Virus Evolution, 2024, 10(1), veae036

DOI: https://doi.org/10.1093/ve/veae036
Advance Access Publication: 4 May 2024

Research Article

2 VIRUS
EVOLUTION

Changing selection on amino acid substitutions in Gag
protein between major HIV-1 subtypes

Galya V. Klink,">' Olga V. Kalinina,>*° and Georgii A. Bazykin'#"

Laboratory of Molecular Evolution, Institute for Information Transmission Problems (Kharkevich Institute) of the Russian Academy of Sciences, Bolshoy Karetny
per. 19, build.1, Moscow 127051, Russia, 2Center for Molecular and Cellular Biology, Skolkovo Institute of Science and Technology, Bolshoy Boulevard, 30, p.1,
Skolkovo 121205, Russia, *Drug Bioinformatics, Helmholtz Institute for Pharmaceutical Research Saarland (HIPS)/Helmholtz Centre for Infection Research (HZI),
Campus E8.1, Saarbriicken 66123, Germany, “Center for Bioinformatics, Saarland University, Campus E2.1, Saarbriicken 66123, Germany and “Medical Faculty,
Saarland University, Kirrberger Str. 100, Homburg 66421, Germany

fhttps://orcid.org/0000-0001-8466-6958

*https://orcid.org/0000-0003-2334-2751

*Corresponding author: E-mail: yegor.bazykin@gmail.com

Abstract

Amino acid preferences at a protein site depend on the role of this site in protein function and structure as well as on external con-
straints. All these factors can change in the course of evolution, making amino acid propensities of a site time-dependent. When viral
subtypes divergently evolve in different host subpopulations, such changes may depend on genetic, medical, and sociocultural differ-
ences between these subpopulations. Here, using our previously developed phylogenetic approach, we describe sixty-nine amino acid
sites of the Gag protein of human immunodeficiency virus type 1 (HIV-1) where amino acids have different impact on viral fitness in six
major subtypes of the type M. These changes in preferences trigger adaptive evolution; indeed, 32 (46 per cent) of these sites experienced
strong positive selection at least in one of the subtypes. At some of the sites, changes in amino acid preferences may be associated
with differences in immune escape between subtypes. The prevalence of an amino acid in a protein site within a subtype is only a
poor predictor for whether this amino acid is preferred in this subtype according to the phylogenetic analysis. Therefore, attempts to
identify the factors of viral evolution from comparative genomics data should integrate across multiple sources of information.

Keywords: fitness landscape; changes in amino acid fitness; HIV-1 subtypes; Gag polyprotein; evolution of HIV-1; HIV-1
phylogenetic tree.

Introduction new host species (Neverov et al. 2015; Irwin et al. 2016; Biswas
et al. 2019).

Fitness conferred by an amino acid at a site may differ between
HIV-1 clades due to differences at epistatically interacting posi-
tions or in environmental factors. The latter include differences
in prevalence of human leukocyte antigen (HLA) alleles or antivi-
ral treatment regimes between host populations. Indeed, non-
consensus amino acids at some sites may lead to escape from
host-specific immune response or to resistance to antiviral drugs,
while being neutral or even deleterious in the absence of these
pressures (Kihnert et al. 2018; Avila-Rios et al. 2019). Differ-
ences in these factors between viral clades may therefore lead to

HIV-1 is characterized by rapid evolution. It is capable of rapidly
accumulating variability due to a combination of reasons, includ-
ing a high mutation rate and a large population size within indi-
viduals (Fu 2001; Maldarelli et al. 2013; Cuevas et al. 2015; Zanini
et al. 2015). These properties allow evolving HIV-1 populations
to probe different combinations of multiple alleles, permitting it
to extensively explore remote regions of its fitness landscape. An
amino acid at a particular site can differentially impact viral fit-
ness depending on which amino acids occupy other protein sites, a
phenomenon known as epistasis; co-occurrence of multiple muta-

tions within a single genome provides viruses with an opportunity
to find new amino acid sequences that are similarly or even more
fit under the current conditions than the wild-type variants (Rim-
melzwaan et al. 2005; Kryazhimskiy et al. 2011; Ferretti et al.
2020; Zhanget al. 2020). Phenotypic diversity enabled by new com-
binations of mutations allows adaptation to new environments,
such as acquisition of drug resistance or even expansion to a

differences in selection pressures.

