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Summary. It is apparent in the genetic code that
amino acids of similar chemical nature have similar
codons. I show how through successive codon cap-
tures (multiple rounds of Osawa—Jukes type reas-
signments), complete codon swappings in an unfa-
vorable genetic code are evolutionarily feasible. This
mechanism could have complemented the ambi-
guity reduction and the vocabulary extension pro-
cesses of codon-amino acid assignments. Evolution
of wobble rules is implied. Transfer RNA molecules
and synthetases may still carry memories of it.
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Introduction

Wong (1980) in his pioneering study on the statis-
tical properties of the universal code showed that
minimization of chemical distances between neigh-
boring amino acids (cf. Sonneborn 1965) as mea-
sured by the Grantham (1974) index (a combination
of composition, polarity, and molecular volume val-
ues) could have played only a subsidiary role in
evolution. A methodically more careful analysis,
based on amino acid polarities, demonstrates, how-
ever, that minimization of polarity distances is like-
ly to have reached an evolutionary optimum point
where the benefit from further rearrangements would
hardly outweigh the costs of the process (Di Giulio
1989).

It was once thought that, contrary to the implicit
assumption of Sonneborn (1965), rearrangement of
any definite codon configuration to another was im-
possible because of several deleterious amino acid

substitutions occurring simultaneously (Woese 1967;
Crick 1968). Data (e.g., Yamao et al. 1985) and
speculations have led to the proposal of the Osawa-
Jukes mechanism of codon capture (reassignment)
without invoking alteration in protein sequences
(Osawa and Jukes 1988, 1989). It consists of the
following steps: (1) removal of at least one codon
from the repertoire of a particular amino acid through
directional mutation pressure; (2) confinement of
codon—anticodon recognition to the reduced set; (3)
reappearance of the missing triplets by reversed mu-
tation pressure; and (4) their recognition by mutant
tRNAs with an alternative amino acid assignment.
Whether mutual and complete exchanges of codons
between amino acids are possible has, however, not
been asked, although stop-codon capture has been
assigned a hypothetically important role in the evo-
lutionary origin of the genetic code (Lehman and
Jukes 1988).

Thus it is interesting to ask if neighboring amino
acids could capture each other’s codons to the point
of complete swapping of assignments. The scenarios
I present below show that this is indeed possible
with certain restrictions. Codon swappings could
have played a subsidiary role in the earliest evolu-
tion of the genetic code, although evidence for this
may be difficult to obtain.

Codon Swapping Scenarios

I borrow the following component processes of the
Osawa-Jukes (1988, 1989) mechanism:

1) Multiple rounds of reversing AT and GC sub-
stitution pressures to modify codon usage.

2) The role of nucleotide mutation pressure in al-
tering anticodons.
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Fig.1. Complete swapping of codons between two amino acids,
lysine (Lys) and arginine (Arg). a The initial codon configuration.
b The process of swapping. Arrows indicate substitution pressure.
Striped boxes are occupied by Lys, black ones by Arg, and empty
ones are unassigned. Codon AGG is shown to disappear under
AT pressure because it is assumed that it is less frequent than
codon AAG. In reality, codon disappearance depends on amino
acid and codon usage and drift.

3) The appearance of tRNAs with restricted pairing
capabilities complementary to the reduced co-
don repertoire. A few coincident changes inde-
pendent from substitution pressure are allowed.

1 shall use the contemporary wobble rules sum-
marized in Table 1 of Osawa and Jukes (1988), al-
lowing for specific recognition of G, A, U, and of
the clusters (GA), (UC), (GAU), (AUQ), and
(GAUCQ). The minimal code of Osawa and Jukes
(1988, Table 3) will be used as a point of departure,
which is very similar to the present-day mammalian
mitochondrial code. The examples given in this sec-
tion are purely didactic (see Discussion for the true
evolutionary context).

