54

AIDS Reviews 2004;6:54-60

Lost in Translation: Implications of HIV-1 Codon Usage
for Immune Escape and Drug Resistance

Gustavo H. Kijak!, Jeffrey R. Currier', Sodsai Tovanabutra', Josephine H. Cox', Nelson L. MichaeP,
Scott A. Wegner?, Deborah L. Birx?, and Francine E. McCutchan’

"Henry M. Jackson Foundation for the Advancement of Military Medicine, Rockville, Maryland; 2Division of Retrovirology, Walter Reed Army
Institute of Research, Rockville, Maryland

Abstract

Synonymous nucleotide substitutions in protein-coding sequences are often regarded as evolution-
arily neutral and not subject to selective pressure. However, synonymous codons can sometimes
lead to different patterns of amino acid substitution by single nucleotide changes. Based on the
deconstruction of the standard genetic code, we propose the term ‘quasi-synonymous’ to describe
codons that specify the same amino acid, but lie on different mutational pathways, and we show that
in at least one rapidly evolving organism, HIV-1, quasi-synonymy plays a role in its evolution. We
present concrete examples that demonstrate the relevance of codon usage in the development of
antiretroviral-drug resistance. In the case of the host immune response, the data indicates that viral
evasion is achieved through use of codons that lie on the direct path to escape mutants, and equal-
ly, permit rapid reversion to wild-type in the absence of these selective pressures. Quasi-synonymy
conditions HIV-1 and, potentially, other rapidly evolving organisms in their exploration of the muta-

tional space. (AIDS Rev 2004;6:54-60)
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|ntroduction

This year marks the 20" anniversary of the identifica-
tion of HIV as the etiological agent of AIDS™. In two
decades we have witnessed the extensive evolution of
an organism and of our knowledge about it>. HIV-1 has
an extreme phenotypic plasticity. It can productively
infect different cellular compartments within the host®,
escape pressure from-humoral-and cellular immune
responses’?, and replicate in the presence of antiretro-

viral drugs through developfnpnt cpraefu{ta@fstmpgo pu
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This is achieved through a high mutation rate'3, recom-
bination™, and rapid replication within the host'®6.
Like some other RNA viruses, HIV-1 generates a qua-
sispecies, a swarm of related but distinct viruses,
through which it explores the mutational space and
occupies a large adaptive landscape'” @,

HIV-1 quasispecies generate all possible single-nu-
cleotide mutations, and even some multiple mutants,
in a finite time'® Concepts in molecular genetics de-
veloped from organisms with lower evolutionary rates

T 58 lways a HIV-1. Here we discuss the
EMIV ficatidfa lof m on for one of the most fun-
damental of these: codon synonymy in the genetic
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applied to HIV-1 to identify and map selection by the
host immune response and by antiretroviral-drugs+26-

The term synonymous reflects the perception that
alternative codons for an amino acid are equivalent in
the evolutionary sense, that is, substitution of one for
another has no direct consequence on phenotype.
However, there is strong evidence that codons them-
selves are also under selection. Bias in codon usage
is often observed, even among synonymous codons®”
Modulation of translation efficiency due to the relative
abundance of iso-accepting aminoacyl t-RNAs?, G +
C levels conditioned by gene location in chromo-
somes?®, bias towards overall nucleotide composi-
tion®, and suppression of the CpG dinucleotides in
eukaryotic viruses®', have been among the processes
invoked to account for bias in codon usage.

The key fact about a rapidly evolving organism like
HIV-1 is that mutations can occur in series within a
single codon. Thus the individual codon represents a
mutational pathway that HIV-1 can explore. The fact
that synonymous codons for some amino acids lie on
different mutational pathways, usually of no conse-
guence because mutation rates and generation times
in most organisms are so slow that the likelihood of two
mutations in the same codon is insignificant, comes
into play for HIV-1. As figure 1 illustrates, among the
four glycine codons, GGG is the only one that can

