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THE GENETIC CODE AND EVOLUTION

MARSHALL NIRENBERG

“For in the first place, as Augustine says (Gen. Ad lit. vi, 10), they [the semi-
nal virtues that determine phenotypic traits] are principally and originally in
the Word of God, as ‘typal ideas’. Secondly, they are in the elements of the
world, where they were produced altogether at the beginning, as in ‘univer-
sal causes’. Thirdly, they are in those things which, in the succession of time,
are produced by universal causes, for instance in this plant, and in that ani-
mal, as in ‘particular causes’. Fourthly, they are in the ‘seeds’ produced from
animals and plants. And these again are compared to further particular
effects, as the primordial universal causes to the first effects produced”.
Thomas Aquinas, Summa Theologica, Question 115, Article 2.!

The DNA that we inherit from our parents contains the information that
is needed to make the thousands of kinds of RNA and proteins that are the
molecular machinery of the body. As shown in Fig. 1 (see p. 598), DNA con-
sists of 4 kinds of letters, termed bases, T, C, A, and G, in long sequences. T
forms hydrogen bonds with A, and C pairs with G. The backbone of DNA is
composed of repeating sugar-phosphate moieties, and two complementary
strands of DNA interact via base pairs and form a double helix.

The number of base pairs and genes in the DNA of some organisms is
shown in Fig. 2. The sequence of bases in the DNA of each species shown
has been determined. Mycoplasma genitalium has a very small genome con-
sisting only of 580,000 base pairs and 470 genes. The genome of the bac-
terium, E. coli, consists of 4,600,000 base pairs, which encode 4,288 genes.
Rice has a large genome consisting of 466,000,000 base pairs and contains
30,000 genes. The genome of the nematode, C. elegans, contains 97,000,000
base pairs and encodes 18,424 genes. The genome of the fruit fly, Drosophi-

'T thank Professor Mark Sagoff for suggesting this quotation.
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NUMBER OF BASE PAIRS AND GENES IN
GENOMES OF DIFFERENT ORGANISMS

DNA
SPECIES BASE GENES

PAIRS

x108

Mycoplasma

genitalium 0.58 470
E. coli 4.6 4,288
Rice 466 30,000
C. elegans 97 18,424
D. melanogaster 165 ~14,500
Man 3,300 ~25,000

Figure 2.

la melanogaster, consists of 165,000,000 base pairs and encodes approxi-
mately 14,500 genes. The Human genome consists of about 3.2 billion base
pairs, which encode 20,000 to 25,000 genes. Only about 1.5 percent of the
DNA in man encodes protein; additional DNA regulates gene expression.
Some DNA consists of repeated transposable elements. DNA also contains
nonfunctional pseudo-genes that may be experiments that failed during
evolution. Finally, the function of much DNA is unknown.

There are 20 kinds of common amino acids found in proteins. The aver-
age protein consists of about 300 sequential amino acid residues, but some
large proteins consist of thousands of amino acid residues. The genetic code
refers to the translation of base sequences in DNA, which has a 4 letter alpha-
bet to sequences of amino acids in protein, which has a 20 letter alphabet.

When I started to work on protein synthesis in 1958 the mechanism of
protein synthesis was not known. Amino acids were known to be incorpo-
rated into protein on organelles termed ribosomes and amino acids had
been found to be covalently attached to RNAs termed tRNA. Messenger
RNA (mRNA) had not been discovered. The first question I asked using a
bacterial cell-free protein synthesizing system was: ‘Does DNA directly code
for protein synthesis, or does RNA, which is transcribed from DNA, code
for protein synthesis?” We found that RNA rather then DNA directs the
incorporation of amino acids into protein.
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In Fig. 3 is shown a simple outline of protein synthesis. We showed
definitively that mRNA exists and directs the synthesis of protein (1). One
strand of DNA is transcribed to mRNA, the mRNA then associates with
ribosomes, and proteins are synthesized amino acid by amino acid on ribo-
somes. Enzymes with specificity for each kind of amino acid and the appro-
priate species of tRNA catalyze the ATP dependent activation of the amino
acid and the covalent transfer of the amino acid to the tRNA. We showed
that 3 bases in mRNA correspond to 1 amino acid in protein. Each 3 base
codon in mRNA is recognized by an appropriate 3 base anticodon in tRNA

SATGCGAATGATCGAATGTCTGTTGTGCGCT...3'
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Figure 3.

by the formation of hydrogen bonds. The elongating peptide chain is then
transferred to the amino acid attached to tRNA, the free tRNA is released
from the ribosome and the tRNA with the attached peptide chain then is
transferred to site of the vacated tRNA.

