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ABSTRACT

As the use of antiretroviral therapy becomes more widespread across Africa, it is imperative to characterize
baseline molecular variability and subtype-specific peculiarities of drug targets in non-subtype B HIV-1 in-
fection. We sequenced and analyzed 35 reverse transcriptase (RT) and 43 protease (PR) sequences from 50
therapy-naive HIV-1-infected Nigerians. Phylogenetic analyses of RT revealed that the predominant viruses
were CRF02_AG (57%), subtype G (26%), and CRF06_cpx (11%). Six of 35 (17 %) individuals harbored pri-
mary mutations for RT inhibitors, including M41L, V1181, Y188H, P236L, and Y318F, and curiously three
of the six were infected with CRF06_cpx. Therefore, CRF(6_cpx drug-naive individuals had significantly more
drug resistance mutations than the other subtypes (7 = 0.011). By combining data on quasisynonymous codon
bias with the influence of the differential genetic cost of mutations, we were able to predict some mutations,
which are likely to predominate by subtype, under drug pressure. Some subtype-specific polymorphisms oc-
curred within epitopes for HLA B7 and B35 in the RT, and HLA A2 and A*6802 in PR, at positions impli-
cated in immune evasion. Balanced polymorphism was also observed at predicted serine-threonine phospho-
rylation sites in the RT of subtype G viruses. The subtype-specific codon usage and polymorphisms observed
suggest the involvement of differential pathways for drug resistance and host-driven viral evolution in HIV-1
CRF02_AG, subtype G, and CRF06_cpx, compared to subtype B. Subtype-specific responses to HIV therapy
may have significant consequences for efforts to provide effective therapy to the populations infected with
these HIV-1 subtypes.

INTRODUCTION

HE GENETIC DIVERSITY OF HIV-1 continues to challenge our
efforts at combating the HIV/AIDS pandemic. This vari-

_ ability has been attbuted to the lack of proofreading ability of

the reverse transcriptase enzyme,!- the rapid turnover of viri-
ons,** recombination of viruses,® and selective immunologic
pressures.® To date, 9 subtypes and 16 circulating recombinant
forms (CRFs) have been described.” In North America and Eu-
rope, the most prevalent form is the subtype B. However, in
Africa, where the disease is the most prevalent, non-B subtypes
predominate, with all 9 subtypes and many CRFs described
across the continent. In West Africa, the most prevalent form
is CRF02_AG, originally described in 1994 in Nigeria.® Since
then, studies involving Nigerian subjects have shown that sub-

type G and various forms of a recombinant of subtypes A and
G are prevalent in the country.®'?

Widespread use of highly active antiretroviral therapy
(HAART) has greatly reduced morbidity and mortality in in-

_dustrialized pations.'* Drugs most commonly used to target the

enzymes reverse transcriptase (RT) and protease (PR) belong
to three classes—nucleoside analogue RT inhibitors (NRTIs),
non-NRTIs (NNRTIs), and protease inhibitors (Pls). Antiretro-
viral (ARV) therapy is increasingly playing 2 major role in
controlling the pandemic as many countries in which non-B
subtypes abound have recently commenced treatment pro-
grams,*'6 with more people having access to drugs. There is
a need to generate data on the efficacy of ARV, especially in
the treatment of non-B infections.

One of the major obstacles to effective treatment is the de-
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velopment of resistance mutations to various antiretroviral
drugs, It is imperative to understand if mutations known to con-
fer resistance to ARV drugs in subtype B infection would also
confer resistance to non-B subtypes. Various studies have de-
scribed genotypic and phenotypic resistance in non-subtype B
infections.'®2* Most of the studies described the lack of major
drug resistance-conferring mutations, but a high prevalence of
secondary mutations, although a recent study!® reported con-
siderable overlap between subtype B resistance mutations and
mutations associated with at least one non-B subtype.

Genetic variation within the RT and PR may greatly influ-
ence viral replication and fitness, as well as susceptibility to
therapy and the development of drug resistance.?® It is con-
ceivable that the widespread use of ARVs will exert extra se-
lective pressure on the RT and PR and that this pressure will
express itself as mutations differing by subtype. It is also pos-
sible that preexisting polymorphisms may affect the pathways
to drug resistance. Thus, it is important to understand the base-
line genetic variability of these genes, especially in non-sub-
type B viruses in order to elucidate the complex relationships
between intersubtype polymorphisms and antiretroviral drug
susceptibility.