In particular, such differences are likely between HIV-1 sub-
types. HIV-1 subtypes of the M type can vary in severity of
symptoms, response to treatment and effectiveness of immune
response to infection, perhaps partially reflecting differences
between subtypes in strategies of spreading through the host
population (Taylor et al. 2008). Moreover, some subtypes are
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more prevalent in some host populations than in others, and
the differences between host populations can therefore con-
tribute to differences in selection on the virus (McLaren and
Carrington 2015).

Fitness conferred by an allele is reflected in the patterns of its
evolution. First, selection favoring a variant increases the fraction
of samples in which it is observed (Ferguson et al. 2013; Mann
et al. 2014; Quadeer et al. 2020). In the limit, a site at which all
but one of the alleles is lethal will be invariant. If this selection
differs between groups, e.g. viral subtypes, different alleles may
be more prevalent in different groups (Walter et al. 2009).

Second, more subtly, the fitness conferred by an allele also
affects the frequency of substitutions involving it. When a variant
is preferred, substitutions giving rise to it will be more frequent,
and those replacing it, less frequent (Kimura 1983). If selection
differs between groups, this can be observed as differences in
the rates of substitutions to or from this allele between groups.
Previously, we have developed a phylogenetic approach for infer-
ence of such differences in substitution rates (Klink, Kalinina, and
Bazykin 2022).

Here, using the second of these two patterns, we ask whether
some of the sites of the Gag protein have different amino acid
preferences in different HIV-1 subtypes. Gag plays a crucial role
in maturation of viral particles (Spearman 2015). It is thought to
be a primary target for cellular immunity and was shown to evolve
under selection pressure of cellular immune response within indi-
vidual patients (Geldmacher et al. 2007; Piantadosi et al. 2009;
Garcia-Knight et al. 2016). Different mutations allow escape from
different HLA alleles, and in many cases, even escape from the
same HLA allele is achieved by different mutations in different
viral subtypes (Kinloch et al. 2019). Furthermore, Gagis considered
a promising target for HIV-1 vaccines (Li et al. 2013) and antiretro-
viral drugs (Spearman 2015); one such drug, lenacapavir, has
been recently approved by the food and drug administration (HIV-
info.NIH.gov 2023). Moreover, mutations in Gag have been shown
to play an important role in acquisition of drug resistance to pro-
tease inhibitors (Su, Koh, and Gan 2019). Finally, as Gag acts as an
assembly machine with multiple interactions between sites of the
polyprotein, epistatic interactions within it are expected to influ-
ence its evolution (Ganser-Pornillos, Yeager, and Sundquist 2008).
All of this makes the existence of sites likely with between-subtype
differences in amino acid preferences in this protein.

Here, we provide a list of amino acids with variable fitness
across the six subtypes of HIV-1. These data can be informa-
tive in evaluating potential targets for antiviral treatments. We
also describe associations between amino acid preferences and
HLA allele escape in the corresponding subtypes, highlighting
the biological relevance of the observed phylogenetic patterns.
Finally, we show that changes in fitness are not necessarily associ-
ated with positive selection, highlighting the distinctness of these
phenomena.

Results

Many sites of Gag contain variable fitness amino
acids

To describe the role of changes in amino acid preferences in
the evolution of Gag, for each of the six HIV-1 subtypes: A,
B, C, D, F and G, we first identified those amino acids that
were gained significantly more or significantly less frequently in
the lineages more closely related to this subtype than expected
by chance.

For this, we use our previously developed approach, referred to
as the d-test. It is based on the d-statistic, which is a measure of
whether the substitutions towards a particular amino acid variant
preferentially occur in the strains that are closely related to the
group of interest. By comparing d with its expected distribution in
the absence of any changes in preferences between subtypes, we
can identify the amino acids that are significantly favored in some
subtypes and disfavored in others (Klink, Kalinina, and Bazykin
2022; see ‘Methods’ section).

