ribophosphale
backbone is schematized; @ represents a phosphate group; X are the bases. Experimental
details for the ENU reaction were deseribed by Vlassov et al., 1980 and for base alkylations by
Peattie and Gilbert, 1980.

ENU probes the accessibility of phosphates (Vlassov et al.,
1980). The reactivity per residue is particularly low: 0.1 to 0.3 ethyl
group incorporated per tRNA molecule. The splitting of the
ribophosphate chain at the modified positions is done at alkaline
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pH; 3" and 5 fragments are liberated, the latter one carrying the
ethyl groups. The method was established with yeast tRNA™<
and it was shown that the results could be interpreted in terms
of accessibilitics to the reagent of the phosphates in the tertiary
structure of the tRNA. This was best illustrated in a comparison
between the chemical phosphate reactivities in native yeast tRNA™
and the calculated accessible arcas of the anionic oxygens of the
phosphates for Na* ions and for water (Thiyagarayan and Pon-
nuswamy, 1979; Vlassov ef al., 1981; Lavery ef al., 1980 a). 'This
comparison gave a quasi-perfect identity between the phospho-
diester reactivity toward ENU and the steric accessibility of the
phosphate groups (Figure 6).
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Fi6. 6. A comparison between the chemical phosphate reactivites in the native yeast tRINAFRe
{A) with caleulated (Thiyaharayan and Ponnuswamy, 1979; Lavery et al, 1980 a) accessible
areas of the anionic oxygens of the phosphates for Nat ions (B} and for water {G) iz the
crystal structure of the tRNA. In (A} the ratio R is delined as in Figure 8.

DMS and DEPC probe the accessible bases and were intro-
duced by Peattic and Gilbert {1980) who established the method
with yeast (RNA™ . The rclevance of the approach was supported
by accessibility and potential computations of the base environ-
ments (Lavery et al., 1980 b). DMS and DEPC react at the N7
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position of G and A; for A the modification is particularly sen-
sitive to stacking. DMS also alkylates the N3 position of C;
this position can be involved in Watson-Crick pairings thus mak-
ing this modification a powerful probe for secondary or tertiary
interactions. The extent of bhase alkylation is about 10 fold that
of phosphate modification by ENU, a f{avourable fact from an
experimental point of view (Barciszewskl et al., 1982). However,
the presence of naturally occuring N7 methylated purines in
tRNA is a disadvantage since it could be responsible for the split-
ting of all molecules at these positions. Therefore the conditions
for chain scission arc chosen so that the splitting is only partial.

The structural environment of the studicd positions {cither
accessible or inaccessible to the rcagents) was analyzed on a
graphic interacting display system {MPS from Evans and Suther-
land at EMBI, Heidelberg, Germany) using the graphic model-
ling program FRODO (Jones, 1978)}.

HAccessible and  burted residues: Chemical modification experi-
ments were done in paralled on tRNAM and tRNA™ under
identical experimental conditions. Figure 7 gives an example of
a DEPC experiment in which the accessibility of the N7 position
of adenines has been probed. The appearance of @ band indicates
that this particular adenine is accessible under the given experi-
mental econditions. This is for instance the case for the constant
residuec A21 in the D-loop of tRNA which reacts with DEPC
when the tRNA is under native conditions. On the contrary,
other residues, for instance A62, A64 in tRNA™ and A44, A46
in tRNA* are protected in the native tRNAs. These examples
illustrate how chemical modification experiments are interpreted.
In the frame of this report we do not mtend to present all acces-
sthility results obtained with tRNA and tRNA,"™ but we only
want to focus on 3 particular positions: P60, A2]1 and G45.

Structural similarities in tRNAs — The conformational environment
of phosphate 60: A comparison of the patterns of phosphate alkyla-
tion in tRINAs from yeast and F.coli (Vlassov et al., 1981) revealed
a striking similarity csseutially in the T-arm and particularly at
position 60 where a total absence of alkylation can be noticed.
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4

TG, 7. Adenosine accessibility experiment. Autoradiogram of 139 aerylamide gels of an alkyla-
tion experiment with DEPC on (BRNAPM (a) and (RNAM? (b}, {1} Formamide ladder, (2)

-
.

denatured conditions: 1 mM EDTA, 50 mM sodium cacodylate buffer pH 7.2, 900 (3, (3) semi-
denatured conditions: 1 mM EDTA, same bufler, 37¢ G, (4-3) native conditions: 10 mM MgCl,,
same bufler, 379 (U, Adenosine positions are numbered.

In the three-dimensional structure of t(RINA™® (Quigley et al., 1975a;
Jack et al., 1976; Stout et al., 1978; Sussman et al., 1978), as well
as in that of tRNAM (Moras et ol., 1980), phosphate 60 is Jocated
in the hinge region where the two helical domains of tRNA
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Join to form the characteristic L-shaped structure. A quick inspec-
tion of both molecular structures suggest a good explanation.
Phosphate 60 appcars to be buried in a pocket formed by A58,
(60 and C61 on the one side and the deep groove of the T-stem
on the other side. The resulting steric hindrance induced by the
tertiary folding would thus account for the absence of alkylation.
This interpretation is best illustrated in tRNA™ by the compu-
tation of steric inaccessibility of phosphate 60 to sodium ions or
water (Thiyagarayan and Ponnuswamy, 1979; Lavery et al.,
1980 a). In both tRNA* and tRNA™- the existence of a hydrogen
bond between phosphate 60 and the N4 amino group of C61 and
the 2-hydroxyl group of ribosc 58 is another good explanation
for the lack of reactivity of this phosphate. It includes the steric
inaccessibility in the hydrogen bond direction and has the addi-
tional effect of rigidifying the local conformation.

The ENU reaction on the 3’half-molecule of tRINA* clearly
shows the similar absence of reactivity of phosphate 60. Tigure
8 gives the experimental data. This experiment suggests a similar
folding of the end of the T-stem which helps to stabilize the struc-
ture of the T-loop in a similar conformation in all {RNAs.

Structural differences 1n tRNA™ and iRNA™ — The conformational
environment of A21 and G45: DMS and DEPC probe N7 positions
of purines and N3 positions of cytosines. Tor simple structural
comparison onc should concentrate only on those residues located
at similar positions in (RNA* and (RNA™. These positions
arc indicated in Figure 9. Some residues cxhibit similar beha-
viours in both tRNAs. Other nucleosides display different chemi-
cal reactivities; here we will discuss two of them, A2 and G45.

In tRNA*" adenosine 21 is accessible to modification at N7
by DEPC; it is protected in tRINA™. The explanation is linked
to a diflerent extra-loop structure in both tRNAs. {(RNA™e
possesses a 5 bases long extra-loop, whercas tRNA® has only 4
bases in this domain. In the three-dimensional structure of both
tRNAs, A2 is stacked between positions 46 and 48. Position 47
is an uridine residue in tRNA™ and bulges out of the structure;
the corresponging residue is missing in tRNA*®,  This confers a
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Fra. 8. Comparison of phosphate reactivities toward ENU between native and 8'halFmolecule
ol tRNA#se, The ligure shows an autoradiogram ofa 15%, acrylamide gel of an alkylation experi-
ment on the 37 hall-molecule of (RNAMD Jahelled at its 5 end: (C} contrel incubation under
conditions stabilizing the tRNA structure, (1} partial ribonuclease Ty ladder, {800, 209) alkyla-
tions at 807 G or 200 C under conditions unfolding (80°) or stabilizing {200 C} the halfmolecule,
The absence of band at pesition 60 is indicated. The interpretation of data is given in plots
of R versus phosphate number for tRNAAP and hal-=(RNAAsP, R values arc the ratios between
the mtensities of the corresponding clecirophoretic bands of the alkylated folded und unfolded
molecules. A difference plot between hall- and complete t(RNAMD js given showing the same
shiclding of I* 60 in both moelecules, but otherwise more accessible phosphates in the T-loop of
the hall ARNAMD, This means that these phosphales are protected by lelding effects in the com-
plete IRINA; these effects are Jost when the T-loop is isolated [rom its structural context.

slightly different positioning of residues 46 and 48 in the two
tRNAs as can be seen in Figure 10. The conformations of the
extra-loops permit a perfect stacking of A2l Dbetween bases 46
and 48 in tRNA™ and a worse one in tRNAY, As a consequence
the N7 position of A2l is protected in tRNA™¢ and accessible
in tRNAM,

As to G453, the situation is inversed. The N7 position of the
guanine residue is accessible to alkylation by DMS in tRINAM™e
and protected in tRNA*, The reason for that is linked to a dif-

17
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Fro. 9. Composite secondary
structure of yeast (RNAM? (Gan-
gloft et al., 1971) and tRNAPhe
(RajBhandary and Chang, 1968)
with nucleotides common o both
tRNAs, R is for common pu-
rines and Y for common pyrimi-
dines,  Those residues which
exhibit a different reactivity to-
wards DMS or DEPC are cneir-
cled. Uridine residues are not
tested,

A6A —]

SCIENTIARUM SGRIPTA VARIA 55

U4z Missing 4y

15
G R
tRNAP Oy D
[ ]
G
L]
:
G 20
tRNAPhe

.- .5 » U

U GeCeC A

A [ I | R

UeG MCeGoG c
[ o -(47) T "]

" -0
.-
.-
30-G - 40 45
.-
. )
u *G
S .
3
as

__ AZi N7 pROTECTED

L Cas

I1s. 10, Graphic modelling of the structural environment ol adenocsine 21 in (RNAASP [A)
and (RNAPhe (BY and interpretation of the display pictures. The Van der Waals spheres
of the atoms are shown and the N7 position of A 21 is indicated by a dark dot,



SPECIFICITY IN BIOLOGICAY, INTERAGTIONS 223

ferent stacking of residue A9 between positions 45 and 46. This
difference 1s due to the presence in tRNA™ of m?G in position 46
and of A16 in tRNA™". The bulky methyl group of m"G hinders
A9 to be stacked correctly in tRNA™ and as a consequence G45
becomes accessible to DMS.  In contrast, in tRNAM A9 is per-
fectly stacked between residues 45 and 46 explaining the protec-
tion of G45.

ITI. InteracTiON BETWEEN tRNA AND AMINOACYL-tRNA syn-
THETASLE

L. Crystallization of the IRNA™M — Aspartyl-tRNA synthetase complex

Both tRNA*" and aspartyl-tRNA synthetase could be crystal-
lized in various media including low salt conditions (Giegé ef al.,
1977; Dietrich et al., 1980). The best diffracting crystals, however,
could only be grown in the presence of ammonium sulfate at
629, saturation for tRNA and at 349, for the synthetase. For
the complex, crystallization was observed to occur only under high
salt conditions, between 48 and 53%, saturation of ammonium
sulfate depending upon the concentration of macromolecular
components and the temperature. The optimal crystallization
conditions for the different components of the aspartic acid
system are summarized in Table II. A full account of the

Tasir 11, Crystallization conditions of LRNAMY, aspariyl-tRNA synthetase and the
complex formed belween these two macromelecules

¥ lex

lecule tRNASSS AspRS ORI
Molecules P FRNAJ/[AspRS] == 2
Molecular weight 24160 125000 175000
Precipitant
— Natwre {NH,}, 50, (NI}, SO, (NH,); 50,
— Concentration 629 549, 509,
Macromolecular
concentrations {mg-ml-1)
—tRNA 3.5 — 1-5
—- LEnzyme e 4 3-12

pH 6.8 6.7 7.0-8.0
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crystallization procedure was reported by Giegé of al. (1980)
and Lorber et al. (1983).

For the complex, one of the most important factors in crystal
formation is the stoechiometry of the components. No crystals
can be grown for a molecular ratio tRNA/enzyme inferior to
1.8 and the quality of the crystals degrades when that ratio in-
creases to more than 2.2. These values only reflect the experi-
mental uncertainty of the concentration measurements; the best
crystals are obtained when the mother liquor contains two tRNA
molecules for one dimeric cnzyme.

The first problem to solve in the presence of putative complex
crystals is to ascertain the coexistence, within the crystal, of both
the nucleic acid and the protein. The presence of {RNA and
aspartyl-tIRNA synthetase was tested by gel electrophoresis and
by biochemical activity assays. All experiments were done with
crystals carefully washed so that the possibility of contamination
by non-crystallized material could be eliminated.

The presence of aspartyl-tRNA synthetase was demonstrated
by the aminoacylation of exogeneous tRNA added to the medium.
For the tRNA two different experiments allowed one to demon-
strate its presence. With and without addition of exogeneous
enzyme it was possible to recover equivalent amounts of trichlo-
roacetic acid precipitable radioactivity, clearly establishing the
aspartylation of a significant amount of tRNA.,

Crystals belong to the cubic system with a unit cell parameter
of 354 A.  The systematic absence of hkl for h-}-k41 == 2n--1
leads to the space group 1432, with 48 asymmetric units unit cell.

Assuming one molecule of enzyme and two molecules of tRNA
per asymmetric unit the value of Vm (crystal volume per unit of
macromolecular weight) is 5.3A3/dalton, outside the standard
range for proteins (1.68 to 3.53). For a partial specific volume
of 0.7 ecm®. g'* the solvent content of the crystal would then be
78%, a large value consistent with the particular softness of the
crystals.

For the Dbest crystals, diflracted intensities extend up to 7,54
resolution but routinely the limit of resolution is 8,54,
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2. Solution studies: Static aspects

Onc way to determine the part of two macromolecules interact-
ing with cach other is to compare the accessibility of these mole-
cules to a chemical probe in the free and complexed states. ‘This
can casily be done on tRNA, a molecule for which many specific
chemical reagents are available which can attack functional groups
on the individual nucleotides. The regions interacting with the
probe in the free tRNA but not in the complexed molecule can
be considered in close contact with the interacting macromolecule,
an aminoacyl-IRNA synthetase for cxample, and thus protected
by 1t.

Here we present results obtained with ENU, the alkylating
reagent which essentially ethylates the phosphate residues of
nucleic acids. Methodological probiems were discussed in the
section “ Solution structure of tRNA . In the presence of ami-
noacyl-tRNA synthetases, experimental conditions must allow both
chemical reactivity and good complex formation., Therefore
samples are incubated for 3h at pH 8.0 and at 20°C in the pre-
sence of magnesium at a rather low ionic strength and with con-
centrations of tRNA (1.5 M) and enzyme (5 M) in the range
where the complex formation is guaranteed. Detailed experimen-
tal procedures were published for experiments with tRNA™
(Vlassov ¢t al., 1983).

Typical alkylation experiment of 5-labelled tRNA™ is shown
on Figure 11. This experiment allows to probe the phosphate
groups located between positions 6 to 55. Similar assays with 3'-
labelled tRNA probing the phosphates from the 3 to the 5
side of the molecule were also carried on. In the presence of
aspartyl-tRNA synthetase the splitting at some phosphate posi-
tions is nearly suppressed or is strongly reduced (for instance
P27 to P33), suggesting that these groups are protected from alkyla-
tion by the cnzyme and thus most likely arc in close contact with
the protein. The results are summarized on Figure 11 in which
the protected phosphate groups are indicated by arrows on the
cloverleaf structure of yeast tRNAM.  Among the parts of the
molecule not tested it is clear that the CCA-cnd, or at least the
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Fre. il. 4. Autoradiogram of 159 acrylamide gel of a phosphale alkylation experiment with
ENU of 5" end-labelled (IRNAASY from yeast in the presence of yeast aspartyl-URNA synthetase,
Lanc 1, partial ribonuclease Ty digest; lanes 2 and 5, alkylaton ac 200 € in the absence of
enzyme; lane 3, alkylation at 80¢ (U in the absence of enzyme; lane 4, alkylation at 200 ¢ in
the presence of aspartyl-tRNA synthetase; lanes 6 and 7, control incubations in the absence
ol veagent and in the presence of enzyme (G) and in the absence of rcagent (7). The phosphates
protected against alkylation in the native (RNA (fanes 2 and 5) and in the tRNA complexed
with its synthetase (lane 4) are indicated by diamonds and arrows respectively. 5. Cloverleaf
structure of yeast (RNAMD (Ganglofl et «f., 1571} with positions of the phosphates strongly pro-
tected by yeast aspartyl-BNA synthetase against ENU. Full arrows show the phosphates pro-
tected by the aspartyl-tRNA synthetase, regions not tested for technical reasons (Vlassov ef af.,
1983} are indicated by dashed lines,

terminal adenosine, is also in contact with the enzyme for catalytic
necessity.