This study was carried out to characterize the molecular di-
versity of HIV-1 PR and RT sequences in a Nigerian popula-
tion, to identify the baseline drug resistance-related mutations
(DRMs) and polymorphisms that exist in a population of ARV-
naive individuals, and to define subtype-specific patterns with
potential functional significance.

MATERIALS AND METHODS

Study population

The AIDS Prevention Initiative in Nigeria (APIN), at the
Harvard School of Public Health, has beén supporting com-
munity-based HIV-1 surveillance in Saki and Ibadan, a town
and city, respectively, in Oyo State, Nigeria. The survey iden-
tified subpopulations engaging in high-risk behaviors within
some organized arisans and trade groups in the communities
(David Olaleye, unpublished data). The study was initiated prior
to the commencement of the national ARV therapy program in
Nigeria and received ethical approval from the Institutional Re-
view Boards of both the Haryard School of Public Health and
the University of Ibadan/University College Hospital, Ibadan
_in accordance with 45 CFR 46. The subjects were recruited and
enrolled following written informed consent. Fifty high-risk
HIV-1-infected subjects previously determined by gag and env
gene amplification to be HIV-1 positive without known prior
antiretroviral therapy were selected for the analysis in this study.

DNA amplification and sequencing by PCR

Proviral DNA was extracted from peripheral blood mononu-
clear cells with the Qiagen QIAmp Blood Midi kit (Qiagen,
Inc., Chatsworth, CA). The entire 297 bp of PR and the first
1320 bp of RT (p5IRT) were amplified by nested PCR us-
ing the following primers: OJ1: 5'-AAATGATGACAGC-
ATGTCAGGGAG-3', 0J2: 5'-TATCTACTTGTTCATTTCC-
TCCAAT-3', 0J3: 5'-AGACAGGCTAATTTTTTAGGGA-3',
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0J4: 5'-CATTCCTGGCTTTAATTTTACTGG-3, 0J5: 5'-
CCAAAAATGATAGGGGGAATTGG-3', and 0J6: 5'-CCT-
TTGTGTGCTGGTACCCATG-3".

Primers OJ1 and OJ2 were used for first round amplification
of a portion of the pol gene encoding both PR and the pS1IRT
regions. Primers OJ3 and OJ4 were used for second round am-
plification of the PR region, while OJ5 and OJ6 were used to
amplify the pSIRT region. Polymerase chain reaction (PCR)
reactions were carried out in a 100! volume reaction mixture
containing 1 pg of DNA, 1X PCR buffer II (Roche Diagnos-
tics, Alameda, CA), 2.5 units of Taq polymerase (Applied
Biosystems, Foster City, CA), 0.2 mM of each dNTP, 2.5mM
MgCl,. Each reaction was subjected to 30 cycles of denatura-
tion (1 min at 94°C), annealing (1 min at 46°C and 45°C, for
the first and second round, respectively), and extension (1 min
at 72°C) followed by a final extension (10 min at 72°C). Deion-
ized water was used as the negative control for all reactions.

The PCR products were purified by 1.5% agarose gel elec-
trophoresis and by using purification columns (gel extraction
kit; Qiagen, Valencia, CA). The purified RT fragment products
were subsequently cloned into the pCR2.1 vector (T/A Cloning;
Invitrogen, San Diego, CA). The plasmid preparation for the
double-stranded DNA sequencing was performed by alkaline
lysis with silica columns (S.N.A.P. Mini-Prep kit; Invitrogen).
The purified PR and plasmid-encoded RT samples were se-
quenced by dye terminator cycle sequencing using Tag poly-
merase (Perkin-Elmer Applied Biosystem Division, Foster City,
CA) and an automated sequencer (ABI 377; Perkin-Elmer Ap-
plied Biosystem Division, Foster City, CA).

Sequence analysis

For all generated RT and PR consensus sequences, a multi-
ple alignment was performed using Clustal X.?* Reference se-
quences from the HIV sequence database of the Los Alamos
National Laboratory were included. We used the Modeltest 3.6
program?®® to determine the appropriate likelihood model by
computing the likelihood score of a tree under various models
using the hierarchical likelihood ratio tests and the Akaike In-
formation Criterion (AIC). Of all 56 substitution models eval-
uated, K81uf + I + G was identified as the best fitting one for
the PR data while GTR + I + G was the best model for the RT
data, The transition-transversion (TiTv) ratios and nucleotide
substitution rate matrices (Table 1) were also evaluated. The
parameters derived were then used in PAUP* to obtain the op-
timal maximum likelihood reconstruction®” of phylogenetic re-
lationships for the RT and PR DNA sequences, with HXB2 des-
ignated as the outgroup. Bootstrap values from 100 resamplings
using heuristic searches with simple taxon addition?® were cal-
culated for the data. The sequences were gap stripped prior to
tree reconstructions.