There are 4 kinds of bases in RNA, U, C, A, and G. U in RNA corresponds
to T in DNA. U base pairs with A and C base pairs with G. With 4 kinds of
bases in RNA there are 64 possible combinations of 3 bases, i.e., triplets. The
genetic code, that is the 64 possible triplets which are termed codons and the
3 letter abbreviations of the amino acid that corresponds to each triplet is
shown in Fig. 4 (see p. 599). All 64 triplets have meaning. My colleagues and
I deciphered the genetic code between 1961 and 1966 (2). We found that the
3rd bases of synonym RNA codons varies systematically. For example UUU
and UUC correspond to phenylalanine. Three amino acids, leucine, serine,
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and arginine each correspond to 6 synonym codons. For each of 5 amino
acids - valine, alanine, glycine, threonine, and proline — there are 4 synonym
codons. There are 3 synonym codons for isoleucine. The 3rd base of codons
for 6 amino acids can be either U or C. The 3rd base of codons for 3 amino
acids can be either A or G. Only 2 amino acids, methionine, shown in green,
and tryptophan, each correspond to only a single codon. There are two
species of tRNA for methionine, one species initiates protein synthesis (4),
the other species corresponds to methionine in internal positions of pro-
teins. Three codons, UAA, UAG, and UGA, shown in red, correspond to the
termination of protein synthesis (5-7).

The arrangement of codons for amino acids is not random. For example
amino acids with structurally similar side chains, such as aspartic acid and
glutamic acid, have similar codons. Asparagine and glutamine also have sim-
ilar side chains and correspond to similar codons. Most hydrophobic amino
acids have U in the central position of the codon; whereas most hydrophilic
amino acids have A as the second base in the codon. Thus the effects of muta-
tions due to replacement of one base by another often are minimized.

After we deciphered the code for E. coli Richard Marshall, Thomas
Caskey, and I (3) asked the question, is the genetic code the same in higher
organisms? We determined the genetic code in the amphibian, Xenopus lae-
vis, and in a mammalian tissue, guinea pig liver. We found that the genetic
code is the same in E. coli, the amphibian, and the mammal. We also exam-
ined different guinea pig tissues and found that the code is the same in dif-
ferent tissues. We purified tRNA from E. coli, yeast, and guinea pig liver,
and showed that some species of highly purified tRNA recognize only G in
the third position of the codon, others recognize U or C, others recognize A

(1) —— G
(2) —— U
——C
(3) —— A
—— G
4 —— U
——
—— A

Figure 5.



220 MARSHALL NIRENBERG

or G, and still other species of tRNA recognize U, C, or A in the third posi-
tion of codons (Fig. 5) (8). We showed that yeast alanine tRNA that had
been sequenced by Robert Holley recognizes three codons, GCU, GCC, and
GCA, and showed that inosine in the tRNA anticodon recognizes either U,
C, or A in the 3rd position of the alanine codons (9). Many investigators
have shown that there are different modified bases either in the tRNA anti-
codon or next to the anticodon that result in alternate recognition of 3rd
bases in synonym codons.

21st AND 2274 AMINO ACIDS

21st,  SELENOCYSTEINE UGA
22, PYRROLYSINE UAG

Figure 6.

In 1986 the 21st amino acid, selenocysteine, was found (Fig. 6) (10,11).
Selenocysteine is found in the active centers of some oxidation-reduction
enzymes, such as formate dehydrogenase. There is a special tRNA for
selenocysteine that accepts serine. There also is an enzyme that catalyzes
the acylation of this tRNA with serine and two enzymes that convert the
serine attached to the tRNA to selenocysteine. Selenocysteine recognizes
the termination codon UGA only if in the downstream region there is a
stem-loop secondary structure in the mRNA. The mRNA folds back on itself
and base pairs forming a hairpin-like stem-loop structure. There are either
1 or 2 proteins, depending on the species, that recognize both the seleno-
cysteine tRNA and the stem-loop structure, and only then does UGA corre-
spond to selenocysteine.