In yeast tRNA™ the cognate phenylalanyl-tRNA synthetase
protects certain phosphates Iocated in all four stems and in the
anticodon and extra-loop of the (RNA (Vlassov et al., 1983).
Particularly strong protections occur on phosphate 34 in the anti-
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codon loop and on phosphates 23, 27, 28, 41 and 16 in the D and
anticodon stems (Figure 12).

In yeast tRNA™ complexed with yeast valyl-tRNA synthe-
tasc the protected phosphates are essentially located in the corner
between the amino acid-accepting and D-stems, in the D-loop,
anticodon stem and variable region of the tRNA. Three gua-
nosine residues, located in the D-stem, and another one in
the 3'- part of the anticodon stem were also found protected by
the synthetase against alkylation by 4-(N-2-chloroethyl-N-methyl-
amino)-benzylamine (Vlassov et al., 1983). In mammalian
tRNA™,  complexed with the cognate but heterologous yeast
valyl-tRNA synthetase, the protected phosphates lie in the anti-
codon stem, in the extra-loop and in the T-arm (Figure 12).

I one compares the protected groups in the various tRNAs
tested so far by similar approaches {Vlassov et afl., 1983 and refe-
rences thercin), the striking feature which emerges is the large
difference between observed contact arcas from one tRNA to
another. For the three following systems from yeast: phenylalanine,
valine, and aspartic acid, the only common contact arcas, besides
the terminal adenosine, are the variable loop and the neighbourhood
of F9. Not surprisingly, these regions are very close in space,
Biochemical experiments have also cmphasized the involvement of
U8 in a contact interaction of tRNAs with their cognate synthetase
(Starzyk el al., 1982). The other contact arcas of tRNAs differ
markedly.

For tRNA* one side of the L-shaped molecule is clearly
involved in protein-nucleic acid association. This face includes
the variable loop, the 5’- end of the anticodon stem and part of
the 3'- end of the amino acid arm. The surface involved is quite
important and this observation is consistent with ncutron diffrac-
tion results which lead to the cxistence of large contact arcas
between the protein and the nucleic acid (Moras ef al., 1983)
For tRNA™ the distribution of the protected phosphate groups
not so well defined. At lcast, three different topological zones
are involved in these contacts. For most of the phosphates, their
localization differs significantly from the onc derived from the
model based on cross-tinking experiments (Rich and Schimmel,
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1977). If one assumes a similar folding for tRNAM, another
type of interaction between the enzyme and the tRNA must
he postulated.

These observations underline the differences which are likely
to exist in the recognition between tRNAs and their cognate
synthetases. It is worthwhile noticing that the three aminoacyl-
tRNA synthetases used in the investigation are quite different
as already stated: aspartyl-tRNA synthetase is a dimer {a,) of
MW = 125,000 daltons which can bind two tRNA molecules,
whereas  phenylalanyl-tRNA - synthetase is an  a,f, tetramer
(MW = 270,000) which also binds two tRNA™ molecules and
valyl-tRNA synthetase is a large monomer (MW = 130,000}
which binds one tRNAY® molecule.

3. Solution siudies: Dynamic aspects

In the last few years, the elucidation of the tertiary structure
of (RNAM (Kim et al., 1974, Robertus et al., 1974}, as well
as the identification of the arcas of tRNAs in tight interaction
with aminoacyl-tRNA synthetases (e.g. S6ll and Schimmel, 1974;
Wubbeler et al., 1975; Ofengand, 1977, Rich and Schimmel, 1977;
Ebel et al., 1979; Renaud et al., 197% a; Rosa ¢f al., 1979; Renaud
et al., 1981 a; Vlassor ¢f al., 1983) aflorded a rather accurate static
picture of the recognition step. Very soon, it became evident that
these static features could not account for the specificity of the
aminoacylation since (i} numerous tRNAs can interact with a
given aminoacyl-tRNA synthetase with substantial affinity (Bonnet
and Ebel, 1975); the aminoacylation rale cannot be directly
correlated to the strength of interaction. (Kern et al., 1972; Libel
et al., 1973; Roe et al., 1973; Giegé of al., 1974; Von der Haar
and Cramer, 1978; Renaud et al., 1979 b); (ii) the arcas of tRNAs
interacting with aminoacyl-tRNA synthetases were found very
similar, both in the correct and incorrect systems (Renaud et al.,
1981 a); (iii) the formation of Schifl’s base between the 3-end of
oxidized tRNAs and lysyl groups of the enzymes catalytic centres
was observed in correct and incorrect systems {Giegé ef al., 1980},
Since then, more attention has been paid to the dynamics of the
interaction process: conformational changes were detected at
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the level of both macromclecules (Krauss et «l., 1976; Rigler
et al., 1976; Willick and Kay, 1976; Zaccai ¢f al., 1979; Favre
et al., 1979; Ehrlich e al., 1980; TLefevre of al., 1980; Lefevre
et al., 1981; for a recent review sce Rigler and Wintermeyer,
1983). Simultancously, it was observed that the cores of tRNAs
are able to trigger conformational changes of aminoacyl-tRINA
synthetases leading to important modifications of the catalytic
properties of the enzymes (Renaud ¢ al., 1981 b).

It will be shown that upon complex formation between tRNAs
and aminoacyl-tRNA synthetases a multistep adaptation of both
macromolecules takes place (analogous to an induced fit}) which
may be a determining step in the specificity of aminoacylation.
In the particular case of the yeast phenylalanine system, the
wybutine residuc in the anticodon loop of tRNA™e has been iden-
tified as an important eclement in this induced fit mechanism.

Conformational changes in the IRNA during complex Jormation: The
study was conducted in the phenylalanine system from vyeast,
taking advantage of the presence of a built-in fluorescent probe
(the wybutine residue adjacent to the anticodon) or using a
modified tRNA™ in which the terminal 3’-adenosine was replaced
by a fluorescent structural analogue: the formycin.  Previous
results (Ehrlich ¢t al., 1980} showed that conformational changes
occurred in the anticodon-loop of (RNAM™ upon binding to
phenylalanyl-tRNA synthetase. This is illustrated in Figure 13 A,
which shows that the fluorescence intensity of the wybutine residue

8 f1s0
"180

e L e = -
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Fre, 13, Variation of the Muorescence intensity of wybutine {A) and ¥-formyein (C) as a
lunction of Mgt* in the isolated {(Q--0) and complexed {Jc-9) tRNATIe,  Variation of the
polarization degree of the fluorescence of wybutine (B) and 3-formycin (D) in the isclated
{a—-a) and complexed (@-—@) (RNAThe,
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in the isolated or complexed tRNA increases with the Mgt
concentration. This stimulation results from a better stacking
of the wybutine between adjacent bases, shielding the fluorophore
against dynamic quenching by water molecules. This interpre-
tation is confirmed by the values observed for the lifetime of the
excited state. Phenylalanyl-tRNA synthetase appears to cnhance
the fluorescence of wybutine at low [Mgtt] and to quench it at
high [Mg**], the crossing point being located at 1 mM [gtt].
Figure 13 B shows the evolution of the polarization degree of
wybutine luminescence as a function of [Mg++] in the free and
complexed tRNA™.  In the unbound tRNA, the polarization
degrec increases monotonically, reflecting a deercase of the rota-
tional tumbling of wybutine due to the better stacking. In the
bound (RNA, the polarization degrec first increases and then
abruptly decrcases above 1 mM [Mg+t], showing an expulsion
of the wybutine residue from a stacked region. This inereascd
mobility of wybutine is confirmed by the calculation of the mean
rotational correlation time of wybutine in the free and complexed
tRNA (Table I1II). This conformational change in the anticodon

Tanie 115, Mean rolational corvelaiion time of wybutine and formpcin in the free and
complexed tRNAT®

IMuorescent probe System {ns)
Whybutine Isolated (RNAFhe 23
Compiex (RNAFhe.-PheRS 9
Isolated (RNAP™ 5
3 Formycin Complex |RN;\]1;1‘“~PJ1CR$ 175
Complex lRNA};I”’ minus wybutine-PheRS 33

loop is specific for the complex formation, since upon addition of
high salt concentrations which destabilize the complex, a normal
polarization degree is restored for wybutine (Ifigure 13). Turther-
more, in the presence of a non cognate aminoacyl-tRNA synthe-
tase like aspartyl-tRNA synthetase, no expulsion of the wybuline
takes place (data not shown).
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By measuring the accessibility of the fluorophore to deute-
rated water as well as the circular anisotropy of wybutine lumi-
nescence, we could show that, once expelled, the wybutine in-
teracted tightly with the enzyme (Ehrlich ef al, 1980). This
had already been suggested by the observation that specific irra-
diation of the tRNA-enzyme complex in the wybutine absorption
band resulted in the covalent cross-linking of both macromolecules
(Baltzinger et al., 1979). It was of course of interest to look for
possible conformational changes elsewhere in the tRNA molecule.
The search for a transconformation of the 8'-accepting end was
undertaken using a modified tRNA™ in which the 3'-adenosine
was replaced by the fluorcscent formycin,  Figure 13 G shows
the evolution of formyein luminescence as a function of [Mgi+]
in the frec and complexed tRNA. Whercas the fluorescence
intensity remains constant in the unbound (RNA, it is markedly
increased in the complexed tRNA, above 1 mM [Mg*++].  This
increase of fluorescence results from a combination of three dif-
ferent factors (Lefevre ef al., 1981): (i) a prototropic effect in the
active centre of the enzyme, mimicking an alkaline environment
(possibly due to the lysyl group responsible for the Schiff’s base
formation with oxidized tRNA™®); (ii} a shift of the tautomeric
equilibrium of the formyein fluorophore; (iii} a partial destacking
of the 3'-formycin from the adjacent C residue, resulting in a
release of static quenching.  Figure 13 D shows that the fluores-
cence stimulation is accompanied by a marked increase of the
polarization degree duc to a decrease of the fluorophore mobility.
This is confirmed by the important increase of the mean rotational
correlation time, as shown in Table III. That the immobilization
of formycin occurs in the enzyme active centre is shown by the
fact that tRNAJ .. can bc aminoacylated although the rate
ol aminoacylation is 20 to 50 fold lower, due to a conformation
of formycin intermediate between the syn and anti configurations,
This was confirmed by the observation that an enzyme, the active
site. of which had been blocked by affinity labelling (Lefevre
et al., 1981), failed to induce the modifications of formycin
luminescence.

Conformational changes in the enzyme during complex formation:
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It was shown (Ehrlich ef al., 1980) that the binding of tRNA also
led to structure modifications as shown by the change in both
the tryptophan fluorescence and circular dichroism of the protein.
The variation of the ellipticity at 222 nm revealed an important
loss of a-helical regions. It is worth noticing that conformational
changes, similar to the one observed in the phenylalanine system
from yeast, have been reported in other systems (Willick and Kay,
1976; Yavre et al.,, 1979).

Correlation  between conformational changes and biological activily:
Several lines of evidence support the idea that the conformational
changes observed are correlated to the expression of the biolo-
gical activity. Indeed on the one hand, we could recently show
{Lefevre et al., 1981) that the rate of transler of the phenylalanine
moicly from the isolated enzyme: adenylate complex to the tRNA
was closc to zero at very low [Mgt+]. It increascs slowly with
[Mgt+] and bounces off around [ mM [Mg*+] (Figure 14} con-
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centration which was precisely observed to trigger the conforma-
tional changes of complexed tRNA™ (see above}.

On the other hand, the existence of an important conforma-
tional change in phenylalanyl-tRNA synthetase upon binding of
tRNA prompted us to scarch for a possible alteration of the cata~
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lytic properties. This was carried out by studying the acylation
activity of aminoacyl-tRNA synthetases toward simple substrates
like isolated adenosine or GCA-oligonucleotide {Renaud et af.,
1981 b):

In the phenylalanine system, as shown in Figure 15 A (lane 5),
phenylalanyl-(RNA synthetase alone is unable to catalyse the
aminoacylation of isolated adenosine or CCA-trinucleotide. But
upon addition of a tRNA™* lacking 1, 2 or § terminal 3'-nucleo-
tides, an efficient acylation of adenosine or CCA takes place

'P

®

L

©
D B LI

] A c C E F G H 1
Tre. 15, Taper electrophoretic characterization of aminoacyl-adenosine arising from catalytic
site activation: the reaction mixture contains luM aminoacyl-tRNA synthetase, 10uM of modi-
fied tRNA lacking all or part of the CCA-end, SmM [ree adencsine or CGOA-trinucleotide.
In the case of GCA aminoacylation a pancreatic RNAse treatment was performed prior to clee-
trophoresis.

15 A. Phenylalaiine systen:

Lane 1, control reaction mixture containing only tRNAPIe minus A
Lane 2, reaction mixture containing tRNAFE minus A, plus [ree adenocsine
Lane 3, reaction mixture containing tRNAPRe minus COA, plus free adencsine
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Lane 4, authentic sample of phenylalanyl-adenosine

Lane 3, control reaction mixture containing only free adenosine

Lane 6, reaction mixture containing tRNAFe minus CCA, plus isolated CCA-trinucleotide
Lanc 7, control reaction mixture containing only tRNAFE minus CCA.

15 B. Valine system:

Lane 1, awhentic sample of valyl-adenosine

Lane 2, control reaction mixture containing only iselated CCA-trinucleotide

Lane 3, control reaction mixture containing only free adenosine

Lanc 4, control reaction mixiure conlaizing only (RNAYal minus CCA

Lane 5, control reaction mixture containing only tRNAY® minus A

Lane 6, reaction mixture containing tRNAYSl minus CCA, plus isolated CCA-wrinucleotide
Lane 7, reaction mixture containing (RNAY® minus A, plus [ree adenosine,

15C. Effect of wybutine excision on catalytic sile aclivation in the phenlalamine gystem:

Lanc |, mixture containing tRNAVE¢ minus A, plus [ree adenosine
Lanc 2, mixture containing [RNAPY minus A deprived of wybutine plus free adenosine.

15 D, Aspartic acid system;

(A) Control [M(] aspartic acid

(B} in situ pancreatic ribonuclease hydrolysis of [MC] aspartyl-tRINAMe ( 0o 200 pmol)

(C) #n situ T, ribonucicase hydrolysis of [MC] asparty:-tRNAM? { o0 200 pmol}

(IY) aminoacylation assay of adenosine in the presence of tRNAMe NCG

() aminoacylation assay of adenosing in the presence of tRNAAse NC

(FF) aminoacylation assay ol adenosine in the presence of (RNA%sD N

(G} aminoagylation assay of CCA jn the presence of (RNA®E NCCG

(H} aminoacylation assay of CCA in the presence of tRNA®P NG

(1) aminoacylation assay of CUA in the presence of tRNAME N

(]) aminoacylation assay of CCA in the presence of RNAMP NCC, followed by pancreatic
ribonuclease hydrolysis

{K) aminoacylation assay of GCA in the presence of (RNA%» NC, followed by pancreatic ri-
honuclease hydrolysis

{1} amincacylalion assay of GCA in the presence of 1RNAMP N, [ollowed by pancreatic ribo-
nuclease hydrolysis

{F) [HC] aspartic acid; (BL) [MC] aspartyl-adenylate; (O) [MC] aspartyl-adenosine; (—j)
[3C] aspartyl-GCA; (O) [1C) aspartic acid contaminalion,

15 E. Argining system:

{(A) dn sifu pancreatic ribonuclease hydrolysis of [MC} arginyl-tRNAME (oo 200 pmol})

(13} in site Ty vibonuclease hydrolysis of [#C} arginyl-tRNAME (o0 200 pmol). (Nate that yeast
LRNA’;‘T@' exists under two different Torms: one with G73, which gives [MC] Arg-CCA upon
T, hydralysis, and the other one with G73 which gives [MCArg-GCCCA upon T; hydrolysis)
(C) control [*MCl-arginine

(D)) aminoacylation mixture deprived of tRNAME, adenosine and CCA

(E) aminoacylation assay of adenosine in the presence of tRNAME NCC

{F) aminoacylation of CCA iIn the presence of (RNAMENCO

{(G) samc experiment as (F) followed by pancreatic ribonuclease hydrolysis

(H) aminoacylation assay of CCA in the presence of tRNAMEN

(1) same experiment as (H} followed by pancreatie vibonuclease hydrolysis. (Note that in tracks
(B}, (F} and {H) the supplementary {MC] arginyl-adenosine spot results [rom a partial degra-
dation of [M(C] arginyl-CCA

(%) [9C] Arginine; () [MC] arginyl-adenylate; () {MC] arginyl-CCA; (<) [MC] arginyl-
CCCCA; () [#C] arginyl-adenosine.
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(lanes 2, 3, 6) as shown by the formation of phenylalanyl-adenosine
(after pancreatic ribonuclease hydrolysis in the case of CCA).
It is interesting to note that the efficiency of aminoacylation of
isolated adenosine is much higher in the presence of (RNAP®
lacking the 3’-adenosine than in the presence of a tRNA™ lacking
the last three bases. This could be interpreted to mean that
the two C’s of the 3’-terminal sequence play an important role
in the catalytic site activation of phenylalanyl-tRNA synthetase,
Kinctic measurements allowed us to estimate the affinities for
adenosine and CCA-trinucleotide, both in the range of 2 to 4
mM, as well as the maximal velocities for these two substrates,
which were respectively found to be 0.1 sec and 0.03 sec? to
be compared to the acylation rate for native tRNA™® (6 sec!),

In the aspartic acid system, the behaviour of the enzyme, in
the presence of tRNAM deprived of one, two or three 3'-terminal
nucleotides, is identical to that observed in the phenylalanine
system. However, GCA appears to be a slightly better substrate
than free adenosine (Bacha et al., 1982).