The aligned codons were visually compared across subtypes
to identify both synonymous and nonsynonymous substitutions
at every codon position in both pSIRT and PR genes. Nucleo-
tide sequences were translated to amino acid sequences using
the MacClade 3.08a software.?? Drug resistance mutations
(DRMs) were identified as described in the Stanford HIV Drug
Resistance Database (http://hivdb.stanford.edn/). The whole
protease and pS1RT were analyzed to identify potential DRMs,
polymorphisms at DRM sites, and subtype-specific polymor-
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TasLe 1. Genemic DiversiTy oF HIV-1 REVERSE TRANSCRIPTASE AND PROTEASE
RT PR
Subtypes®
CRF02_AG 20 (57.1%) 21 (48.9%)
Subtype G 9 (25.7%) 16 (37.2%)
CRFO06_cpx 4 (11.4%) 5 (11.6%)
Others 2 (5.7%) 1(2.3%)
Phylogenetic parameters®
Transition-transversion ratio 4.3763 3.9352
Best-fit model© GTR+1+G K8luf+I+G
Nucleotide substitution rate matrix
A-C 2.1301 1.0000
A-G 11.0303 4.8929
A-T 1.0140 0.3479
C-G 1.3411 0.3479
C-T 14.1003 4.8929
G-T 1.0000 1.0000

*Maximum likelihood analysis by PAUP*.
bParameters derived using Modeltest 3.6 program.

°GTR, general time reversible; K81uf, unequal-frequency Kimura three-parameter; I, invariable sites; G, gamma distribution.

phisms. Subtype-specific polymorphisms were defined, with re-
spect to subtype B consensus, as specific mutations occurring
in the majority of sequences from a particular subtype. The HIV
subtype B consensus sequence was also used as the reference
sequence for drug resistance analyses.

Prediction of phosphorylation sites and motifs

The phosphorylation sites in the amino acid sequences of PR
and pSIRT were predicted by NetPhos 2.0 and NetPhosK 1.0
(www.cbs.dtu.dk/services/). These programs produce neural
network predictions for serine, threonine, or tyrosine phosphor-
ylation sites and, in the case of NetPhosK, predict the likely ki-
nase involved based on phosphorylation motifs. 303! Likely sites
for phosphorylation by the serine-threonine kinases MAP ki-
nase (MAPK), casein kinase II, and protein kinases A, G, and
C (AGC) were also determined using previously described con-
sensus recognition sequences.3?

Identification of CTL épitopes

CTL epitopes within the PR and pS1RT were identified from
the Los Alamos Moleeular Immunology Database.*

RESULTS

Genetic diversity and subtype

Maximum likelihood phylogenetic reconstruction was per-
formed for 35 RT and 43 PR sequences from 50 HAART-naive
subjects using PAUP (Fig. 1). The amplification of the samples
from the remaining subjects was unsuccessful. For the RT gene,
there were 20 (57%) CRF02_AG, 9 (26%) subtype G, and 4
(11%) CRF06_cpx sequences, while in the PR, there were 21
(49%) CRF02_AG, 16 (37%) subtype G, and 5 (12%)

CRF06_cpx sequences (Table 1). The remaining sequences
were subtype A (Table 2). Modeltest estimated the average TiTv
ratios of RT and PR as 4.38 and 3.94, respectively. The rates
of aucleotide substitution were C/T > G/A >> A/IC > G/C >
A/T>G/TforRTandG/A = CIT>>A/IC=G/T>>G/IC=

AJT for PR (Table 1).

Amino acid diversity and subtype-specific
polymorphisms

The entire PR and the first 1320 bp of RT were translated
and analyzed. Two levels of amino acid diversity were exam-
ined: variation of each subtype with respect to HIV-1 subtype
B and the level of variation within each subtype.

