Genes, Genomes and Genomics ©2007 Global Science Books

=

Degeneracy in the Genetic Code: How and Why?

Jean-Luc Jestin' « Achim Kempf?

1 Unit¢ de Chimie Organique, URA CNRS 2128, Départment de Biologie Structurale et Chimie, Institut Pasteur, Paris, France
Department of Applied Mathematics, University of Waterloo, Ontario, Canada

Corresponding author: * jjestin@pasteur.fr

ABSTRACT

In the genetic code, which is nearly universal among all known organisms, most amino acids are coded for by more than one codon. For
example for half of the genetic code’s sixty-four codons, the corresponding amino acid is independent of the codon’s third base. Interes-
tingly, this degeneracy of the genetic code clearly reduces the deleterious effects of base substitutions at the third codon base. The genetic
code possesses a significant number of further degeneracies and the question arises what the structure of the genetic code may be able to
tell us about the circumstances of the genetic code’s evolutionary origin. Here, we review selected articles in this context, beginning with
works on the likely relatively recent origin of the small differences in the present-day genetic codes. We then review work that uncovered
characteristic patterns in the genetic code, followed by work that describes the underlying symmetries in terms of mathematical models.
Finally, we address the question what the structure of the genetic code might be able to tell us about the circumstances of the genetic
code's evolutionary origin and therefore about the origin of life itself.
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INTRODUCTION Evolutionary models accounting for the diversity

The genetic code establishes the correspondence between
one or several codons and amino acids (Jones 1966). While
the genetic code is quasi-universal for all known organisms,
its pattern of degeneracies is, interestingly, more universal
than the genetic code itself. For example, the mitochondrial
genetic codes of vertebrates and of mollusks differ in the
assignment of the AGR codons: these encode a stop signal
in the former and the amino acid serine in the latter (Fig. 1)
(Osawa 1992). Nevertheless, the degeneracy patterns of
these two genetic codes are strictly identical. The genetic
codes’ pattern of degeneracies is however not fully univer-
sal. Amino acids are for example encoded by two, four or
six codons in the mitochondrial code of vertebrates while
amino acids are encoded by one, two, three, four or six
codons in the standard genetic code.

In this article, we will summarize first evolutionary
models that account for the diversity among the degeneracy
patterns of genetic codes in section 1. Next, we will review
characterizations of the degeneracy patterns by their sym-
metries in section 2. Subsequently, we will sum up mathe-
matical models which efficiently describe the symmetry
structure of the degeneracy of the codes in section 3. Fin-
ally, we will ask what may be learned from the structure of
the genetic codes about the circumstances of the genetic
code’s evolutionary origin.

of genetic codes

We begin by noting that progress has been made regarding
the understanding of the diversification of the genetic code,
i.e., regarding the likely causes of the small perturbations
that the code experienced after it had essentially frozen its
evolution about 3.8 billion years ago (Osawa 1992, 1995;
Ardell 2001). The models for the evolution of the genetic
code which we summarize below each provide rationales
for how certain specific codons changed their assignments
and therefore also changed the code's degeneracy.

In the first model, a codon is assumed to have been very
rarely used prior to its reassignment to another amino acid
(Caron 1990; Sengupta 2005). A stop codon may for exam-
ple loose its function in chain termination prior to its reas-
signment to an amino acid (Osawa 1988). This mechanism
has been tested experimentally. A synthetic amino acid such
as O-methyl-L-tyrosine was introduced in response to an
amber stop codon by expression of a tRNA and an amino-
acyl-tRNA-synthetase in Escherichia coli (Wang 2001).
This approach provides a general mechanism for enlarging
the genetic code at stop codons as well as at codons encod-
ing amino acids (Santoro 2002; Kwon 2003).