In the valine system, a similar activation of the catalytic centre
of valyl-tRNA synthetase was observed, leading to the acylation
of isolated CCA in the presence of tRNAYY lacking the CGCA-
end. The main difference with the two above systems was the
lack of activity toward isolated adenosine (Figure 15B), once
more suggesting a particular importance of the C residues. This
observation can be correlated to the results obtained in the ultra-
violet cross-linking studies {Renaud et al., 1979 a; Renaud ef al.,
1981 a), which showed that an cflicient covalent binding of the
RNase T; 3'-terminal oligonucleotide and of the terminal adenosine
took place in the valine system.

‘I'he arginine system was chosen because of its peculiarity in
forming the aminoacyl-adenylate only in the presence of the
cognate (RNA, like the glutamate system (Kern and Lapointe,
1980 a). Any modification of the terminal adenosine of {RINAA®
has been found to hinder the triggering of adenylate formation
(Kern and Lapointe, 1980 b). As in the valine system, only the
combination of tRNAM* lacking CCA and free CCA-oligonu-
cleotide was found to trigger the catalytic site activation. A com-
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plete correlation was observed in the triggering of the arginyl-
adenylate formation in the presence of tRNAM* lacking all or
part of the GCA-end and the complementary fragments (free
adenosine, CA or CGCA) (Bacha e al., 1982). The above results
show that, as in the valine system, the contiguity of the CCA-end
is of primordial importance {or a correct activition of the catalytic
centre. This activation in the arginine system extends to the ami-
no acid adenylation and not only to the tRNA acylation step.
The importance of the interaction between arginyl-tRNA synthe-
tase and tRNAM¢ in the CCA region is further assessed by the
observation that an efficient cross-linking ol the CCA-oligonu-
cleotide part of the tRNAM to the enzyme is observed upon
U.V. irradiation (40%,), whereas the terminal adenosine does not
secem to be cross-linked (= 29,). Another observation also sup-
ports the importance of the two C residues in CCA in the arginine
system: the Michaelis constant {or CCA in arginyl-adenylate for-
mation in the presence of tRNAM Jacking CCA is 0.5 mM, show-
ing a 4-10 {old higher afinity as compared to that observed in the
phenylalanine system.

It was of course very interesting to study the possible occur-
rence of catalytic centre activation in non-cognate systems. As
shown in Table IV, valyl-tRNA synthctase, which efliciently mis-
aminoacylates tRNA™ (Giegé el al., 1974), is also activated by
tRNAY lacking the CCA-end. As in the cognate system, only
CCA can be aminoacylated. Two other systems, which are eflicient
in misaminoacylation, phenylalanyl-tRNA synthetase and tRNA®®
or tRNA™, were also found to he cfficient in catalytic centre
activation, as will be shown in the next section.

In constrast, phenylalanyl-tRNA syanthetase, which is unable
to aminoacylate tRNA* (Giegé ef ., 1971) does not show
catalytic centre activation upon addition of these tRINAs deprived
of their CCA-end (Table IV). Similarly, arginyl-tRNA synthetase,
which does not aminoacylate tRNA™¢, is not activated by the
latter.

In the phenylalanine system, some information could be
gained uvpon one individual element involved in the mutual adap-
tation ol tRNA and aminoacyl-tRNA synthetase. Indeed wybutine

18
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Tarre IV. Comparison of aminoacylation and catalytic site astivation in cognaie and
non-cognate systems

Catalytic site
activation in  Residue 8/ to

Amino- presence of  anticedon in - Medifica-
Synthetase WRNA - scylaspNAlacking native (RNA  tions
SOl or part of (N}
CCA-end
Phe RS tRINAYAL — e A -
Phe RS (RNA#MD — — miG —
Phe RS tRNAME - -} t°A
Phe RS IRNATyr - 4~ A e
Val RS tRNAYhe + - Y —
Arg RS tRNAFhe — — Y —_
Asp RS {RNAThe — o Y —
Phe RS (RINATde 42 — Y Y excised
medified by acidic
treatment
Phe RS tRNATyr —_ — 1A KMnO,
modified treatment
Phe RS IRNAYT - -+ i°A ledination

modified

Vmax reduced by a factor of 4.

appears to be of particular importance for this process. As shown
in Figure 13 and Table III, the excision of wybutine from tRINA™e
hinders the immobilization of formycin in the catalytic centre
of phenylalanyl-tRNA synthetase. This is accompanied by a
sevenfold decrease of the acylation velocity of tRNAD™ (Maclicke
et al., 1974) ( = 4 fold decrease for native tRNA™¢. The
critical role of wybutine is confirmed (Figure 15 C} by the fact
that a tRNA™ Jacking simultancously all or part of the GCA-
end and the wybutine, 1s no longer able to trigger the catalytic
site activation of phenylalanyl-tRNA synthetase. It is interesting
to observe that two other non-cognate tRNAs (tRNA** and
tRNA"™) which were found to be efficient both in misamino-
acylation and catalytic centre activation with phenylalanyl-tRNA
synthetase (Table IV), also have, adjacent to the anticodon, an
hypermodified bulky residue (t° A and i® A, respectively) some-
what similar to the wybutine residue. In contrast, (RNAY
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and tRNA*", which do not contain an hypermodified base adja-
cent to the anticodon, cannot be misaminoacylated .and do not
promote the activation of the catalytic centre of phenylalanyl-

tRNA synthetase (Table IV).

H, MNH—C—0—CH,

o CH-oH cH i«,—cn

i ] S —0—CH

NH_C-.NH—CH NH-—-CH;-CH=¢] ool :
N

N’j“\ é:a N)IN CH, y o N\ "
| 1 i A He /I > W YBUTINE
gN N> o k\N N> ] /ku N -Y-
HO-cH, o HO-CH, g "3"':

a ™ HO-CH; o

THREONYLCARD AROYLADEROSINE ISOPEMTENYLADENOSINE . . - N
Chemical structures of ("A. "A and Y

Since specific modifications of the i*A residue in tRNA™ have
been described (Kline ef af., 1969), it was interesting to study the
effect of these modifications on the aminoacylation of tRNA™" by
phenylalanyl-tRNA synthetase as well as on the catalytic centre
activation of this enzyme. Table IV shows that permanganate
treatment of tRNA™, which aflords a mixture of dihydroxylated
A (70%,) and adenine (309%) in place of 1A, completely
suppresses the ability of tRNA™ to be aminoacylated by phenyl-
alanyl-tRNA synthetase or to trigger the activation of the cata-
lytic centre of this enzyme. Upon iodine treatment of (RNA™”
(Kline et al., 1969}, which affords a three-ring structure in place
of the 1A residuc, no modification of the tRNA™ propertics is
observed (the modified tRNA™ can still he misaminoacylated
by phenylalanyl-tRNA synthetase and still promotes the activa-
tion of the catalytic centre of the latter). In order to understand
these observations, it is important to remember that, in order to
explain the chemical reactivity of the 1*A residue in tRNA™,
Hall (1970) was led to assume the structure (A} for the isopen-
tenyl-adenosine. Upon iodine treatment of tRNA™, ring closure
occurs in 1°A leading to compound (B), almost identical to form
(A}, which explains why the biological properties of the modified
tRNA arc identical to those of the native tRNA™"

In contrast, permanganate treatment, which results in the
disappearance of the allylic double bond and thus destabilizes
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the three-ring structure, results in the complete disappearance of
the misaminoacylation of {(RINA™ and of the activation of the
catalytic centre of phenylalanyl-tRNA synthetase. The last results
therefore suggest that the three-ring structure of the wybutine
residue 1s the most tmportant {actor in the requirement of this
hypermodificd base for the wriggering of the activation of the
catalytic centre of phenylalanyl-tRNA synthetase.

¢ :
He” Sy - Nc-H
CHs-g..._N J\//LN CHs‘gl:\ L N
CH;, [ > CHSL/\”; \>
t\ N N X N N
HO-HC HO-HC o

Mutual adaplation i the tRNA-aminoacyl-tRNA synthelase systems:
a possidle key for the amnoacylation specificity: Although no individual
clement of a tRNA molecule was found strictly indispensable for
the interaction with the enzyme (Ebel ef al., 1979), most of them
appear to be involved in the adaptation process (Krauss ef al.,
1976; Favre et ol., 1979; Ehrlich e al., 1980; Lefevre e al., 1981)
which leads to the optimal efliciency of the catalytic mechanism.
The induced activation demonstrated above could be responsible
for the requirement of the tRNA molecule in the expression of the
amino acid activation encountered i the glutamine and arginine
systems (Kern and Lapointe, 1980 a, b; Iersht e al., 1978).

Such a multi-step adaptation process of tRNAs and aminoacyl-
tRNA synthetases may have been sclected so as to allow a fine
tuning of the rate of the aminoacylation rcaction. Indeed, it
has Dbeen observed in the phenylalanine system that structural
modifications (i.e. excision of the wybutine residue), which prevent
the induced fit from occurring, usually result in a substantial low-
ering of the maximal rate of aminoacylation (Lefevre el al.,
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1981). Since it is well known that the specificity of the aminoacy-
lation reaction relies more on the maximal velocity of the reaction
than on a preferential affinity for the tRNA (Ebel ¢f of.,, 1973,
Bonnet and Ebel, 1975; Renaud ef al., 1979 Db}, this multi-step
adaptation process appears to be an important mechanism cnsuring
the fidelity of the reaction.

IV. INTERACTION BETWEEN AMINOACYL-LRINA AND ELONGATION
racror Tu

Elongation factor Tu promotes the A-site specific binding
of the aminoacyl-tRNAs {aa-tRNA) to the rihosome via a ternary
aa-tRNA.EF-Tu.GTP complex. In the presence of GTDP, the
protein binds acylated forms of non-initiator tRNAs (Gordon,
1968} for which it has a high aflinity, but it discriminates against
initiator tRNA (Schulman et «l., 1974), non-acylated tRNAs
(Gordon, 1967; Schulman et ¢l., 1974; Pingoud ¢t al., 1982) and
aminoacyl-tRINAs modified in their 3’-end (Ofengand and Cheng,
1972; Thang et al., 1972; Schulman ¢f al., 1974). Although the
aminoacylated 3'-end of tRNA is an important recognition feature,
there are scveral lines of evidence that EF-Tu not only binds the
3'-end of {RNA, but also the amino acid acceptor limb of the
L-shaped t{RNA structure (Jekowsky ef al., 1977}

Here we report (i) experiments obtained with a ribonuclease
extracted from the venom of the cobra Ngja oxiane for partial
digestion of the complex (Boutorin e «l., 1981). 'This enzyme
has a high specificity for double-stranded regions and makes
nicks mainly in the anticodon and acceptor stems of tRNAs
(Favorova et al., 1981). The principle of this approach is that
regions of tRNA which are cut by the ribonuclease in the naked
statc become resistant when they are shielded by the protein in
the complex; (i) the effect of EF-Tu on the conformation of
aminoacylated tRNA™® upon ternary complex formation. For
this purpose we investigated the chemical stability of tRNA and
the accessibility of phosphates towards ENU, in complexed Phe-
tRNAM and in free tRNA™ using end-labelling and rapid
sequencing gel methodologies (Richl ef al., 1983).
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The results with cobra venom nuclease confirm previous con-
clusions from other groups {Weissbach et al., 1971; Thang et al.,
1972; Ringer and Chladck, 1975; Jonak et al., 1980), suggesting
an important role of the 3'-terminal region of tRNA molecules
in the interaction with EF-Tu: in all the tRNAs we have tested,
this region is protected by EF-Tu against digestion.

The region of E.colt phenylalanyl-tRNA™ protected by EF-Tu
is shown in Figure 16. These data are in agreement with all

TF1e. 16, The structure of yeast (RNAPe (Robertas ¢ al,, 1974). The arrows indicate cleavage
positions in the E.¢oli Phe-tRINAPRe molecule by cobra venom ribonuclease, Positions, intensified
when (RNA 1s digested in the complex with EF-Tu. GTP, are indicated by double arrows. The
part of the molecule protected by EF-Tu is enclosed by a broken line.

-

previous results and demonstrate that EF-Tu not only binds to
the amino acid acceptor end of the clongator tRNAs but also
along the combined amino acid and T-helix. In contrast to the
results of Jekowsky et al. (1977), who did not observe a protection
of the T-loop against 'T'; ribonuclease digestion, we also observed
a protection of this loop against cobra venom ribonuclease attack.
However, this does not necessarily mean that the T-loop 1s involved
in complex formation. Protection in this region could arise from
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sterical hindrance: cobra venom ribonuclease has a molecular
weight of 16,000 whereas that of Ti-ribonuclease is only
11,000.

From these data, it can be concluded that the interaction
between aminoacyl-tRNA and EF-Tu mostly consists of an
interaction between the protein and that part of the tRNA,
including the CCA-end and the amino acid acceptor and
T-helices.

The mapping of the complexed tRNA using ENU as a
probe unexpectedly did not allow us to define contact points
between EF-Tu and the phosphate groups of the aminoacylated
{RNA. This result, however, is not contradictory to the nuclease
mapping experiments. Because of the small size of ENU, phos-
phate residues could be readily more accessible to this reagent,
even when they are covered by the Tu factor, than to nucleascs
which are much more bulky. In addition, phosphates at positions
9, 10, 11, 19, 49, and cspecially 58-60, are already protected by
the tertiary structure of the tRNA (Vlassov et al, 1981}, and
phosphates located near the 3’-and 5'-termini could not be tested
because of technical limitations.

This study brings evidence for 6 discrete conformational
changes in tRNA upon ternary complex formation. One of them,
occurring at position 53, takes place in the T-stem, a region which
has been shown to be covered by EF-Tu. This change could be
visualized due to the small size of the chemical probe which is
not hindered by the factor in reaching this phosphate. The 5
other stuctural alterations occur in the D- and anticodon loops
at positions 18, 20, 21 and 34, 36, respectively, In that case,
the appcarance or disappearance of cuts in complexed tRNA
reflcets a changed flexibility in its ribose-phosphate backbone.
These results clearly indicate that the T-region, the D- and
anticodon loops undergo a conformational rearrangement upon
ternary complex formation. In the particular case of the
D-loop, the occurrence of conformational change would explain
the contradictory results obtained in ribonuclease Ty acces-
sibility studies and in kethoxal modification experiments ( Jekowsky
¢t al., 1977; Bertram and Wagner, 1982). Concerning the anticodon
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loop, these results agree well with spectroscopic (Beres and
Lucas-Lenard, 1973; Weygand-Durasevic ef al, 1981) and
accessibility mapping {Boutorin et al., 1981; Wikman ef ., 1982)
experiments.