Figure 2 shows the alignments of consensus PR and pSIRT
amino acid sequences for CRF02_AG, subtype G, and
CRF06_cpx, respectively, within our cohort, compared with
subtype B consensus sequences. Within the RT, the consensus
sequences for CRF02_AG, subtype G, and CRF06_cpx differed
from subtype B consensus in 27, 32, and 29 positions, respec-
tively. Within the PR, consensus sequences for CRF02Z_AG,
subtype G, and CRF06_cpx differed from subtype B in 7, 10,
and 9 positions, respectively. In addition, most of the sequences
in the subtype G had the amino acids Q, K, E, and 1 at posi-
tions 35, 57, 67, and 82. This pattern was not seen in any other
subtype.

The degree of amino acid variation within each subtype was
also examined by identifying positions at which the consensus
amino acid for the subtype was not conserved. Within p51RT,
there were 121 (27.5%) and 76 (17.3%) nonconserved positions
among the CRF02_AG and subtype G sequences, respectively.
This difference was statistically significant (two-tailed; p <
0.001). Within PR, there were 22 (22.2%) nonconserved posi-
tions among the CRF02_AG sequences while the subtype G se-
quences had 14 (14.1%) nonconserved positions. This differ-
ence was not statistically significant (two-tailed; p = 0.197).
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Maximum likelihood trees for reverse transcriptase (a) and protease (b) sequences. The 35 RT and 43 PR sequences

were each aligned with a set of 32 reference sequences from subtypes A-J and CRFs01, 02, and 06. The alignments were done
by CLUSTAL X and the Modeltest 3.6 program and PAUP* (Swofford 2001) were used in tandem to determine the appropri-
ate likelihood model by computing the likelihood score of a tree under various models using the hierarchical likelihood ratio tests
and the Akaike Information Criterion (AIC). Of all substitution models evaluated, K81uf + I + G was identified as the best fit-
ting one for the PR data while GTR+I1+G was the best model for the RT data, The transition-transversion ratios were estimated
as 4.38 and 3.94 for RT and PR, respectively. Bootstrap values from 100 resamplings using heuristic searches with simple taxon
addition were calculated for the data; only values of >80 are indicated. HXB2 was the outgroup. The study sequences are in

boldface.

Mutations at previously characterized drug
resistance sites

‘We found primary and secondary DRMs as well as poly-
morphisms at positions of previously characterized DRMs
(Table 2). In the RT, 22 of 35 sequences had mutations, with
an average mutation number of 1.32 (range: 0-3). Interestingly,
CRF06_cpx sequences had a higher average number of muta-
tions (2.25 versus 0.6 and 0.63) than CRF02_AG and subtype
G, respectively (two-tailed p < 0.001 with Bonferroni correc-
tion).

Primary drug resistance mutations were found at five
RT sites (M41L, V1181, Y188H, P236L, Y318F), secondary
mutations at two sites (V179E, R211K), and polymorphisms
at three sites previously characterized for drug resistance
(Table 2). The mutation M41L was found in three samples
while the secondary NRTI mutation, R211K, was observed
in 17 of 35 sequences. We found two polymorphisms (L210Q

and T215A) at known primary drug resistance positions.
These are distinct from described resistance mutations at
those sites. In all, 6 (17.1%) of 35 RT samples harbored
primary resistance mutations for NRTIs and NNRTIs. No-
tably, three of these individuals were infected with viruses
that clustered with CRF06_cpx in the RT. Interestingly, three
of the four CRF06_cpx RT samples harbored primary
DRMs, compared with 11% of the other variants combined
(p = 0.011)

Mutations were detected in all of the PR sequences, with an
average mutation number of 2.72 (range: 2-4). No primary
DRMs were observed. However, secondary DRMs were ob-
served in all 43 PR sequences. Three secondary PI resistance
mutations (L10I/V, M361, L63P) were detected (Table 2). A
polymorphism at a known primary mutation site (V82I) was
found in all subtype G samples while a polymorphism at a
known secondary mutation site (K20I) was also found in all

samples.
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TasLe 2. HIV-1 SueTYPES AND GENOTYPES
AT DRUG RESISTANCE-RELATED POSITIONS