In the second model, a codon is assumed to have had
ambiguous functions before its reassignment to another
amino acid or stop. A codon may for example encode two
amino acids (Ninio 1986, 1990). Experimental evidence in
favor of this model was recently obtained. A codon encod-
ing valine was assigned to the two amino acids valine and
cysteine in Escherichia coli by exerting an appropriate
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Fig. 1 Evolution of mitochondrial genetic
codes from the standard universal code in
fungi and animals (adapted from Jukes
1990).
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Fig. 2 Single-base deletions are less deleterious at
stop codons than at codons encoding amino acids.
(adapted from Jestin 1997).
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selection pressure. In the absence of thymidine as a nutrient,
the requirement of an active thymidilate synthase for cell
growth allowed a valine codon to be read as a cysteine at a
position which was essential for enzymatic activity (Doring
2001). Cys-tRNAY synthesis was catalyzed by valyl-
tRNA-synthetase misaminoacylation: the synthetase was
found to be mutated at its editing site (Doring 2001).

In the third model, the basic observation is that the as-
signment of codons to stop signals can be shown to be
tightly linked to DNA polymerase fidelity (Jestin 1997). Se-
quences prone to single-base deletions are indeed less delet-
erious at the end of genes, i.e., at stop codons, than at cod-
ons encoding amino acids within genes (Fig. 2). Assigning
sequences prone to single-base deletions to stop codons
minimizes therefore the deleterious effects of these frame-
shift mutations. It was indeed reported that most single-
base deletions induced by DNA polymerases occur at 5'-
YTRV-3' template sites opposite the purine R; mapping of
the YTRV sequence on the codon table highlights four cod-
ons including the two stop codons TAR (Jestin 1997). This
model is consistent with the theory stating that the genetic
code has been evolutionarily optimized for error tolerance,
i.e, to minimize the deleterious effects of mutations (Sonne-
born 1965; Jestin 1997; Freeland 2000; Luo 2002; Dudkie-
wicz 2005). The close connection between the codon as-
signment of stop signals and sequence-dependent frame-
shifts catalyzed by DNA polymerases has an implication:
different cellular compartments associated to polymerases
with different fidelities are thus linked to genetic codes that
may differ by their codon assignment of stop signals to
minimize the deleterious effects of single-base deletions.
There is evidence, therefore, that evolutionary models can
account for modifications of the degeneracy pattern at a
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few codons between different genetic codes.

The degeneracy pattern of the genetic code
characterized by its symmetries

We note that all the models that we mentioned so far con-
cern the degeneracy in the genetic code independently of
the physical and chemical properties of the four bases and
the amino acids that are assigned to the various codons. Ins-
tead, the code’s degeneracy is viewed solely as an intrinsic
property of how the codons are grouped into sets of synon-
ymous codons. Correspondingly, the observed symmetries
of the code’s degeneracy are viewed as intrinsic properties
of the genetic code.

In this context, the very structure of the degeneracy pat-

Table 1 A representation of the genetic code.

Group 1 Group 11

ACN T CAY H CAR Q

TCN S GAY D GAR E

CGN R ATH 1 ATG M

GGN G TTY F TIR L

CCN P AAY N AAR K

GCN A TAY Y TAR -

CIN L AGY S AGR R

GIN V TGY C TGA - TGG W

Representation of the standard genetic code in two groups depending on whether
the third base of codons is necessary (group II) or not (group I) to define unam-
biguously an amino acid or a stop signal. Substitutions of G and C as well as T
and A for the first base of codons leaves codons within the same group. Substi-
tution of G and T as well as A and C for the three bases of a codon leads to a
codon in the other group. Amino acids are indicated according to the single-letter
nomenclature. A hyphen indicates a stop signal. Letters within triplets of bases
follow the rules : N=A,T, Cor G; H=A,CorT;Y=CorT;R=Aor G
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TTT Phe TCT Ser TAT Tyr TGT Cys
@A) TIC TCC TAC TGC
TTA Leu TCA TAA stop TGA stop
TTG TCG TAG TGG T
CTT  Leu CCT  Pro CAT  His CGT  Arg
CTC cce CAC CGC X
(B) CTA CCA CAA G CGA
CTG CCG CAG CGG
0
ATT Tl ACT  Thr AAT  Asn AGT  Ser
© AL ACC AAC AGC
ATA ACA AAA  Lys AGA  Arg Y
ATG  Met ACG AAG AGG
GTT  Val GCT Al GAT  Asp GGT  Gly
GTC GCC GAC GGC
M Gra GCA GAA  Glu GGA
GTG GCG GAG GGG

