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HIV-1 subtype C (HIV-1C) may duplicate longer amino acid
stretches in the p6 Gag protein, leading to the creation of an
additional Pro–Thr/Ser–Ala–Pro (PTAP) motif necessary for
viral packaging. However, the biological significance of a dupli-
cation of the PTAP motif for HIV-1 replication and pathogene-
sis has not been experimentally validated. In a longitudinal
study of two different clinical cohorts of select HIV-1 seroposi-
tive, drug-naive individuals from India, we found that 8 of 50 of
these individuals harbored a mixed infection of viral strains dis-
cordant for the PTAP duplication. Conventional and next-gen-
eration sequencing of six primary viral quasispecies at multiple
time points disclosed that in a mixed infection, the viral strains
containing the PTAP duplication dominated the infection. The
dominance of the double-PTAP viral strains over a genetically
similar single-PTAP viral clone was confirmed in viral prolifer-
ation and pairwise competition assays. Of note, in the proximity
ligation assay, double-PTAP Gag proteins exhibited a signifi-
cantly enhanced interaction with the host protein tumor suscep-
tibility gene 101 (Tsg101). Moreover, Tsg101 overexpression
resulted in a biphasic effect on HIV-1C proliferation, an
enhanced effect at low concentration and an inhibitory effect
only at higher concentrations, unlike a uniformly inhibitory
effect on subtype B strains. In summary, our results indicate that
the duplication of the PTAP motif in the p6 Gag protein
enhances the replication fitness of HIV-1C by engaging the

Tsg101 host protein with a higher affinity. Our results have
implications for HIV-1 pathogenesis, especially of HIV-1C.

Of the various genetic subtypes of HIV-1, subtype C (HIV-
1C) is responsible for approximately half of all global infections
(1). In HIV-1, subtype-specific sequence variations have been
identified in the viral regulatory elements, including the LTR6

(2, 3), TATA box, TAR (4), PBS (5), splice junctions (6), and
in the various other cryptic elements (7, 8). Additionally, sub-
type-specific sequence motifs have been mapped to viral regu-
latory (9 –11), structural (12), and accessory proteins (13, 14).
Sequence variations in the viral genome can influence viral bio-
logical properties that in turn may influence differences in the
prevalence of the viral subtypes. One such genetic variation has
been observed in HIV-1 p6 Gag consisting of the amino acid
sequence duplication of the Pro–Thr/Ser–Ala–Pro motif,
referred to as the PTAP motif (15).

HIV-1 Gag is synthesized as a polyprotein of 55 kDa and is
processed by the viral protease into several different proteins,
including the matrix (p17), capsid (p24), nucleocapsid (NC, p7),
and p6 Gag as well as two spacer peptides SP1 and SP2 (16). The
Gag proteins collectively play an important role in viral replica-
tion by regulating viral assembly, budding, and maturation of
the virions (17). The matrix protein p17 regulates the traffick-
ing of Gag to the plasma membrane and viral assembly (18, 19).
The capsid protein p24 forms the structural core of the virion
during viral maturation. The NC catalyzes Gag multimeriza-
tion, regulates Gag trafficking by interacting with various host
factors (18, 20, 21), and recruits the viral genomic RNA to the
viral particle. The NC by associating with SP2 and p6 recruits
Alix, an important member of the host endosomal sorting com-
plex required for transport (ESCRT), thereby regulating viral
budding (22). p6, the smallest domain of Gag, plays a major role
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in viral budding by recruiting the ESCRT machinery by inter-
acting with the host factor tumor susceptibility gene 101
(Tsg101) via the PTAP motif. The C-terminal region of p6, the
most polymorphic region of Gag, is translated in two different
reading frames: the in-frame Gag p6 and the �1 frame-shifted
Gag-Pol p6*. Two major functions are ascribed to p6 Gag, the
recruitment of the ESCRT machinery for viral particle forma-
tion (23) and the incorporation of Vpr into the viral particles
(24, 25).

HIV-1 p6 contains two distinct late assembly (L) domains
that regulate budding of the assembled virions at the cell sur-
face. The L-domains function as docking sites for the compo-
nents of ESCRT. The L-domain activity of HIV-1 p6 is mainly
mediated through the PTAP motif that recruits Tsg101 to the
site of viral assembly (26 –29). The depletion of Tsg101 using
siRNA (27) or overexpression of the N-terminal domain of
Tsg101 leads to the inhibition of virion release (30). The pres-
ence of Tsg101 in the released viral particles has been demon-
strated using scanning EM (31) and super-resolution imaging
(32). The second L-domain function is mediated through the
36YPLASL41 sequence of p6, consisting of a cryptic YPXnL-type
L-domain, representing a binding site for AIP1/Alix (ALG-2
interacting protein 1/X, Alix) (33). Alix is believed to play a
supplementary role in viral budding, and its function may not
be as critical as that of Tsg101 (34). Alix, however, can facilitate
viral budding in the absence of Tsg101 (35).

Amino acid sequence insertion in different regions of Gag
has been extensively examined in subtype B (HIV-1B) especially
following the administration of anti-retroviral therapy (ART)
(36, 37). Of the various Gag amino acid polymorphisms,
sequence insertion in p6 Gag, especially in the PTAP motif, is of
interest because such modifications have been proposed to
modulate viral replication (37–40) and resistance to RT inhib-
itors (41, 42). The sequence duplication in the PTAP domain
may be divided into two categories based on whether or not the
core PTAP motif (consisting of the four amino acids proline,
threonine, alanine, and proline) is fully duplicated. Based on
this classification, a large number of sequence insertions in
HIV-1B are characterized by only a partial sequence duplica-
tion that does not lead to the creation of an additional PTAP
motif. In HIV-1B, although a large number of the sequence
insertions lead to the duplication of a 3-amino acid stretch
“APP” in p6 Gag and “SPT” in p6 Gag-Pol, only a small fraction
of the sequence insertions constitute a complete duplication of
the PTAP core motif and the flanking residues (43).

Several studies attempted to understand the biological signif-
icance of the PTAP sequence insertion primarily in the context
of HIV-1B. The inferences drawn from the studies are con-
flicting and nonconclusive. Although some studies reported
enhanced viral transmission or increased drug resistance due to
PTAP sequence modification, other reports failed to find such
advantages. The viral strains containing PTAP duplication
transmitted more efficiently from ART-treated mothers to
their infants suggesting preferential vertical transmission (44).
A positive correlation was found between nucleoside-based
ART and PTAP duplication in HIV-1B infection (45–48). Infec-
tious clones of subtype B containing a 3-amino acid duplication
(APP) in the PTAP motif demonstrated reduced processing of

p6 (49). The proposed association between the nature of the
amino acid sequence insertion in the PTAP motif and the
administration of ART was questioned (43). Furthermore, a few
studies failed to find a significant difference in the frequency of
the PTAP insertion between ART-naive and drug-exposed
arms in subtype B (36). Collectively, the biological significance
of the PTAP motif sequence modification in subtype B, where
this phenomenon has been examined extensively, remains
nonconclusive.

In the backdrop of continued ambiguity surrounding the
PTAP sequence modification and the biological significance in
HIV-1B, the examination of the phenomenon in HIV-1C could
offer a few technical advantages. Importantly, the nature and
frequency of PTAP sequence duplication of HIV-1C differ pro-
foundly from that of HIV-1B. Unlike in HIV-1B where the
sequence insertions mostly cause only a partial duplication of
PTAP, sequence insertions in HIV-1C p6 Gag more commonly
lead to complete duplication of the core PTAP motif and the
flanking amino acid sequences (50). A publication from Brazil
examined PTAP duplication in a clinical cohort of drug-naive
and drug-experienced arms representing HIV-1 infection of
three different subtypes B, C, and F (15). This study identified a
remarkably higher frequency of PTAP duplication in subtype C
as compared with the other two subtypes in both the arms of the
study. An analysis of the Gag sequences from the extant data-
bases showed that unlike in other subtypes of HIV-1, subtype C
has a natural propensity to generate the PTAP motif duplica-
tion at a significantly higher frequency and of greater length
(Fig. 3). Additionally, the global prevalence of PTAP duplica-
tion in HIV-1C increased progressively over the past 30 years
(50). Furthermore, sequence insertions of a greater length,
especially in drug-naive subjects of HIV-1C, need a more logical
and broader explanation. Martins et al. (15) examined the effect
of PTAP duplication on the engineered clones of HIV-1B and
concluded that PTAP duplication reverses Gag processing
defects imposed by protease inhibitor-resistance mutations
without affecting viral budding or proliferation. Of note, the
proposed gain-of-advantage due to PTAP duplication in drug
resistance could be different in HIV-1C, as indeed a large pro-
portion of primary viral isolates acquire a complete PTAP core
motif duplication in the absence of ART administration (15).
The primary objective of this work was to address the impor-
tance of longer sequence insertion in p6 Gag that creates an
additional PTAP motif in HIV-1C. The paucity of studies exam-
ining the biological significance of a higher frequency of inser-
tions in the p6 Gag of HIV-1C further added to our interest in
this study.

In a longitudinal follow-up study of 3 years (2010 –2013) of
65 HIV-1 seropositive subjects, we observed eight of 50 ampli-
fied viral sequences (16%) to contain a complete PTAP motif
duplication. Using a range of experimental strategies, we
demonstrate that PTAP duplication confers a profound rep-
lication advantage on the viral strains. We show further that
HIV-1C Gag, as compared with that of HIV-1B, differs in the
manner in which the cell endosome sorting machinery is
exploited.

PTAP duplication in HIV-1C Gag
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Results

HIV-1 strains containing the PTAP duplication dominate the
viral quasispecies in vivo

In a longitudinal study of two different chronic-phase clinical
cohorts of Southern India, and the acute-phase CAPRISA clin-
ical cohort of South Africa (51, 52), we previously reported
sequence insertions of variable length in HIV-1C p6 Gag (50).
The clinical profile of the eight study subjects, including their
HLA profile, has been summarized (Table 1). The sequence
insertion generated an additional PTAP motif in p6 Gag. The
PTAP motif duplication was found in eight of the 50 subjects by
conventional PCR. In two of the eight subjects (2018 and T014),
the coexistence of the wildtype (WT, viral strains containing a
single-PTAP motif) with the variant type (VT, double-PTAP
strains) viral strains was detected. The conventional Sanger
sequencing of the PCR products, however, is limited by the
inability to detect minority viral variants at a prevalence of 20%
or low (53). To this end, we applied the plasmid clone sequenc-
ing strategy to three additional samples (T004, 2012, and 2032).
The viral strains in all the three subjects contained a 14-amino
acid residue PTAP duplication and showed the presence of the
WT strains only sporadically by the conventional PCR sequenc-
ing strategy.

The full-length gag sequences (coordinates 790 –2292 as in
HXB2) of viral strains derived from the three subjects, all of
whom contained a 14-residue PTAP motif duplication, were
amplified from the plasma viral RNA at several follow-up time
points (M0, M6, M12, and M18 of T004; M6 of 2012; and M0
and M6 of 2032). The PCR product was cloned into Topo TA
vector, and the p6 gag gene segment of 20 –30 individual plas-
mid clones for each time point was sequenced using the con-
ventional Sanger sequencing strategy. The plasmid clone
sequencing strategy detected the presence of the double-PTAP
variants at most of the time points in all three subjects (Figs. S1
and S2). Importantly, the single-PTAP viral strains were either
absent or found to be only a minor component in the quasispe-
cies alluding to the intrinsic domination of the double-PTAP
viral variants in vivo. In other words, when the viral variants
discordant for the PTAP motif duplication coexist in a subject,
the double-PTAP viral variants appear to have a replication
advantage under the natural conditions. Additionally, the 14
residues of the original and the duplicated PTAP motifs of the
viral variants derived from T004 varied considerably from one
another and from the subtype C consensus sequence at all the

time points. Collectively, the data alluded to a large magnitude
of sequence variations within the PTAP motif duplication, the
rapidly changing profile of the major viral variants at different
time points, and the domination of the double-PTAP contain-
ing viral strains in vivo. Although the conventional sequencing
strategy appears to have identified the most dominant viral
variants in the plasma viral RNA and genomic DNA, this exper-
imental method is clearly insufficient to represent the gigantic
viral diversity present in vivo. We therefore used the strategy of
the next-generation sequencing to characterize the nature of
the viral quasispecies in six of eight study subjects who provided
samples at multiple follow-up time points.