Specific mutations in reverse transcriptase by subtype

HSPH No. Subtype Muzation®
DDJ 166 A R211S

DDJ 013 CRF02_AG R211K

DDJ 025 CRF02_AG 12100, R211K
DDJ 068 CRF02_AG R211K

DDI 071 CRF02_AG R211K

DDJ 072 CRF02_AG R211K

DDJ 075 CRF02_AG £

DDJ 078 CRF02_AG R211K

DDJ 102 CRF02_AG =

DDJ 118 CRF02_AG —

DDJ 125 CRF02_AG M41L

DDJ 133 CRF02_AG s

DDJ 150 CRF02_AG P236L

DDJ 164 CRF02_AG —

DDJ 171 CRF02_AG =

DDJ 174 CRF02_AG -

DDJ 177 CRF02_AG R211K

DDJ 192 CRF02_AG R211K

DDJ 267 CRF02_AG =i

DDJ 274 CRF02_AG -

DDJ 277 CRF02_AG R211K

DDJ 026 CRF06_cpx M41L, V1181, R21IA
DDJ 077 CRF06_cpx R211K, Y318F
DDJ 262 CRF06_cpx M41L, V179E, R211K
DDJ 270 CRFO6_cpx R211K

DDJ 134 D Y188H, R211K
DDJ 128 G R211K

DDJ 135 G -

DDJ 137 G -

DDJ 140 G -

DDJ 168 G R211K

DDJ 172 G R211K

DDJ 179 G =

DDJ 190 G T215A

DDJ 278 G R211K

Frequency of mutations in protease by subtype

Position CRFO02_AG Subtype G CRFO06_cpx
Liovv 21 — -
K201 21/21 16/16 5/5
M361 21721 16/16 5/5
L63P 4/21 6/16 1/5
V171 — 2/16 —_
V821 - 15/16 —
193M 121 - — —

“Primary drug resistance mutations (DRM) are in boldface;
polymorphisms at known DRM sites are in italics; secondary
mutations are in regular type; absence of DRMs is represented
by a dash.

OJESINA ET AL.

Synonymy and subtype-specific codon usage

We hypothesized that subtype-specific codon usage would
influence divergent mutational pathways for drug resistance and
that both CRF02_AG and subtype G would have unique sub-
type-dependent synonymous mutations that would influence
pathways of developing resistance. There was no significant
preponderance of synonymous mutations at DRM sites by sub-
type.

We performed a codon-by-codon comparison of the nucleo-
tide sequences of the subtype B consensus to the consensus se-
quences of CRF02_AG, subtype G, and CRF0f_cpx samples
of our cohort in both PR and RT in order to detect subtype-spe-
cific codon usage. We observed many examples of differential
codon usage by subtype, mostly at positions that do not have
any previously described DRMs. Figure 3 shows examples of
how codon bias, by subtype, at DRM sites within PR and RT,
may affect the rate and pathway of drug resistance develop-
ment. At position 10 in PR, leucine is encoded for differentially
in subtype G and CRF02_AG by the codons CTA and TTA,
respectively. Based on this differential codon usage for leucine
as well as the finding that C-A and T-G substitutions are more
common than C-G and T-A substitutions (Table 1), the vari-
ants will preferentially develop L10I and L10V mutations, re-
spectively, under drug pressure. Similarly, at position V179 in
RT, subtype G and CRF02_AG viruses utilize the codon GTG
to encode valine and more likely to develop V179M and V179E
mutations, whereas subtype B viruses are biased toward V1791
and V179D mutations. Similar effects of codon bias by subtype
at DRM sites are present at other positions, especially L74 and
L1210 in RT and G73 in PR.

Effect of mutations on phosphorylation sites

Based on a recent report that some potential phosphorylation
sites in RT were present in subtypes A, B, and D but absent in
subtype C sequences,!® we postulated that there would be dif-
ferences in the number and sites for phosphorylation by sub-
type. We therefore analyzed the PR and p51RT for possible ser-
ine-threonine phosphorylation sites based on previously
described phosphorylation motifs for MAP kinase, casein ki-
nase I, and protein kinases A, G, and C. We also predicted the
likelihood of phosphorylation with the NetPhos/NetPhosK pro-
grams. Two serine-threonine phosphorylation sites were found
in the PR while 11 were found in the RT. All the sites predicted
were within recognized phosphorylation motifs. Interestingly,
the T3861/V polymorphism seen in all subtype G sequences led
to the loss of a predicted phosphorylation site while a Q394R
polymorphism in all these sequences created a protein kinase
A/GIC site (as predicted by NetPhosK) at threonine 397
(Fig. 2).