If an amino acid at a certain site was gained unexpectedly
frequently in the strains closely related to a particular subtype
(including those within this subtype), we refer to this amino acid
as ‘proximal’ for this subtype. Conversely, an amino acid that was
preferentially gained in the less related strains is referred to as
‘distal’ for this subtype. If an amino acid was proximal for at
least one subtype, and distal for at least one other subtype, this
implies that the fitness conferred by it has changed over the course
of evolution; we refer to such amino acids as ‘variable fitness
amino acids’.

We filtered out 68 of 500 sites of Gag protein due to a high
proportion of gaps in the alignment. In the remaining 432 sites,
we detected 131 variable fitness amino acids, positioned at 69
sites (Fig. 1). Forty of these sites carried more than one vari-
able fitness amino acid. To measure the strength of the bias in
the d-statistic, we calculated the number of standard deviations
between the mean of the null distribution of d and the observed d
(z-score). In case of variable fitness amino acids, the best prox-
imal z-score is the leftmost (i.e. the lowest one), and the best
distal z-score is the rightmost (i.e. the highest one) among sub-
types (Fig. 2). The mean proximal and distal z-scores were —4.3 and
3.8, respectively, for variable fitness amino acids, while their dif-
ference was much lower (-1.5 and 1.3, respectively) for all amino
acids (Supplementary Fig. S1).

Anincreasein the frequency at which a variant is gained within
a subtype, as reflected by the d-statistic, does not necessarily lead
to a high prevalence of this variant within this subtype, e.g. if the
gains tend to occur on terminal branches. Conversely, a low fre-
quency of gains can be associated with high prevalence, e.g. if the
site is invariant within a subtype. To better understand the link
between phylogenetic preference for a variant and its prevalence,
we measured the total fraction of samples carrying an amino acid
in subtypes for which it is proximal and those for which it is distal.

Variable fitness amino acids had on average higher preva-
lence in subtypes for which they were proximal than in sub-
types for which they were distal (two-sided Wilcoxon’s rank sum
test, P<2.2e-16; Supplementary Fig. S2). To better understand
this, we compared the two measures of variable fitness amino
acids: the one based on frequency of substitutions (substitution-
based effect size, Es = (best distal z-score—best proximal z-score))
and the one based on prevalence (prevalence-based effect size,
Ep=(total proximal prevalence—total distal prevalence)). These
measures correlated significantly, but the correlation was far from
perfect (Spearman’s test, P-value <0.001, rho=0.36; Fig. 3). This is
as expected, because these metrics reflect two different aspects of
relative fitness of an amino acid.

The variable fitness amino acid with the strongest substitution-
based effect is 1487 (Fig. 2). 4871 substitutions occur almost exclu-
sively (in 209 of 214 cases) in the two subtypes for which 1487 is
proximal, namely, A or C; and just three times in the two subtypes
for which it is distal, namely, B or D. The Ep of this amino acid
is also rather high, although not extreme, with 35per cent and
20per cent of strains in subtypes A and C but just 0.12 per cent
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Figure 1. Variable fitness amino acids in the Gag protein. Red dots, variable fitness amino acids; dark gray dots, constant fitness amino acids; light gray
dots, amino acids with insufficient number of gains for the d-test to be applicable (see ‘Methods’ section). MA, matrix protein; CA, capsid protein; *,
spacer peptide 1 (sp1); NC, nucleocapsid protein; *, spacer peptide 2 (sp2); p6, p6-gag. Coordinates of peptides are taken from Su, Koh, and Gan (2019).
ES (Y-axis), substitution-based effect size (best distal z-score—best proximal z-score, see text).
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Figure 2. Detection of variable fitness amino acids from the best proximal and distal effect sizes, based on variable fitness amino acid I in site 487. The
six plots represent the null distributions of d (mean phylogenetic distance between substitutions to an amino acid and the focal strain, see Methods
section) for each subtype. Solid line represents the actual d, colored blue for subtypes for which amino acid I is distal, red for subtypes for which
amino acid I is proximal, and black otherwise. Red circles, 4871 substitutions; blue circles, 487X substitutions (where X is any non-I amino acid) from
the same ancestral amino acids. Coral branches are those with descendant nodes carrying 4871. Letters mark corresponding subtypes (red, subtypes
for which I is proximal; blue, subtypes for which I is distal). Branch lengths are in substitutions per site.

and 1.1per cent in subtypes B and D carrying [487. 1487 was pro-
posed to allow escape from HLA alleles B*42:01 and C*17 in subtype
C (Carlson et al. 2014). Therefore, its variable fitness between the
subtypes possibly reflects differences in prevalence of the corre-
sponding HLA alleles in human populations that are preferentially
affected by different subtypes of HIV-1. Specifically, we propose
that the high frequency of 4871 substitutions in subtype C is due
to the high frequencies of HLA alleles B*42:01 and C*17 in those
populations, where subtype C is widespread.

