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Abstract

Mutations in functionally constrained sites of the HIV envelope (Env) can affect entry efficiency and are potential
targets for vaccine and drug design. We investigated Du151, a dual-infected individual with rapid disease
progression. At her death 19 months postinfection (mpi), she was infected with a recombinant variant, which
outgrew both parental viruses. We aimed to determine whether the recombinant virus had enhanced Env entry
efficiency compared to the parental viruses and to identify the functional determinant. We generated 15 env clones
at 1, 2, 8, and 19 mpi. Pseudovirus carrying a recombinant Env clone (PSV clone), C18 (19 mpi), had significantly
higher entry efficiency compared to the parents, suggesting that the recombinant virus had enhanced fitness. To
identify the functional determinant, we compared two recombinant PSV clones (C18 and C63)—differing in entry
efficiency (2-fold) and by four and three amino acids in gp120 and gp41, respectively. The increased entry
efficiency of a C18-gp41 PSV chimera indicated that the three amino acids in the C18 gp41 region were involved
(K658, G671, and F717). Site-directed mutagenesis of the three amino acids of C63 showed that a single amino
acid mutation, R658K, increased pseudovirion entry efficiency. The introduction of R658 into two PSV clones
(C1 and C18) decreased their entry efficiency, suggesting that R658 carries a fitness cost. Thus, our data suggest
that a recombinant virus emerged at 19 mpi with enhanced Env entry efficiency. Therefore, K658 in gp41 could in
part be a contributing factor to the increased viral load and rapid disease progression of Du151.

Introduction

There is evidence to suggest that HIV-1 viral fitness
increases during disease progression1–3 and a study

comparing the relative fitness of viral isolates from long-
term nonprogressors (LTNP) and rapid progressors dem-
onstrated an association between disease progression and viral
fitness.4 Several studies to date implicate the envelope (env)
gene as playing a major role in the competitive ability of the
virus.2,5–8 Dual infections, namely the infection of a single in-
dividual by two phylogenetically distinct variants, have been
shown to be significantly associated with higher viral load at
set point and rapid disease progression,9 particularly within
the subtype C-infected Du cohort.10,11 However, recently, we
have found this not to be the case in a second subtype C
cohort from the same region (Centre for the AIDS Pro-
gramme of Research in South Africa (CAPRISA 002).12

Dual-infected individuals harbor highly diverse viral
populations providing an environment in which the virus has
a much greater potential to evolve, by assembling through
recombination, beneficial components from the different vi-
ral infections.13,14 Dual infections offer a unique opportunity
to study phylogenetically distinct viral variants that evolve
under the same selective pressures. Using intrasubtype C dual
infection as a model system, we compared pseudovirus entry
efficiency of Envelope (Env) clones representing viruses at 1,
2, 8, and 19 mpi to identify the regions or amino acid residues
responsible for longitudinal changes in entry efficiency.

Du151 was identified as being coinfected at the first se-
ropositive timepoint,10 and at the time of her death due to
AIDS defining illness at 19 months mpi, she was infected
with a recombinant variant, which outgrew both parental
viruses. She was classified as a rapid progressor as her CD4
levels dropped to < 200 cells/ll within 1.4 years and never
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controlled virus replication below 500,000 copies/ml.10 All
of the study participants were antiretroviral (ARV) drug
naive since treatment was not available in South Africa at the
time of the study.

In a drug-naive patient, selective pressures on the virus are
the result of both humoral and cellular immune responses5,8

directed toward the gag, pol, and env genes7,8 with immune
evasion impacting HIV replicative fitness.15,16 As Env entry
efficiency plays an important role in the overall replicative
fitness of HIV2,5 and disease progression,17 we tracked the
changes of Env function over the course of HIV infection of
Du151.

Materials and Methods

A cohort of HIV-negative sex workers, including Du151,
was recruited from five truck stops located along the main
route between the port city of Durban and the commercial
capital Johannesburg, South Africa. This cohort was estab-
lished as part of a UNAIDS-funded Phase III vaginal mi-
crobicide trial, Col-149218 (ethics approval from the UCT
Research Ethics Committee, number 137/95). To track the
evolution of the variants infecting Du151, the C2–C3 region
of env was amplified from plasma at 1, 2, 8, and 19 mpi by
nested polymerase chain reaction (PCR) after limiting dilu-
tion of cDNA.11 The PCR products were cloned into the
vector pGEM-T Easy vector using a TA cloning kit (Pro-
mega) and sequenced using an ABI PRISM dye terminator
cycle-sequencing kit V3.1 (Applied Biosystems). Sequences
were aligned using Clustal W (Bioedit) and neighbor-joining
trees were constructed using the Kimura two-parameter
model (Mega, version 5.1; Molecular Evolution Genetic
Analysis).12 A heteroduplex tracking assay (HTA) was used
to determine the relative frequency and fluctuation of the
viral populations over the course of infection by combining
population C2–C3 PCR products from each time point with a
radiolabeled probe targeted to the C2–C3 region of the virus
A identified at 1 mpi. Heteroduplex formation reactions were
performed as described by Delwart and Gordon.19 The gels
were dried and analyzed by using autoradiography with X-
ray film followed by densitometry to determine the relative
intensity of each of the bands.