Subtype-specific polymorphisms and MHC epitopes

The consensus sequences for CRF02_AG, subtype G, and
CRF06_cpx PR and RT in the study were aligned to cytotoxic
T lymphocyte (CTL), T-helper, or antibody epitope maps on
the Los Alamos database. Then, a literature search was con-
ducted to identify subtype-specific polymorphisms that oc-
curred at positions previously implicated to modulate the im-
mune response to PR and RT epitopes. No match was found
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FIG. 2. Subtype-specific polymorphisms in HIV-1 protease and p51 RT sequences from Ibadan and Saki. Alignment of de-
duced amino acid sequences for protease (a) and reverse transcriptase (b) compared with the subtype B consensus sequence. The
sequences were aligned with the CLUSTAL X software package and translated using the MacClade 3.08a software. Amino acids
are represented by the single-letter amino acid code. Each amino acid residue not differing from the reference sequence is rep-
resented by a dot. The consensus amino acid was determined by simple majority from the sequences in the cohort, and a ques-
tion mark (?) was used to denote polymorphic positions at which there was no clear consensus. HLA epitopes within which sub-
type-specific polymorphisms occur at sites previously described to be important for immune evasion are denoted by thick bands.
The box denotes the region of balanced polymorphism of potential phosphorylation sites.

for T-helper and antibody epitopes. However, within the RT,
we found three human leukocyte antigen (HLA) B35 epitopes
(VPLDKDFRKY, NPDIVIYQY, and IPLTEEAEL), and one
for HLA B7 (SPAIFQSSM), within which subtype-specific
polymorphisms occur at positions that had been previously
shown experimentally to have immune escape variants (Fig. 2).
Within the protease, an A*6802 epitope DTVLEEMNL har-
bored polymorphisms in all our samples, while the A2 epitope
VLVGPTPVNI contains a V821 polymorphism in all subtype
G sequences (Fig. 2).

DISCUSSION

Although the pol gene is the most conserved region of
HIV-1, with a variation of ~10%,”3* it possesses sufficient
variability to allow for phylogenetic reconstruction.®® Thus, we
performed phylogenetic analyses of our RT and PR sequences
for subtyping using optimal maximum likelihood models. We
obtained transition-transversion (TiTv) ratios for RT and PR of
4.38 and 3.94. These values are higher than the average TiTv
ratio of 1.42 described for the envelope V3 region, 3¢ and may
be useful “as default valves for future analyses of RT and PR
sequences. The complex diversity of HIV-1 viruses in Nigeria
is becoming more evident. Although CRF02_AG is still a ma-

jor subtype in the country, as previously reported,!®!2 subtype
G and CRF06_cpx viruses appear to be increasing in preva-
lence.

We found a significant degree of primary and secondary
DRMs in the RT and PR, as well as polymorphisms at posi-
tions of previously characterized drug-resistant mutations, Six
(17%) of 35 RT sequences harbored primary NRTI/NNRTI mu-
tations, including M41L, V1181, Y188H, P236L, and Y318F.
This is rather high for a drug-naive cohort but it is noteworthy
that half the sequences with drug-naive DRMs are CRF06_cpx.
Our findings suggest the possibility that CRF06_cpx sequences
harbor more drug-resistant-related mutations in drug-naive in-
dividuals. However, it is possible that individuals with these
DRMs were infected with drug-resistant viruses, possibly from
individuals not adherent to therapy, or on suboptimal ARV reg-
imens. Indeed, the DRM:s observed in our CRF06_cpx samples
were not observed in the reference sequences on the Los Alamos
database. In addition, the drug-naive status was self-reported
and it is possible that the reliability of this self-report could be
linked to other factors. The relationship between CRF06_cpx
and drug resistance is not well characterized and further inves-
tigation is required.

The most common mutations in RT were L214F (83%) and
R211K (49%). Previous studies from the West African region
showed that some patients with RT mutations, R211K, L214F,
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(8)  HIV-1 Protease position 10
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(b)  HIV-1 Reverse Transcriptase position 179