Figure 1 demonstrates how two neighboring ami-
no acids having two-codon sets with purines in the
wobble position of their codons can be swapped in
the code through evolution. Amino acids having
two-codon sets with pyrimidines in the same posi-
tion cannot be swapped, however, because we do
not know of a specific recognition of C in this case.
If only one amino acid of a pair has a pyrimidine
in the third position of its codon, complete swapping
is still excluded, although it can go almost to com-
pletion. Figure 2 shows the swapping of amino acids
with neighboring family codon boxes.

Codon Swapping and Component Processes

In discussing one by one the component processes
necessary for codon swapping to occur, I first refer
to contemporary situations, and then to likely ear-
liest ones.
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Fig.2. Codon swapping between the family boxes of threonine

(Thr) and alanine (Ala). a Initial codon configuration. b The
process of swapping. Black and striped boxes are occupied by
Thr and Ala, respectively. In the fourth step codon GCU (marked
with an asterisk) disappears under AT substitution pressure. The
following conditions make this process possible: (1) AT pressure
reduces the rate of transition to GCC relative to the transversion
to GCA,; (2) it is more favorable to have GCA than GCU in the
fourth stage of the process for Ala, as the former can freely mutate
to the captured ACA, whereas ACU cannot be captured (its box
is crossed out) because of the ambiguous recognition of ACC.
Thus it is favorable to mutate from GCU to GCA, but GCA
itself is driven to ACA. Possibility to specifically recognize C
would make the process a lot easier.

Wobble Rules

Given the contemporary wobble rules, neighbor
swapping for about half of the amino acids in the
minimal code (Osawa and Jukes 1988) seems pos-
sible. It could be applicable to all amino acids if C
were specifically recognizable. Lysyl-C as a specific
wobble pair for A was found in Escherichia coli in
1988 (Muramatsu et al. 1988a). It is difficult to see
why this possibility could not be realized. [The fact
that the synthesis of lysyl-C immediately alters the
amino acid specificity of the tRNA in the particular
case (Muramatsu et al. 1988b) does not imply that
this is obligatory. What is needed here is the pos-
sibility of specific pairing with A.] Based on plau-
sibility grounds, an unusual wobble pairing (G with
A, U, and C) has been invoked in explaining the
reassignment of codon AUA from methionine to
isoleucine in echinoderms (Osawa et al. 1989).
Strict Watson—-Crick type coden~anticodon pair-
ing is not excluded during the emergence of the code.
Wobble rules themselves must have undergone evo-
lution. Contemporary wobble rules are thought to
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maximize the efficiency of translation (Bulmer 1988).
Sixty-one different tRNAs for the 61 codons could
function more accurately but less efficiently unless
their individual concentrations were equal to the
tRNA utilizing wobble rules. This material cost
would outweigh the benefits gained from slightly
increased accuracy, given the fact that the latter is
sufficiently high already. But during the earliest evo-
lutionary period gain in accuracy must have been a
very precious thing [the inverse probiem of the error
catastrophe (Hoffmann 1974; Bedian 1982)].

An example shows why conventional base pairing
enhances accuracy. Under the minimal code men-
tioned before, the UGG anticodon for proline pairs
with codons CCA, CCU, CCG, and CCC,; i.e., the
first anticodon base U pairs by complete wobble.
Therefore, tRNAP™ could mispair with all leucine
codons CUA, CUU, CUG, and CUC by a single
GU mismatch in the middle position. (Symmetri-
cally, a similar problem applies to tRNA™*.) Under
Watson—-Crick base pairing, however, a tRINAP™ with
the anticodon UGG would pair only with the pro-
line codon CCA, and mispairing with any of the
leucine codons except for CUA would amount to a
double mismatch, which is much more unstable.
Similar problems apply to mispairings at the first
codon position.