Env cloning involved RNA extraction from either cell
culture supernatants or plasma, RT-PCR using the Thermo-
script RT-PCR System Kit (Invitrogen), limiting dilution of
cDNA and then PCR of the env gene using primers Env 1A
(5¢ CAC CGG CTT AGG CAT CTC CTA TGG CAG GAA
GAA 3¢) and Env 1M (5¢ TAG CCC TTC CAG TCC CCC
CTT TTC TTT TA 3¢) and Platinum Taq High Fidelity
polymerase (Invitrogen, USA). The PCR product was ligated
to the pCDNA3.1-TOPO vector (Invitrogen, USA). All
clones were tested for function using a pseudovirion entry
assay of TZM-bl cells20 and all functional env clones were
sequenced.

Pseudovirus was prepared by cotransfecting HEK293T
cells with the env clones and a subtype B HIV-1 backbone
vector, pSG3.1Denv (a gift from L. Morris, NICD; AIDS
Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH; from Dr. John C. Kappes and Dr.
Xiaoyun Wu) by using Polyfect Transfection Reagent (Qia-
gen, USA) at a ratio of 1:2.21 Cells were maintained in
complete medium (10% fetal bovine serum, DMEM) for 48 h

before the medium containing pseudovirions was harvested.
Pseudovirions were lysed in 1% empigen/TBS and the p24
Gag concentration was determined using an ELISA (Vir-
onostika HIV-1 Antigen kit, bioMérieux Clinical Diag-
nostics, France or Anti-HIV-1 p24-gag DIY ELISA kit, Aalto
Biosystems, Ireland) and detected using the ELISA-Light
Immunoassay kit with CDP-Star/SapphireII (Applied Bio-
systems, USA) on a GloMax-Multi Microplate Multimode
Reader (Promega, USA; for the Aalto kit). TZM-bl cells
(AIDS Research and Reference Reagent Program, Division
of AIDS, NIAID, NIH; from Dr. John C. Kappes, Dr.
Xiaoyun Wu, and Tranzyme Inc.) were infected in triplicate
with pseudovirus normalized for p24 Gag concentration
(100 ng/ml) and 72 h postinfection luminescence (RLU) was
measured using the Bright Glo Luciferase Assay System
(Promega, USA).

Coreceptor tropism was determined by generating pseu-
dovirus using a pNL4-lucR - E - backbone (NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: pNL4-
3.Luc.R - .E - from Dr. Nathaniel Landau), normalizing
pseudoviruses to 50 ng p24 and infecting U87-CD4-CCR5
and U87-CD4-CXCR4 in triplicate. The Env clones QHO22

and RPI23 were obtained from P. Moore (NICD, South
Africa) and were used as positive controls for R5- and X4-
tropic variants, respectively. Env chimeras were generated by
digesting the env clones (C18 and C63) with BamHI and ClaI
(Thermo Scientific/Fermentas, USA), which were located in
the multiple cloning site of the pCDNA3.1-TOPO vector and
the 3¢ end of gp120 of both clones, respectively. Digestion
and gel extraction of the DNA fragments followed by ligation
swapped gp41 from one clone to the other and vice versa.

Specific amino acids were changed using a PCR-based
strategy (modified Stratagene Quikchange II PCR-based
protocol). PCR products were digested with DpnI (Thermo
Scientific/Fermentas, USA), transformed into compe-
tent Escherichia coli JM109 cells (Promega, USA), and
screened using restriction enzymes corresponding to the
silent restriction sites introduced. The presence of the mu-
tation, lack of any deleterious mutations, and preservation
of the amino acid sequence were confirmed by sequencing
of the env gene. Env incorporation into pseudoviral parti-
cles was measured by first ultracentrifugation of PSV
through a sucrose cushion at 26,000 · g for 2 h followed by
Western blotting.

Results and Discussion

Sequence analysis of the env C2–C3 region amplified from
plasma at 1, 2, 8, and 19 mpi demonstrated three distinct viral
populations, with virus A and virus B present as phyloge-
netically distinct variants (Fig. 1A). We determined the rel-
ative abundance of these viral populations over the course of
infection using HTA with a probe targeted to the C2–C3
region of virus A, 1 mpi. Mismatches between the probe and
the PCR products resulted in heteroduplex formation re-
solving the viral population into variants with at least 3%
diversity.24 Since the probe was identical to virus A, homo-
duplex formation indicated the level of virus A at each of the
time points.