FIG. 3. Prediction of subtype-specific drug resistance muta-
tions from codon bias and nucleotide substitution matrix data.
Resistance mutations may be influenced by quasi-synonymy
and genetic cost of mutations. Examples of predicted mutations
at positions L10 in PR (a) and V179 in RT (b) are shown. The
wild-type amino acids are enclosed within quadrilaterals, while
mutant amino acids are enclosed with ovals, The predicted rel-
ative abundance of mutants is proportional to the size of the
oval. The preferred codon bias is indicated adjacent to each
amino acid. Codon usage was determined from consensus se-
quences from our samples and subtype B consensus. The thick-
ness of the arrows indicates the ease of substitution. The nu-
cleotide substitution matrix data for PR (G/A = CIT >>
A/C = GIT >> G/C = AT) is utilized to form three broad
groups. The most likely substitutions (G/A and C/T) are repre-
sented by bold arrows, and the least likely substitutions (A/T
and G/C) by arrows with broken lines. The intermediate level
substitutions (A/C and G/T) are depicted with regular thickness
arrows. A similar scheme is used for RT based on the matrix
C/T > G/A >> A/C>G/C> AT > G/T. CRF02_AG and
subtype G viruses are predicted to preferentially develop L10V
and L10I mutations, respectively, in PR (a). Both variants are
predicted to preferentially develop V179M and V179E muta-
tions in RT (b), while subtype B viruses will develop V1791
and V179D mutations under drug pressure.

1135V, and L210M, also demonstrated phenotypic resistance.!”
The R211K mutation was also found in a majority of drug-naive
Zambians with subtype C infection.?® The K201 and M36 sec-
ondary PI mutations were found in all subjects, regardless of
subtype, while all the subtype G viruses harbored the V821 poly-
morphism in the PR. These data raise concerns for second line
and salvage therapy regimens, which usually contain Pls, al-
though these regimens are infrequently used in Africa currently.

Subtype-specific polymorphisms may play functional roles
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in determining the path to drug resistance. Development of drug
resistance is dependent upon the extent of viral replication dur-
ing therapy, the ease of acquiring a particular mutation or set
of mutations, and the effect of mutations on drug susceptibil-
ity and viral fitness.?* Due to the degeneracy of the genetic
code, it is possible for single nucleotide substitutions in any
particular codon to result in synonymous or nonsynonymous
mutations. However, it is possible that different mutational
pathways will be employed by different codons even if they en-
code the same amino acids. This relationship between codons
that specify the same amino acid, but can achieve a different
pattern of amino acid substitution by a single nucleotide change,
has recently been termed quasi-synonymy.*’ Quasi-synony-
mous mutations within the virus may dictate different muta-
tional pathways, which may have bearing on the development
of drug resistance and viral escape from the immune response.
This phenomenon has been described in other cohorts,*2? and
is likely responsible for the finding that the V106M mutation
is more commonly associated with multi-NNRTI resistance
with subtype C but not with subtype B infection.*>-4?

By combining codon bias data and the influence of the dif-
ferential genetic cost of mutations, we were able to predict mu-
tations that are likely to predominate by subtype, under drug
pressure. Figure 3 shows two examples of subtype-specific
codon differences in this study, and our predictions of how they
may influence mutational routes to development of drug resis-
tance. In PR, CRF02_AG and subtype G viruses are differen-
tially more likely to develop L10V and L10I drug resistance
mutations, respectively. InRT, both subtype G and CRF02_AG
are predisposed to developing V179M and V179E mutations in
contradistinction to V1791 and V179D mutations in subtype B.
Interestingly, recent data from Kantor et al.!® reporting results
from a global collaboration study on non-subtype B resistance
mutations, support our predictions. The statistically significant
treatment-associated mutations at position 10 in PR for subtype
G and CRF02_AG were L10V and L10I, respectively. Like-
wise, the statistically significant treatment-associated mutations
at position 179 in RT for subtype G and CRF02_AG were
V179M and V179E, while V1791 and V179D are commonly
seen in subtype B infection. Kantor ef al. reported considerable
overlap between subtype B resistance mutations and mutations
associated with at least one non-B variant,!® and some clinical
data show that polymorphisms do not affect response to
HAART in non-subtype B infection.**#? However, based on
our data, the possibility that subtype-specific quasi-synonymy
and codon usage may have biochemical, phenotypic, genotypic,
or clinical impact”>” on the routes to, and severity of resistance
cannot be ruled out.

The activities of RT and PR are enhanced by phosphoryla-
tion*> but the phosphorylation sites on RT have not been de-
scribed. There was variation in the positions of predicted ser-
ine-threonine phosphorylation sites in the RT and PR by
subtype, although there were equal numbers of sites in the three
subtypes. In the RT, subtype G sequences lacked a predicted
phosphorylation site that was present in subtype B and
CRF02_AG due to a T386V/I polymorphism. However, a phos-
phorylation site that was absent in the other subtypes was pre-
dicted in subtype G because of a Q394R polymorphism. This
suggests the possibility that under selective pressure, the num-
ber of phosphorylation sites may change, or that there may be
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some degree of balanced polymorphism at play to ensure opti-
mal enzymatic activity. It remains to be seen if these mutations
will have any effect on therapy outcomes.