Fig. 3 Representation of the standard genetic code and its symmetries of degeneracy by base substitutions (adapted from Jestin 2006). The symbol
o represents a central symmetry exchanging groups of four codons encoding a single amino acid into groups of four codons where the last base has to be
defined to specify uniquely an amino acid acid or a stop codon. The four codon groups of lane (A) are exchanged into four groups of lane (C) by
substitution of G and C as well as A and T at the first base of codons (symmetry of axis x). Similarly, lane (B) is exchanged into lane (D) by the same
substitutions (symmetry of axis y). Groups of four codons encoding a single amino acid are then exchanged into groups of four codons with this same
property. Similarly, groups of four codons requiring the last base to be defined to specify uniquely an amino acid or a stop codon, are exchanged into

groups of four codons with this same property.

tern of the genetic code has been analyzed in detail, name-
ly by studying its symmetries with respect to all possible
base substitutions. This work has shown, in particular, that
the genetic code can be split into two groups of 32 codons,
one group in which knowledge of the third base of a triplet
is necessary to determine the corresponding amino acid (or
a stop signal) and one group in which the third base does
not carry coding information (Rumer 1966; Danckwerts
1975). Rumer noted, in particular, the presence of a sym-
metry which exchanges both groups into each other (Table
1; Fig. 3). The symmetry exchanges T and G as well as A
and C and is applied to all three bases of codons (Rumer
1966; Scherbak 1989). More recently, an additional sym-
metry which exchanges each group into itself was iden-
tified (Jestin 2006). This symmetry exchanges G and C as
well as A and T at the first base of codons (Fig. 3). The
corresponding mutations exchange codons for which the
third base does not have to be specified (to define an amino
acid unambiguously) into codons with this same property.

Mathematical models describing degeneracy in
the genetic code

In the meantime, there is a body of work which explores
the possibility that there may exist a simple mathematical
structure that correctly summarizes all the symmetries in
the degeneracy of the genetic code. Much of this work has
been motivated by the example of elementary particle phy-
sics. There it was found over the past century that all
known species of particles (such as electrons, muons,
quarks etc.) can be grouped into so-called multiplets. This
multiplet structure possesses a beautiful mathematical des-
cription in terms of representations of so-called compact
Lie groups. The use of Lie groups is today at the heart of
the standard model of particle physics as it has repeatedly
proved its predictive power in experiments (Weinberg
1995). In this context, it is important to note that compact
Lie groups are mathematical objects that are continuous.
Nevertheless, the representations of compact Lie groups
yield discrete structures, such as the discrete way in which
particles are grouped into families and multiplets. The
reason why compact Lie groups, while being continuous
themselves, can yield discrete structures, is essentially the
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same as the reason why, for example, the vibrations of a
continuous object such as a string produce a discrete fre-
quency spectrum of overtones.

Here, in the case of the genetic code, the structure to be
described mathematically is the genetic code’s pattern of
degeneracies, which is discrete. Motivated by elementary
particle physics, the idea has been pursued that the genetic
code’s degeneracies may also be describable in terms of
representations of certain Lie groups. The outcome has
been that there exist three suitable Lie groups, though only
with a caveat: the Lie groups must be “partially broken”
(Hornos 1993; Forger 2000). The concept of broken Lie
group symmetry is also used in elementary particle physics,
though with less arbitrariness. Looking beyond regular Lie
groups the authors also found that three particular so-called
Lie super groups are able to reproduce the discrete degen-
eracy structure of the code.