Variable fitness amino acids with high substitution-based
effect size, but relatively low prevalence-based effect size, may

indicate that most substitutions to this amino acid occur on ter-
minal or near-terminal branches of its proximal subtype(s), sug-
gesting that this amino acid may play a more important role in
within-host than in global evolution of the subtype. For example,
91Q is among the ten amino acids with the highest substitution-
based effect size, but its prevalence-based effect size is very mod-
est (Fig. 4). It is proximal for subtype A and distal for subtypes B,
D, and F. All 23 substitutions 91Q in subtype A occurred on ter-
minal branches, resulting in its 8.3 per cent prevalence, which is
still higher than its prevalence in other subtypes which does not
exceed 4.7 per cent (Fig. 4).
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Figure 3. Prevalence-based and substitution-based effect sizes for
differences in variable fitness amino acid preferences. Dots correspond
to individual variable fitness amino acids at specific sites; marked dots
are those discussed in the text.
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Figure 4. Site 91 of Gag. Red, 91Q substitutions; blue, 91X substitutions
(where X is any non-Q amino acid) from the same ancestral amino acids.
Coral, branches with descendant nodes carrying 91Q. Substitutions 91Q
are concentrated in subtype A, occurring on terminal branches. Letters
mark corresponding subtypes (red, subtypes for which Q is proximal;
blue, subtypes for which Q is distal). Branch lengths are in substitutions
per site.

Sites with variable fitness amino acids may
participate in viral immune escape

Gag is a highly immunogenic protein, and the dynamics of infec-
tion is affected by the combination of viral epitopes and host
HLA alleles (Kiepiela et al. 2007; Kinloch et al. 2019). Several
experimental works measured HLA binding with different alle-
les in Gag epitopes (Tomiyama et al. 1999; Yang et al. 2003;
Sanchez-Merino et al. 2008), and some Gag variants that provide

HLA escape during infection were found in case studies (Feeney
et al. 2004; Chopera et al. 2017). Systematically, numerous escape
variants can be found by association studies that compare how
frequently particular HLA and Gag alleles co-occur in the same
patient. As the results of such approaches might be influenced by
phylogenetic dependencies, accounting for the evolutionary rela-
tionships between studied viral sequences is important (Carlson
et al. 2008). One popular method for inference of amino acids
that contribute to increase or decrease in fitness of the virus in
presence of particular HLA alleles is association search method
based on a phylogenetic dependency network (PDN) model (Carl-
son et al. 2008). It was used to find amino acids that are associated
with different host HLA alleles in subtypes A, B, C, and D in several
human populations (Carlson et al. 2012, 2014; Chikata et al. 2014;
Soto-Nava et al. 2018; Kinloch et al. 2019). To evaluate the rela-
tionship of our results with differential HLA escape, we compared
our results with these findings.

Among the sixty-nine variable fitness sites, sixty-one (88 per
cent) were previously described as affecting the HLA-I-binding
affinity at least in one of the subtypes A, B, C, and D (Supplemen-
tary Table S1). Seventeen such sites were found as epitopic in one
subtype, twenty-six in two subtypes, thirteen in three subtypes,
and five in all four subtypes. Overall, there was no tendency of
variable fitness amino acids that were proximal to a subtype to
be associated with HLA-driven adaptations previously detected in
this subtype.