NGS analysis confirms the in vivo domination of the
double-PTAP viral strains

The next-generation sequencing was applied to plasma viral
RNA and blood genomic DNA collected from each subject at
three to six follow-up time points spaced at 6-month intervals
over a period of 2–3 years representing the chronic phase of the
viral infection. Two independent rounds of NGS were per-
formed with minor technical variations. NGS-1 and NGS-2
used gag PCR fragments of an �1.5-kb (coordinates 790 –2292
as in HXB2) and 2.2-kb (625–2836 as in HXB2) size, respec-
tively, spanning the entire gag region. Additionally, in NGS-2, a
549-bp fragment (1859 –2408 as per HXB2) focusing primarily
on p6 gag was also subjected to sequencing (Fig. S3, A and B).
The mean coverage, the number of sequences that represent
each nucleotide after mapping to a reference sequence, varied
between the samples and across the length of gag. For instance
in NGS-1, the average number of sequence reads obtained per
sample was 814,970 with a minimum 30� depth of coverage.
The quality of more than 90% of assembled sequences was high
(Phred quality score �Q30 or p � 0.001). The NGS data anal-
ysis was performed using a custom pipeline (see computational
workflow, Fig. S3C).

The results of the NGS analysis performed using the three
different PCR fragments were consistent with one another and
broadly comparable with the observations of the conventional
sequencing strategy described above. Many important infer-
ences could be drawn from the analysis. First, in all six subjects,
at all the time points, and in both the DNA and RNA compart-
ments, the single- and double-PTAP viral strains coexisted.
Second, in nearly all the samples examined, with the exception
of one or two time points, the double-PTAP viral strains dem-

Table 1
The clinical profile of the eight study subjects containing a PTAP motif duplication
M indicates the month of sample collection at a 6-month interval from baseline M0. - indicates information is not available. PVL indicates plasma viral load (number of RNA
copies/ml).

Subject ID Age/gender Enrollment date
PVL CD4 (cells/�l) HLA profile

M0 M6 M12 M0 M6 M12 M18 M24 HLA-A HLA-B HLA-C

T004 29/Female 12/16/2010 33,784 36,627 112,577 553 442 508 359 321 0201 2402 5101 4006 0602 1503
2012 28/Female 1/20/2011 6,070 - - 1,087 1,214 946 - 1,187 2402 2402 4402 4402 0701 0701
2018 35/Female 1/24/2011 6,493 - - 825 884 - - - 2402 2402 1341 4006 0602 1502
2020 38/Male 2/25/2011 70,025 - - 570 475 484 - 422 0101 0211 3501 5701 0602 1510
2032 45/Male 8/9/2011 9,468 - - 671 664 699 539 542 0101 02 0705 5701 0602 0701
2037 29/Male 8/9/2011 1,505 - - 732 612 554 470 549 1101 3301 5201 5201 1202 1202
T014a 35/Female 2/25/2011 2,888 4,578 - 553 484 376 436 425 1101 3301 2701 5801 0202 0302
2006b 46/Female 9/26/2011 662 - - 659 - - 580 563 0101 2402 3901 5701 - -

a In subject T014, PTAP duplication was found only at M24, not used in the subsequent analyses.
b Sample from subject 2006 was available only at baseline.
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onstrated a near-absolute domination over the single-PTAP
strains. For example, in the NGS-1 of plasma viral RNA, at M0
for the subject T004, the double-PTAP strains constituted as
high as 99.1% of the total reads, whereas the single-PTAP
strains constituted only 0.9% (Fig. 1). In this subject, only at
M12 and M18, a significant proportion of single-PTAP strains
were observed, whereas the rest of the reads represented the
double-PTAP strains. This observation was consistent with the
NGS analysis of the genomic DNA compartment (Fig. 1, bottom
panel). Finally, the domination of the double-PTAP viruses over
single-PTAP strains was evident in all the five other subjects in
both the RNA and DNA compartments (Fig. S4). Thus, in natural
infection, the double-PTAP viruses appear to outcompete the sin-
gle-PTAP strains in a profound and consistent fashion.

Only a small number of PTAP variant forms dominate the viral
quasispecies

Furthermore, each independent bar in the above presenta-
tion represented a pool of multiple viral strains collectively
making up the single- or double-PTAP viral variant population.

We performed an extended analysis to understand the molec-
ular nature of the dominant variant viral strains, constituting
the quasispecies at each time point, and to examine how this
profile changed with time. Of note, the viral variants were
defined only in the context of the PTAP core motif and the
flanking sequences of both the original and the duplicated
motifs. The relative proportion of all the reads representing a
specific genetic variant at a time point was determined. The
reads in a sample present at 1% or above were considered as
major genetic variants and are presented in a �-format. All the
other reads found at less than 1% were pooled into a single
group and labeled as the “minority variants” (MV). First, the
analysis identified multiple variant forms in both the single-
and double-PTAP motifs in all the subjects. In the double-
PTAP compartment, only a small number of genetic variants,
often less than 10, represented the dominant variants overall;
and usually, one to six of these dominant variants constituted
the bulk of the viral quasispecies at any given time point (Fig. 2
and Fig. S5). For instance, in subject T004, at M0, 70% of the
total cDNA reads of NGS-1 were represented by only two viral
variants V1 and V2, both of them containing a PTAP duplica-
tion. These two major variant forms differ from each other in a
single residue in the original PTAP motif consisting of 14 amino
acid residues and in three residues in the duplicated motif
(Table 2). The remainder of the 30% of the reads was collec-
tively represented by numerous minority viral variant strains,
with each variant individually contributing to the viral qua-
sispecies by less than 1% of the total reads. Second, the profile of
the dominant double-PTAP variants was highly dynamic and
changed rapidly between the subsequent points spaced 6
months apart. Typically, a double-PTAP form dominant at one
time point may disappear at the subsequent point or may be
found on the verge of disappearing. Third, when the major var-
iant forms dominant at one time point disappear at the subse-
quent time point, other variant forms emerge from the minority
compartment and occupy this space to become the dominant
forms. Variants V3 and V4 become the dominant forms at M6
of NGS-1 in the plasma viral RNA as V1 and V2 have disap-
peared at this time point. Importantly, V1 and V2 could be still
seen in the proviral DNA at M6 (26 and 10%, respectively) and
as components of the minority variants (0.0099 and 0.07%,
respectively) in the plasma viral RNA. Finally, some of the var-
iant forms that disappeared at one time point may make a reap-
pearance at a later time point to become a dominant form again.
For instance, in the NGS-1 of plasma viral RNA for the subject
T004, the most dominant viral variant V1 (sequence as mentioned
in Fig. S1) with 52% representation at M0 was absent at M6 with
�1% prevalence. Interestingly, the same viral variant reappeared
at M12 with 35% prevalence but was further reduced to 5% prev-
alence at M18 and finally to 1% at M24 (Table 2).

The phenomenon of dynamic appearance, disappearance,
and reappearance of the PTAP variant forms was broadly con-
sistent between NGS-1 and NGS-2 and was represented among
all five subjects at most of the time points and in both plasma
viral RNA and genomic DNA compartments (Figs. S4 and S5).
The phenomenon was not unique to the double-PTAP viral
strains but also was manifested by the single-PTAP strains as
was evident with the viral strains of subject 2018 (Fig. S5C).

Figure 1. Domination of double-PTAP viral strains in subject T004 in
NGS. Two independent rounds of NGS were performed using only plasma
viral RNA (NGS-1) and both plasma viral RNA and genomic DNA extracted
from peripheral blood (NGS-2). Whereas M0 represents the baseline at which
the first sample was collected from the subject, other samples were collected
at follow-up times spaced 6 months apart. The dark bars represent the per-
cent prevalence of the double-PTAP forms of the viral quasispecies, and the
gray bars represent the WT forms containing a single PTAP motif.
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Thus, from the present analysis, it appears that HIV-1 estab-
lishes a reservoir of a large number of variant viral strains soon
after infection, most likely during the acute phase. Subse-
quently, some of the variant viral strains become dominant
forms at a specific time point. These dominant viral forms may
enjoy a superior replication advantage within the viral qua-
sispecies and may represent the immune escape mutants dodg-
ing the immune response (see under “Discussion”).

PTAP motif duplication of only seven amino acids is the most
abundant form in HIV-1C

Of note, it is evident from the NGS analysis (Figs. 1 and 2)
that regardless of the differences in the length of the sequence

duplication, the double-PTAP viral strains can establish an
absolute domination over the single-PTAP strains in a mixed
infection. Three of the six study subjects (T004, 2012, and 2032)
contained a PTAP duplication of 14 residues, whereas subjects
2018, 2020, and 2037 contained a duplication of 12, 11, and 9
residues, respectively (Fig. S4). This observation raised a ques-
tion as to the smallest length of PTAP duplication necessary to
confer replication fitness advantage on HIV-1C. Because we did
not have a sufficient number of gag sequences containing PTAP
duplication in our cohort, we analyzed the gag sequences
belonging to HIV-1 subtypes B and C downloaded from the
LANL HIV sequence database (accessed June, 2017). A total of
3,895 and 1,879 full-length gag sequences of subtypes B and C,

Figure 2. Rapidly changing profile of the double-PTAP forms in subject T004. Each pie chart represents the profile of the PTAP variant forms in the sample
at a specific time point. Each slice in a pie chart represents a specific variant at a prevalence of 1% or above the total reads. All the viral variant forms present
below 1% prevalence were pooled as the minority variants (MV). NGS-1 and NGS-2 analyses were performed using the plasma viral RNA alone or plasma viral
RNA as well as the genomic DNA, respectively. The variant V5 represents the WT-like viral strains that contain a single-PTAP motif. See Table 2 for the sequence
information of each of the major viral variants V1–V8.

Table 2
The percent prevalence of the different viral variant forms of subject T004 at the follow-up time points in the NGS analysis
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respectively, were available for the analysis of which 548 and
505 sequences, respectively, contained PTAP sequence dupli-
cations. The sequences of other viral subtypes were not
included in the analysis as sufficient numbers representing
these subtypes were not available. The number of gag sequences
containing a sequence insertion in the PTAP motif was plotted
as a function of the duplication length ranging from 3 to 18
residues (Fig. 3). In the absence of other confounding factors
and provided the database sequences represent a normal distri-
bution, the abundance of the PTAP sequence duplications is
likely to represent the in vivo replication fitness of the viral
strains. Important differences are evident between subtypes B
and C (Fig. 3). In subtype B, the insertion of a three-amino acid
motif “APP” is the most predominant variation representing
57.7% (316 of 548) of all the sequences. Importantly, this is the
only type of sequence insertion, among all, that fails to create a
new PTAP motif in HIV-1B. In contrast, the sequence insertion

of this type that fails to duplicate the core PTAP motif is rare in
HIV-1C representing only 3.8% (19 of 505) of the sequences.
The second most abundant sequence duplication in HIV-1B
(21.4%, 117 of 548) leading to the creation of a new PTAP motif
consists of six amino acid residues with an additional amino
acid on each side flanking the core motif (EPTAPP). In HIV-1C,
in contrast, the duplication of a seven-amino acid sequence is
the most abundant insertion (EPTAPPA, 32.3%, 163 of 505)
followed by that of six amino acids (EPTAPP, 27.5%, 139 of
505). A seven-amino acid sequence duplication is quite uncom-
mon in HIV-1B (only 3.8%). Although sequences duplications
consisting of a larger number of amino acid residues are found
in HIV-1C, they represent only a small proportion. The
sequence analysis thus identified an important difference in the
nature of PTAP duplication between subtypes B and C. In HIV-
1C, unlike in HIV-1B, a large majority of the sequence inser-
tions in the PTAP motif leads to the creation of a complete

Figure 3. Comparative analysis of the length and frequency association in the PTAP motif of subtypes B and C. Full-length Gag protein sequences
belonging to the HIV-1 subtypes B and C were downloaded from the HIV LANL sequence database (accessed in June, 2017). One sequence per patient was
selected for the analysis. Of the 3,895 and 1,879 subtype B and subtype C sequences analyzed, 548 and 505 sequences, respectively, contained a sequence
insertion in the PTAP motif. The number of sequences containing an insertion is plotted against the length of duplication. The numbers and percentages of
sequences with a duplication of 3, 6, 7, 12, and 14 amino acids are depicted (inset). The percentage values represent the proportion of sequences containing
a PTAP duplication. The 21 amino acid windows consisting of the PTAP motif and representing the consensus sequences of subtypes B and C are presented
below. The original and duplicated amino acid sequences are indicated. The arrows indicate the length of the PTAP motif and the flanking amino acids and the
direction of reverse transcription. The duplicated amino acid residues are highlighted in bold. The core PTAP motifs are underlined.
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and additional PTAP motif of variable length of which
sequence duplications of seven and six amino acids are the
most abundant.