In the search for a mathematical description of the
genetic code’s degeneracies, the net was cast even wider in
(Frappat 2000, 2001). There, instead of the set of Lie
groups, the set of so-called quantum groups was considered.
The structure of their representations is discrete as well.
The defining characteristic of quantum groups is that when
representations of a quantum group are combined they be-
have in the same way that strands of hair do when being
braided: there is a notion of over and of under crossing.
Quantum groups carry several parameters, the main
parameter usually being called q. In the limit g—1, the over
and under crossing of the “strands” become indistinguisha-
ble and the quantum group reduces to a Lie group. The au-
thors considered a certain quantum group in the limit q—0.
This limit is mathematically singular but appears to yield a
structure that closely matches that of the degeneracies of
the genetic code, along with some features of the distrib-
ution of the corresponding amino acids’ physical and
chemical properties, such as hydrophobicity. Further, there
has been work which has matched the structure of the
genetic code, along with related physical and chemical
properties of both the bases and the amino acids, to the
structure of finite and therefore discrete groups. In this
work, the so-called Klein group plays a prominent role
(Antoneli 2004).
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It is difficult to assess the relative significance of the
various mathematical descriptions that have been found for
the symmetry patterns of the degeneracies of the genetic
code, such as the descriptions in terms of finite-, Lie- or
quantum group symmetries. In elementary particle physics
the emergence of Lie group symmetries has its well-under-
stood origin in an overarching physical principle: particles
possess so-called inner (or iso-spinor) degrees of freedom
and the presence of the Lie group symmetry expresses the
principle (the so-called gauge principle) that certain angles
of those inner degrees of freedom are unobservable. Any
particular choice of symmetry group leads to characteristic
predictions and the correct symmetry Lie groups have been
determined experimentally. In the case of the genetic code,
the symmetries of its degeneracy pattern are clearly not
random. Nevertheless, it is unclear if, analogously to ele-
mentary particle physics, there should exist some overar-
ching biological principle which would have enforced that
the genetic code evolved to possess a particular symmetry
described by a Lie-, quantum or finite group. Instead, many
of the symmetries in the genetic code may exist, for exam-
ple, simply because the code started out as a smaller code
which then became extended to triplets in a simple way. In
order to establish that the match of the code’s structure
with a particular mathematical symmetry is not accidental,
it would be necessary (though probably very difficult) to
derive experimentally testable predictions that are specific
to the symmetry group in question. It will be of interest to
try and identify the minimal properties of the coding sys-
tem that are sufficient to account for the symmetries in the
genetic code.

Finally, also the question has been addressed what, if
anything, may be deduced from the structure of the genetic
code about the circumstances of the code’s evolutionary
origin (Gutfraind 2006). The starting point here has been
the working assumption that very early in evolution, before
the genetic code froze, the genetic machinery was still
highly prone to errors and that, therefore, the genetic
code’s assignment of codons to amino acids was under
strong evolutionary pressure towards the conservation of
genetic information. In this scenario, the code evolved its
pattern of degeneracies at least in part so as to make the
most likely mutations neutral or of low impact to the phen-
otype. If so, as has been pointed out in (Gutfraind 20006), it
should be possible on the basis of the genetic code’s
pattern of degeneracies to mathematically reconstruct
which types of genetic errors were more and which were
less frequent at that time. The first analysis of this type rep-
orted that the frequencies of genetic errors (and the fre-
quencies of the nucleotides) were indicative of a likely
non-thermophile origin of the code.

If indeed the genetic code evolved its pattern of dege-
neracies so that the phenotypic impact of the more frequent
genetic errors was lessened by the code’s degeneracies,
then the presence of those well-studied symmetries in the
degeneracies of the code indicates the presence of corres-
ponding symmetries in the evolutionary pressures at the
time that the code first formed. This opens up the possibi-
lity that mathematical findings about the symmetries of the
genetic code, such as those that we reported above, can be
translated into statements about the earliest evolutionary
processes and the environment in which the genetic code
first formed. We may not yet have fully decoded all the
information that is contained in the genetic code.
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