We counted the variable fitness amino acids that were previ-
ously detected as adapted/non-adapted to any HLA allele in any
subtype by PDN model (Carlson et al. 2012, 2014; Chikata et al.
2014; Soto-Nava et al. 2018; Kinloch et al. 2019), and were simul-
taneously proximal/distal for this subtype according to the d-test.
Forty-one amino acids were simultaneously adapted and prox-
imal; twenty, adapted and distal; twenty-six, non-adapted and
proximal; and thirteen, non-adapted and distal. Thus, in fifty-
four cases d-test matched and in fort-six cases mismatched PDN
results. This is not surprising, as PDN and d-test answer different
questions. PDN reflects associations of specific viral alleles with
high or low immunogenicity, irrespective of the role of such asso-
ciations in inter-patient evolution of the virus. It might be difficult
for PDN to find an escape amino acid variant in a subtype if it is
already too frequent, since it may frequently remain unchanged
in a host with other HLA variants (Chikata et al. 2014), weak-
ening association. On the other hand, detecting amino acids as
non-adapted to a specific HLA allele might be difficult when they
are too rare. In support of this, only 23 per cent of adapted amino
acids represented subtype consensus, but this fraction was 64 per
cent for non-adapted amino acids. Alternatively, d-test reflects the
overall increase or decrease of relative fitness effect of an amino
acid in a subtype, irrespective of the reason. Thus, the results of
these methods can be considered together to better understand
selective constraints of Gag.

Our results can help in extrapolation of PDN results for one
subtype to other subtypes. For example, a well-known example
of differential HLA escape between subtypes is epitope KF11 for
HLA-B*57:03. A163G is an escape mutation in subtype C, but not
in subtype B, due to higher fitness cost connected with the G163
variant in subtype B (Payne et al. 2014). According to the d-test,
G163is a variable fitness amino acid which is proximal to subtypes
A and G and distal from subtypes B and D (Fig. 5). Its prevalence is
2.9per cent and 24 per cent in G and A, but 0 per cent and 0.24 per
centin D and B. Thus, although PDN did not find 163 G as ‘adapted’
in subtype A, possibly due to the high prevalence of this amino acid
reducing the power of PDN due to high probability of transmission



Figure 5. Site 163 of Gag. Red, A163G substitutions; blue, A163X
substitutions (where X is any non-G amino acid). Coral branches are
those with descendant nodes carrying G163. Letters mark corresponding
subtypes (red, subtypes for which G is proximal; blue, subtypes for
which G is distal). Branch lengths are in substitutions per site.

to people without HLA-B*57:03 allele, this variant is likely to play
an important role in adaptation to HLA-B*57:03 allele in subtype
A. Major variant 163A was found as ‘nonadapted’ to HLA-B*57:03
in this subtype by PDN.

Matches can also be found. For example, R20K was shown to be
an adaptation to A74* HLA type only in subtype C. In agreement,
it is proximal to subtype C (and distal from subtypes A, B, and
D) in our test. It comprises 16 per cent of sequences in this sub-
type and 0.059 per cent of sequences in other subtypes, and 121 of
122 R20K substitutions occurred in subtype C (Fig. 6). Meanwhile,
R20Q was shown as adaptation to the same HLA type (in partic-
ular, A*74:01) in subtype D, and it is proximal to this subtype (as
well as to subtypes B and F; and distal from C) according to our
test. Its prevalence in subtypes B, D, and F is 1.05 per cent, 16 per
cent, and 1.9 per cent, and 0.82 per cent in subtype C.

Amino acid I in position 250 is an escape mutation from HLA-
B58 supertype alleles. It was shown experimentally that it reduces
viral replication both in subtypes B and C, but replication capacity
is more easily restored by compensatory mutations in C than in B
(Chopera et al. 2012). According to our data, the prevalence of I is
0.82 per cent in subtype B and 3.4 per cent in subtype C. Due to the
high conservation of the site, it contains no variable fitness amino
acids with significance threshold 0.01 that is used throughout this
paper. However, increasing this threshold to 0.05 makes I a vari-
able fitness amino acid which is more fit in subtype C and less fit
in subtypes B and F.

Interplay between changes in amino acid
preferences and action of positive selection

We used codeml (Yang 2007) to identify sites under positive selec-
tion for each subtype separately. In total, we have found forty-five
sites, 44 per cent of which were positively selected in only one
of the six subtypes. Subtype B had the smallest group of posi-
tively selected sites (thirteen sites) and the smallest percentage
of subtype-specific selected sites (8 per cent), while subtype A had

G.V.Klinketal. | 5

T®Q

e
s A A
"""" L4 . ::G G

Figure 6. Substitutions from R in site 20 of Gag. Red, R20K; purple, R20Q;
blue, R20X (where X is any non-K and non-Q amino acid). Coral,
branches with descendant nodes carrying 20K; purple, 20Q; grey, other.
Letters mark corresponding subtypes (red/purple, subtypes for which
K/Q is proximal; blue, subtypes for which K/Q is distal). Branch lengths
are in substitutions per site.

the largest group (twenty-five sites) with the highest percentage
of subtype-specific sites (24 per cent). On average, 53 per cent of
positively selected sites were common between any two subtypes,
and this percentage was independent of phylogenetic distance
between the lowest common ancestors of two subtypes.