V. (Concrusion

Among the various functions of transfer ribonucleic acids in
living cells, their best understood role is their participation in
ribosome-mediated protein synthesis. These functions lead t(RNAs
to many interactions with different proteins and nucleic acids.
With aminoacyl-tRNA synthetases, enzymes which attach the
corrcct amino acid to the 3'-end of their cognate tRNAs, the
molecular recognition must be highly specific.  The same is true
for the decoding of the genetic code at the messenger RNA level.
This is not the case with the elongation factor, which carries the
aminoacylated tRNAs to the ribosome. One way to solve the
problem of adaptability is to vary the three-dimensional structure
via conformational changes induced andjor controlled by the
reaction. In this review we have presented experimental results
on yeast tRNA* and tRNA™ which support this hypothesis.
We would like to stress the fact that this information could only
be obtained by a strong interpenetration of two approaches: bio-
chemical and crystallographic.
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ABSTRAGT

The three-dimensional structure of the antibody molecule is described with
particular reference to the refined structures of two mouse antibody Fabs,
McPCI603, and J539. The molecular basis of the hinding of phosphoryicholine
to MB03 and of galactan to J539 can be understood in terms of the amino acid
side chains with which they come in contact. Sequence analysis of other antibo-
dies specific for phosphorylcholine and for galactan reveal that for each hapten
the antibodies form a relatively restricted class with what scem to be closely
related binding sites,

INTRODUCTION

Specificity in biological systems is nowhere more exquisitely dis-
played than in the immune system, where it is coupled with di-
versity in such a way that ag many as 107 different antibody spe-
cificities can be generated by a single individual.  As a result of
the investigations of the last two decades we can understand a
little about the structural basis of antibody specificity and a lot
at the level of the gene about the generation of antibody diversity.
In this paper I shall summarize some of the resulis from three-
dimensional structure investigations of antibody molecules by
X-ray diffraction, coupled with amino acid sequence determin-
ation and I shall try to relate these to some of the questions from
other fields with particular ecmphasis on specificity.

This area has recontly been reviewed by Davies and Metzger (1983).
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The basic three-dimensional structure

Antibody tunction is mediated by a molecule whose structure
consists of two distinct regions-—one that carries a recognition
site for antigenic determinants, and a second through which the
antibody reacts with receptors of a variety of effector systems.
Detailed structural analyses have provided an explicit molecular
basis for antibody specificity while the analysis of gene structure
has yielded explanations for the generation of antibody diversity.

The three-dimensional structure of the antibody molecule can
be summarized by Fig. 1, showing the structure of the human
IgG cryoglobulin Dob (Silverton et al., 1977), in which the salient
features of the molecule can be clearly seen, The molecule consists
of four polypeptide chains, two heavy (H) and two light (L) in
identical pairs. Tt is a glycoprotein with, in the case of 1gG, a
branched chain of complex carbohydrate attached to Asn 297 of
each heavy polypeptide chain.

Mild proteolysis by papain will split the molecule into three
fragments, two Fabs that bind antigen, and one Fc that is used
in the generation of effector functions {Porter, 1959). Most of
the X-ray analysis to date has been performed on Fab or Fe frag-
ments or on L chain or VL dimers. Although crystals of intact
molecules have been obtained there have been problems associated
with the crystals: in Kol {Marquart ef al., 1980) and Zie (Ely e
al., 1978) the Fe part of the molecule is disordered and does not
contribute significantly to the observed scattering. In both Dob
and Mcg (Steiner & Lopes, 1979; Fett ¢f al., 1973) the molecule
has a 15 residue deletion in the hinge, presumably reducing the
flexibility of the moelecule and enabling the Fc to be fixed in the
structure. Thus our knowledge of the three-dimensional structure
of the antibody molecule has to be a sum of its parts. However,
the checks that can be made on this structure are reassuring and
indicate that the composite picture is basically correct.

Iig. 1 clearly illustrates the domain structure of the molecule
(Edelman et al., 1969) each chain being divided into discrete
globular domains of approximately 110 amino acid residues.
While the carboxy terminal domains are constant in antibodies
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Tia. 1. A space-filling Cz model of the Dob cryoglobulin. The heavy chains are blue and
red, the light chains are green and the carbohydrate is yellow.

of a given class or subgroup, the first domains at the amino ter-
mini vary considerably from one antibody to another. An ana-
lysis of this variability showed that in these variable domains
there are several hot spots of variability termed hypervariable
regions on both VH and VL (Kabat & Wu, 1970).

Fig. 2 shows the overall structure of the Fab of McPC 603,
a mousc myecloma protein with specific binding to phosphoryl-
choline, and illustrates the clustering of six of these seven hyper-
variable regions at the tip of the Fab to form the complementarity
determining surface. A characteristic feature of the structure is
the strong lateral interaction hetween pairs of domains on opposite
chains with relatively weak interactions between domains on a
single chain, suggesting that the functional units consist of pairs
of domains, i.e. VH : VL, and CHI1 : CL.

The Fc part of the molecule is shown in Iig. 3 (taken from
Deiscnhofer, 1981). The two CH3 domains have structures closely
related to the CH1 and CL domains of the Fab, and have a si-
milar mode of interaction However, there is no protein-protein
contact between the two CH2 domains; instead the complex car-
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G 52C

N 28

Fig. 2. A Ceg drawing
of the Fab of McPCG03.
The two variable do-
maing arc above and
the two constant domains
below, Thick lines rep-
resent the heavy chain
and thin lines the light.
The six  hypervariable
regions  are represented
by solid circles.

bohydrate attached to Asn297 occupics the interface region het-
ween the two domains, with weak interactions between the two

carhbohydrate groups {Deisenhofer, 1981).
The Dob immunoglobulin illustrated in Vig. 1 is abnormal in

that it has a 15 residue deletion of the hinge region of the heavy
chain that links the Fab to the Fe. Most antibodies have a hinge
consisting of {rom about a dozen residues in 1gGl to over 60 in
IgG3. The hinge is rich in proline and in cysteine, and Marquart
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T1c. 3. ‘The Fe of human IgG bound to fragment B of protein A from staphylococcus aureus.
Based on coordinates of Deisenhofer (1981). The complex carbohydrate occupies the space
between the two upper (CHI2) domains. The large and solid circles are the w-carbons of those
residucs that have been proposed to bind to Glg (Boragado ef ol., 1982; Burton ef al., 1980; Pry-
stowsky et al, 1981).

et al., (1980} in an X-ray study of a human myeloma protein Kol
observed that the two strands each have a polyproline-like struc-
ture joined by disulfide bridges.

Klein et al. (1980) have demonstrated that the proteins Dob
and Lec, both of which have a 15 residue deletion of the hinge,
could not bind Clq nor activate complement, The role played
by the hinge is not cntirely clear, but it most probably acts as a
spacer in separating the part of the Fc that binds the Clq from
the Fab. In molecules lacking the hinge access to this region
would be restricted.

19
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ANTIBODY COMBINING SITES AND THE MOLECGULAR BASIS OF SPECIFICITY

MePC603

Crystals of proteins usually contain approximately 509, solvent
of crystallization which occupies the spaces between neighboring
protein molecules. Haptens can be diffused through the solvent
channels to the protein surface, where they may attach to appro-
priate binding sites. Difference electron density maps can then
be used to determine the location and disposition of the hapten
on the protein surface.

Phosphorylcholine has been diffused into crystals of McPG603,
and Tig. 4 shows the location of the binding site determined in

Tig. 4, The combining site of McPCG603 with phosphorylcholine bound (white). The yellow
and green are the g-carbons ol the hypervariable residues. The red are theside chains of those
residues that interact with phosphorylcholine.
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this way with the bound hapten. The binding site consists of a
pocket in a cavity located in the middle of the hypervariable
surface. The phosphate group is on the surface, exposed to solvent
while the choline moiety is buried in the pocket. Only a small
part of the total available hypervariable surface is involved in
the binding of this hapten, the remainder being presumably ca-

T1g. 5. The combining site of McePCG03 with phosphorylcholine bound {(black), showing the
locations of the contacting residues,

pable of associating with the rest of the antigen. In Fig. 5 the res-
idues involved directly in hapten binding are shown. They in-
clude the third hypervariable region of the light chain (L3), par-
ticularly the side chains of Fyr94, Pro95 and Leu96; residues
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Tyr33 from HI1, and Arg52 from H2, which form hydrogen bonds
to the oxygens of the phosphate; and finally, Trpl00a which
forms a lid to the pocket. At the back of the pocket the positive
charge on the choline is partly neutralized by the side chain of
Asp97 of the light chain.

Leu96 plays a key role in the pocket and it is interesting to
note that the codon for this residue occurs at the first position of
the J region minigene, a position that is highly variable (Kabat
et al., 1982). In the three regions examined, it appears that the
samc JL. minigene (J5) is used on each occasion (reviewed by
Rudikoff, 1983). The use of any other JL. region would substitute
another amino acid for the Leucine in this position and would
presumably lower the affinity for phosphorylcholine.

Rudikoff' has also noted that although the sequences of the
VL domains of the phosporylcholine-binding mousc proteins
fall into three classes that differ quite considerably from one
another, all three have the sequence Tyr, Pro, Leu in posi-
tions 94-96.

For the heavy chains the conservation of phosphorylcholine-
contacting residues in the different proteins is even more striking.
A comparison of the sequence encoding 19 VH domains of mye-
loma and hybridoma antibodies that bind phosphorylcholine led
to the conclusion that they derive from one germline T15 gene
(Crews et al., 1981; Gearhart ot al., 1981; Rudikofl, 1983). The
most divergent protein is M167 with eight VH substitutions. The
phosphorylcholine-contacting residues arc present in all these
sequences. The D regions, however, show considerable variation,
accompanied by only relatively small changes in phosphorylcholine
affinity, consistent with the fact that, with the possible cxception
of Trpl0O0b, the CDR3 of the heavy chain does not play an im-
portant role in defining the binding pocket.

These data, and in particular the conscrvation in both the
light and the heavy chains of the phosphorylcholine-contacting
residues, also suggest that the mode of phosphorylcholine binding
in thesc other antibodics closely resembles that observed by X-ray
diffraction analysis in McPC603.
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Mutations Affecting DBinding

Although the residues that are in direct contact with hapten
and form the immediate combining site arc obviously very im-
portant for antibody specificity, it is clear that other residues can
also play a role in defining this specificity. For example, Rudi-
kofl ¢t al. (1982} have examined mutants of 5107, a mouse mye-
loma protein with phosphorylcholine-binding capability that is
closely related to McPC603. They find that phosphocholine-
binding capability is lost when Asp35 in the heavy chain is changed
to Ala. Although not in direct contact with the hapten, this
residue plays a double role in making a hydrogen bond to the
hydroxyl group of Tyr 94 L, thus presumably anchoring this
side chain at the side of the pocket, as well as helping to bind
this part of VH to VL.

Conformational Change

The question of how antibodies signal to cffector systems their
attachment to antigen is onec that has led to a number of hy-
potheses.  One of the mechanisms proposed for effector function
activation involves an allosteric change upon antigen binding.
Such changes could be detected through changes in the crystal
structure, such as thosc observed when decoxyhemoglobin is oxy-
genated which results in a shattering of the crystals, When cry-
stals of McPC603 are soaked in solutions containing phospho-
rylcholine, no significant conformational change occurs in the
protein. There are small adjustments of the amino acid side
chains in contact with the hapten, but no other change of any
significance. A similar absence of conformational change is ob-
served when FAB NEW binds to the ncutral vitamin K;OH
hapten (Amzel et af., 1974.) Thus, although such a change can-
not be rigorously excluded, X-ray diffraction does not provide
support for a conformational c¢hange upon hapten binding.
7539 FADB

The crystal structure of J539, an antigalactan I'ab from Balb/c

mice, has been determined and refined at 2.7A resolution. (Suh,
Bhat, Cohen, Davies, in preparation). The VH : VL of J539 is
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very similar to the corresponding part of McPC603, the principal
differences occurring in those hypervariable loops that contain
insertions and deletions relative to cach other. The effect on the
overall appearance of the combining site is, however, quite strik-
ing. Instead of a large concavity centered by a pocket, J539 has
a central cavity from which leads a cleft. It would appear that
the galactan must bind in this clelt, but we have not yet
attempted to construct a detailed model.

The FElbow Bend and Flexibilily

Although the hinge has long been recognized as a source of
secgmental flexibility between the FAB and the FC (Yguerabide
et al., 1970), a comparison of the structures of the four Fabs and
two intact molecules has suggested another region of fexibility
in the “switch > part of the molecule connecting the VH : VL,
region to the GH : CL. Flexibility in this region can be measured
by the “ elbow bend » or the angle between the two local symme-
try axes relating VH to VL and CHI to CL (Marquart ef al.,
1980), which varies from approximately 1350 in McPC603 and
in New (Amzel & Poljak, 1979), through 1459 for J539 and Dob
(Silverton et al., 1977) to 170° for Kol (Marquart e al., 1980).
Although this kind of flexibility cannot be directly deduced from
a single crystal structure determination, the obscrved spread of
bend values from six separate structures strongly suggests that the
switch is a very flexible region of the molecule.

Discussion

Although the immune system can produce 107 or more dif-
ferent combining specificities, there are at present only 4 high
resolution structures of antibody combining sites with three of
these having known specificity. They are McPC603 and J539, two
mouse IgAk antibodies specific for phosphorylcholine and galac-
tan, respectively; Fab New, human IgGk specific for a hydroxy
derivative of Vitamin K (Amzel ¢ ol., 1974); and Kol, a human
IgG, that has no known specificity {Marquart et al., 1980).
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What generalizations can be made from these few structures
about the nature of antibody combining sites? In McPC603
the hapten binds in a pocket. In New the menadione ring of
VitKOH binds in a narrow groove with the phytyl chain on the
surface. In the galactan binding J539 there is a broad groove
that presumably represents the site where the hapten binds. In
Kol the groove of New is filled by several aromatic side chains
and this site interacts strongly in the crystal with the C-terminal
part of another Fab in what could be a prototype antibody/
protein complex.

For small antigenic determinants one might expect by analogy
with enzymes a pocket or groove to provide the specificity.
The sizes of combining sites are comparable to those of some
enzymes (Givol, 1979). Lysozyme for example has a groove
that accommodates a hexasaccharide, and this is believed to repre-
sent the upper limit in size for antibodics to this kind of antigen
(Kabat, 1982). Another example would be the aspartyl proteases
where an extended groove can be used to bind hexapeptide inhi-
bitors with considerable avidity (Bott ef al., 1982). Based on the
X.ray analyses it would appear that for antibodics the location
of this groove would be between the third hypervariable loops
of the light and heavy chains. However, it is not very likely that
every antibody would have this kind of feature since complemen-
tarity of two surfaces can he achicved without necessarily invoking
grooves or pockets and significant contributions to the free encrgy
of interaction can come from the exclusion of water from these
surfaces. The Kol protein provides an example of this kind of
interaction.

These generalizations about antibody structurc may be im-
portant in the modcling of combining sites. The first attempt to
construct a specific model for a combining sitc was for MOPC315,
a dinitrophenol-binding myeloma protein (Padlan et al., 1976).
The principles used in constructing the model were to accept the
framework part of the structure {from known structures (in this
casc McPC603) and to attach to this the loops containing the
hypervariable residues. To a first approximation the shape of
these loops was taken from corresponding loops of the same size
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that had been determined by X-ray diffraction. Adjustments
were then made in the structure to remove poor nonbonded con-
tacts. This model building has continued with other proteins
(reviewed by Davies & Metzger, 1983). However, caution should
be used in dealing with the results since even for this restricted
problem in protein folding there exist many solutions. A preli-
minary comparison of predicted models of J539 with the observed
X-ray structure indicates that large errors of as much as 5 or 6
A in the Ca positions can readily occur, presumably because it
is hard to analyze the eflects of simultaneously altering amino
acid residues on the six hypervariable loops.

In order to improve the understanding of combining site
structure and of the interactions with different classes of antigen
it is clear that new structure investigations will be nceded, parti-
cularly of antibody-antigen complexes. For cxample, there are
no structures so far of protein-antibody complexes, and therc are
a number of questions concerning this interaction that remain
unanswered. The degree of flexibility in both the antigen and in
the antibody combining site and the way in which this plays a
role in forming the complex is unknown. Some rather unexpected
results have come from the recent use of small peptides as synthet-
ic antigens where a considerable fraction of the antibodies pro-
duced can also bind to the protein containing that peptide se-
quence (Niman et al., 1983). The explanation for this phenomenon
is not clear, and for an examination of the questions arising from
these results further X-ray diffraction investigations will be necded
of the different complexes with peplide and with protein. The
basic question of conformational change in the antibody as a
result of antigen binding also can only be answercd by a direct
study of the structures of complexes as well as of the isolated anti-
bodics. Conformational changes, if they occur, might be induced
by the larger energy of interaction with larger antigens while
failing to be triggered by small haptens.
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SPECIFICITY
OF IONOPHORE-CATION INTERACTION
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Shemyakin Institute of Bioorganic Chemistry USSR Academy of Sciences
Moscow, USSR

ABSTRACT

Structure, jon binding propertics and mechanisms of induced ion transport
arc considered for various groups of ion carriers. Contribution of geometrical
and electronic factors to the experimentally observed lonic selectivity is discussed
for sclected ionophores and in general terms. Molecular mechanisms under-
lying the channel mediated ion transport in amphotericin B, gramicidin A
and alamethicin I families are presented and analyzed in view of their ionic
selectivity.