Variant shuffling is not associated with CD8 T-cell response
targeting the predicted epitopes in the p6 pol region

The restriction on the preferred length of PTAP duplication
being seven or six amino acids is suggestive of a possible
immune evasion in HIV-1C. Although 59.8% of subtype C gag
sequences contained the PTAP duplication of seven or six res-
idues, only 3.4% of the sequences contained a PTAP duplication
of eight residues and a total of 30.3% of HIV-1C sequences
contained a PTAP duplication of eight residues or longer. The
duplication of an immunodominant CTL epitope could attract
a stronger immune response. Because a typical CTL epitope is
made up of 8 –10 residues (54), the duplication of seven or six
amino acids is less likely to create an additional epitope, thus
minimizing the risk of an augmented immune response. Impor-
tantly, the duplication of a seven- or six-amino acid motif can
create an additional core PTAP motif, thus taking full advan-
tage of enhanced interaction with the cellular factors mediated
through the PTAP motif. This work provides compelling evi-
dence that the ideal length of the PTAP duplication in HIV-1C
consists of the four amino acids constituting the core motif
flanked by one residue upstream and two downstream
(EPTAPPA). Of note, in all the subjects of the present analysis,
the viral strains contained a duplication of PTAP sequence
larger than seven amino acids (Fig. S4).

Additionally, the NGS analysis and the observed dynamic
shuffling of the PTAP variant viral species (Fig. 2) alluded to the
involvement of a host restriction mechanism characterized by
memory recall. Using on-line prediction tools, we identified a
nine-amino acid epitope (AL9, ANSPTSREL, composed of the
NL8 epitope with a single residue change) restricted by HLA-
C*0602 in p6 pol. Of note, no potential epitope in p6 Gag was
identified. Cao et al. (55) previously demonstrated the presence
of an NL8 epitope (NL8, NSPTRREL) in p6 pol of HIV-1B
restricted by HLA-C*0102 and the destruction of the epitope by
the insertion of the APP sequence in the PTAP domain. The
ANN and SMM methods of the IEDB tool predicted the AL9
epitope with a percentile rank of 2.6 and with a high-affinity
binding of 286 nM. Importantly, the HLA-C*0602 allele was
found (Table 1) in four of the study subjects (T004, 2018, 2020,
and 2032), and in all these subjects, a higher magnitude of var-
iant shuffling was evident (Figs. 2 and 4 and Figs. S5 and S6). In
contrast, subject 2037 lacked the HLA-C*0602 allele, and only
one PTAP variant prevailed across all the time points examined
(Figs. S5 and S6).

In this backdrop, we asked whether immune recognition of
an epitope in the original and/or the duplicated sequences of p6
pol could explain the dynamic shuffling of the PTAP variants in
our subjects. As a first step, using the NGS sequence data, we
determined the sequence variants within p6 pol of the four
study subjects (T004, 2020, 2032, and 2037). Although subjects
T004 and 2032 contained a PTAP duplication of 14 amino acids
each, subjects 2020 and 2037 contained a duplication of 11 and
9 residues, respectively, with the core PTAP motif being intact
in all the sequences. The viral variants were designated in the

context of the nine-amino acid residues constituting the pre-
dicted AL9 epitope in the original as well as the duplicated
regions. Similar to that of p6 Gag, the variant profile in p6 pol
consisted of several genetic variant strains with only a handful
of the variants dominating at a specific time point, and a large
majority of the variants were hidden as minority strains (Fig. 4A
and Fig. S6). For instance, in subject T004, variant V1 was the
most abundant one at M0 (50% of total reads); the variant
receded into the minority population (0.01%) at M6 and reap-
peared with a prevalence of 26% at M12. Other variant forms of
this subject and those of the other subjects also demonstrated
frequency fluctuations at different time points in a similar fash-
ion (Fig. 4A, Fig. S6, and Table 3).

Using frozen PBMC of the study subjects collected at differ-
ent time points, and synthetic peptides representing dominant
epitopes of pol p6 at the corresponding time points (Fig. S7A,
inset table), we evaluated cytokine secretion of the CD8 T-cells,
CD107a degranulation (a surrogate marker for cell-killing
activity), and CD8 T-cell proliferation. A direct association
between a variant peptide and immune response is expected to
lead to the disappearance of the corresponding viral variant.
We used four peptides dominant at months 0 and 12 in subject
T004 (ADSPTNGEL, original epitope of V1; ANSPTSREL,
duplicated epitope of V1; ANSSASGEL, original epitope of V2
and V3; and ADSPTSREP, duplicated epitope of V3, Fig. S7A,
inset table) in the assay and examined CD8 T-cell immune
response using PBMC collected at these two time points. In all
three assays, the DMSO negative control demonstrated a min-
imal immune response, and a pool of peptides spanning the p24
region of consensus subtype C Gag protein generated highly
induced immune responses confirming the quality of the cells
and the assay parameters (Fig. 4B). Importantly, we failed to
detect any immune response above the background levels
against any of the four variant peptides at either of the time
points (Fig. 4, B–D). For instance in the IFN-� secretion and
CD107a degranulation assay, at M0, the percentage values of
the CD8 cells double-positive with the DMSO negative control
and p24 peptide pool were 0.011 � 0.004 and 3.24 � 0.15%,
respectively (Fig. 4B). These values following the peptide
stimulation were all comparable with that of the DMSO con-
trol: 0.008 � 0.002% (ADSPTNGEL), 0.006 � 0.002% (ANS-
PTSREL), 0.008 � 0.001% (ANSSASGEL), and 0.007 � 0.001%
(ADSPTSREP). The absence of a measurable immune response
was evident in this subject also at M12 (Fig. 4B). Likewise, in the
ELISPOT assay, the four peptides typically induced only less
than 50 IFN-�–secreting spot-forming units, comparable with
the DMSO control, whereas the p24 peptide pool induced over
3,000 spot-forming units per million PBMC (Fig. 4C). In the
T-cell proliferation assay, 0.39 � 0.007, 0.36 � 0.001, and
3.30 � 0.77% CD8 T-cells demonstrated CFSE dilution follow-
ing induction with DMSO, the ANSPTSREL peptide, and the
p24 peptide pool, respectively (Fig. 4D).

The peptides used in the above assays were all nine
amino acids long. The use of peptides of eight amino acids
(DSPTNGEL and NSPTSREL), similar to the previous study
(55), did not enhance the immune response (Fig. S7B) suggest-
ing that the length of the peptides was not a factor determining
the outcome of the assay. Importantly, we also used two addi-
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tional peptide pools, one spanning the p6 Gag region (HIV-1C
consensus) and the other the p6 pol region (HIV-1B consen-
sus), in the assay but failed to see any immune response in the
intracellular cytokine assay (Fig. S7B). The absence of an
immune response to either of the peptide pools spanning Gag
p6 and pol p6 is suggestive of the epitopes in either of these
Gag-Pol regions, including the PTAP peptides used in the
above assays being immunologically reactive. As in subject
T004, we failed to observe any level of immune response in the
other three subjects, 2020, 2032, and 2037. We used peptides
specific to the PTAP motifs of each of these subjects (Fig. S7).
The PBMC of each of these subjects demonstrated robust
responses when induced with the p24 peptide pool (Fig. S7A).
Collectively, the ICS, ELISPOT, and the T-cell proliferation
assays using the stored PBMC of four different subjects at two
different time points unequivocally demonstrated the absence
of a CD8 T-cell immune response targeting any epitope in the
p6 Gag or p6 pol region, including the PTAP domain. In sum-

mary, our data appear to rule out the possibility of the pressure
of the immune response underlying the shuffling of the PTAP
motif variants in our study subjects.

Double-PTAP viral clone outcompetes the single-PTAP viral
strain in a pairwise competition assay

The double-PTAP variant viral forms established an explicit
domination in vivo over the single-PTAP forms at all the time
points in nearly all the subjects examined in this study (Figs. 1
and 2 and Fig. S4). The NGS analysis limited only to the Gag
region of the viral strains ignored the genetic variations at the
other locations of the viral genome influencing the overall fit-
ness of the viral strains. Therefore, we constructed a panel of
three viral strains using the subtype C molecular clone Indie-C
to examine the influence of PTAP-duplication on viral replica-
tion fitness in a molecularly defined background (Fig. 5A, sche-
matic diagram). In Fig. 5A, although WT contained only a sin-
gle PTAP motif, the other two strains VT1 and VT2 contained

Figure 4. p6 pol peptide-specific CD8 T-cell immune responses in subject T004. A, each pie chart represents the profile of the p6 pol variant viral forms at
a specific time point. Each slice in a pie chart represents a specific variant at a prevalence of 1% or above of the total reads. All the viral variant forms present
below 1% prevalence were pooled as the minority variants (MV). NGS-1 and NGS-2 analyses performed using the plasma viral RNA are presented. See Table S2
for the sequences of the major variant viral forms. B, frequency of antigen-specific CD8 T-cell subsets double-positive for IFN-� secretion and CD107a
degranulation as measured using the ICS assay. Stored PBMCs derived from time points M0 and M12 were used in all the three immune assays. C, number of
IFN-� spot-forming units measured using the ELISPOT assay. D, percentage of CD8 T-cells showing a diluted CFSE staining. The dotted lines indicate the cutoff
value defined as three times the mean value of the DMSO control. The error bars represent the standard deviation from the mean of responses from three assay
replicates.
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two different PTAP motifs of 14 amino acids each representing
the dominant NGS forms V1 and V3, respectively, of subject
T004 RNA at M0 (Table 2). For simplicity, we refer to the sin-
gle- and double-PTAP viral strains as WT (WT-like) and VT,
respectively, throughout this work. The two VT strains were
compared independently with the WT strain for the prolifera-
tion profile and in a pairwise competition assay. Because the
viral strains are genetically identical in the rest of the viral back-
bone, any biological differences observed between the viral
strains can be ascribed to the presence of the PTAP motif dupli-
cation. Of note, in all of our study subjects, the core PTAP motif
consisting of seven amino acid residues (EPTAPPA) has been
highly conserved with amino acid variations seen only in the
flanking sequences (Figs. S1, S2, and S5). As we have several
follow-up samples from subject T004, we used the PTAP motif
sequences of this subject in the molecular validation assays.
Given the magnitude of the sequence conservation of the core
PTAP motif and the variations seen in the flanking sequences
are not likely to influence viral replication, the outcome of the
validation assays are expected to be representative of all the
viral strains. In CEM-CCR5 cells or CD8-depleted and acti-
vated PBMC of healthy subjects, all three viral strains prolifer-
ated normally with the peak proliferation observed on day 12
(Fig. 5B). The double-PTAP viral strains VT1 and VT2 secreted
significantly higher amounts of p24 as compared with the sin-
gle-PTAP WT strain at all the time points and in both the cell
types, suggesting a superior viral replication that could be
ascribed to the presence of the PTAP motif duplication.