change to the tryptophan codon TGG by a single mu-
tation. At every position where glycine occurs, utiliza-
tion of GGG to encode it provides a pathway to tryp-
tophan that the other three codons do not. The codon
pair GGT and GGC can mutate to codons for aspartic
acid, cysteine or serine by a single mutation, while the
pair GGA and GGG cannot, yet all encode glycine; the
two pairs of codons lie on different mutational path-
ways. Even more subtle forms of asymmetry can be
observed. GGA and GGG have two pathways to argi-
nine (GGA/GGG to CGA/CGG, and GGA/GGG to
AGA/AGG, see thick arrow, Fig. 1), while GGC and
GGT have only one; substitution of arginine for glycine
would, all other factors being equal, be more frequent
using the first pair of codons, yet for an alanine or
valine substitution, all glycine codons provide equiva-
lent access. On the other hand, as the mutational
process is reversible, one can assume that, if a glycine
had derived from a tryptophan, the codon usage for
that glycine would most likely be GGG, while if it had
derived from a serine, the glycine-coding codons
would be GGC or GGT; back mutations access the
mutational pathway used for forward mutation. The
asymmetries observed for glycine do not pertain to all
amino acids. Figure 1 shows that all point mutations in
the two histidine codons lead to the same spectrum of
amino acid substitutions.
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The terms synonymous and non-synonymous do not
capture these asymmetries in mutational pathways. We
propose the term ‘quasi-synonymy’ to describe the
relationship between codons that specify the same
amino acid but can achieve a different pattern of
amino acid substitution by single nucleotide changes.
In the examples shown in figure 1, the glycine codons
GGC and GGT are synonymous, but all other pairs of
glycine codons show only partial synonymy; they are
quasi-synonymous. Histidine provides an example of
codons that are fully synonymous

Figure 2 presents a deconstruction of the standard
genetic code according to the degree of quasi-syn-
onymy. At one extreme lie amino acids for which single
mutations in all of their codons lead to the same spec-
trum of amino acid substitutions; the alternative codons
are truly synonymous for phenylalanine, histidine, glu-
tamine, glutamic acid, cysteine, aspartic acid, aspara-
gine, and tyrosine. On the other extreme we can find
amino acids for which each codon leads to a different
spectrum of amino acid substitutions; arginine, lysine
and serine are in this group. For alanine, lysine and
proline, the codons are almost synonymous, as their
mutational pathways share most of the possible amino
acid substitutions, whereas threonine, glycine, isoleu-
cine, and valine codons are mostly quasi-synonymous;
each lies on a different mutational pathway.

The fact of quasi-synonymy in the genetic code
seems incontrovertible. The question before us is this:
does it have relevance for the evolution of HIV-1 and,
by analogy, for other rapidly evolving organisms? We
turn to two of the best-studied selective pressures on
HIV-1 — antiretroviral drugs and the immune response
— 1o provide concrete examples of its importance.

Quasi-synonymous codons and the
development of drug resistance

Efavirenz (EFV) is a non-nucleoside reverse-tran-
scriptase inhibitor (NNRTI) for treatment of HIV-1 infec-
tion®, It has been used ad&lr@t pl&—ﬁts
main circulating strain in North America, Europe, and
Australia®*3, and subtype C, the
southern Afr|ca35 A valine at position 106 of reverse
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ated V106M, resistant not only to EFV but to all mem-
bers of the NNRTI family, while mutations at V106 were
rarely observed in infections with subtype B3’

We evaluated the database of HIV-1 sequences for
other examples of the potential impact of quasi-syn-
onymy. Mutation L210W in RT contributes to high-level
zidovudine (AZT) resistance in the presence of muta-
tions T215Y and M41L%83° Among six leucine codons,
only TTG lies on the direct mutational pathway to tryp-
tophan. Among 1306 subtype B sequences, leucine
210 is mainly encoded by TTG, while in 334 subtype
C strains, about half have TTG and the others have
TTA%, The effect of this could be development of a
lower level of AZT resistance in some subtype C
strains, or selection for a different pathway to high-
level resistance.

The important mutation Q151M emerges in up to
16% of patients treated with AZT in combination with
either zalcitabine (ddC) or didanosine (ddl), conferring
cross-resistance to the whole class of nucleoside RT
inhibitors (NRTIs)*" The pathway involves leucine as
an intermediate (Q to L to M)*. Q151 is encoded by
CAG in 91% of 942 subtype B strains, providing the
pathway Qu,q 10 Larg 10 M,16*. In subtype D in East
Africa, among 181 strains only 47% have CAG this
position; 53% have CAA instead, for which the path to
methionine through leucine is longer (Qg,, t0 Loy, tO
Lorg 10 Mypg). In subtype D infections, resistance may
develop more slowly or take a different path.