Pyrrolysine is the 22nd amino acid, which was found in 2002 (12, 13).
This is a very rare amino acid, found only in a few species of primitive bac-
teria. It is found in the active centers of methylamino-, dimethylamino-,
and trimethylamino-transferases and in transposase as well. There is a spe-
cial tRNA for pyrrolysine that recognizes the codon UAG, and an enzyme
that catalyzes the acylation of this tRNA with pyrrolysine. Whether this is
a conditional recognition in which a protein recognizes pyrrolysine-tRNA
and a stem-loop type of mRNA structure is not known.
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There is only one genetic code that is used on this planet; hence, the code
is a universal code. However, variants of the code have been found in some
organisms. For example, in Fig. 7 (see p. 599) are shown some dramatic
events that occurred during the evolution of some ciliated protozoa (14). The
standard codons recognized by glutamine-tRNA are CAA and CAG. During
evolution the gene for glutamine tRNA was duplicated; then a mutation in
the anticodon of the second gene for glutamine tRNA replaced G with A;
therefore, the tRNA corresponding to the second gene for glutamine tRNA
recognized UAA and UAG that are terminator codons in the standard code.
Later in evolution the second gene for glutamine tRNA was duplicated and
a mutation in the anticodon of the third gene for glutamine tRNA resulted
in a replacement of U with C. The tRNA corresponding to the third gene for
glutamine tRNA then recognized the codon UAG. So in Tetrahymena, CAA,
CAG, UAA and UAG correspond to glutamine tRNA. Changes in the mean-
ing of codons are rare events, but there are a number of other organisms
that have been found with changes in the translation of some codons.

A number of changes in the genetic code of mitochondria have been
found in many organisms. Mitochondria are the organelles that produce
energy for cells. Mitochondria have a small amount of DNA that contains
about 10 genes and proteins corresponding to these genes are synthesized in
mitochondria. Most of the genes for mitochondrial proteins reside in genom-
ic DNA in the nucleus of cells and the proteins that are synthesized in the
cytoplasm are imported into mitochondria. Some of the changes in the genet-
ic code in mitochondria are shown in Fig. 8 (see p. 600). In the standard
genetic code, UGA corresponds to the termination of synthesis and UGG cor-
responds to tryptophan. However, in the mitochondria of Tiypanosomes, Neu-
rospora, yeast, Drosophila and mammals both UGG and UGA correspond to
tryptophan. In the standard genetic code AUA corresponds to isoleucine and
AUG corresponds to methionine; whereas, in the mitochondria of yeast,
Drosophila, and mammals, both AUA and AUG correspond to methionine. In
the standard code CUU, CUC, CUA, and CUG correspond to leucine; where-
as, in yeast mitochondria these codons correspond to threonine. In the stan-
dard code AGA and AGG correspond to arginine; whereas in the mitochon-
dria of Drosophila these codons correspond to serine but in mammalian
mitochondria these codons correspond to termination of protein synthesis.
Additional changes in the translation of codons in mitochondria have been
found in other organisms. The changes that have been found in the transla-
tion of codons in mitochondria probably are tolerated because mitochondri-
al genes only encode about 10 proteins. Similar changes in the translation of
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proteins encoded by nuclear genes, which would affect the synthesis of many
thousands of proteins, almost surely would be lethal.

A summary of results is shown in Fig. 9. The results strongly suggest
that the genetic code appeared very early during biological evolution, that
all forms of life on Earth use the same or very similar genetic codes, that all
forms of life on Earth descended from a common ancestor and thus, that
all forms of life on this planet are related to one another. The messages in
DNA that we inherit from our parents contain wisdom gradually accumu-
lated over billions of years. The messages slowly change with time, but the
translation of the language remains essentially constant. The molecular
language is used to solve the problem of biological time, for it is easier to
construct a new organism using the information encoded in DNA then it is
to fix an aging, malfunctioning one.

SUMMARY

1. The genetic code appeared very early during biological evolution.
2. All forms of life on Earth use the same or very similar genetic codes.

3. All forms of life on Earth descended from a common ancestor and
thus, all forms of life on this planet are related to one another.

4. The messages in DNA that we inherit from our parents contain wisdom
gradually accumulated over billions of years. The messages slowly
change with time, but the translation of the language remains essen-
tially constant.

5. The molecular language is used to solve the problem of biological time
for it is easier to construct a new organism using the information
encoded in DNA than it is to repair an aging malfunctioning one.

Figure 9.
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Figure 1. From B. Lewin, Genes IX (2008).
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THE GENETIC CODE
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DIALECTS IN THE GENETIC CODE OF MITOCHONDRIA

STANDARD
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Figure 8.
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