Molecular origins of ionic specificity in the living nature have
been attracting considerable interest for long. In the mid-60’s
a novel phenomenon was discovered of selective transmembrane
jon transport induced by a number of low molecular natural
products, mostly antibiotics, called ionophores. The discovery
prompted further search for novel members of that class, both
natural and artificial, as well as detailed study of their ion binding
structure and molecular mechanism of action. The crucial role
of conformation in selecting the particular ion has been demon-
strated in addition to the obvious importance of the nature of
liganding functional groups. Environment and the membranc
system also had a notable impact on ionic selectivity. Metal bind-
ing properties of various tonophores will be briefly considered
in this paper as well as major factors affecting their selectivity
and transport properties.
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[. TRANSMEMBRANE ION CARRIERS

a) Valinomycin and its analogs

Historically, valinomycin was the first ionophore, on the ex-
ample of which the induced membrane transport has been
observed (Moore and Pressman, 1964). This macrocyclic
depsipeptide (Fig. la) exerts its action in a variety of artificial

oM Cy,
& 60— Nig, &
YOS gy
. Q&Q 00/
& voL %

o

h 2
Fd 9 o)
& %
3.2 %

8 R © 5
| (=]
Q |
FS z = ~ 3
5-% g
O o p

%, a o &

5, /c? . Qts?* e

o ﬁ‘o.?ﬂra”“_nwg\()’ ﬁ@.‘;\%

Dhy  ooud
VALINOMYCIN

Fie. {. Tormula of valinomycin (a) and threc-dimensional structure of its K-complex (view
along the symmetry axis) (D).

and biological membranes (scc Ovchinnikov ef al., 1974, and
references therein; Pressman, 1976). A uniquc feature of the
induced ionic current is its extreme K/Na selectivity, reaching in
some cases [0% In 1967 Shemyakin et al. discovered the ion binding
capacity of the antibiotic which was as selective as the induced
transport and which therefore lies at the basis of the transport
phenomenon. In addition to K and Na, valinomycin also binds
other alkali, alkaline carth, a few transition metal ions and am-
moniam. As seen from Table 1 the maximal stability was found

with K and Rb. (s-Complex is slightly less stable and other
cations show muech weaker binding. Binding constants fall sharp-
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ly on increasing solvent polarity.  For instance, with K+ the
binding constants in water and cthanol differ by six orders of
magnitude (see below, Table 2).

The ligand : cation ratio in valinomycin complex is usually
I:1. However, with Ca** and Ba* 1:2 andjor 2:1 stoichiometries
were found (Devarajan and Easwaran, 1981; Devarajan et al.,
1980; Ivanov, 1975; Vishwanath and Faswaran, 1982}, Torma-
tion of the 2:1 sandwich complex with potassium preliminarily
communicated by Ivanov (1975} so far did not find further
confirmation.

Formation of (valinomycin- cation)® - anion” ion pairs has
not been studied yet in a systematic way. Such complexes are
amply documented for some Na (Golikov and Vichutinsky, 1981;
Davis and ‘Tosteson, 1975; Eastman, 1974; Steinrauf et al., 1982)
and Ba (Devarajan and Easwaran, 1981) salts. Golikov and
Vichutinsky (1981) also found ion pairs with the Kt-complex
which proved much less stable.

Of fundamental importance for understanding the ion bind-
ing and membranc properties of valinomycin was conformational
analysis of the free and ion-bound antibiotic (sece pp. 563-573
of the review by Ovchinnikov and Ivanov, 1982; Hamilton
et al., 1981}, With K+, Rb*, Cs* and TI+, both in solution and
in the crystal, a Cy-symmetric structure is formed, resembling
a bracelet with hydrophobic periphery and a molecular cavity
lined with six ester carbonyl oxygens. Fach of these atoms in-
teracts with the unsolvated cation placed at the center of the
cavity (Iig. 1b). The size of the cavity {its best the size of potas-
sium and rubidium. The amide NH and CO groupings par-
ticipate in a perfect system of intramolecular hydrogen bonds
{ixing six f-turns which in turn form a cylindric structure of six
condensed 10-membered rings protecting the internal coordi-
nation sphere from the environment. Spectacular progress of
electronic microscopy allowed direct observation of that struc-
ture on electron micrographs (Ottensmeyer ¢t al., 1978, 1978-79).

Being quite rigid, the bracelet structure cannot shrink so as
to adapt the size of the inner cavity to the smaller than potassium
size of sodium (and of course lithium). Therefore valinomycin
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is unable to compensate for the higher desolvation energy of
sodium with equivalent enhancement of ligand-metal interac-
tions. Such is the source of the 7-8 kcal/mol free energy difference
in Na and K binding which in turn gives rise to 10% times differ-
ence in binding and transport efliciency.

Unlike most antibiotics, valinomycin is a sole naturally oc-
curring representative of this group of depsipeptides. On the
other hand, over a hundred synthetic valinomycin analogs have
been described differing from the parent substance in the ring
size, the nature or configuration of amino/hydroxy acid residues,
in GONH - COO, CONH —» CONR replacements or in com-
bination of the above modifications {pp. 399-408 in Ovchinnikov
and Ivanov, 1982b). Comparative studies allowed to trace
regularities connecting the chemical formula, three-dimensional
structure, stability of the complexes and ion transporting capacity
in this extensive series. Tables 2 and 3 include some analogs

TanLe 3. Stability Constants (K, M -*) of Complexes of Valinomycin and its Analogs
in 96%, Aqueous Fthanol (Fonina et al., 1980)

Ne Compound Na* K+ Rb+* Cst

1. Valinomycin oold 130000 240000 63000
2, Qcta~valinomycin ooil <10 <10 <10
3. Hexadeca-valinomyein < 50 50-100 coi00 500
4. Isoleucinomycin < 50 180000 8000C 42000
5. Qcta-isoleucinomycin ool <10 <10 < 10
6. Hexadeca-isoleucinomyein <50 50--100 ool00 100-1000

whose ion binding properties require a special comment. Analogs
(2, 3, 5 and 6), being gencrally quitc poor ion binders, never-
theless instead of K prefer Na (analogs 2 and 5) or Cs {analogs
3 and 6), in accord with the smaller or larger, than in valino-
mycin, ring size.  Morcover, hexadeca-isoleucinomycin (6) se-
lectively transfers voluminous organic cations into the organic
phasc (Table 4) while hexadeca-valinomycin selectively - carries
these cations across lipid bilayers (Eisenman and Krasne, 1975).
Potassium 1:1 complexes of analogs (7,8 and 10} closcly resemble
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TapLe 4. Constanis of Bulk Extraction (kwjo) from Water into CH,CL, of Picrates
of Univalent lons by Valinomycin and its Analogs (Fonina el al., 1980)

No Compound Kt Rt Cst Nug MeNt Aceul

choline
1. Valinomycin 430*  530* 150* 670 [ 57
3. Hexadeca-valinomycin <10*%  <10* <i0* —— oree e
4. Isoleucinomycin 1700 = 2300*  510% 1400 — G2
G.

Hexadeca-isoleucinomycin 40 120 270 10 550 1450

* Dinitrophenolate

valinomycin complexes in their structures (Hamilton et al., 1980;
Ivanov et al., 1974, 1980}, these analogs being at the same time
considerably more powerful ion binders (Table 2). The peptide
analog (11) is endowed with very high stability of 1:1 complexes
with Mgzt, Ca?t, Ba?t and Lit. It also shows a pronounced
trend to form  sandwich ” complexes with 2:1 ligand:ion ratio
as well as  reverse sandwiches ” with two metal fons bound to
one peptide molecule (Lit, Mg*, Ca2t, Ba®, all data for ac-
etonitrile, Baron et al., 1977; Easwaran ¢t al., 1979). Analog (9)
also forms a (9}, K+ “sandwich” in methanol while in chlo-
roform the same analog forms a usual (9)- K* complex. In
other words, not only binding constants but even stoichiometry
of ion binding proved solvent dependent in this case (Balashova
et al., 1983).

Frec prolinomycin (10} is too hydrophylic to enter the lipid
matrix which is not the case for valinomycin and the Kt-com-
plexes of both depsipeptides. This circumstance gives rise to a
dramatic difference in the mechanisms of fon transfer. A key
step in the valinomycin mediated transfer is heterogencous com-
plexation of valinomyein in the interface and the ion in the aqueous
phase (Fig. 2a, b). Only a much less efficient pathway (c) 1s
allowed for prolinomycin which includes ion binding in water
and passage by the charged complex of both interfaces (Benz
et al., 1976).

In summary, ion seleetivity in the valinomycin serics is clearly
dependent upon geometrical fit of the cavity and the ion size

20
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Fic. 2. Scheme of alkali metal ion transport induced by valinomycin (a, b) and prolinomycin
{c). In most cases valinomycin induced transport is satisfactorily described by scheme (a)
{Liuger, 1980), although with bilayers made of the total lipid of brain white matier a more
complicated scheme (b) had 1o be accepted (p. 290 in Ovchinnikov ef af., 1974).

(analogs 2-6). Replacement ol the ester moietics by amides en-
hances the affinity to alkaline carth cations and the trend to form
complexes with other than 1:1 stoichiometries (compounds 9-11).
A more detailed analysis would be premature at this stage due
to complexity of the system,

b) Enniatins

Similarly to valinomycin, enniating are also built of alter-
nating amino and hydroxy acid residues {Fig. 3). Their domi-
nating property as ion binding species is a broad spectrum of ac-
tion and low ionic selectivity. In solution enniatins form complexes
with alkali, alkaline carth metals, ammonium and some tran-
sition metal ions - Ag*, TI¥, Mn?t, Zn?", Cd> (sce Ovchinnikov
et al., 1974, pp. 12-16 and references therein). Stability constants
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of these complexes are relatively low. For example, they vary
in the 10-10% range for enniatin B in methanol, in 96%, cthanol
they may be 2-3 times higher. In addition to equimolar complexes,
enniatins B, C and beauvericin form complexes in ratio macro-
oy R 0

o \ Loy

&\ AT e ~

S N
é*\ / i 0\ %
X o &
< e
/S e\ "
i i
o_;o 'i--—-_
oo ~ /) £
% g
d'/ \\ a e \':b R
4 -
. S Enniatin A - CH{CH,ICH,
o 3 7 \
4,0 / "‘Hﬂ""‘“ \Q Enmatin B “GH(GH:)E
0/ ) Enniatin 0~ CH,CH(CH,),
(a0 Beauvericin - CH,C,H,

Fre. 3. Dnniatin antibiotics.

cycle: cation == 2:1 (and possibly also 3:2), the second binding
constant being 1-2 orders of magnitude lower than the first.
Stability of the “sandwich” complexes falls in the order

K>»CsyNadLi

3

Even more “exotic” stoichiometry was found m the crys-
talline complex of beauvericin with barium picrate (BaPic,),
viz. [{beauvericin), Ba,- Pic,]* (Braden e/ al., 1980).

Iigs 4-6 demonstrate the principal structures proposed for
complexes of various stoichiometries, each of which can be con-
sidered as a potential fon carrying structure. Conformation of
the (enniatin B. K)* complex (Fig. 4) was derived from the low
resolution X-ray analysis (Dobler et al., 1969). The character-
istic Cg-symmetric disc-like shape of that structure, the alter-
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nating up-down orientation of N-methyl amide and ester car-
bonyls as well as pseudo equatorial orientation of Ce substituents
has been further substantiated for enniatin complexes in solu-
tion, the free enniatins in polar solvents (Ovchinnikov et al.,

Tie. 4. Conformation proposed for
the crysialline complex (enniatin

@D oc ON OO0 B) . KNCS.

1974) and in the crystal {Tishchenko et al., 1976), and for beau-
vericin and the above mentioned barium complex in the crys-
talline state (Braden et al., 1980; Geddes and Akrigg, 1976). At
the same time, as pointed out by Hamilton et al. (1975), location
of the bound cation in the center of the molecular cavity requires
further proof. Tt well might be that even in the equimolar
complex the ion is placed at the disc periphery, as in Fig. 5a,
interacting with only amide or only ester carbonyls and probably
retaining part of the solvent sheath. In the “sandwich > (Fig.
5b) and in the “stack” (Fig. 5¢) the cation is more cfficiently
screened from the solvent and the counterion. Studies in solu-
tion do not allow to choose between structures in Figs 4 and 5a.
In all cases when X-ray structures of metal ion complexes with
cyclic peptides related to the enniatin family had been established,
the peripheral location of the bound ion was found, namely:
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the rubidium complex of the LDLLDL ecnniatin B diastereomer
(Tishchenko et al., 1977), {cyclo[-{Pro-Gly);-]},- Mg, (cyclo
[-(Pro-Gly)s-1),- Ga?t  (Kartha et al., 1982}, (cyclo[-(Gly-Pro-
-Pro),-]) - Mg?* (Karle and Karle, 1981}, {cyclo [-(Pro-Gly),-]), -
Rb,* (Chin et al., 1977}, the beauvericin complex shown in
Fig. 6. This argument indircctly speaks in favour of the struc-
tural type shown in Fig. ba.

Tic. 5. Conformations proposed for enniatin B complexes of various steichiometry.

Fic. 6. Conlormation of the crys-
talline  beauvericing - (BaPic,),
complex.
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In dioleylphosphatidylcholine bilayers enniatings A and B in-
duce Li, Na, K, Rb and Cs conductivities proportionally 1o the
ionophore concentration (Benz, 1977). However, with another
lipid {total from the brain white matter) a cubic dependence was
obtained with Gs, a square dependence — with K and only with
Na conductivity was (as usually) proportional to ionophore con-
centration (Ivanov e/ al,, 1973), These data point to a unique
ion-dependent mechanism of ionophore action, shown in Iig. 7.

water 1 f water

-

m _CS...._... Fig. 7. Scheme of
enniatin B induced
alkali metal ion tran-

memb o rane sport.

According to this proposal the major contribution to the overall
ion transfer is provided by complexes of variable stoichiometry,
depending on their stability, lipophylic properties, mobilities in
the membrane, ctc.

Beauvericin shows high, second or third, power of conduc-
tivity »s. concentration dependence with all lipids tested both
with alkali (Benz, 1978; Ivanov ¢t al, 1973) and alkaline earth
metals (Braden ef al., 1980). It is thought that in the latter case
ion pairs are being carried across the membrane (Prince ef al.,
1974), i.e. the transport sclectivity becomes anion-dependent.

c) Antamanide

This cyclic peptide (Fig. 8a) isolated from the poisonous
mushroom Amanita phalloides causes preventive action against the
toxins of the same mushroom, the phalloidins. Being a weak
ionophore, antamanide still presents an interesting example of
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Na, CajK binding sclectivity (sec Ovchinnikov and Ivanov,
1982, and references therein). The ion in antamanide complexes
is conventionally placed into the molecular cavity where it is
held with four metal-carbonyl bonds. In addition, one solvent
molecule (acetonitrile in Fig. 8b) remains tightly bound to the
complexed ion. A hypothesis is put forward (p. 561 in Ovchin-
nikov and Ivanov, 1982b) according to which antamanide binds
to the lipid or the protein components of the biomembrane zia

Mol
CH ™ CH_

HC N~ cQ

TFic. 8. Formula of
antamanide (a) and
three-dimensionat
structure of its crys-
talline Lit-compicx
(Karle &  al,
1973) (h).



276 PONTIFICIAE ACADEMIAE SCIENTIARUM SCRIPTA VARIA 55

the metal ion which serves in this case as a link bhetween the in-
teracting species. Such modification of the membranc surface
makes it less permeable to phalloidins which explains the anti-
toxic effect (Fig. 9).

00P00P00P00-p0

g g <

I, 9. Hypothetic principle of antamanide interaction with a biomembrane (hatched arcas
refer to protein globule),

d) Nactins

Nonactin is a parent member of a family of closely related
ionophores called macrotetrolides (i.e. macrocyclic lactones) or
nactins (Keller-Schierlein and Gerlach, 1968; Ovchinnikov et
al., 1974, p. 47, and references therein). Chemical formulae of
better characterized nacting are shown in Tig. 10,

Nactins bind in solution the lons of alkali and alkaline carth
metal ions, thallium, ammonium and a number of substituted
ammonium derivatives (Asher e/ al.,, 1977; Briggs and Hinton,
1979; Eisenman et al., 1969; Phillies ef al., 1975; Prestegard
and Chan, 1969, 1970; Simon and Morf, 197%; Ucno and Ki-
shimoto, 1979; Ueno and Kyogoku, 1979; Vishwanath and Ea-
swaran, 1981). The ionic selectivity of nactins is characterized
by the sequence

NH >TEHKSRbYNa>»CsyGadBadLi

In K/Na selectivity nactins occupy an intermediate position
between valinomycin and enpiatins. A striking property of nac-
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tins as ionophores is their exceptionally high affinity to ammonium
ions (Eisenman et al., 1969; Scheler and Simon, 1970; Szabo
et al., 1969). In no case does the stoichiometry of binding in nac-
tin series deviate from the classical 1:1 ratio.