Among the sixty-nine sites with variable fitness amino acids,
thirty-two (46 per cent) experienced positive selection at least in
one subtype, including twenty-eight that experienced positive
selection in subtypes from either proximal or distal groups for
at least one variable fitness amino acid. This suggests intensive
selection in favor of proximal amino acids or against distal amino
acids in 41 per cent (28 of 69) of variable fitness sites.

Increased evolutionary rate detectable by codeml might be a
signal of either directional selection to an amino acid that became
more preferred in a site, or diversifying selection against the
ancestral variant. To study the relationship of the fitness shifts
that we have found with directional selection to particular amino
acids, we performed the search for positively selected amino acids
in each subtype separately with FADE method from HyPhy tool
(Pond, Frost, and Muse 2005). The 52.3 per cent of variable fitness
amino acids were positively selected in at least one subtype, where
they were proximal (‘proximal group’) and were not selected in
any subtype where they were distal (‘distal group’). A 35.4 per cent
were not selected in any group, 10 per cent were selected in at least
one subtype from both groups, and 2.3 per cent were not selected
in any subtypes from the proximal group, but were selected in at
least one subtype from the distal group.

Thus, a considerable fraction of changes in amino acid prefer-
ences that we detected caused episodes of positive selection.

Discussion

We described differences in amino acid preferences in Gag protein
between six HIV-1 subtypes. We also assessed the extent of these
differences with substitution-based and prevalence-based effects
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and showed that considering both these values is important as
they reveal different manifestations of viral fitness. We showed
that our results might add information about evolution of epitopic
sites of Gag, in particular, sites 163 and 250. We also estimated that
about 40 per cent of fitness variability that we detected might be
associated with positive selection. To the best of our knowledge,
our study is the first work that systematically finds changes in
amino acid fitness in Gag polyprotein that can help understand
differences in functional constraints between subtypes. All vari-
able fitness amino acids with effect sizes and evidence of positive
selection are listed in Supplementary Table S2.

Our study has caveats. One common caveat for all studies
that use phylogenetic trees is possible dependence of the results
on mistakes in topology and ancestral states reconstruction. The
topology of deep nodes representing LCA of subtypes in our tree
is consistent with the topology reconstructed using full genomes
(Bletsa et al. 2019). Mistakes in topological reconstruction of mul-
tiple nodes and in ancestral states reconstruction can influence
the results by creating false homoplasies.

Another thing that can influence the results is the differ-
ence in sampling strategies in different subtypes (for example, a
bias between untreated and treated infections or early and late
infections). In such cases, our findings may reflect differences
associated not with the biology of the viral subtype but with a con-
founding variable. Nevertheless, such differences would represent
consequences of the environment of the virus in the broad sense.

The third caveat is associated with phylogenetic interpreta-
tion of differences we detect. Although we believe that our results
reflect true differences between subtypes, strictly speaking, we
found amino acids with variable fitness between phylogenetic
neighborhoods of particular strains that we take to estimate test
statistic d, not between the subtypes themselves (see ‘Methods’
section). Theoretically, shifts in amino acid preferences may occur
inside a subtype, especially in some HIV-1 subtypes that are
known to be genetically subdivided (Désiré et al. 2018). Ironi-
cally, there are relatively few sequenced samples of these sub-
types in our data. But when we applied the d-test to two dis-
tinct strains from subtype B, which is the most prevalent in our
dataset (51per cent of sequences), we have found no amino
acids that change fitness between the phylogenetic neighborhoods
of them.