Polymorphisms embedded within CTL and T-helper epitopes
have been described for other subtypes.>® We found subtype-
specific polymorphisms in RT within epitopes for HLA B7 and
B35 (Fig. 2), which, interestingly, have relatively high allelic
frequencies (11% and 7%, respectively) in the Southern part of
Nigeria*”*¢ Our previous studies have previously demonstrated
that the CTL response is abrogated with the S162A mutation
in subtype A individuals.*? This polymorphism is found in a
majority of CRF02_AG viruses within the B7 epitope. Kawana
et al. showed that 80% of HLA B35 individuals but only 10%
of HLA B35~ individuals had NPDIVIYQY peptides with the
DI77E substitution in the RT.3? These peptides had reduced
binding affinity to B35 and the D177E substitution may be an
escape mutant; 95% of all our samples had this substitution. In
addition, the V179I substitution in the NPDIVIYQY epitope
has been reported to reduce B35 recognition and binding affin-
ity.3! Therefore RT position 179 is likely to be under dual pres-
sure from both antiretroviral therapy and cell-mediated immune
response. Within PR, position V82 in the A2 epitope VLVG-
PTPVNI was demonstrated to be under dual immune and drug
pressure;>? all our subtype G sequences have a V821 polymor-
phism. The A*6802 epitope DTVLEDINL in PR is considered
to be a “resistant epitope’” because it was preferentially reac-
tive in highly exposed but persistently seronegative women.>
However, this exact epitope is not found in CRF02 and sub-
type G samples.

HIV-1 subtypes are predominant in different geographical
regions of the world>* and many epitopes have ethnogeographic
bias.’® It is conceivable that subtype-specific polymorphisms
exist within CTL and T-helper epitopes for HLA proteins that
are common in the regions where these subtypes predominate.
HLA B35 and B7 occur at similarly high levels in whites,*7-¢
and have been associated with increased rates of disease pro-
gression and higher viral loads, respectively.>=7 We suggest
that the relatively high frequencies of these antigens within var-
ious populations contribute to the selective pressures that lead
to the development of immune escape variants, which then per-
sist in these populations. For example, Fig. 2 shows that more
diversity across subtypes occurs within B35 epitopes. It is also
possible that differences in HLA frequencies between popula-
tions will contribute to this phenomenon. Our data support the
hypothesis that some subtype-specific polymorphisms may be
immune escape varants that have persisted in the populations
where these epitopes and subtypes predominate.

There were several challenges during the study, including
the failure of proviral DNA amplification of some samples,
therefore a potential source of bias. This may have resulted from
atypical nucleotides at primer sites or low viral loads. These
samples were obtained as part of a larger survey of HIV preva-
lence in the community, and viral load and CD4 determinations
were not part of the original study protocol. DNA proviral
cloning rather than RT-PCR was utilized for the analysis be-
cause the samples available were more suitable for the former.
RT-PCR has the advantage of detecting viral quasispecies that
have most recently been selected by therapy, whereas proviral
DNA cloning is beneficial for detecting archived mutations.*5¢
It would be interesting to compare the utility of both methods
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in tandem in future studies. Despite these various limitations,
this subset of samples shows a similar spectrum of subtypes in
the larger epidemiological study (Sankale et al., manuscript in
preparation) and the resistance data obtained serve as critical
baseline information for planning antiretroviral regimens.

In summary, we analyzed the PR and RT nucleotide and
amino acid sequences in antiretroviral-naive Nigerians. All PR
sequences had secondary mutations and 17% of the RT se-
quences had primary NRTYNNRTI mutations. We also dem-
onstrated that HIV-1 CRF02_AG and subtype G often ntilize
different synonymous codons, either in contrast with one an-
other or with subtype B, in encoding amino acids, and have dis-
tinct functional motifs that may influence divergent pathways
to drug resistance. Our data also suggest the possibility that sub-
type-specific polymorphisms arose in part as immune escape
mutants. These findings emphasize the significance of subtype-
specific determinants of susceptibility to antiretroviral therapy
and immune response.

SEQUENCE DATA

All nucleotide sequences were submitted to GenBank. The
accession numbers for the RT sequences are DQ273889-
DQ273923 while the accession numbers for the protease se-
quences are DQ273924-DQ273966.
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