The replication fitness of the double-PTAP viral strains was
compared independently with the single-PTAP WT strain in a
pairwise competition assay in CEM-CCR5 cells. The cells were

co-infected at a low multiplicity of infection (m.o.i., 0.01) using
each viral strain at a 1:1 ratio. Mono-infections were also per-
formed simultaneously for comparison (Fig. 5C, left panel). To
determine the absolute proliferation of each viral strain,
genomic DNA was extracted at different time points and sub-
jected to the heteroduplex tracking assay (HTA) as described
previously for env (56). The HTA was based on the amplifica-
tion of a p6 gag region of differential size due to the 14-amino
acid insertion, 258 and 300 amino acids in single- and double-
PTAP strains, respectively. The two p6 gag fragments amplified
in PCR are shifted differently by a radiolabeled DNA probe
derived from a homologous location of p6 gag of the NL4-3 viral
strain of subtype B origin. The heteroduplexes formed between
the labeled probe and the amplified DNA fragments of the two
competing viral strains migrate differently in the gel (Fig. S8A).
The relative fitness of each virus in the competition assay was
calculated as the proportion of the band intensities in the
mono- versus dual-infections (see the mathematical formula in
Fig. S8B). In the assay, at an equivalent m.o.i., the double-PTAP
viral strain VT1 out-competed the single-PTAP virus WT as
early as at day 7 (p � 0.001) and at the subsequent days 14 and
21 (Fig. 5B, middle panel, p � 0.001). The differences in viral
fitness were statistically significant and ascertained that the
PTAP motif duplication could confer replication advantage on
HIV-1. The viral domination due to the presence of PTAP
duplication was reproducible in a competition between WT
and VT2 also, regardless of the amino acid sequence variation in
the duplicated PTAP motifs between VT1 and VT2, at two differ-
ent points (Fig. 5B, right panel, p � 0.001). The results of the viral
replication kinetics and the pairwise competition assays collec-
tively confirmed that the PTAP motif duplication could confer

Table 3
The percent prevalence of the different viral variant forms in the pol reading frame of subject T004 at the follow-up time points in the NGS
analysis
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replication advantage on the double-PTAP viral strains regardless
of the genetic variations in the duplicated sequence.

PTAP motif duplication significantly enhances Gag interaction
with Tsg101

Given that p6 Gag interacts with Tsg101 via the PTAP motif
(27, 57), we asked whether PTAP duplication can enhance
the interaction between Gag and Tsg101. We cotransfected
HEK293T cells with pCMV-Gag and pCAG-Tsg101-FLAG
vectors. Gag represented the consensus sequence of HIV-1C
and was codon-optimized for mammalian expression. In the
cells, Gag and Tsg101 efficiently co-localized, whereas empty-
vector control showed no such pattern (Fig. 6A). Furthermore,
we used the proximity ligation assay (PLA) to determine the
magnitude of protein–protein interactions between p6 Gag and
Tsg101 in quantitative terms (Fig. 6, B and C). A distinct fluo-
rescent signal was evident in cells expressing TSG101 and the

single- or double-PTAP Gag proteins but not under control
conditions where the anti-Tsg101 primary antibodies were
omitted. The mean fluorescence intensity of 200 cells selected
randomly for each Gag variant demonstrated a significantly
enhanced Gag Tsg101 interaction in the presence of the PTAP
motif duplication (Fig. 6B). The mean fluorescence intensity
value of the double-PTAP Gag at 35.9 � 14.4 was significantly
higher than that of the single-PTAP Gag protein at 21.5 � 4.9
(p � 0.0001). The increased fluorescence intensity in the pres-
ence of the PTAP motif duplication confirms enhanced inter-
action between the viral and host proteins. In the assay, in addi-
tion to the PTAP variant Gag proteins, additional control Gag
proteins with a deletion in the p6 domain (	p6) or p6 plus p7
domains (	p15) and Gag mutants that lacked the four-residue
core PTAP motif (	PTAP) were also used. The Gag proteins fail
to interact with Tsg101 when the four amino acids of the PTAP
domain in WT Gag are deleted (	PTAP). Likewise, Gag lacking

Figure 5. Replication profile of the single- and double-PTAP viral molecular strains of the Indie-C1 molecular clone. A, panel of three PTAP-variant viral
strains. WT lacks PTAP duplication. The PTAP sequences of VT1 and VT2 represent the dominant NGS forms of T004 RNA at M0 (see Fig. S1). The viral strains of
the panel are genetically identical except for the differences shown in the PTAP motifs. Both the PTAP motif sequences are compared with the HIV-1C
consensus sequence in the sequence alignment. The dashes represent sequence deletion, and dots represent sequence identity. B, replication profile of VT1
(top panels, CEM-CCR5 T-cells or CD8-depleted and activated PBMC of a healthy subject) and VT2 (bottom panel, CEM-CCR5 T-cells) strains was compared with
that of WT. The cells were infected with 100 TCID50 units of single- or double-PTAP viral strain in duplicate wells, and the secretion of p24 into the medium was
monitored up to 21–28 days. The data are presented as the mean of quadruplicate wells � S.D. and representative of two independent experiments. A two-way
ANOVA test was performed to determine the significance of the difference in proliferation between the viral strains. Comparable results were obtained with the
PBMC of several other healthy donors. C, pairwise growth competition between single- and double-PTAP viral strains in HTA. The left panel shows the schematic
representation of the ratios of the paired viruses used in the assay. Genomic DNA was extracted from the infected cells every week following infection and used
in the assay as described under “Materials and methods.” The relative fitness values (depicted above the bars) of the competing viral strains WT versus VT1
(middle panel, days 7, 14, and 21) and WT versus VT2 (right panel, days 7 and 14) in CEM-CCR5 cells are presented. A two-way ANOVA test was performed to
determine the statistical significance. Data are representative of two independent experiments.
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the entire p6 (	p6) or p6 plus p7 (	p15) domains also failed to
interact with Tsg101, ascertaining that the PTAP core motif is
critical for Gag interaction with Tsg101 (Fig. 6C). Additionally, the
co-immunoprecipitation assay provided convincing evidence that
the duplication of the 14-amino acid PTAP motif (VT1) enhances
the Gag and Tsg101 interaction significantly (Fig. 6D).

HIV-1C Gag can tolerate a higher intracellular concentration
of Tsg101 as compared with that of HIV-1B

The results of the above experiments indicated an enhanced
level of interaction between Tsg101 and HIV-1C Gag contain-
ing an additional PTAP motif. The data, however, do not indi-
cate that the intracellular levels of TSG101 or those of other
host factors of the cellular sorting machinery are a limiting fac-
tor for viral packaging. It is possible that the duplication of the
PTAP motif in HIV-1C is an adaptation that HIV-1C Gag can
effectively recruit Tsg101 in the target cell even when the host
factor is present at suboptimal concentrations. To this end, we
overexpressed Tsg101 in HEK293T, infected the cells with

Indie molecular clones containing single- or double-PTAP
motifs, and compared the secretion of the viral antigen p24 into
the medium (Fig. 7). The HIV-1B reference viral clone NL4-3
was included as a control in the assay as a study previously
reported an inhibitory effect of Tsg101 overexpression on
HIV-1B viral budding (58). Consistent with the previous report,
we found replication of NL4-3 to be the highest under the nor-
mal conditions, and the ectopic expression of Tsg101 even at
the lowest concentration of 200 ng of the expression vector was
inhibitory (Fig. 7, left panel). The secretion of p24 decreased
progressively with the increasing concentrations of Tsg101
expression vector suggesting that the concentration of Tsg101
naturally expressed in the cells is adequate for the optimal rep-
lication of the HIV-1B viral strain. Goila-Gaur et al. (58) pro-
posed that the overexpression of Tsg101 leads to the perturba-
tion of the cellular endosomal sorting machinery.

Importantly, in HIV-1C infection, we found that the impact
of Tsg101 overexpression was biphasic proliferation-enhanc-
ing at a lower concentration and proliferation-inhibitory only

Figure 6. Immunofluorescence analysis of interaction between Gag and TSG101. A, colocalization of Tsg101 and Gag. Representative confocal images of
293T cells expressing Tsg101-FLAG (red) and pcGag (green). The nuclei are stained with DAPI (blue). Scale bar, 10 �m. Tsg101 shows a significant level of (43%)
colocalization with Gag as depicted. Inset on the right, plot shows percent colocalization within the cell marked with the white arrow. B, Gag and Tsg101
interaction in HEK293T cells quantitated using the proximity ligation assay. The cells were cotransfected with plasmids encoding Tsg101 and either the
single-PTAP or double-PTAP Gag vector at a ratio of 1:2. The cells were examined by confocal microscopy 36 h after the transfection. No Primary: a negative
control without the anti-Tsg101 primary antibody. The fluorescence intensities of 200 cells selected randomly were determined and presented as the mean
fluorescence intensity per cell. p � 0.0001 using the Student’s t test. C, representative confocal images of 293T cells cotransfected with Tsg101 and pcGag
variant expression vectors at a ratio of 1:2. Five different Gag vectors were used in the assay as follows: single-PTAP Gag (WT); double-PTAP Gag (VT1);
single-PTAP Gag containing a deletion of PTAP motif (	PTAP); p6 domain deleted (	p6), or both p6 and p7 domains deleted (	p15). The cells were examined
by confocal microscopy 36 h after transfection. The red fluorescent signal is indicative of protein–protein interaction. Blue represents the DAPI staining of the
nuclei. The PTAP sequence of the 14-amino acid residues is aligned with subtype C consensus sequence (lower panel). The dots represent sequence identity,
and the dashes represent deletion. The PTAP sequences are adapted from the virus of T004 at M0. Scale bar: 20 �m. Right panel, fluorescence intensities of 30
randomly selected cells were determined and presented as the mean fluorescence intensity per cell (n � 30). p � 0.01 using the Student’s t test. D, coimmu-
noprecipitation assay to confirm the interaction between Tsg101 and variant Gag proteins. HEK293T cells were transfected with one of the three variant Gag
vectors, WT, VT1, and 	PTAP Gag. Total cytoplasmic extracts were prepared from the transfected cells, and the endogenously expressed Tsg101 was immu-
noprecipitated. The immunoprecipitated samples were electroblotted and probed for Gag and Tsg101.
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at a higher level (Fig. 7, middle panel). Unlike in HIV-1B infec-
tion, at lower concentrations of Tsg101 expression there was a
significant increase in the viral proliferation in both single- and
double-PTAP viral strains of HIV-1C. The single-PTAP strain
produced 697.4 � 3.5 pg/ml p24 in the absence of Tsg101 over-
expression. In the presence of 200 and 400 ng of the Tsg101
expression vector, the p24 levels in the medium increased to
872.1 � 3.9 and 957.9 � 1.8 pg/ml, respectively, with both val-
ues being statistically significant (p � 0.001). An inhibitory
effect of Tsg101 overexpression was manifested on HIV-1C sin-
gle-PTAP viral strain only at 800 ng and above (Fig. 7, middle
panel). Thus, it appears that Gag of HIV-1C, unlike that of
HIV-1B, is endowed with a propensity to tolerate a relatively
higher concentration of Tsg101. Importantly, the limits of tol-
erance of the double-PTAP viral strain for the Tsg101 overex-
pression were significantly higher as compared with the single-
PTAP counterpart. The double-PTAP viral strain showed
enhanced viral proliferation up to 800 ng of Tsg101 vector, a
concentration inhibitory to the single-PTAP strain. Tsg101
became inhibitory to the double-PTAP strain only at 1,600 ng
and above (Fig. 7, right panel). Collectively, two important
aspects are evident from the data. First, HIV-1C p6 Gag appears
to be capable of exploiting Tsg101 at a broader range toward
gaining replication advantage as compared with HIV-1B. Sec-
ond, the ability to utilize Tsg101 and the relative tolerance to
the concentration of the host factor are a consequence of the
number of PTAP motifs in Gag p6 of HIV-1C. It is possible that
the composition of the cellular endosomal sorting machinery
assembled by the p6 Gag proteins of the two different viral
subtypes may differ significantly underlying the differences
noted toward Tsg101 tolerance observed.

Discussion

HIV-1C demonstrates a unique ability to duplicate sequences
of biological importance

The viral strains of HIV-1 respond to environmental stresses,
such as the immune response or antiretroviral therapy, by
introducing amino acid substitutions or causing insertions or
deletions of sequences. We demonstrated recently that in two

different regions of the viral genome, HIV-1C exploits the phe-
nomenon of sequence duplication to gain replication advantage
by increasing the number of the sequence motifs of biological
significance.