Overall, our results were not explained by adaptation (mal-
adaptation) to HLA in proximal (distal) subtypes. We used infor-
mation about the adaptation of Gag amino acids to HLA alleles
from associative studies. These studies had been performed on
empirical data from particular human populations, and even sig-
nificant associations that had been found may not be reflected
in our phylogenetic tree which was built based on the global
data. Moreover, some variable fitness amino acids were marked as
‘adapted’ to one HLA allele while ‘non-adapted’ to the other in the
same subtype, suggesting that the global influence of an amino
acid variant in Gag epitope on the effectiveness of host immune
response may be complex.

Evidence of the role of host HLA alleles for HIV-1 within-host
evolution are numerous, and there are also many suggestions
about their importance in global HIV evolution (Matthews et al.
2009; Goulder and Walker 2012; Klgverpris, Leslie, and Goul-
der 2016). However, genome-wide association studies were able
to describe less than 23per cent of variation in viral load by
host genetic polymorphisms (Carrington and Walker 2012), leav-
ing room for a potential role of viral genetics. Moreover, the
importance of HLA alleles in disease outcome and viral evolution
may differ between host populations due to different availability

of antiretroviral therapies (Klgverpris, Leslie, and Goulder 2016).
Therefore, shifts in amino acid preferences that we have found in
HLA epitopes may easily be associated with selection pressures
other than HLA binding.

Antiretroviral therapies can also contribute to differences in
selective constraints between subtypes. Subtypes can have differ-
ent constraints in acquiring drug resistance (Soares et al. 2007).
Moreover, epistasis may play an important role in the evolution
of such sites as it was shown that the mutational landscape of
sites involved in drug resistance cannot be explained by a site-
independent model (Biswas, Haldane, and Levy 2022). Two of
the 130 variable fitness amino acids, V437 and L497, were previ-
ously shown to originate in response to treatment with protease
inhibitors (PIs) and to contribute to PI resistance (Myint et al. 2004).
Variable fitness amino acid L in site 497 is proximal to subtype A
where its prevalence is 33 per cent, and distal to subtypes B, D,
and F where it does not exceed 1per cent. Therefore, variability
in preference of L497 in viral subtypes might be caused by differ-
ences in treatment strategies among countries or by differences
in genomic context, but this question needs further research.

We also considered the relationship between changes in amino
acid preferences and action of positive selection by identifying
sites that are under positive selection at least in one of the six
subtypes. Forty-sixper cent of variable fitness sites experienced
positive selection, and 71 per cent of positively selected sites were
also variable fitness sites. Thus, positive selection and changes of
amino acid preferences are likely to be associated in Gag sites.
In addition, nearly half of variable fitness amino acids experi-
enced directional selection in proximal, but notin distal, subtypes.
Meanwhile, many variable fitness amino acids did not show evi-
dence of directional selection in proximal subtypes. Thus, consid-
ering both fitness variability and action of positive selection can
help in distinguishing between several scenarios of evolution of a
protein site.

In making conclusions about one viral subtype on a base of
other subtypes, it is important to take into account that amino
acid preferences in some sites can differ between subtypes. Such
variability can be caused by genetic divergence as well as by envi-
ronmental differences between subtypes (such as treatment and
common immune alleles in host populations). Our approach can
divide protein sites into variable fitness sites and constant fitness
sites (Fig. 1). We expect constant sites to behave more similarly
in different subtypes, for example, in response to drugs, while
variable sites are more likely to respond differently to the same
treatment.

There are other methods that may help to find variability
of amino acid preferences in protein sites, both experimen-
tal (Da Silva et al. 2010; Fowler and Fields 2014) and analyti-
cal (Tamuri et al. 2009; Kryazhimskiy et al. 2011; Louie et al.
2018; Laine, Karami, and Carbone 2019; Bloom and Neher 2023).
All these methods have their own advantages and disadvan-
tages, and it is important to study viral proteins with several
approaches simultaneously to make the most complete picture
of their fitness landscapes which may help find effective antiviral
treatments.

Materials and methods

Data

We downloaded 3,596 gag DNA sequences belonging to nine sub-
types of HIV-1 from the Los Alamos HIV sequence database
(Kuiken, Korber, and Shafer 2003) (http://www.hiv.lanl.gov/
context/index, accessed 17 January 2023) using the following


http://www.hiv.lanl.gov/context/index
http://www.hiv.lanl.gov/context/index

Table 1. Prevalence of HIV-1 subtypes in the dataset.