R R R rR*
Nonactin CHg CHg CHj CHg
tMonactin CHs CHz CHj CyHg
Dinactin CHs CaHg CH3 C,Hs
Trinagtin CHj3 CyHsg C,Hg C,Hg
Tetranactin  CyHg CaHs Ca Hs Cals t'lj:zt(i;)licllglantiﬁzfilcz:

Nonactin was the first antibiotic ionophore where a number
of fundamental features of ionophore complexation have been
elucidated in the course of the X-ray analysis of the crystalline
nonactin « KNCS complex (Fig. 11, Dobler et al., 1969; Kil-
bourn et al., 1967). To such features belong of course sequester-
ing of the bare ion in the middle of the molecular cavity, par-
ticipation of oxygen atoms in ion binding and hydrophobic nature
of the molecular periphery. Quite similar structures have all
the complexes of nonactin with K, Na (Dobler and Phizakerley,
1974) and ammonium (Neupert-Laves and Dobler, 1976) and
of tetranactin with Na, K, Rb, Cs {(Sakamaki e al., 1976, 1977)
and ammonium (Nawata et al., 1975, 1977). Tour ester carbonyls
and four ether oxygens arrange themselves around the bound
ion approximately at the cube apexes. The size of the cavity
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varies in accord with the size of the bound ion at the expense
of slight alterations of rotational angles. Notable distortion of
the cubic symmetry was found in Nat-complexes which explains
their relatively low stability, Ammonium complexes are stabilized

Frc. 11. Conformation of the erystalline
complex nonactin . K+

by hydrogen bonds with ether oxygens (Fig. 12) apparently re-
sponsible for the extreme ammonium selectivity (Umeyama ¢t al.,
1980). Spectral studies of nactin complexes with alkali metal
ions (Asher et al., 1977; Phillies ¢¢ al., 1975; Prestegard and Chan,
1969, 1970; Ueno and Kyogoku, 1979), T+ (Asher ¢t al., 1977;
Briggs and Hinton, 1979; Phillies e/ ¢l., 1975), Ca** (Vishwanath
and Laswaran, 1981), Ba**, NH,*, NH,;OH* and G(NH,),*
(Asher et al., 1977; Phillies et al., 1975) found no significant dift
ferences from the structures presented in Figs 11 and 12. The
characteristic ““ tennis ball seam ” conformation of the naction
complexes is replaced by f{latter structures on ion removal {Anteu-
nis and Bruyn, 1977; Dobler, 1972; Kyogoku et al., 1975; Nawata
et al., 1974, 1980; Prestegard and Chan, 1969, 1970).

Similarly to valinomycin, nactins serve as popular tools for
studying transport mechanisms across bilayers (Ciani ef al., 1973;
Lisenman and Krasne, 1975; Hladky et al., 1974; Szabo et al.,
1973}, thick layers (Lev et al., 1973; Wipf ¢t al., 1970) and in two
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Fre. 12. Hydrogen {hatched) and
ion-dipole bonds in the crystalline
tetranactin - NHj complex (only the
macrocyclic skeletonn is shown for
clarity).

phase systems (Eisenman et al., 1969; Haynes and Pressman,
1974; Szabo et al., 1969). In all cases nactins behave as typical
cage carriers with the above shown selectivity order.

ad

e) Carboxylic {onophores

Polyether antibiotics comprise a seemingly heterogencous, al-
ready large and stll rapidly growing family of the so-called car-
boxylic ion carriers. Among the popular members of that group
are the Na sclective monensin, the K selective nigericin and the
Ca selective calcimycin (known also as antibiotic A 23187) (Fig.
13). Chemistry and biology of carboxylic ionophores are covered
in the recent monograph {Westley, 1982-83).

In spite of the wealth of accumulated data general structure-
functional regularities arc not casily discernible in this arca.
One of the few suggestions of that sort, advanced by Duax et al.
(1983), provides a clue to the dramatic difference in monensin
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Fie. 13, Chemical
formula of selected
carhoxylic iono-
phores.

0. H 0

MeNH
COOH Caleimycin {A23187)

and nigericin selectivities: Na/IK for the former and K/Na for
the latter, in both cases ca. 10-fold (Lutz et al., 1970). Comparing
the crystalline structures of Na complexes {Fig. 14) the authors
noted that the overall number of liganding oxygens is 6 in
monensin and 5 in nigericin. At the same time judging from the

Fig. [4. Three-dimensional structure of the sedium salts of monensin {a) and nigericin (b).
Potential (after minor conformational rearrangement) metal bindling O-atoms are marked with
the asterisk.



SPECIFIGITY IN BIOLOGICAEL INTERACTIONS 281

potential total number of oxygens in the coordination sphere, the
number of actually binding oxygens with K+ might reach 7 with
monensin and 8 with nigericin. Such a change in the balance
of ion binding oxygens cxplains the shift in selectivity.

Calcimycin contains a unique heterocyclic moiety which to-
gether with the carboxylated anion directly interacts with the
bound calcium in the crystalline © sandwich > complex (Fig. 15).
Theoretical treatment of the origins of ionic selectivity in this
case still remains to be carried out {(Chaney et al.,, 1976; Smith
and Duax, 1976).

Oc ON o @cd

Ire. 15, Conformation of the crystalline complex of caicimyecin with Ca®t.

{) Crown ethers

The vast class of synthctic macrocyclic polyethers provides
a variety of approaches to sclective ion binding and transport.
Many hundreds and possibly thousands of such chemicals have
already bcen prepared, and their number continues to grow
with a high rate (Bradshaw and Scott, 1980; Izatt and Chri-
stensen, 1979). Already in 1967 Pedersen in his pioneering work
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has shown that many crown ethers form stable complexes with
a broad circle of cations. The first gencration of crown ethers
(monocyclic, containing exclusively oxygens as metal binding atoms)
was followed by mnitrogen and sulfur containing ligands and by
bi- and tricyclic cryptands of Lehn et al. (1973, 1978, 1979, 1983).
Introduction of additional binding moicties and steric barriers
at strategic sites has led to topo-selective ligands imitating enzymes
in some cases (Chao and Cram, 1976; Cram and Cram, 1978;
Lehn ef af., 1973, 1978, 1979, 1983).

Crown ethers have found application in cnantiomeric separa-
tion of chiral cations {(Cram and Trueblood, 1981; Tolley ef al.,
1982), transmembranc ion transport {McLanghlin e¢f al.,, 1972),
building of ion selective electrodes (Kimura et al., 1979; Ryba
and Petranck, 1973) and even for isotope enrichment of Na
(Knochel and Wilken, 1981) and Ca (Heumann and Schefer,
1980; Jepson and DeWitt, 1979). Crown cthers are also indis-
pensable agents in phase-transfer catalysis owing to their chemical
stability, availability and the ability to solubilize in organic
solvents the otherwise quite insoluble inorganic salts (Starks
and Liotta, 1978; Weber and Gokel, 1977).

Still, in spite of all the progress the valinomyecin-like selectivity,
not speaking of transport efficiency, is still out of reach in the field
of crown cthers. Such features of crown ethers as relative {lexi-
bility of the cyclic backbone and incomplete screening of the bound
cation from the solvent and the counterion may be responsible
for that fact. DeJong and Reinhoudt (1981} demonstrate that
as with other ionophores the maximal binding capacity requires
perfect fit of the size of the bound ion to the cavity size (Fig. 16).
Nonetheless such an approach when applied in a straightforward
way often fails to produce correct predictions. Neglect of solvent
interactions is the main cause of such difficulties (see e.g. Mi-
chaux and Reisse, 1982).

g) Lactors contributing to ionic selectivity

Let us consider in more detail various factors contributing
to the overall free cnergy of complexation. [t 1s well known that
desolvation energy AFgesav, of lon M; monotonously decreases
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with the increase in the ion size. When a macrocycle interacts with
the ion, flatter dependence is expected for small ions (steric hin-
drance does not allow perfect fit of the cavity size) and steeper
dependence - for large ions {too large to “ squeeze in”’). As a

Log K’ (IO

Pb2+ ‘\,O
Sk
Lt
3k
2+
] -
Frc. 16, Relation between logK
0 1 and the ratio of cation diameter
0.5 1.0 15 to cavily size [or {cis-syn-cis)-di-

cyclohexyl-10-crown-6 I waler

CATION DIAMETER/CAVITY SIZE at 250 G,

result, the free energy difference between these two processes
which provide by far the largest contribution to the overall bin-
ding encrgy (i.c. to the complex stabilily) is expected to reach
the maximum in the arca of geometrical fit (Fig. 17). This, we
believe, is the origin of the empirical observation discussed above
on the example of valinomycin depsipeptides (Tables 2 and 3)
and crown ethers (Fig. [6). Other factors should be considered
when more detailed analysis 1s attempted, in particular, the energy
of conformational transitions of the ligand which incvitably ac-
company ion binding (AFm) and the term which reflects sol-
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vation differences of the free ligand and of the complex (AT gy )
{p. 229 in Ovchinnikov ¢ al., 1974);

AFcompl_ = AF‘.{)n-dlpole + AFdesolv_ f“ AFconf_ + AFsolv_

In other words, ionic selectivity A(AFcomp ). 15 dependent upon
the diflerences in conformational cnergies of the two states,
A{AFcont )i, and upon the differences in solvent interactions,
A(AF s }Ys. From the data presented above it also follows

e

oW/ ooy ' 4V
7~

N\
N\
kﬁFdeso{v

Fie. 17. Dependence of  the -AFion"dip(’le

free  encrgy of  desolvalion
(-ATgesorv.) and the free energy
of jon-dipoele interaction of the
desolvated  cation  with  the

macrocyelic ligand (4 Fion-dipore)
from the size of the cation, 0 Li Na K RbCs 2 r, A

-

that the real situation is often further complicated by variable
stoichiometry of complexation.

It should be noted that electronic propertics of the ion binding
moictics of the ligand are not ecasily interpretable at present state
of theoretical treatment. At the same time in a number of cases
this factor plays a crucial role. Proton carriers often used as un-
couplers of oxidative phosphorylation in mitochondria can serve
as an obvious example. Usually these are weak organic acids
which penetrate the membrane and reversibly dissociate into the
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lipophylic anion and the proton. The widely used proton carriers
are e.g. dinitrophenol and carbonyl-cyanide-p-trifluoromethoxy-
phenylhydrazone (so-called FCCP):

GO

Replacements 0 - S in crown cthers bring about stronger
binding of transition metal ions, such as Ag" and Pb*, due to
increase in covalent interactions, complexation with alkali metal
ions being rather insensitive to such replacements (p. 21 in DeJong
and Reinhoudt, 1981).

Tt is also tempting to ascribe the Ca sclectivity of calcimycin
to participation of the unusual binding atom, the heterocyclic
nitrogen in the coordination sphere (sce Fig. 19).

9. CHANNEL TFORMERS

Although natural ionophores continue to stimulate a great
deal of biological research it is becoming increasingly clear that
the normal, physiological ion transport across biological mem-
branes is performed by channel forming proteins. To such pro-
teins belongs the light dependent proton pump, bacteriorhodopsin,
the acetylcholine receptor of postsynaptic nerve membrancs, ion-
conducting units of excitable membranes, transport ATP-ases
performing active transport of protons, the Na, K or Mg, Ca
antiport at the expense of ATP hydrolysis, etc. (sce Ovchinnikov,
1981 and references cited therein), All these proteins form supra-
molecular aggregates spanning the membrane matrix and contain-
ing a molecular pore capable of accommodating the moving ion.
Molecular structure of these aggregates is onc of the key problems
of modern membranology. In view of extreme complexity of the
problem considerable effort is spent on studies of model channel
formers which successfully imitate particular functional aspects
of their protein prototypes. Being at the same time ol much
lower molecular weight they proved more amenable to detailed
physicochemical study. Typical representatives of the three best
studiecd familics of model channel formers arc shown below,

21
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GRAMICIDIN A

AC-AIB-PRO-AIB-ALA-AIB-ALA-GLN-AIB-YAL-AIB-GLY-LEU~AIB-PRO-VAL-ATB-AIB-GLU-~GLN-PHOL

ALAMETHICIN 1

a} Macrolide antibiotics

Macrolide (or polyene) antibiotics form transmembrane pores
flled with water and permeable both, to anions and — less read-
ily — to cations. Nonelectrolytes also pass through the pore if
their effective radius is less than 4 A (for instance, glucose is too
large to penetrate the pore) (Finkelstein and Holz, 1973). Cho-
lesterol must be present in the membrane in order to form the
porc. Moreover, the macrolide, e.g. amphotericin B, has to be
added from both sides of the membrane if lipid bilayer is used
as the test system (Ermishkin et el., 1977). The number of pores
1s highly concentration dependent (exponential dependence of
the 4-12 order).

In accordance with the above mentioned anionic sclectivity,
ion currents through the channel formed by amphotericin B are
anion dependent and cation independent (Fig. 18) (Ermishkin
el al., 1977).

A plausible model has been advanced which accords with
the available experimental evidence (Finkelsein et al., 1973;
DeKruyfl' and Demel, 1974). According to that model (Fig. 19)
the channel (pore) consists of two end-to-end joined cylinders
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F16, 18, Time dependence of amphotericin B induced membrane conductivity at 200 mV
potential in 2M salt solutions. Concentration of amphotericin B (G,5-5.0) - 107 M, total brain
phespholipids.
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Tic. 19. Schematic presentation of the pores formed by amphotericin B in & lipid (ihe half
pore and a cross-section of the full pore).

(half-pores), formed in turn by the alternating molecules of an-
tibiotic and cholesterol.  The half-pores assemble at opposite
sides of the membrane and are connected with ecach other with
the help of hydrogen bonds between C-35 hydroxy groups. Other
hydroxy groups are directed inside the pore providing its hydro-
philic character, Hopefully, this model will be of use in further
unravelling of the structure-functional relationship of macrolide
antibiotics.

b) Gramicidin A

This lincar peptide antibiotic is, beyond doubt, the best so
far characterized model channel former. In a great variety of
biological membranes and lipid bilayers it forms narrow pores
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permeable to alkali metal ions, protons, ammonium and imper-
meable bivalent metal ions and to anions (see p. 310 in Ovchinni-
kov et al., 1974, and rcferences therein). Conductivity of grami-
cidin A channels in various lipid bilayers follows the order

H K, Rb,Cs,NH, >Na>Li

Membranc thickness only slightly affects the single channel con-
ductivity, but the channel mean life-time sharply falls in thicker
bilayers (Table 5).

Tasre 5. Condustance (al 100 mV and 23 C) and Mean Duration of the Single
Ghannel of Gramicidin A as a Function of Membrane Thickness (Hladky and Hapdon,
1972)

Single-Channel Mean Duwration

Membrane-Forming Hydrecarbon  Conductance in of Single
Lipid Solution Thickness M/2 NaCl Channel
(A) (QQ-1 10M) (sec)
gmpo ! + n-hexadecane 26 1.7 360
gmo 2 4 n-hexadecane 31 1.7 2.2
gmo + a-tetradecane 40 .7 1.3
gmo 4- n-decane 47 1.7 0.4
phsa ® +4- gmo -+ n-decanc oobéd 1.7 (.03
0.8

1 glyceryl monopalmitoleate
2 glyceryl monooleate
% palyhydroxystearic acid

Veatch ef al. (1975) and Veatch and Stryer (1977) have shown
that the gramicidin channel is built of two antibiotic molecules.
Two principal structures were proposed for this dimer. Accord-
ing to Ramachandran and Chandrasekharan (1972a,b), Urry
(1971) and Urry et al. (1971) the channel is a single stranded,
so-called zrp-helix wherein the monomers are connccted in a
head-to-head manner with 4-10 intermolecular hydrogen bonds.
In the alternative model of Veatch ¢t al. (1974) the channel is a
double helix called marp-helix, in which all facing each other
amino acid residues of the two monomers are connected with
intermolecular hydrogen bonds. Some of these structures, which
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scem to accord with the known properties of the channel, are
depicted in Fig. 20.