There is evidence that the frequency of mRNA
misreading decreases with codon—-anticodon mis-
match (Bulmer 1988), and the frequency of realized
(translationally manifest) mispairing at different sites
decreases in the following order: third, first, and
second codon base mismatch (Parker 1989). The
role of competing abundant noncognate tRNAs in
anticodon as well as codon usage has been discussed
before (Ninio 1971; Kato 1990), but only for exist-
ing codes with wobble.

I suspect that the earliest codes utilized tradi-
tional Watson—Crick base pairing with as little wob-
ble as possible. The evolution of the translation ap-
paratus allowed the introduction of wobble later,
when overall accuracy was high enough.

Directional Nucleotide Substitution Pressure

My usage of the term substitution pressure is inten-
tional. The former: allows for various causes, in-
cluding mutation pressure arising from the DNA
polymerase system (cf. Osawa and Jukes 1988),
changes in external temperature (heat selecting for
GC; Bernardi and Bernardi 1986), or changes in
nucleotide pools (Wolfe et al., cited by Bernardi et
al. 1988).

Selection for GC by high temperature deserves
some discussion. There are two targets of selection:
nucleic acids themselves and the encoded proteins.

Increase of GC content in intergenic noncoding seg-
ments, in introns, and in third codon positions con-
tribute to the thermal stability of DNA, RNA, and
possibly DNA—-protein interactions (cf. Wada and
Suyama 1986; Bernardi et al. 1988). GC increase in
vertebrate coding sequences leads to the increase in
frequency of thermally stabilizing amino acids (such
as arginine and alanine) and to the decrease in de-
stabilizing ones (like lysine and serine) in proteins
(Bernardi and Bernardi 1986). Similar results have
come to light on various thermophilic organisms
(e.g., Kagawa et al. 1984; Nishiyama et al. 1986;
Barstow et al. 1987). Yet there is no unequivocal
evidence for a direct link between high GC content
and thermophilic organisms. The nonthermophilic
Micrococcus [uteus has 74% GC (Osawa and Jukes
1989). Nevertheless, I suggest that during early evo-
lution selection for nucleic acid stability must have
been a primary force of nucleotide substitution pres-
sure. Thus a shift from low to high temperature
could have resulted in GC pressure, whereas a re-
verse shift could have favored AT.

Lower overall fidelity of replication in early sys-
tems (Eigen 1971) could have made nucleotide sub-
stitution through mutation pressure faster. Early
harsh environments could have suffered from wild
temperature fluctuations and shifts. By raising the
mutation rate, this not only would have meant that
optimization of chemical distances of amino acids
would have been highly desirable, but would have
provided also the means to achieve these alterations,
through fueling the codon usage mutations (among
other ones) necessary for the rearrangements them-
selves.

Selection for Better Intermediate Codes

The assumption that the new code is closer to op-
timum implies that it is selectively advantageous
relative to the previous one (Sonneborn 1965). Se-
lection can well aid the process itself. Assume, for
example, that in Fig. 1 each original assignment has
a score of —1 and each final one is scored + 1. Then,
the given sequence has total scores of —4, —3, —2,
—1, +1, +1, +3, +4. Thus, all but one step is
selectively favored, and one is neutral.

This didactic example must be replaced by ex-
plicit calculation of the coevolution of codons and
anticodons (cf. Bulmer 1987) in the entire code, but
this can be realized by simulations only.

Discussion

Three possible evolutionary mechanisms could have
contributed to the early evolution of the genetic code:
ambiguity reduction (Woese 1965, 1967; Fitch



1966), for which there is some evidence (Fitch and
Upper 1987); pretranslational modification of pre-
biotically present amino acids leading to new amino
acid assignments according to kinship in biosyn-
thesis (Wong 1981); and combinations of codon
captures (Lehman and Jukes 1988; Osawa and Jukes
1988, 1989) and swappings (codon shuffling) leading
to more optimal codes (cf. Sonneborn 1965). These
mechanisms are not entirely mutally exclusive.
Reassignment is easier ifambiguity is allowed (Crick
1965). Amino acid codon capture implied by Wong’s
(1981) mechanism is feasible through transient ap-
pearance of stop codons, ready to be captured by
entirely novel amino acids in agreement with the
mechanism of Lehman and Jukes (1988).