The functional importance of quasi-synonymy has
been revealed by the spotlight of drug pressure. Re-
sistance mutations not detected in subtype B could be
just one mutation away from wild-type in other sub-
types. The more global use of antiretrovirals may call
forth the hidden potential in quasi-synonymy.

Quasi-synonymous codons and the
escape from the immune response

Etron selective pressures against HIV-1 are gener-
oy [d€Nllar ho\ineJigsponses, particularly cyto-

toxic T-lymphocytes (CTL)*43 CTL responses are re-

ghf@ﬁo@oprxmly polymorphic class | MHC

complex in h pulations; during the course of

transcriptase (RT) is malw @ﬁﬁr%ﬁ? iv\&ﬁ tgﬁ jﬁ Q cape mutants generated
type B, but by GTG in s tysgg se Rj@ érm ?F? élg&i) ﬁe epitopes that are rec-

dons are considered synonymous but, in fact hﬁ are
on different mutational pathways (Fig. 2); (Q |$
methionine and the other to isoleucine. This ‘silent
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&ﬁ by the specific HLA type of the host®. At the
r@rfsmssmn, HIV-1 usually faces a new set of
pressures brought to bear by a new HLA type; many
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survive. At the same time, escape mutants may come
with a penalty in terms of viral fitness; survival in
polymorphic human populations must depend to
some degree on the plasticity to alternate between
phenotypes.

Could codon selection contribute to this plasticity?
In light of quasi-synonymy, one simple solution for HIV-1
would be to select codons on the mutational pathways
connecting escape mutants to wild-types. We exam-
ined the HIV-1 sequence database for subtypes B and
C* with respect to a well-known CTL epitope, TLY-
CVHQR in position 84-91 of Gag presented by the
A*01101 class | HLA allele*46. The C-terminal anchor
of this epitope is at position 91 where arginine or lysine
is tolerated*”. The most frequent amino acids at this
position in subtype B are arginine and lysine (Fig. 3)
but, in subtype C, the most common residue is glycine,
almost certainly an escape mutant because small,
polar or negatively charged amino acids are uncom-

Subtype B

mon in C-terminal anchor positions*®. Among the six
codons for arginine and the four for glycine, there is
almost complete dominance of those that lie on the
pathway connecting arginine, lysine and glycine by
single nucleotide substitutions. Arginine and lysine, on
the one hand, and glycine on the other, may represent
different phenotypic states, in this case wild-type pre-
sented by A*01101 and escape mutants, whose plas-
ticity is maintained through codon selection. Host ge-
netic backgrounds, expressed in different HLA types
and allele frequencies, may have carved the observed
pathway into the genome of HIV-1, exploiting quasi-
synonymy to stay on the reversible pathway between
wild-type and CTL* escape mutants.

Conclusion

Most studies of evolution consider the amino acid to
be the unit of selection, responsible for phenotypic

Subtype C
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Figure 3. HIV-1 mutational plasticity and escape from Qﬁumgpoguzbvbvsm;gh the usage of quasi-synonyms. Mutational pathways

linking the different codons that specify for the residues present in subtype B (n = 176) and subtype C (n = 149) HIV-1 isolates at position
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change. Thus, information contained in the genotype
has been partially discounted, sweeping aside of syn-
onymous codons as ‘silent’ mutations. This bias hid
from our view a dynamic process: the utilization of
quasi-synonymy to establish mutational pathways, in
rapidly evolving organism. This is a third dimension of
mutational space, and to understand it fully we must
capture this new dynamic hidden in the genetic
code.

In rapidly evolving organisms like HIV-1, past, pres-
ent, and future are simultaneously present when
viewed through the eyes of slowly evolving organisms
like us. The polymorphisms that we observe at posi-
tions under strong selective pressure are but a still
image of a rapidly moving object. The current state of
an HIV-1 strain is linked to its past and future through
the conduit of quasi-synonymy, fixing some codons
that are on the pathway to reversible change. The
consequence of this fact is that at least some of the
evolution of HIV-1 is predictable from its codon usage.
Could this be exploited to produce more effective vac-
cines or superior antiretroviral drugs? The plasticity of
HIV-1 is often invoked as a major barrier to its control®°,
yet the plasticity of the virus may be more limited than
heretofore appreciated. In exploring the mutational
space, HIV-1 has been molded, not into an optimal
strain, but into a dynamic machine, poised to move in
certain directions and equally prevented from moving
in others.
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