The first instance of the sequence duplication of biological
significance is manifested in the viral promoter (59). Among the
HIV-1 subtypes, HIV-1C alone is uniquely capable of duplicat-
ing a sequence of 22 bp in the viral enhancer, thus adding an
NF-�B– binding site to the already existing three NF-�B motifs
in the viral promoter. Importantly, the 4-�B viral strains estab-
lish an absolute domination over the 3-�B viral strains in a
mixed infection in the proviral DNA and plasma viral RNA
compartments and have been spreading in India at a faster rate
(2). The presence of the 4-�B viral strains has been confirmed in
South Africa and Brazil subsequently (60).

The second instance of the ability of HIV-1C to duplicate the
sequence motifs of biological importance is in p6 Gag. In HIV-
1C, the duplication of the core PTAP motif and the flanking
amino acid residues is seen at a significantly higher frequency as
compared with other subtypes such as A and D, whereas
subtype B occupies an intermediary position between these
extremes (50). The double-PTAP strains represented 16%
(8/50) of prevalence in two Southern Indian clinical cohorts.
The prevalence of the double-PTAP strains is much larger in
three other cohorts of HIV-1C, 29.3% (22/75) in the CAPRISA
clinical cohort of South Africa (50) and 30% (212/706) in a
South African clinical cohort (61). The prevalence of double-
PTAP HIV-1C strains in a Brazilian cohort was found to be 23%
(52/228) and 54% (33/61) in drug-naive and drug-exposed sub-
jects, respectively (15). The African epidemic, as compared
with that of India, is older at least by a decade and is probably
underlying the differences in the prevalence of PTAP duplica-
tion observed.

The phenomenon of PTAP duplication in HIV-1C appears to
differ from that of other viral subtypes in two main properties:
the length of duplication and its frequency. Unlike in HIV-1B,
and possibly in the other non-C subtypes, the process of PTAP
motif duplication is largely complete in HIV-1C. From the anal-
ysis of the gag sequences (Fig. 3), it appears that in HIV-1C,
PTAP duplication of seven amino acids (EPTAPPA, 32.3% of all
sequences) is the most common sequence insertion followed by
that of six amino acids (EPTAPP, 27.5%). In HIV-1C, 94.9% of
p6 Gag sequences are represented by the duplications of six
amino acids or more, and in HIV-1B, only 37.9% of sequences
represent such duplications. In HIV-1B, in contrast, a sequence
insertion of only three amino acids (APP, 57.7%) is the most
common phenomenon not leading to the creation of an addi-
tional PTAP motif. Incomplete PTAP motif duplication in
non-C subtypes (15, 36, 41) led to many hypotheses and con-
troversies to explain how this phenomenon would confer rep-
lication advantage on these HIV-1 subtypes (15, 39, 48, 62). In
this study, we took advantage of the occurrence of complete
PTAP duplication in HIV-1C to examine the biological signifi-
cance of this phenomenon influencing viral replication fitness.
Interestingly, in the eight subjects of this study, PTAP duplica-
tion ranged from 9 to 14 amino acids, longer than the most
common duplication length observed in the sequence analysis
(Fig. 3). Additional studies will be required to see whether the

Figure 7. PTAP motif duplication confers higher levels of inducibility on
HIV-1C. HEK293T cells were cotransfected with 200 ng of one of the three
viral vectors and progressively increasing concentrations of the Tsg101–
FLAG expression vector ranging from 200 to 2,000 ng. The secretion of p24
into the medium was quantitated at 48 h and normalized against the �-gal
transfection control. Data presented are representative of two independent
experiments performed in triplicate wells. Statistical analysis was performed
using the two-way ANOVA test.
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Indian HIV-1C strains have a propensity to insert PTAP dupli-
cations of a longer size.

The high prevalence of complete duplication of the PTAP
motif in HIV-1C, even in drug-naive subjects, raises the ques-
tion of the biological significance of this phenomenon for HIV-
1C, and by extension to the other viral subtypes. The present
analysis, employing three different sequencing strategies, dem-
onstrates for the first time that the length of PTAP duplication
is highly stable and dominant over long periods of 2–3 years in
the chronic phase of the viral infection. However, we could not
infer an association between the double-PTAP viral strains and
disease progression due to the paucity of information regarding
the date of viral infection. For the same reason, we also could
not perform a stringent statistical evaluation on the confound-
ing variables such as the time of infection, HLA, CD4 counts,
viral load, etc. Nevertheless, a few precautions were taken to
minimize the influence of some of the confounding factors. For
instance, at the time of recruitment, the study subjects were all
drug-naïve; they were believed to have acquired the virus
through heterosexual transmission, and they were free from
opportunistic infections and AIDS-related symptoms. Given
these limitations, the results of this study should be considered
as inferential evidence suggesting a positive evolutionary selec-
tion of the variant viral strains of HIV-1C in drug-naive
subjects.

Dynamic shuffling of the viral variants

The NGS analysis of the primary viral isolates of six study
subjects unequivocally demonstrated a profound and signifi-
cant replication advantage for the HIV-1 strains containing the
PTAP duplication in natural infection (Fig. 2 and Fig. S4). The
double-PTAP viral strains established an absolute domination
over the single-PTAP strains in all six subjects, at all the time
points, in both the DNA and RNA compartments. Thus, our
study provides compelling experimental evidence that in natu-
ral infection PTAP duplication confers a significant replication
advantage on HIV-1 strains.

Importantly, the analytical strength of NGS also permitted
the examination of the nature of the viral quasispecies contain-
ing single- and double-PTAP motifs at a higher resolution.
Indeed, both the single- and double-PTAP compartments con-
tained a very large number of variant viral strains. However,
only a small number of the viral variants, typically less than 10
variants, were found at an abundance of 1% or higher of the
reads at any point, of which usually one to six variants domi-
nated the viral quasispecies (Fig. 2 and Table 2). Furthermore,
the profile of the dominant viral variants changed dynamically
at a rapid rate. A viral variant that was seen as a dominant
species at a specific time point was found to be a minority spe-
cies or to disappear completely at a subsequent time point of
the study. Alternatively, in some cases, the variant viruses were
also seen to reappear at later time points in the study, following
their initial disappearance. A previous study reported the phe-
nomenon of the major viral variant fluctuation in the context of
HIV-1B Tat (63). The dynamic nature of the variant shuffling
can only be indicative of a stably established viral reservoir and
an active host restriction mechanism. The present analysis is
suggestive of HIV-1 establishing a large reservoir of variant viral

strains soon after the primary infection, most probably during
the acute phase. Subsequently, some of the variant viral strains
become the dominant variants at a specific time point either as
these forms enjoy a superior replication advantage within the
viral quasispecies and/or they represent the immune escape
mutants dodging the immune response at a specific time.

The shuffling of the PTAP variant viral strains may be
explained using three different models that need not necessar-
ily be mutually exclusive: inter-viral strain competition, an
active immune response, and viral latency. The double-PTAP
viral strains demonstrate a decisive domination over the single-
PTAP counterparts when both the forms coexist in the same
subject. In contrast, competition between the double-PTAP
strains is not expected to be decisive and therefore cannot
explain the precipitate disappearance of a specific variant at one
point followed by its reappearance at a subsequent point.
Importantly, we provided convincing experimental evidence
for the absence of immune response to p6 Gag and p6 pol.
Nevertheless, we found a strong immune response against p24
of Gag in all the assays (Fig. 4 and Fig. S7). A physical linkage
between the PTAP domain in p6 and an array of dominant
epitopes in p24, p17, and other antigens of the virus, can prob-
ably explain the removal of the dominant PTAP-variant viral
strains in a PTAP-independent manner. In the biological space
available within the confines imposed by the viral set point, the
vacuum created by the removal of the dominant viral strain is
occupied by a different variant viral strain becoming the dom-
inant variant subsequently, and the process is repeated over and
over again. The subsequent reappearance of a previously dom-
inant viral strain can be explained when the corresponding
latent virus from a large pool of latent reservoir is activated to
repopulate the compartment. The current NGS analysis shows
that only approximately 10 PTAP variant strains are dominant
at any point suggesting that only a handful of several thousand
strains constituting the repertoire of the PTAP variants may
enjoy replication fitness and therefore can proliferate. Thus,
our model takes into account all the experimental observations
and offers an explanation for the shuffling of the PTAP variant
viral strains.

Biological significance of PTAP duplication for HIV-1C

The biological significance of PTAP duplication and other
sequence insertions in Gag has been examined predominantly
in the context of HIV-1B. A large majority of these publications
(41, 45, 46, 48, 64) identified an association between drug resis-
tance and sequence insertions in Gag. In our cohorts, however,
all the six primary viral isolates were derived from drug-naive
subjects, and drug-resistance mutations were not identified in
the pol sequences (PR, RT, RNase H, and IN) in any of these
viral strains (data not shown). The presence of an additional
and functional PTAP motif is expected to enhance the associa-
tion between p6 Gag and the ESCRT machinery. From the lit-
erature, no direct evidence has been available for an increased
association between TSG101, a key member of the ESCRT
machinery, and the number of functional PTAP motifs in p6
Gag, other than a previous demonstration of a progressive
reduction in the association between p6 Gag and Tsg101 when
one or both the PTAP motifs were removed from the viral
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protein (29). Using a panel of Gag expression vectors and the
proximity ligation assay that can detect protein–protein inter-
actions at high sensitivity, we demonstrated a significantly
enhanced interaction between TSG101 and a Gag variant con-
taining a 14-residue PTAP duplication (Fig. 6, B and C). The
mutant Gag proteins lacking at least one functional PTAP motif
(	PTAP, 	p6, and 	p15) failed to interact with TSG101. To
gain a deeper insight into the interaction between p6 Gag and
TSG101, we overexpressed the host protein and examined the
effect on the protein–protein interactions. Goila-Gaur et al.
(58) previously demonstrated a strong inhibitory effect on the
viral proliferation even at the lowest level of TSG101 overex-
pression in the context of HIV-1B. Consistent with the previous
report, we observed a distinctly negative impact of TSG101
overexpression on the proliferation of the NL4-3 viral strain
(Fig. 7). Surprisingly, Tsg101 overexpression demonstrated a
biphasic effect on the HIV-1C viral strain, an enhancing effect
at low levels, and an inhibitory effect only at higher concentra-
tions (Fig. 7). Importantly, the double-PTAP strain demon-
strated tolerance to higher levels of TSG101 overexpression.
Thus, it appears that Gag of HIV-1C, unlike that of HIV-1B, is
endowed with a propensity to tolerate a relatively higher con-
centration of Tsg101 to gain replication advantage. It is possible
that the composition of the cellular endosomal sorting machin-
ery assembled by the p6 Gag proteins of the two HIV-1 subtypes
may vary significantly underlying the differences noted toward
Tsg101 tolerance. In the natural circumstances, under subop-
timal conditions, especially in a target cell not optimally acti-
vated to support viral proliferation effectively, the variant viral
strains of HIV-1C containing PTAP duplications may recruit
Tsg101 more efficiently, thus gaining a selective advantage.
Advantages due to an additional PTAP motif might be cell-
type–dependent, as demonstrated previously (30, 65). Addi-
tionally, because the PTAP motif can either positively (66) or
negatively (28) regulate Gag ubiquitination, the presence of two
PTAP motifs may affect this process and as a consequence viral
proliferation. Work is presently in progress to examine whether
the augmented recruitment of the ESCRT machinery by the
double-PTAP motif could lead to an enhanced viral budding
from cells. The preliminary data surprisingly did not find
enhanced viral budding (data not shown), consistent with the
data of Martins et al. (62), who also failed to find an augmented
viral budding due to PTAP motif duplication.