Subtype Number of strains Focal strain

A 303 A1.KE.95.clone_936.GQ430800

B 1710 B.US.86.AD87_ADA.AF004394

C 1104 C.BR.04.04BR038.AY727524

D 91 D.CD.85.2276_72_CDC_Z34.M22639
F 53 F1.ES.11.VA0053_nfl.KJ883138

G 68 G.NG.10.10NG020134.KX389619

settings: alignment type =filtered web, organism =HIV-1/SIVcpz,
region=GAG, subtype=M group without recombinants, year:
2018. We discarded sequences with lengths not divisible by three
and internal stop codons, as well as sequences from subtypes H,
J, and K, because these subtypes were represented by only four-
teen sequences in sum. This left us with 2,388 sequences from
six subtypes (Table 1). We translated them using standard genetic
code and obtained amino acid alignments and codon-informed
nucleotide sequence alignments using Pal2Nal (Suyama et al.
2006) and Mafft (Katoh 2002). Sites with more than 1per cent of
gaps were excluded from the analysis, after that 432 of 500 Gag
sites remained. We used HXB2 site numbering throughout the
paper.

Using nucleotide alignments, we built a maximum likeli-
hood phylogenetic tree using RAXML (version 8.0.0) under the
GTRGAMMA model (Stamatakis 2014). The tree was rooted accord-
ing to Bletsa et al. (2019). We then optimized branch lengths on the
basis of the amino acid alignment under the PROTGAMMAGTR
model and reconstructed ancestral states with codeml program
of the PAML package (version 4.6) (Yang 2007). The analysis was
performed on amino acid alighments.

Functional regions were defined as annotated in UniProt (entry
P04591) (The UniProt Consortium 2019)

We have determined the structural class for each such site
with respect toits position in the Gag three-dimensional structure
using StructMAn (Gress et al. 2016).

Detecting variable fitness amino acids

To find amino acids in the Gag protein that change their fitness
between any two of six HIV-1 subtypes A, B, C, D, F, G, we applied
our previously developed method called ‘d-test’ (Klink, Kalinina,
and Bazykin 2022). The test is based on computing for each amino
acid A the so-called d-statistic and comparing it with the expec-
tation. The d-statistic is the mean phylogenetic distance dfrom
the focal point on a phylogenetic tree to every substitution to A.
The expected distribution of d is calculated individually for each
amino acid A accounting for ancestral amino acids. If d is signifi-
cantly smaller than it is expected, we call amino acid A ‘proximal’
for the focal point, and if it is larger than expected, we call it
‘distal’. If amino acid A is proximal for one focal point and dis-
tal for the other one, it is considered to have higher fitness in the
phylogenetic vicinity of the first than of the second point on the
phylogeny.

We randomly designated one strain in each of the six subtypes
as ‘focal’ (Table 1). For each amino acid in every site, for each focal
strain we tested a hypothesis that the mean phylogenetic distance
d between substitutions to this amino acid and the focal strain is
smaller than that expected from the overall phylogenetic distribu-
tion of substitutions from the same ancestral amino acids at this
site, using significance threshold of 0.01.
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Identifying sites under positive selection

Sites of Gag were tested for positive selection using the codeml
program of the PAML package (version 4.6) with site model (Yang
2007). We separately analyzed subtypes A, B, C, D, F, and G, using
corresponding subtrees of the initial phylogenetic tree. The pres-
ence of positive selection was tested by comparison of models M7
and M8 with the likelihood ratio test. Probabilities that positive
selection acts at each site were calculated by BEB (Bayes Empirical
Bayes) method as implemented in codeml.

For finding evidence of directional selection, FADE option of
the command line version of HyPhy (release 2.5.11) was used with
default parameters (Pond, Frost, and Muse 2005). Subtrees for each
subtype were analyzed separately.

Visualization

Plots were made with R language (version 4.0.3) (R Core Team
2020), using basic R and package ‘ggpubr’ (Kassambara 2020). Phy-
logenetic trees were visualized with Python package ete3 (Huerta-
Cepas, Serra, and Bork 2016).

Data availability

The data underlying this article are available in the article and in
its Online Supplementary Material.
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Supplementary data are available at VEVOLU online.
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