Both models possess similar gcometrical parameters, both
have hydrophobic outer surface and the axial cavity lined with

e
Fig. 20. Lef-handed nfd g (a) and J(J!km'cf'g (b} helical dimers of gramicidin A (the hydro-
gen Londs and the amino acid side chains are omitted for clarity).

polar amide moieties and suitable for accommodating the partially
solvated metal ion or hydoxonium, F,0*.

With the aid of spectral studies we were able to show that in
solution and in lipid membranes both helical types are present
and that the double helices dominate the equilibrium (Ivanov,
[983; Ivanov and Sychev, 1982; Ovchinnikov and Ivanov, 1982;
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Sychev and Ivanov, 1982)'. A “zipper” or “sliding” mcchanism
was hypothetically suggested (Urry ez al., 1975) and experimentally
supported (Ivanov and Sychev, 1982; Ovchinnikov and Ivanov,
1982a) for interconversion of single and double stranded helices
(Fig. 21). A model was developed of gramicidin A function (Fig.
29} according to which both helical types contribute to the overall

C’Z . N{, \’A\lc
=

ST

@ «—— N% «—

<

(C Cg@ C N

Tre. 21, © Zipper ” mechanism of antiparallel double helix formation by gramicidin A,

jonic current proportionally to their molar fraction in the given
membrane system {Ivanov and Sychev, 1983). Single stranded
helices can dissociate into the monomers that results in switching
off of the channel {b - a). The double stranded dimer {c) can
fully or partially  unscrew > giving rise to the conducting dimer
(b) or, if *“ narrow ” helices arc formed at the ends, to non-con-

1 In a recent paper Urry e of. (1583} doubied that conclusion. However, the experimen-
tal data cited in that paper were obtained with the high gramicidin: lipid ratio, i.c. at con-
ditions where high molecular aggregates of the antibiotic are formed. In these aggregates
gramicidin A has quite different conformation than in the dimer. Double helical conforma-
tion of gramicidin A was unequivocaliy proved for a dioxane solution by two-dimensional NMR

speclroscopy (Arseniev et al., 1903},
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ducting dimer (d). Both processes, b>a and c-d, are coupled
with fluctuation of membrane thickness which therefore is a
driving force of switching the channel. The model is in accord
with diminishing channel life-times in thicker membranes (Table
5). Further support came from studies of N-succinyl (n == 2) and

Frg. 22, Switching on and off of the single stranded (2, b} and double stranded (¢, d) helical
dimers of gramicidin A.

N-suberyl (n == 6) gramicidin A derivatives having additional
carboxylic function at N-terminus:

HOOC(CH,)»CO-Val-. . -Trp-NHCH,CH,OH

It was found (Ivanov, 1983; Ivanov and Sychev, 1982, 1983;
Ovwchinnikov and Ivanov, 1982a) that in lipid membranes (li-
posomes) these derivatives have higher than in the parent pep-
tide content of single stranded helices, apparently due to additional
carboxyl-to-carboxyl hydrogen bonds (Fig. 23). In good agree-
ment with that fact, kinetic measurements of Apell et al. (1979)
revealed increased contribution of bimolecular reactions to the
switching off process (transition b - a).

Interesting results, also consistent with the above concept,
were obtained with bis-gramicidin A analogs, wherein the dimeric
structure is fixed by covalent bridge in a N-terminus to N-terminus
(head-to-head), N-terminus to C-terminus (head-to-tail) or C-
terminus to C-terminus (tail-to-tail) manncr.

HOCH,CH,NH-Trp-. . .-Val-CO(CH,),CO-Val. ..
...~ Irp-NHCH,CH,OH
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Head-to-head, n =2, 3,4,6 or 7
OHC-Val-. . .-Trp-NHCH,CH,-OCO(CH,)»CGO-Val- . ..
... Trp-NHCH,CH,OH
Head-to-tail, n = 2,3, 4,6 or 7
OHC-Val-. . .-Trp-NHCH,CH,-OCO(CH,).COO-CH,CH,NH -
Trp-...-Val-CHO
Tail-to-tail, n == 2,3 or 7
All threc types of bis-derivatives proved efficient channel

formers, both in single channel and noise analysis experiments
(Fonina et al., 1981; Trkhin, 1982; Ivanov and Sychev, 1982;

Fig, 23. Stabilization of single stranded helices
in carhoxyl containing gramicidin A analogs,
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Ovchinnikov and Ivanov, 1982a). Selected results are shown in
Fig. 24 and Table 6. Spectral studies have shown that both in
solution and in the membrane all analogs preferably form single
stranded helical structures if intermolecular association is avoided
(c.g. at single-channel membrane measurements), At higher

gramicidin A

—
30pS

2s5ec
"head to head "' {n=2)

I %

“head to tail" (n=2)

Il

20sec

30ps

Fre, 24, Single-channel conductance re- tail to tail” (n=2)

cordings of gramicidin A and its bis-
derivatives,  Glycerolmonooicate/cholester

rol (21 molar ratin) membranes were
used with an area of 6.107% ¢m? in 0.5 M
KCl at 21° C. The applied voltage was
—

100 mV, the feed-back resistor of the
amplifier was 0% (). 20sec

30pS

concentrations (e.g. at noisc analysis mecasurements) aggregates
are formed which are predominantly double-helical. Since nci-
ther of the b-»a and ¢+ d transitions {Fig. 7) are possible
for monomeric bis-derivatives, life-times of the channels formed
by these dimers are much longer than for gramicidin A at the same
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condition (o010 sec instead of 0.2 sec). With aggregates of bis-
derivatives the same regularitics arc observed as with gramicidin
A itself, hence the similarity of respective life-times observed in
noisc-analysis experiments (Table 6). It should be also noted
that sclectivity sequences found for all bis-derivatives closely
reproduce the above shown sequence of gramicidin A (Fonina
et al., 19815 Irkhin, 1982). This is considered as a consequence
as well as a proof of close similarity of the pore parameters for all
types of junction of polypeptide chains.

c) Alamethicin 1

Alamethicin I represents a large family of membrane active
antibiotics (alamethicin, suzukacillins, antiamochins, emerimi-
cins, trichotoxin, hypeleins, ctc, see e.g. the review by Nagaraj
and Balaram, 1981). As scen from the formula, the N-terminus
of alamethicin is acetylated and the C-terminus is occupied with
phenylalaninol (Phol); a number of unusaul amino acid residucs
(Aib, a-amino isobutyric acid or a-methyl alanine) is also present.
A fundamental property of alamethicin induced conductivity in
lipid bilayers is a strong potential dependence. In the absence
of potential the conductivity is zero, but starting from certain
level each 4-8 mV increment increases ¢-fold the number of chan-
nels. In this respect alamethicin is a valuable model of the ionic
channels of c¢xcitable membranes.

Single-channel recordings (Fig. 25) reveal another unique
featurc of the alamethicin channel, viz., existence of a number
of interconverting conducting states, differing from each other in
their conductivity (see the review by Ehrestein and Lecar, 1977,
and references thercin). The lower state rescmbles the gramicidin
channel in a number of parameters, such as conductivity (19 pS
for K+, cf. Table 6) and impermeability to bivalent ions and anions.
Conductivity of other states varies from 280 to 6200 pS (for K+),
and they all conduct alkali, alkaline carth cations as well as
various anions (Hanke and Boheim, 1980); the pore diameter
reaches 15 A in the highest conducting state {Boheim, 1974).

There is no doubt that the multistate nature of the alame-
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thicin channel is duc to formation of aggregates of increasing
molecular weight, each of which contributes to the overall conduc-
tivity and has its own set of properties. A number of proposals
have been suggested in an attempt to relate the structure of ala-

— e ey e e mmem e s mmmm eeom emmme  mmem amemm e e

Tic. 25. Typical muitiple step Buctuations of the alamethicin channel in a lipid bilayer. Re-
cording time is 0.1-10 sec, depending on the lipid.

methicin with its channel forming properties. Two of them will
be mentioned below., Boheim ef al. (1983) consider that in the
absence of applied potential alamethicin, which is predominantly
a-helical, forms aggregates where monomers arc arranged in pairs
of alternating (up-down) orientation of the e-helical dipole (which
is quite large). This state is non-conducting. When voltage 18
applicd a uniform orientation of a-helices in the membrane is
forced (flip-Hop hypothesis), giving risc to the observed sct of
conducting aggregates.

X-ray studies of Fox and Richards (1982) have shown that
at least in the crystalline state alamcthicin T is indeed a u-helix,
except for the Pro-containing segment 11-14, where a bend is
observed. The authors further suggested that alamethicin I
lias a similar conformation in the aggregates which can vary in
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size. A decamer is shown in Fig 26; a driving force of aggregation
is formation of hydrogen bonded network between the Gln car-
boxamido moietics. In the absence of potential only the 1-11
segment is merged into the membrane while the bend and the
C-terminal helix are placed at the interface. When potential
is applied the structure is straightened up (the middle part of
Fig. 26) and shifted along the electrical field to the opposite side

Fro. 26. Voltage-gating channel model. The cork-shaped clements represent the C-terminal
region of alamethicin, bent away from the channct axis. The spheres represent the carboxyl
functions of Gin residues.

of the membrane. The channel is switched on. The same motive
is utilized in this model as with gramicidin A: in one way or another
the peptide must rcach both surfaces of the bilayer in order to
open the channel. It well might be that this principle is opera-
tive with other model channels.

In conclusion it should be noted that even the simplest, model
channel formers pose formidable problems in the course of their
structure-functional studies. Nonctheless the present day think-
ing of sclectivity and transport in biological systems is to a large
extent influenced by the results of such studies. There are all
grounds to cxpect further development of this exciting field in
the near future.
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ABSTRACT

Techniques developed in our laboratory for calculating intermolecular
interactions, based on ab initic computations, have been used for the caleulation
of the encrgy of association of metal cations with ionophores.  The systems
studied involve the interaction of alkali cations with valinomyecin, Nat, K+,
NH, " with nonactin and Mg?+, Ca2t with ifonophore A 23187 The delimi-
tation in cach case of the different components of the interaction energy and the
inclusion of the solvation-desolvation aspects of the interaction enable to account
for the selectivity and specificity ebserved in cach of these associations.

1. INTRODUCTION

Although the qualitative phenomenological analysis of the
factors involved in the sclectivity of bioorganic ion carriers has
been available for some time (Eisenmann and Krasne [975;
Eisenmann ef af., 1975; Morf and Simon 1971 a, b, Morl ef al.,
1972), the quantitative evaluation of the components of the enecrgy
balance has been limited to very simplified models and treatment.
It is my aim in this paper to show that, owing to techniques deve-
loped recently in our laboratory for calculating intermolecular
interactions based on the results of ab imitio computations (Gresh
et al., 1979, A. Pullman et al., 1979), we can not only compute
the overall energy of association of a cation with an ionophore



304 PONTIFICIAE ACADEMIAE SCIENTIARUM SCRIPTA VARIA 55

but also delimit the relative weights of the different components
of this energy, whose interplay, combined with the corresponding
desolvation energies of the ions, determines the selectivity or spe-
cificity of the different associations, We shall illustrate this situa-
tion in the examples of the carriers valinomycine, nonactin and
ionophore A 23187 (calcimycine).

2. METHODS

The intermolecular energies arc computed by means of an
additive procedure, elaborated carlier (Gresh et «l., 1979) and
applied besides ionophores to diverse problems involving binding
specificities (Gresh et B. Pullman 1981 a, b, 1983 a, b).

The interaction energy AE is evaluated as a sum of four com-
ponents:

AL = EMTP + Epol -+ Ercp f‘ Edl

where Emtp is the clectrostatic interaction energy computed bet-
ween the overlap multipole expansions of the charge distributions
of the entitics in interaction, Epe is the polarization energy, Lyep
is the sum of bond-bond repulsions, and Eq is a dispersion-like
term calibrated in Gresh ct al. 1979. To compute Eymrr we use
a procedure (A. Pullman el al., 1979) established for the calcu-
lation of the molecular electrostatic potential of large macromo-
lecules, 1 which the macromolecule is built from subunits chosen
in such a way as to minimize the clectrostatic perturbations caused
by the subdivision. The multicenter multipolar expansions (up
to quadrupoles) of the charge distributions of the constituent
fragments, required to compute the electrostatic and the polari-
zation contributions to the binding encrgy, are derived from ab
initio SCIF computations; the minimal orbital basis set utilized is
described in Gresh and Pullman, 1978.

Details on this methodology may be found in the original
papers (see also, A. Pullman 1983 a}.

In spite of important recent developments of the theoretical
calculations on the hydration enthalpies of cations (see e.g. A.
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Pullman, 1983 a), we have generally utilized, because of their
availability, the experimental values of these enthalpies, for eva-
luating the corresponding desolvation cnergies.

3. REIULTS AND DISCUSSION

A) Selectivity of valinomycin towards alkali cations (Gresh et al.,
1981 ; Etchebest et al., 1982; A. Pullman 1983 a, b). The chemical
formula of valinomycin is recalled in figure 1. The binding

HC CH H.C CH: H:C CH
CH HC GH cH

N—C-—-—%-—O—chul-—N—C—*C“Z——O—C— l

H H o) H o H H o H O 43

Tis, 1. Molecular structure of valinomycine,

constants measured in cthanol (Shemyakin ¢f al., 1969) and me-
thanol (Grell et al., 1972) for its complexes with the alkali ions
follow the order

Rbt = K+ > Cst »> Na*

Until very recently, only one of these complexes, that of K+, had
been crystallized and analyzed through X-ray crystallography
(Neupert-Laves and Dobler 1975): in the complex the molecule
takes up a very characteristic bracelet-like ** structure in which
all the amide NH and CO groups form a tight array of successive
hydrogen bonds (fig. 2), leaving the six ester carbonyls free to
“encage 7’ the fon, three above and three below (fig. 3). Taking
into consideration the rigidity conferred on the molecule by the
sequence of hydrogen bonds and experimental indications on the
permanence of a bracelet-like structure in the other alkali com-
plexes, we have attempted (Gresh ¢ al., 1981} to account for the
observed specificity order by considering two components of the
cnergy balance involved in complex formation, namely the inter-

22
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Fie. 2. The array of hydrogen-honds in the K+ complex of valinomycine.

action energy between the ions and valinomycin, assumed to
keep the geometry of the K* complex, and the desolvation cnergy
of the ions. The first term was obtained by the technique indicated
in Methods, optimizing the position of each cation inside the
cavity by an energy-minimizing procedure. For the encrgy of
desolvation, the negatives of the available experimental values

Fre. 3. The *Dbracelet™

structure of the valinomyci- R
Al
ne-Kt complex, @ O ‘ N st cC
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of the enthalpics of hydration (Kaufmann et al., 1976) have been
used (sce Gresh ¢f al., 1981 for a discussion).

The results are indicated in table I, from which it is seen that:

a) In the K+ complex, the computed optimal distances are
in very reasonable agrcement with the range of distance {2.69-
2.83 A) obscrved in the crystal structure, a feature supporting the
credibility of the computations.

b) K+, Rl and Cs* prefer an essentially central position in
the cavity. On the contrary, Nat prefers a position shifted from
the center towards the vicinity of two carbonyl oxygens. It is
interesting that such a situation was suggested on the basis of
infrared measurements of the ester carbonyl frequencies of the
Nat-complex (Ovchinnikov et al., 1972).

¢) The optimal values of the energies of interaction are in the order
Nat > K+ = Rbt > Cs+. (Note the favorable binding of Na*
in spite of its peculiar position in a cavity too large for it). They
differ thus greatly from the experimentally observed order.

d) The order of the experimental desolvalion energies is the same
as the order of the interaction energics and thus does not account
cither, by itself, for the experimental order of preferential binding.

¢) When the lwo preceding components are taken into account simul-
tancously, the computed order of the binding energies becomes exactly identical
to the selectivity order, with K very close to Rb*, Cs* somewhat
beyond, and Nat very much beyond.

Thus, if one assumes that the complexes all adopt a structure
similar to that of the K+ complex, it is possible to account for the
specificity of association by taking into consideration solely the
complexation and the desolvation energies, the two terms operat-
ing in opposite directions, but with different differential effects.