Possible impact of PTAP duplication on the HIV-1C epidemic

Given that “the transmission bottleneck” allows only a single
or a small number of viral strains to initiate a new infection (67,
68), the double-PTAP viral strains of HIV-1C representing
larger than 80 –99% of the viral reads are likely to be transmit-
ted at a significantly higher rate to the new host (69, 70). If this
prediction holds true, the PTAP variant viral strains are
expected to expand rapidly replacing the WT viral strains in the
coming years. In an analysis using Gag sequences from the
extant database, we found that the percent prevalence of
the PTAP VT strains of HIV-1C increased from 17.6 to 31%
between 1996 and 2015 unlike that of HIV-1B, which remained
stable (50).

Our data raise several important questions that we could not
address in this work. In this study, representative viruses only
from one of the subjects were used in the functional assays.
Whether subject-specific sequences, position, and length of the
PTAP duplications would affect the phenotype of the double-
PTAP viruses are currently being investigated. Nevertheless,
given the absolute level of conservation of the seven core amino
acid residues of the core PTAP motif (EPTAPPA), among all the
primary viral isolates of this study, the specific PTAP sequences
used here are expected to be representative. The analysis of the
gag sequences downloaded from the extant databases showed
that the most common length of the PTAP motif duplication is
of seven or six amino acids in HIV-1C (Fig. 3). It is necessary
to examine whether PTAP motif duplication consisting of
sequences longer than seven amino acids would confer a stron-
ger advantage on the viral molecular clones. The functional
significance of incomplete PTAP duplication in non-C sub-
types needs to be elucidated. Furthermore, the molecular
mechanisms underlying the sequence duplications need to be
identified. In HIV-1C, there are similarities between the
sequence duplication of the NF-�B site in the viral promoter (2)
and the PTAP duplication in p6 Gag (50). Both of the events
confer a great replication advantage on the variant viral strains
in natural infection, independently. The PTAP motif duplica-
tion differs from that of NF-�B motif duplication by being
highly variable especially in the nine residues flanking the core
PTAP motif. The reverse transcriptase is the single important
viral factor common to both of these phenomena, thus suggest-
ing subtype-specific differences in the RT function possibly
influencing these processes. However, none of the viral isolates
of the six subjects of this study containing the PTAP duplica-
tions possessed the NF-�B duplication in the LTR. The lower
rate of prevalence of the NF-�B and PTAP duplication individ-
ually in the population could be the reason why these two
events were not seen to overlap in our study subjects.

In summary, the results presented here demonstrate that the
duplication of PTAP motif enhances the replication fitness of
HIV-1C viruses by recruiting a higher level of Tsg101. Future
studies are currently in progress to validate the underlying
mechanisms that confer replication fitness on HIV-1C due to
the PTAP sequence duplication. It would be of great impor-
tance to monitor through further longitudinal clinical studies,
if the viral strains with variant-PTAP expand in the population
in the years to come.

Materials and methods

Ethics statement

Ethical approval for the study was granted by the Institu-
tional Review Board of Y. R. Gaitonde Centre for AIDS
Research and Education (YRGCARE), Chennai, India. YRG
CARE maintained the clinical cohorts, screened the potential
subjects, counseled, and recruited the study participants for
this study. A written informed consent was obtained from all
the subjects enrolled in the study. The Human Ethics and Bio-
safety Committee of Jawaharlal Nehru Centre for Advanced
Scientific Research (JNCASR), Bangalore, India, reviewed the
proposal and approved the study.
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Study participants

Using the clinical records available at YRGCARE over the
past several years, 65 seropositive subjects were enrolled in two
different clinical cohorts, called the YRGCARE (n � 30, Chen-
nai, Tamil Nadu) and Nellore (n � 35, Nellore, Andhra
Pradesh) cohorts. The clinical profiles of all 65 study subjects
have been reported previously (50). The clinical profiles of the
eight study subjects used in this analysis are presented, includ-
ing their HLA profile (Table 1). For the longitudinal study span-
ning over a period of 2–3 years, the clinical samples were col-
lected at an interval of 6 months. The primary inclusion criteria
required that the CD4 counts should be above 500 cells/�l at
the time of enrollment and that the subjects should be drug-
naive and free of AIDS-related clinical symptoms. The exclu-
sion criteria included the presence of opportunistic infections,
signs of acute systemic illness, and prior antiretroviral treat-
ment. The study participants consisted of only adult subjects
over 18 years of age, representing both genders. The study par-
ticipants are believed to have acquired the infection primarily
through heterosexual transmission.

Clinical procedures

A single vial of 20 ml of peripheral blood was collected from
each participant at 6-month intervals from 2010 to 2013. The
blood samples were processed on the same day of collection.
The PBMC and plasma samples were stored in 1-ml aliquots in
a liquid nitrogen container or a deep freezer, respectively. The
genomic DNA was extracted from 200 �l of the whole blood
using a commercial DNA extraction kit (QIAmp Blood Mini
Kit, catalog no. 69504, Qiagen India, New Delhi, India), was
eluted in a 50-�l volume, and was stored in a deep freezer
until use. The CD4 T-cell count was determined using the FAC-
SCount reagent kit (catalog no. 340167, BD Biosciences) and
the FACSCount control kit (catalog no. 340166, BD Biosci-
ences) following the manufacturer’s instructions. The samples
were analyzed on a FACSCalibur flow cytometer (BD Biosci-
ences). The plasma viral RNA load was determined using the
m2000rt real-time PCR machine (Abbott Molecular Inc., Des
Plaines, IL).

RNA isolation and RT-PCR

RNA was extracted from 150 �l of the stored plasma samples
using a commercial viral RNA isolation kit (NucleoSpin� RNA
Virus, Ref. No. 740956.50, MACHEREY-NAGEL GmbH & Co.
KG, Germany). In the case of clinical samples that failed the
PCR, an alternative kit was used to extract the viral RNA from 1
ml of plasma (the NucliSENS miniMAG nucleic acid extraction
kit, Ref. No. 200293, BioMerieux, France). The cDNA was
synthesized using random hexamers and a commercial kit
(SuperScript� III Reverse Transcriptase, catalog no. 18080-051,
Invitrogen). The reaction vials were incubated at 25 °C for 10
min and 50 °C for 50 min. The reactions were terminated by
incubating the samples at 85 °C for 5 min followed by RNase H
treatment. The cDNA was used for the amplification of Gag.

Gag amplification, cloning, and sequence analysis

The full-length gag or p6 gag sequence was amplified from
the plasma RNA or genomic DNA samples (using 200 –300 ng

of DNA as a template) using a nested-PCR strategy and a com-
mercial long-range PCR kit (XT-20 PCR system, Merck Genie,
India) on the I-Cycler (Bio-Rad). Two different nested-PCR
strategies were used to amplify full-length gag for the purpose
of sequence determination by the conventional method and a
third strategy that involves the amplification of a larger gag
region along with the flanking sequences for the purpose of
NGS. The PCR primers were positioned in the highly conserved
regions of gag and the flanking regions. The details of the ampli-
fication and sequencing primers for gag are summarized else-
where (50). The carryover contamination was prevented by
adherence to strict procedural and physical safeguards that
included reagent preparation and PCR setup, amplification,
and post-PCR processing of samples in separate rooms. The
PCR products were purified using a commercial DNA purifica-
tion kit (catalog no. YDF100, Real Biotech Corp., Taiwan) and
subjected to sequencing. After confirmation of the authenticity,
the PCR products were cloned using TOPO TA cloning system
(pCR2.1-TOPO vector) as per the manufacturer’s instructions
(catalog no. 4530-20, Invitrogen). Positive bacterial clones were
identified by blue-white screening. The recombinant clones
were identified by restriction digestion analysis, and 20 –30
plasmid clones representing each clinical sample were se-
quenced. The sequencing was performed on ABI PRISM�
3130xl Genetic Analyzer (Applied Biosystems, Illinois) using
the ABI PRISMTM dye terminator cycle sequencing ready reac-
tion kit at the Central Instruments Facility, MBGU, Jawaharlal
Nehru Centre for Advanced Scientific Research. The sequences
were assembled using Vector NTI Contig Express software
(Invitrogen BioServices India Pvt. Ltd.) and aligned to subtype
C gag consensus sequence and manually edited as required.

Next-generation sequencing

The Gag PCR products amplified from viral strains contain-
ing the PTAP duplication were subjected to the NGS analysis.
The Illumina MiSeq platform was used for the NGS analysis of
the Gag PCR products amplified from the plasma RNA or the
genomic DNA samples. The NGS analysis was performed in
two independent rounds. The first round of NGS analysis was
performed using the complete Gag amplicon of 1,516 bp (HXB2
coordinates 790 –2306) amplified using Set-I primers (50). For
the second round of NGS analysis, a larger gag region of 2,211
bp (HXB2 coordinates 625–2836), including longer flanking
sequences on either side of the Gag, was amplified using Set-III
primers. Additionally, a smaller gag region of only 549 bp con-
sisting of the PTAP domain was also amplified using the prim-
ers of Set-IV (HXB2 coordinates 1859 –2408) and are included
in NGS-2. The three amplified gag fragments of 1,516, 2,211, or
549 bp were used for the preparation of pair-ended indexed
libraries for Illumina MiSeq. The quality of the amplicons was
determined using agarose gel electrophoresis, and the quantity
was determined using the Qubit� 2.0 Fluorometer (Invitrogen).
Five nanograms of each sample were fragmented using the
Nextera XT DNA sample preparation kit (catalog no. FC-131-
1096).The average size of the fragmented amplicons was 250 –
300 bp. The fragmented DNA was further amplified using a
limited-cycle PCR program to add the Illumina sequencing
indices and molecular tag sequences required for the cluster

PTAP duplication in HIV-1C Gag

J. Biol. Chem. (2018) 293(30) 11687–11708 11701



formation. Size-exclusion PCR cleanup was performed using
AMPure XP beads to purify the DNA library and remove very
short library fragments from the population. The samples
were normalized using Library Normalization Additives 1 and
Library Normalization Beads 1. For the preparation of cluster
generation and sequencing, equal volumes of normalized
libraries were pooled, and the pools were diluted 25-fold using
pre-chilled hybridization buffer HT1. The diluted sample was
heat-denatured at 96 °C for 2 min, and 1% denatured PhiX
beads were added as a sequencing internal control to the dena-
tured library pool. All the steps were performed as per the man-
ufacturer’s instructions (Illumina, San Diego) and Illumina
MiSeq protocol. Samples were loaded to a 300-cycle MiSeq car-
tridge and sequenced.

The data analysis was performed using a custom pipeline,
and a computational workflow as depicted (Fig. S3). In the first
step, the input paired-end reads were merged using the PEAR
with default parameters (71). The merged reads were initially
mapped using BWA-MEM (72) to a reference sequence that
contains the complete 42-bp insertion of the PTAP region. The
gag sequence of subject T004 was used as the reference. A con-
sensus sequence for the sample was obtained using these initial
alignments by taking the dominant allele at each position in the
reference. The merged reads were then mapped to the consen-
sus sequence using BWA-MEM. The haplotypes in the sample
and the number of reads supporting each one of them were
counted from these alignments using custom scripts. Specifi-
cally, only the haplotypes within a 90-bp window flanking the
42-bp region were counted. These haplotypes in the nucleotide
space were converted to haplotypes in amino acid space in
both Gag and Pol reading frames, and the relative abundance
of each haplotype was computed. The sequence output files
of the NGS data have been submitted to NCBI Sequence
Read Archive. The sequences are available under the acces-
sion numbers SRX2596628 to SRX2596659.

Analysis of the length of the PTAP motif duplication

Full-length Gag amino acid sequences, one sequence per
patient and excluding the problematic sequences, belonging to
the subtypes B and C were downloaded in October, 2016,
from the HIV Los Alamos National Laboratory (HIV-LANL)
sequence database. The sequences were aligned using ClustalW
multiple sequence alignment program. The sequences contain-
ing a duplication of any length were identified and used in the
analysis. Of note, the percentage of sequences of a specific
length of duplication was determined relative to the total num-
ber of sequences containing PTAP duplication and not the total
number of the gag sequences.

Prediction of the potential HLA-binding epitopes

We used the on-line IEDB resource (http://www.iedb.org/)7

to predict the peptides that possess a potential to bind the HLA
alleles. The amino acid sequences of p6 Gag or p6 pol inferred
from the NGS analysis were used as the query sequences. The
IEDB recommended consensus tool (73) that combines predic-

tions from ANN (74, 75), SMM (76), and comblib (77) was
chosen as the prediction method.