The context in which the emergence of the genetic
code took place is likely to have been an RNA world
(Orgel 1989). It seems plausible that among the ear-
liest encoded amino acids one finds those that form
readily in abiotic experiments (Wong 1981). The
codons of these amino acids are likely to have un-
dergone ambiguity reduction, or “the coming into
focus of a fuzzy image” (Orgel 1989, p. 471). Wheth-
er these amino acids occupied almost the whole co-
don table or considerably less is not known. Later
amino acids arising from inventive biosynthesis
(Wong 1981) could have entered the code through
the capture of preexisting or transient stop codons
(cf. Lehman and Jukes 1988).

Codon swapping could have complemented both
phases. Differences might have existed between
chemical similarity as expressed in proteins and that
felt by assignment catalysts (ancestral to present-
day aminoacyl-tRNA synthetases). There is a quan-
titative difference between chemical similarity of
amino acids in proteins (Grantham 1974) and the
same in biosynthesis [precursor-product relation-
ships (Wong 1980)]. These differences could have
led to a suboptimal initial assignment, and subse-
quent swapping, of some amino acids in either phase.

Codon swapping requires restricted wobble and
excludes recognition of tRNAs by their anticodons
by the synthetases. Thus, archetypal and early uni-
versal codes of Jukes (1983) with extensive wobble

represent relatively evolved states of the genetic code-

in this respect, as well as in others (cf. Lehman and
Jukes 1988). In prearchetypal codes (there must have
been a number of them) there were presumably few-
er amino acids, but as many tRNAs with matching
anticodons as there were sense codons. The fact that
the anticodons of tRNAs of only methionine, valine,
phenylalanine, glutamine, tyrosine (Yarus 1988),
isoleucine (RajBhandary 1988), and arginine (Schul-
man and Pelka 1989) are important in recognition
by the corresponding synthetases leaves, in princi-
ple, freedom to experiment with codon shuffling even
today.
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Whether there could have been sufficient time for
a few codon swappings during the establishment of
the genetic code can be considered as follows. In
Fig. 1 of Osawa and Jukes (1988), there are rounds
of GC, then AT, then GC, then AT pressure along
the historical path from the hypothetical minimal
code to present-day mitochondrial and chloroplast
codes. If we take approximately 3 billion years for
this process, then the substantiated reversal of mu-
tation pressure is a rare event. However, it is likely
that the habitat of the earliest life forms was harsh
and widely fluctuating in temperature as well as in
other conditions. If the frequency of, let us say, long-
lasting temperature fluctuations was 100-1000 times
higher than during the last 3 billion years, then with-
in 0.3 billion years several rounds of AT/GC pres-
sure reversals could have taken place.

These periods could have been utilized only if
ancient organisms were able to track these pressures
by relatively rapid fixation of appropriate muta-
tions. This is likely to have been possible; as Eigen
et al. (1989, p. 678) write: “In the very early phases
of evolution, however, error rates and the accept-
ability of mutations must have been larger than in
present organisms, where structures are optimized
and error rates are minimized.”

As the genetic code is presumably not older than
3.8 (£0.6) billion years (Eigen et al. 1989), there
could have been a time of =0.3 billion years for the
establishment of the code, during which a few codon
swappings could have taken place.

Evidence for ancient codon shuflling is obviously
difficult to obtain. Data on the discrimination among
amino acids by synthetases (Bulmer 1988) and dis-
tances among the hypervariable positions in tRINAs
of the same species, thought to reflect ancient amino
acid-tRINA assignments (Eigen et al. 1989), could
give some information on the relative importance
of mechanisms thought to have been involved in
shaping the genetic code.
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