Very recently (Steinrauf ef al., 1982) the crystal structure of a
valinomycin-sodium picrate complex was established. The con-
figuration of the crystal is very particular: it contains a water
molecule inside the cavity of a bracelet-like valinomycin, the Na*
and picrate ions being situated outside the frame of the antibiotic.
The situation is thus distinctly different from that of the similar
K+ complex (Hamilton ef al., 1981). We have alrcady indicated
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in one of our previous publications (Gresh et al., 1981 and refe-
rences therein) that in the results reported in table I, the energy
balance {for Na* is so unfavourable as compared to the other cations,
that the very occurrence of the assumed conformation upon Nat

Lasre L. Valinomycin - cation complexes.  Equilibrium distances d (A) 1o the ester
oxygens, energies of inleraction AIZ of the cations inside the K+ cavity, experimental dehy-
dration enthalpies AE,, energy balance 8 and difference 8 with respect to the best balance.
Energles in kealfmole

Nat K+ R+ Cyt
dy 3.05 2.08 2.7 2.70
d, 2.95 2.68 2.73 2.72
d, 2.81 2.73 2.77 2.75
dy 2.42 2.62 2.69 2.72
dg 2,47 2,72 2.68 2.69
dy 2.67 2.77 2.75 2,78
AR —108.5 ~—106. 4 --102.7 —88.8
AR 1 106.0 85.8 79.8 72.0
3k ¢ - 2.5 — 20,6 - 22,9 — 16.8
3 20.4 2.8 0 6.1

b (Kaufinann et @f., 1976},
2 3E = AR -~ AEL.

binding may be questioned. Indeed, the circular dichroism spec-
trum of valinomycin upon Nat* binding in methanol is characterized
by a negative Cotton effect, whercas the complexes with K,
Rb* and Cs* are characterized by a positive eflect, and this was
taken as cvidence for the involvement of a different Nat-binding
conformation upon complexing in methanol. A similar conclu-
sion was arrived at on the basis of 3¢l and infrared measurements.
This situation is markedly different from the one occurring in a
non-polar solvent, in which the closed conformation of valinomyecin
scems involved in the binding of all four alkali cations.

The reasons for the peculiar structure adopted by the Nat
picrate complex necessitate obviously a special investigation, which
is being planned in our laboratory.

B) The K*|Na* selectivity of nonactin (Gresh and A. Pullman,
1982). Nonactin is another cyclic carrier with the formula of
figure 4.
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Like valinomycin, it prefers K+ to Nat. In this case the crystal
structures of both complexes are known. They both show the
molecule wrapped around the ion, using its four carbonyl and
its four tetrahydrofuran oxygens to encage the ions in two some-
what different cavities. This knowledge has made possible the study

H3C CHy ©
CH, CHs O
H3C [0 0 0 O
O CH, CH

T16. 4. The chemical formule of nonactin.

in this case (Gresh and Pullman 1982) of the mutual interplay
of the three most conspicuous components of the energy balance,
namely, the binding encrgy of the ion to its specific cavity, the
desolvation energy of the cation and the change in intramolecular
encrgy of the ionophore in going from the geometry correspond-
ing to the Kt-cavity to that of the Na*-cavity.

The data are summarized in table I1. AL is computed, as
before, by optimization of the position of each ion in its cavity.
The desolvation energies arc the negatives of the experimental
values of the enthalpies of solvation in methanol and the variation

Tasre II.  Conbributions lo the energy balance in the complexation of K and Na*
lo nonactin

Na#t K
AL —151.2 —117.5
ABy; ¥ --104.9 4- 84.2
8L == AL - ATy w4655 — 33.3
AR ? 4 2601 + 9.3
3'E = 8E — AR — 20,2 e 24, G

1 Enthalpies in methanol (Hedwig and Parker 1574).
2 Repulsion.
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in the intramolecular energy of the ionophore is computed as duc
to the different repulsions between its nucleophilic units in the two
geometries corresponding to the two different cavitics, this varia-
tion being estimated to represent the essential term of the overall
difference (for details see Gresh and A. Pullman 1982).

It is secen that the binding energy of Nat to nonactin in its
specific cavity is appreciably larger than that of Kt in its own
cavity. The desolvation energies play in the right direction for
reducing this difference between the two ions, leaving them, how-
ever, in the wrong order. Tinally, it is the ligand-ligand repulsions,
apprectably stronger in the Na*-cavily than in the K+t-one, (essentially
due to a shortening of the oxygen-oxygen distances), which bring
the overall balance in favour of K+ by a few kealfmole and which thus
ensurc the agreement with cxperiment.

C) The NH* K™ selectivity of nonastin {Gresh and Pullman, 1982).

Nonactin prefers NH,* to K+ for complex formation. The
crystal structure of the ammonium complex being unknown, the
K-cavity was used for optimizing the position of the ammonium
ton in it. The results are given in table TII. A first observation is
that, in its optimal position, NH," is directly hydrogen-bonded to the

Tanvr 1L Nonactin complexes.  Equilibrium distances d (A) to the eight oxygens
(*) of K+ and of the hydrogens of NH*+, optimized binding energies AL, desolvation
energies Afty  and balance 3E (kcaljmole)

Kr NH,
d, 2.75 2.63, 2.59
dy 2.80 2.58, 2.03
dy 2.74 2.48, .76
d, 2.80 2,72, 2.60
dy 2.8 1.90
dy 2.90 1.99
d, 2.80 1.94
d, 2.90 2.00
AL - 117.5 — 131.8
Ay ® 79.8 ] 85.8 89.0
oF — 38,7 | — 31.7 — 52.8

1 d; to d, reler to the ester carbonyls, dg to dg to the tetrahydrofuran oxygens; for the car-
honyl oxygens the two HO distances refer to the two closest hydrogens.
? Dehydration encrgies.
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four tetrahydrofuran oxygens, the carbonyl oxygens being situated
roughly between two hydrogens at appreciably larger distances,
indicating no direct H-bonding in that case. This is in perfect
agreement with conclusions drawn on the basis of infrared spectral
measurements of the C = O siretching frequencies of this complex
in solution (Ziist ¢ al., 1973). Interestingly, the strongest binding
found in the case of ammonium is reversed with respect to the
tendency observed in the K+ complex, where the shortest distances
to oxygens occur with the carbonyl oncs.

As to the specificity NH,* versus K*, it is seen that the binding
encrgics in the cavity alrcady strongly favor ammonium. When
the balance is made with the desolvation enthalpies, the overall
preference, although decreased, remains largely in favour of am-
monium. This is thus an example where the ordering set by the cation-
cavity interactions is so much in favour of the preferred ion that it is not
modified by the desolvation energes.

D) Selectivity of tonophore A 23187 towards Ca*t and Mg** {Gresh
and A. Pullman 1983).

The open-chain carboxylic ionophore A 23187 {fig. 5} trans-
ports divalent ions accross membranes (Reed and Lardy 1972;
Pleiffer ¢t al., 1974) with a marked selectivity over monovalent ions.

X-ray crystal data arc available for the ionophore (Chaney
et al., 1974), as well as for its 2: 1 Ga®* complex (Smith and Daux
1976}, and since very recently, for its 2: 1 Mg** complex (Al-

TFie. 5. The molecular structure of A 23187,
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leaume and Barrans, 1983). The solution structure of these two
complexes was also investigated by NMR spectroscopy (Antenis
1977; Diber and Pfeiffer 1976).

In both 2: 1 crystal complexes, each deprotonated molecule
of A 23187 (symbol A-) binds the cation by one of its carboxylate
oxygens, by the aromatic nitrogen of its benzoxazole group and
by the carbonyl oxygen of its ketopyrrole moiety. In both com-
plexes also, an additional stabilization occurs through the forma-
tion of two hydrogen bonds, involving the NH group of the ke-
topyrrole ring of one ionophore and the metal-bound anionic
oxygen of the benzoxazole ring of the other ionophore. The
Ca* complex differs fromn the Mg2t complex by the inclusion
of one water molecule in the coordination polyhedron of the cation,
which is thus seven-fold coordinated.

It should be pointed out that in contrast to the strong divalent/
moncvalent selectivity of A 23187, its discrimination in favour of
Ca®f versus Mg+ is small. (G, Krausc ef al., 1983; Puskin and
Gunter 1975; Pleiffer and Lardy 1976; Pohl et al., 1980; Debons
et al., 1981; Nakashina et al., 1982).

The availability of the detailed X-ray coordinates of both
complexcs has stimulated a search for an extensive enthalpy
balance incorporating the binding energy of the cation,
the mutual ionophore-ionophore interactions, the variations of
intramolecular energies of the individual ionophores, and the
dehydration enthalpy of the cation. Particular attention was
devoted to the significance of the presence of the water
molecule in the Ca® complex.

The essential results of the computations arc indicated in
Table IV.  We shall consider them in a two-step approach,
by examining first the unhydrated complexes and, in a second
step, the significance of the conservation of partial hydration of
the ion in the calcium complex.

The term AE; mcasures the intramolecular repulsions in the
A~ moieties duc to the repulsive interactions between the Lgand-
ing subunits of the A-, namely their benzoxazole and ketopyrrole
rings. These repulsions are different in the two complexes because
of their slightly different conformations. They are stronger in
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TapLe IV. Interaction ensrgies (ksaljmole) in the A--M®*-A~ complexes

Mgt Ca®+

AE; + 14,2 + 10.2
AL (A-, M2, AC) --682.5 —b73.1
AR -B68. 3 —HG2.9
AY (A, M2, Wy, A) — —H85.6
AT (A -, Mo, W, Wy, We, A7) — -612.8
ALy 477.86 398.8
3 ~190.7 —-164.1
3E (Wy) - --186,8
SE (W, W, W) -214.0

AL; = intramolecular repulsions in the A - moieties.

AE = intermolecular mteraction energics hetween the entities in parentheses treated together

in the complex.

ARy == AL ++ AB (A, M, AC)

AEy == dehydration encrgies ol the cations.

81 = cnergy balance for unhydrated complexes = ARy - Al

3L {Wa) == corresponding balance including W
BL5 (Wa, W, We) == corvesponding balance including Wa, Wy, We.

the Mg?* complex and their difference between the two structures
favours the Ca?* complex by 4.0 kcal/molc.

The term AE (A-, M, A-) comprises the intcrmolecular
interaction energy of the cation with the two ionophores and the
mutual interactions of the ionophores with cach other in the pre-
sence of the cation. This value is substantially greater for the
Mg?+ complex than for the Ga*" complex.

The term AFT comprises the sum of the intra- and intermole-
cular contributions. It remains largely, by 105 kealfmole, in
favour of the Mg*" complex.

AEr indicates the experimental dehydration enthalpies of the
two cations {Goldman and Bates 1972). The value is greater
for Mg?t than for Ca** but only by 78 kcal/mole.

Hence, an enthalpy balance L in which the dehydration
enthalpy of the cation is subtracted from the interaction energy
AET in A- - M# - A~ would, at this stage, result in an appreciable
advantage (27 kcal/mole) in favour of Mg

As a next step we consider the influence on the energy-balance
of the presence of the water molecule visible in the crystal of the
Ca?* cation (Wa). The computations were carried out by posi-
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tioning Wy in the vicinity of the cation, starting from the data
provided by the crystal structure and performing an energy-
minimization on the six variables (three translations and three
rotations) defining its location with respect to the complex A- -
Ca®* - A~. This optimized interaction energy of W, with the A~ -
Ca®* - A~ complex, AE (W), is - 27.4 kcal/mole,

The total stabilization energy, AE, of the resulting complex
Wa - A~ - Ca® - A- amounts to - 584.8 kcal/mole. [This value is
smaller than the summed value (- 588.3 kealjmole) of AE and
AL (We), a feature which is due to the non-additivity of the pola-
rization contribution of the ionophores by the complexing entities,
whether CGa®** alone or Ca® - W,. When the entity is Ca?" +- W,
the polarizing field exerted by Ca®* is opposed by the one, albeit
much weaker, exerted by the water molecule, which approaches
the complex through its oxygen atom, hence a weaker field and a
reduced magnitude of the polarization cnergy of the ionophores].

We would like to stress at this point the fact that we have
verified by computation that there is no possibility of binding a
water molecule as a seventh ligand to the cation in the crystal
structure of the Mg?** complex.

If now we compare the stabilization encrgies of the Mg?" and
the Ca® complexcs, including W, in the latter, dE (W,), we
find that the difference in favour of Mg+ has decreased to 4.7
kcal/mole. TIn fact one should also take into account the energy
expenditure neeessary to extract the water molecule from the
bulk of the solvent and transpose it to the Ca®* complex. If we
tentatively assume (e.g. Gresh and B. Pullman 1980, B. Pullman
ct al. 1979) that this energy expenditure corresponds, for the extrac-
ted molecule, to the water-water dimerization energy, namely -
5.3 kcal/mole as computed in the framework of the present pro-
cedure, the difference between the two complexes becomes 10
kcaljmole in favour of Mg?+.

It thus appears, at this point, that although the presence of a
water molecule as a seventh ligand to calcium in the complex
brings about a large increment in the global energy, the balance
between Ca?t and Mg?* remains nevertheless somewhat in favour
of the Mg* complex.
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It must be noted, however, that divalent cations are known
to be able to strongly bind and structure a second solvation shell
(Veillard 1977, Berthod et al. 1978). This incited us to investigate
the possibility of binding two additional water molecules, Wy, and
We, through the hydrogen atoms of W, in a second solvation shell
of Cazt. This was performed by means of cnergy-minimization
of the set of the variables defining the orientation of Wi, and W
and simultancous energy-reminimization of the orientation of
W, in the presence of Wy and We.

The binding energies of Wy, and W, amount to - 17 kcalfmole
for cach, and the stabilization energy of the whole complex Wy-
W,-Wa-A—-Ca2+-A~ rcaches then - 612.4 keal/mole. If now we
compute the energy balance with the solvation energy we obtain
a value of- 214.0, thus 24.7 kcal/mole larger than in the Mg
complex. Lven after subtraction of the energy admittedly neces-
sary to detach three water molecules from the water bulk (15.9),
the balance remains in favour of the calcium complex by 9
kcal/mole.

Our results demonstrate thus that the relative stabilization
of the Ca®t complex with respect to the Mg? complex is due
essentially to the presence, in the former, of water molecules coor-
dinated with the cation. Following our computations this stabili-
zation requires the intervention of not only the water molecule
clearly distinguished in the crystal but of one or two supplementary
such molecules bound to the former. That such a situation is a
reasonable possibility in solution is indicated by the observation
that, from the Fourier map of the calcium complex, one may
deduce the presence of a second water moleccule, with high thermal
motion and probable partial occupancy, hydrogen-bonded to the
well-defined calcium-bound water molecule and to the carboxylate
oxygen of an adjacent complex (Smith and Duax, 1976).

4. (GONCLUSION
Altogether, considering the three types of lonophore studies,

it appears that although the energy balances reported cannot be
claimed as completely accurate (see discussion in references Gresh
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et al., 1979; Gresh and Pullman 1980 a), these calculations repre-
sent the first successful attempt at a reliable cvaluation of the
various terms involved in the selectivity of ionophores. The results
obtained on the three examples reported show the intricacy of the
interplay of the different energy components: in valinomycin the
values of the complexation energies to the cavity and those of the
desolvation energies of the cation rank in the same order from
Na* to Cs* but their differences modify the overall ordering,
yielding the experimental one. In nonactin the same factors play
similarly for K+/Na*, but their interplay is not sufficient to account
for the specificity order observed, and it is the different repulsions
between the carbonyl groups in the two different cavities which
are the decisive element. For the couple NH,/K++ the selectivity
is alrcady present in the cation-ionophore binding energies and
desolvation does not change the order. In the A 23187 ionophore,
it is the water molecule(s) bound to the Ca* but absent in
the Mg*" complex which cnsure the comparable affinity of the
carvier for the two ions (with possibly a small preference for
Ca?t),

I would like to add that for all these ionophores we have ex-
plored also a number of other structural properties (accessibilities,
clectrostatic molecular potentials and fields) which may be re-
lated to different aspects of their activity as ion carriers: mechanism,
in particular the initiation, of the complexation (Etchebest et al.,
1982), the possibility of co-transport of water {Gresh and Pullman,
1983) or of an anion (Eichebest et al., 1982) etc.

Finally, I would like to mention that very recently we have
cxtended the same type of computations to a representative of
trans-membrane channels: gramicidine A (A. Pullman and C.
Etchebest, 1983). We have computed, in particular, the energy
profile for single and double cation occupancy i a head-to-
head 34 - helical dimer backbone. So far, the computations
have been carried out only for Na* and do not relate thus,
as yet, to the problem of specificity. They provide, however,
useful information on the general aspect of these types of ion
transport,
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