Engineering of a gag chimera Indie-C1 molecular clone

The Indie-C1 molecular clone (the prototype HIV-1C viral
strain, accession number AB023804) was subjected to three
successive molecular manipulations to graft the gag ORF from a
clinical sample into the viral molecular clone using unique re-
striction sites. First, a single EcoRI site present on the vector
backbone in the multiple cloning site was eliminated by digest-
ing the Indie-C1 plasmid with EcoRI, Klenow-filling, and then
self-ligating. Second, a silent EcoRI site was engineered at posi-
tion 2,801 using the overlap PCR strategy to generate an inter-
mediate vector pIndie_EcoRI2801. The grafting of the silent
EcoRI site into the vector places the entire gag ORF between
two unique RE sites, EcoRI and KasI. The infectivity of the
recombinant viral clone pIndie_EcoRI2801 was confirmed by
infecting CEM-CCR5 T-cells with the virus packaged in 293T
cells. Third, using KasI and EcoRI, the native gag ORF was
deleted from pIndie_EcoRI2801 and replaced by a 12-bp MluI
linker (5
-GGCGCCACGCGTGAATTC 3
, the RE site is
underlined) containing a unique MluI site positioned between
the two RE sites. The resulting viral vector p824-pIndie	
gagKME served as a parental vector for the grafting of the gag
ORF from clinical samples using the two unique RE sites KasI
and EcoRI with the MluI site functioning as a spacer. The infec-
tivity of the vector p824 was confirmed after back-cloning of the
autologous gag sequence between KasI and EcoRI sites and
infecting TZM-bl and CEM-CCR5 cells.

Construction of the PTAP duplication panel

A panel of three viral clones that differ from one another in
the PTAP duplication sequence was generated using the paren-
tal vector pIndie	gag KME (p824). Although one of the viral
clones contains a single PTAP motif, the other two variant type
clones (VT1 and VT2) contain two different sequence inser-
tions representing the PTAP duplication of 14 amino acid res-
idues. The two sequences have been derived from the two dom-
inant variant forms, V1 and V2, of subject T004 at M0. The
42-bp tandem duplicated sequences, consisting of the PTAP
motif, were grafted into the Indie gag sequence using overlap
PCR, and the recombinant Gag fragments were cloned into
p824 using the KasI and EcoRI sites. The recombinant clones
were confirmed by sequencing. The three plasmid clones in the
panel were genetically identical except for the differences in the
PTAP motif.

Cell culture

CEM-CCR5 (CEM.NKR-CCR5, AIDS Reagent Program at
National Institutes of Health) cells were propagated in com-
plete RPMI 1640 medium (catalog no. R4130, Sigma), supple-
mented with 10% fetal bovine serum (RM10435, HiMedia
Laboratories), 2 mM glutamine (G8540, Sigma), 100 units/ml
penicillin G (P3032, Sigma), and 100 g/ml streptomycin (S9137,
Sigma). The peripheral blood mononuclear cells were isolated
from 10 ml of fresh blood, collected from healthy donors, by
density-gradient centrifugation using HiSep LSM-1077 (LS001,
HiMedia Laboratories, Mumbai, India). The CD8 cells were

7 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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depleted from the PBMC using the StemSep Human CD8�

depletion kit (catalog no. 14662, Stem Cell Technologies, Van-
couver, Canada). PBMC were cultured in complete RPMI 1640
medium supplemented with 20 units/ml IL-2 (H7041, Sigma)
and 5 �g/ml PHA-P (L1668, Sigma) for 72 h. PBMC were sub-
sequently used for viral infection in a medium supplemented
only with 20 units/ml IL-2 (H7041, Sigma). The TZM-bl cells
(AIDS Reagent Program, National Institutes of Health),
HEK293T (ATCC, CRL-3216), and HEK293 (ATCC, CRL-
1573) cells were grown in Dulbecco’s modified Eagle’s medium
(D1152, Sigma) supplemented with 10% FBS.

Synthetic peptides

Peptides of greater than 90% purity were custom-synthesized
by a commercial vendor (Genemed Synthesis, Inc.). The
15-mer peptide pools spanning the p24 and p6 Gag domains
represent the consensus HIV-1C Gag peptide set (catalog no.
8118, AIDS Reagent Program, National Institutes of Health)
and the p6 pol peptide pool of the HIV-1B consensus (catalog
no. 6208). All the antibodies were obtained from BD Biosci-
ences. The live– dead staining dye (L10120) was purchased
from Molecular Probes.

Flow cytometry analyses of the T-cell responses in PBMC

The PBMC collected at various time points were stored in
liquid nitrogen until used. The PBMC were thawed in the pres-
ence of 20 �g/ml DNase (DN25, Sigma) and rested overnight at
a density of 2 million cells per ml in complete RPMI 1640
medium without IL-2. The intracellular cytokine staining (ICS)
assay was performed as reported previously (78) with a few
modifications. We first optimized the number of cells needed
for the assays, the duration of stimulation, the time of addition
of brefeldin A and monensin, and the concentration of peptides
needed for the stimulation. We titered all the fluorescent-la-
beled antibodies and the live– dead stain for the experiments.
Briefly, 0.5 million cells were plated in V-bottom 96-well plates
and stimulated in vitro for 6 h with 2.5 �g/ml of each peptide in
the presence of anti-CD28 (catalog no. 555725) and anti-
CD49d (catalog no. 555501) at a concentration of 1 �g/ml each.
The cells were stimulated in complete RPMI 1640 medium sup-
plemented with 20 �g/ml DNase, and the final concentration of
DMSO in the all the samples was adjusted to 0.1% v/v. The
anti-CD107a-PE (catalog no. 555801), brefeldin A (catalog no.
B7651, Sigma), and monensin (catalog no. 554724, BD Biosci-
ences) were added to the medium right at the beginning of the
stimulation phase. After 6 h of stimulation, the cells were
washed once with PBS and incubated in the presence of APC-
conjugated live– dead staining dye for 30 min at room temper-
ature. The cells were then surface-stained with anti-CD3-
APC-H7 (catalog no. 641397) and anti-CD8-PE-Cy5 (catalog
no. 555636) for 20 min at 4 °C. Following the fixing and permea-
bilization using Cytofix/Cytoperm (catalog no. 554722, BD Bio-
sciences), the intracellular IFN-� was stained with anti-IFN–�-
FITC (catalog no. 340449) for 20 min in Perm/Wash buffer
(catalog no. 554723, BD Biosciences) at room temperature. The
stained cells were resuspended in 200 �l of 0.4% paraformalde-
hyde and incubated at 4 °C for 1 h before acquisition.

The T-cell proliferation assay was performed using CFSE as
reported previously with slight modifications (79). The PBMC
were suspended in PBS supplemented with 5% FBS (v/v) at a
density of 10 million cells per ml in 15-ml conical-bottom tubes.
To each tube 100 �l of 10 �M CFSE (catalog no. 21888, Sigma)
solution (diluted from 1 mM stock in PBS) was added, and the
samples were vortexed immediately to facilitate uniform label-
ing of the cells. The cells were allowed to stand for 4 min at
room temperature and diluted with 10 volumes of PBS contain-
ing 5% FBS, and centrifuged at 2,000 rpm for 4 min. The cell
pellets were then washed twice with PBS containing 5% FBS and
resuspended at a density of 5 � 106 cells/ml in complete RPMI
1640 medium without DNase. The cell suspension deposited in
a 96-cluster flat-bottom plate, 0.5 million cells/well, was stim-
ulated with DMSO (0.05% v/v, negative control) or 1 �g/ml of
the peptide in the absence of any co-stimulation or IL-2. The
peripheral wells of the plate were not used in the assay. After 6
days of incubation, the cells were washed and stained with live–
dead APC stain, anti-CD3-APC-H7, and anti-CD8-PE-Cy5
using the protocol described above for the ICS technique. The
cells were resuspended in 200 �l of 0.4% paraformaldehyde
solution.

For both the ICS and CFSE dilution assays, the cells were
transferred to 5-ml round-bottom tubes containing 100 �l of
sheath fluid, and 0.2– 0.3 million events were acquired using a
FACS Aria III instrument (BD Biosciences). The CD8 T-cell
population was identified as CD3� CD8� subset of the live cells
that excluded the live– dead stain. The live CD8 T-cell subset
was further analyzed for IFN-� and/or CD107a phenotype for
the ICS assay and the dilution of CFSE in the T-cell prolifera-
tion assay.

IFN-� ELISPOT assay

The PBMC were thawed and prepared for flow cytometry as
described above. The cells were seeded at a concentration of
0.2 � 106 cells/well in the ELISPOT plates pre-coated with
anti-IFN-� antibody (catalog no. 552138, BD Biosciences). The
cells were stimulated with 2.5 �g of individual peptides or a p24
peptide pool (positive control) for 24 h. A negative control of
three wells lacking the peptides was included in each assay.
After 24 h of incubation, the cells were removed, and the wells
were washed twice in distilled water for 4 min each time. A
biotinylated detection antibody was added to the wells and
incubated. The wells were washed extensively, and a streptavi-
din-HRP conjugate was added. The plate was developed using
chromogenic 3-amino-9-ethylcarbazole substrate and dried at
room temperature until the spots developed. The spots were
counted manually using an upright microscope.

Preparation of the viral stocks

The viral stocks were prepared in HEK293T cells by trans-
fecting the cells with plasmid DNA representing different viral
molecular clones using a standard calcium phosphate transfec-
tion method (80). HEK293T cells were seeded in 90-mm dishes
at a density of 2 � 106 cells. Twenty four hours later, at a cell
confluency of 30%, the cells were transfected with 15 �g of the
viral plasmid DNA along with 0.1 �g of the pCMV-LIG expres-
sion vector, the latter as an internal control for the transfection
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efficiency. The culture medium was changed after 6 h of incu-
bation, and 7 ml of fresh medium were added to the dishes. The
culture supernatant containing the virus was harvested at 72 h,
centrifuged at 2,000 � g to pellet the cell debris, passed through
a 0.45-�m filter, and stored in multiple 1-ml aliquots at �80 °C
until use. Viral supernatants used for the HTA study were
treated with DNase I (catalog no. D5025, Sigma) for 1 h at 37 °C
to eliminate any contaminating plasmids. The concentration of
the viral core protein p24 in the viral stocks was measured using
a commercial ELISA kit (catalog no. NEK050B, HIV-1 p24
ELISA kit, PerkinElmer Life Sciences) following the manufactu-
rer’s instructions. The levels of the Gaussia luciferase secreted
into the culture supernatant was monitored using the BioLux
Gaussia luciferase assay kit (catalog no. E3300L, New England
Biolabs). The luciferase assay was performed using a Spectra-
Max L Luminescence 96-well Microplate Reader (MDS, Inc.,
model no: serial number Lu 03094) by mixing 20 �l of the cul-
ture supernatant and an equal volume of the 1� BioLuxGLuc
substrate reagent. The assays were performed in triplicate
wells, and every experiment was repeated at least two times.

Viral titer determination

The tissue culture infectious dose (TCID50) titer of the viral
stocks was determined using �-gal assay in TZM-bl cells.
Briefly, 104 TZM-bl cells were seeded in 100 �l of DMEM in a
flat-bottom 96-well culture plate. After 24 h, 50 �l of 4-fold
dilution series of the viral stocks were added to appropriate
wells in complete DMEM supplemented with 25 �g/ml DEAE-
dextran (catalog no. D9885, Sigma). Following 6 h of incuba-
tion, the medium in the wells was replaced with 100 �l of com-
plete DMEM, and the plates were incubated for 48 h at 37 °C in
the presence of 5% CO2. �-Galactosidase expression was exam-
ined on day 3. The culture medium in each well was replaced
with 100 �l of 1� PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM

Na2HPO4, 1.47 mM KH2PO4, pH 7.4) followed by the fixing of
the cells. To each well, 100 �l of a fixing solution (1% formal-
dehyde and 0.2% glutaraldehyde in 1� PBS) was added, and the
plates were incubated for 5 min at room temperature. The cells
were washed twice with 1� PBS and stained with 100 �l of the
freshly prepared �-gal staining solution (4 mM potassium fer-
rocyanide, 4 mM potassium ferricyanide, 2 mM MgCl2, and 1
mM X-gal in PBS), and the plates were incubated for 4 h at 37 °C.
The wells were washed twice with 1� PBS, and the blue-stained
cells were counted manually under a low-resolution micro-
scope. The infectious units of each viral stock were determined
by multiplying the cell count with the dilution factor.

Viral proliferation and the replication kinetics

CEM-CCR5 cells or PBMC (0.3 � 106) were infected with
WT and variant type (14 amino acid insertions) using 500 IU of
Gag chimera virus stocks. Before viral infection, the PBMC
were CD8 cell-depleted and activated with 5 �g/ml PHA in
complete RPMI 1640 medium supplemented with 20 units/ml
IL-2 for 72 h. Following viral infection, the cells were incubated
with the viruses in complete RPMI 1640 medium supple-
mented with 10 �g/ml DEAE-dextran for 6 h at 37 °C in the
presence of 5% CO2. Post-infection, cells were washed three
times with PBS, suspended in complete RPMI 1640 medium,

and incubated. Supernatants from the third wash were saved
for p24 ELISA or luciferase assay. Cells were monitored; the
medium was replenished twice a week, and freshly activated
PBMC from the same donor were added to the cultures as
required. The culture supernatant was collected at regular
intervals for p24 estimation for 1 month. The p24 ELISA was
performed at each time point, and the viral growth curve was
constructed for each mono-infection. p24 was monitored using
a commercial kit (PerkinElmer Life Sciences).

Pairwise viral competition assay

Dual-infection/competition experiments were performed in
CEM-CCR5 cells. The competition assay involved three sepa-
rate infections as depicted in Fig. 5C. The cells, 2 � 106 cells/
assay, were infected with single- or double-PTAP (VT1 or VT2)
viral strains (see schematic diagram, Fig. 5). The infectious
titers of the viral stocks were determined in TZM-bl cells as
described above, and the competing viruses were mixed at an
m.o.i. of 0.01 each (1:1). Additionally, mono-infections were
also included in the assays for comparison (500 infectious units/
assay). Six hours following the infection, the cells were washed
three times with PBS and incubated in RPMI 1640 complete
medium. Secretion of the p24 or luciferase into the culture
medium was monitored periodically as described above. Every
week following the infection, a fixed number of cells were har-
vested, and fresh cells were added to continue the culture. The
genomic DNA was extracted from the cells using a commercial
kit (QIAmp Blood Mini Kit, catalog no. 69504, Qiagen, Ger-
many), and 250 ng of the DNA were used as template in the PCR
for the p6 Gag-HTA.

The relative replicative fitness of the competing viral strains
was evaluated essentially as described previously (81) and as
depicted (Fig. S8). Briefly, the replicative fitness of a viral strain
was calculated as the ratio of the band intensities in a coinfec-
tion to that in the mono-infection that in turn was compared
with the sum of the two ratios of the two competing viruses. For
instance, the production of the single-PTAP virus was calcu-
lated as a ratio of the band intensities of the coinfection “c” to
that of the mono-infection “a.” The relative fitness of the single-
PTAP viral strain “W” was then expressed as the ratio of single-
PTAP band comparison (c/a) to the sum of single-PTAP and
double-PTAP band ratios (c/a � b/d). A similar strategy was
used to determine the relative fitness of the double-PTAP viral
strain “V,” which was expressed as the ratio of single-PTAP
band comparison (b/d) to the sum of single-PTAP and double-
PTAP band ratios (c/a � b/d).

Heteroduplex tracking assay

The p6 Gag-HTA consisted of a PCR that amplified the frag-
ments of 300 or 258 bp spanning the p6 region, from viral
strains containing or lacking the 14-amino acid insertions. A
primer pair N1812 and N1435 was used for the amplification. A
homologous fragment of 270 bp amplified from NL4-3 (subtype
B) gag with the primer pair N1812 and N1435 was used as the
probe in HTA to form heteroduplex complexes between
the single-PTAP and the double-PTAP (VT) PCR fragments.
The identity of the two competing viral strains could be unam-
biguously distinguished when the heteroduplexes are resolved
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in a polyacrylamide gel (Fig. S8) and quantitated using a phos-
phorimager. The forward primer N1812 was end-labeled using
T4 polynucleotide kinase (New England Biolabs) in a solution
containing 30 �Ci of [�-32P]dATP (catalog no. LCP-101, Board
of Radiation and Isotope Technology, India). The mixture was
incubated for 30 min at 37 °C, and the enzyme was heat-inacti-
vated at 65 °C for 20 min. The oligonucleotide was passed twice
through a pre-packed Sephadex G-50 column. The radiola-
beled N1812 forward primer, in combination with the unla-
beled N1435 reverse primer, was used for the amplification of
the p6 Gag fragment. The PCR-amplified fragments resolved
on a 1% agarose gel and purified using a commercial kit
(QIAquick gel extraction kit, Qiagen) were used as probes in the
HTA. For the HTA, the PCR products of the mono-infections
and dual-infections were column-purified (QIAquick PCR
purification kit, Qiagen, Germany), and the DNA concentra-
tion of each sample was determined using UV spectrophotom-
etry as well as confirmed by agarose gel electrophoresis. A typ-
ical HTA reaction of a 25-�l volume consisted of 100 ng of the
amplified DNA hybridized to �8,000 cpm of the probe in the
annealing buffer (10 mM Tris-HCl, pH 7.8, 100 mM NaCl, and 2
mM EDTA). The samples were incubated at 95 °C for 3 min and
then rapidly annealed by placing the reaction vials on wet ice.
After an incubation of 30 min on ice, 5 �l of HTA loading dye
(50% glycerol, 0.02 M Tris-Cl, 0.5 M DTT, 0.25% bromphenol
blue, 0.25% xylene cyanol) was added to each tube, and the
tubes were vortexed and centrifuged at 10,000 � rpm for 1 min.
The entire HTA reaction mix was applied to an 8% nondena-
turing polyacrylamide gel of 0.75-mm thickness, and the gel
was allowed to stand for 10 min and was electrophoresed in the
presence of Tris borate/EDTA buffer for �6 h at 250 V using
the Protean II xi electrophoresis system (Bio-Rad). The gel was
placed on Whatman chromatography paper, wrapped in a plas-
tic film, dried on a gel dryer at 80 °C for 1 h, and scanned using
a phosphorimager (FLA-5000, Fujifilm).The band intensities
were quantified using the ImageJ software.

Immunofluorescent staining

For the immunofluorescent staining, the cells were seeded on
glass coverslips coated with 0.2% gelatin, grown to 30 – 40%
confluency, fixed, and permeabilized with 0.1% Triton X-100
for 10 min at room temperature. The cells were washed three
times for 5 min each in 500 �l of 1� PBS. For blocking, 5% fetal
calf serum was used. The cells were stained for Gag and Tsg-101
by incubating the cells with a pool of the primary antibodies
overnight at 4 °C, mouse anti-p24 mAb at 1 �g/ml concentra-
tion (raised in-house, Clone-G1.5) and rabbit anti-FLAG
monoclonal antibodies, 1:600 dilution (catalog no. F7425,
Sigma), the latter to detect TSG101. The antibodies were
diluted in 1� PBS with 0.01% Triton X-100. The cells were
washed three times for 5 min each in 500 �l of 1� PBS with
0.01% Triton X-100. Secondary antibodies used were goat anti-
mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 568 at
1:500 dilution (Molecular Probes, Invitrogen, catalog no.
A-21202 and A-11010, respectively). The cells were washed
twice with PBS and mounted in 70% glycerol supplemented
with DAPI for the imaging analysis. Imaging was performed
using a Carl Zeiss LSM510 Meta confocal laser-scanning

microscope using a Plan Apochromat X63/1.4, oil immersion
objective and analyzed using the LSM Image Examiner software
(Carl Zeiss, Inc.).

In situ PLA

A commercial kit (Duolink In Situ Orange Starter Kit Mouse/
Rabbit, catalog no. DUO92102, Sigma) was used for the PLA.
HEK293T cells were seeded on glass coverslips, grown to
40 –50% confluency, and transfected with a pool of pcGag (500
ng) and Tsg101-FLAG (1,000 ng) vectors. The transfection effi-
ciency was normalized using pCMV_LIG vector-expressing
luciferase. The cells, 36 h post-transfection, were fixed with 4%
paraformaldehyde for 20 min and permeabilized as described
above. The cells were washed three times for 5 min each in 500
�l of 1� PBS. The cells were incubated in the blocking solution
provided in the kit for 1 h. This was followed by the incubation
of the cells with a pool of the primary antibodies overnight at
4 °C as described above. The cells were washed three times for 5
min each in 500 �l of 1� PBS with 0.01% Triton X-100. The
PLA was performed as per the manufacturer’s instructions.
Briefly, the cells were incubated with a pool of two different
PLA probes (the PLA Probe Anti-Mouse MINUS; DUO92004
and PLA Probe Anti-Rabbit PLUS; DUO92002) in a 40-�l reac-
tion volume for 1 h at 37 °C and washed twice for 5 min each in
500 �l of wash buffer A. The ligation (Ligase 1 unit/�l) and
amplification (polymerase 10 units/�l) reactions were per-
formed as per instructions using the Duolink In Situ Detection
reagents Orange (catalog no. DUO92007). The samples were
mounted using the mounting medium supplemented with
DAPI supplied in the PLA kit and imaged using an LSM510
confocal microscope. From each coverslip, 15–20 representa-
tive fields were imaged. The intensity of the signals from the
PLA positive spots was analyzed manually using the ImageJ
software. The Tsg101-FLAG expression plasmid was a kind gift
from Prof. Wes Sundquist, Department of Biochemistry, Uni-
versity of Utah School of Medicine, Salt Lake City.

Co-immunoprecipitation assay

HEK293T cells were transfected with 3 �g of one of the three
Gag variant vectors, WT Gag (single-PTAP), VT1 Gag (double-
PTAP), and 	PTAP (PTAP-deleted) vector. Total cytoplasmic
extracts were prepared from the cells following 48 h of trans-
fection, and the endogenously expressed Tsg101 was immuno-
precipitated using a mouse mAb (sc-7964, Santa Cruz Biotech-
nology). The immunoprecipitated products were resolved on a
12% SDS-PAGE and electrotransfered to PVDF membranes.
The blots were probed for Gag using rabbit polyclonal antibody
(National Institutes of Health 4250, AIDS reagent program)
and re-probed with a different anti-Tsg101 mAb (MA1-23296,
ThermoFisher Scientific) to confirm the presence of Tsg101 in
the immunoprecipitates.

Tsg101 overexpression analysis

HEK 293T cells (0.5 � 106) were seeded in a 12-well plate and
transfected the following day. The cells were cotransfected with
200 ng of one of the three infectious HIV-1 molecular clones
(single-PTAP or double-PTAP Indie or NL4-3) and progres-
sively increasing concentrations of the Tsg101-FLAG expres-
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sion vector ranging from 200 to 2,000 ng. The amount of DNA
was normalized for each transfection using the pcDNA3.1(�)
empty plasmid. Additionally, 100 ng of a �-galactosidase ex-
pression vector, pCMV–�-gal, was transfected as an internal
control in all the wells. The medium was changed 6 h following
the transfection. The secretion of p24 into the medium was
quantitated at 48 h post-transfection and normalized against
the �-galactosidase transfection control.

HLA typing and CTL immune– escape analysis

High-resolution HLA typing of a subset of the subjects was
performed using the genomic DNA extracted from the stored
PBMC of a select subset of the study participants at a four-digit
resolution. The HLA typing was performed at the Rotary Blood
Bank, Bangalore, India, using the Micro SSP Generic HLA class
I kit (catalog no. SSP1L One Lambda, ThermoFisher Scientific),
and the data were analyzed using the HLA Fusion 2012/03 soft-
ware (One Lambda, ThermoFisher Scientific).
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