To confirm the identity of each band at each time point, the
population PCR products were cloned and HTA was carried out
after colony PCR and sequencing (data not shown). When
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representative clone sequences were phylogenetically analyzed,
they grouped with either virus A, B, or recombinant A/B,
confirming the banding pattern of each variant (data not shown).
Two parent viral populations (viruses A and B) were detected at
1 mpi (80% and 20% of the total population, respectively),
confirming that Du151 was coinfected. These viruses remained
as two separate env populations until 4 mpi when a third variant
(virus A/B) was identified as a recombinant population between
the two parental infecting strains (Fig. 1B).

To confirm that virus A/B was a recombinant of the pa-
rental strains, full-length env genes were cloned and neigh-
bor-joining trees of the C2–C3 region indicated that the
clones either grouped with virus A, B, or A/B. Recombinant
analysis, carried out using the Recombination Detection
Programme (RDP),25 confirmed that virus A/B was a re-
combinant of the two parental strains carrying most of the
virus B sequence, including gp41, although the majority of A/
B recombinant variants carried the V3 loop from virus A. The
A/B recombinant dominated at 8 mpi and at 19 mpi, con-
tributing to 40% of the total population, estimated from the
HTA banding pattern (Fig. 1B). From the sequence analysis,
the recombinant virus A/B predominated at 19 mpi, re-
presenting 58% of the functional env clones at this time point.

Recombinant viruses might have a fitness advantage over
other variants,3,13,26 and the outgrowth of virus A/B at 19 mpi

suggested that it could be a contributing factor to the high
viral load and thus rapid disease progression of Du151. As
env has been demonstrated to be a determinant of viral rep-
licative fitness and disease progression,2,5–8 we cloned 22
functional env representing viruses A, B, and A/B over the
course of infection. Fifteen representative clones from the
four time points: 1 (n = 4), 2 (n = 1), 8 (n = 3), and 19 (n = 7)
mpi representing virus A (n = 7), virus B (n = 3), and re-
combinant virus (A/B) (n = 5) were selected for further
analysis (Fig. 1A). TZM-bl cells were infected with equiva-
lent p24-normalized (ng) pseudovirus to compare the dif-
ference in entry efficiency between parent and recombinant
clones.

One recombinant PSV clone present at 19 mpi (clone C18)
had significantly higher entry efficiency compared to A and B
viruses at all time points (Fig. 1C) and a 2-fold increase
compared to a second recombinant PSV clone at 19 mpi
(C63), suggesting that virus A/B had higher entry efficiency
that contributed to its outgrowth. The sequence of env clone
C18 clustered on a neighbor-joining tree with clones C9 and
C63 (Fig. 1A), all of which were classified as the recombinant
virus A/B and all had higher pseudovirion entry efficiency
compared to PSV clones representing the parent strains A and
B at all time points (Fig. 1C), suggesting that recombination
contributed to generating a fitter virus.

FIG. 1. Genotypic and phenotypic analysis of the viruses infecting Du151. (A) Neighbor-joining tree of the C2–C3 region
of the env Du151 clones to demonstrate that strains A and B are phylogenetically distinct. The neighbor-joining tree was
generated using Mega543 with HXB2-LAI-IIIB-BRU (6) and those from the South African CAPRISA subtype C cohort44

(,) as a reference. Sequences included functional env clones (�) and published Du151 sequences (B).29 Functional env
clones mentioned in the text are labeled. (B) The virus A env C2–C3 region was used as a radiolabeled probe to track the
emergence of genetic diverse strains over the course of infection (1, 2, 3, 4, 8, 15, and 19 mpi) using HTA analysis. SS,
single stranded bands; P, probe. The parent viruses (A and B) and the recombinant virus (A/B) are indicated. (C) The 15
functional env genes were used to generate pseudovirions and tested for differences in entry efficiency using TZM-bl cells.
Results were plotted as the percent entry efficiency of clone C18. Virus A/B clones C9, C63, and C18 are indicated in gray.
Statistical analysis was performed using a one-way ANOVA with Tukey’s posttest (***p < 0.001 compared to C18) using
GraphPad Prism 5 software.
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As X4 tropism has been linked to increased disease pro-
gression27,28 and Coetzer et al.29 had previously indicated
that Du151 variants became dual tropic at 19 mpi, the cor-
eceptor tropism of the functional PSV Env clones were tested
using U87-CD4-CCR5 and U87-CD4-CXCR4 cells and the
Env sequences were analyzed using the online program
PSSM. The outcome of the two methods both indicated that
only a single functional Env clone (C5_35) was dual tropic at
19 mpi and that the recombinant Env clones with high entry
efficiency (C18 and C63) did not utilize CXCR4 (data not
shown). The entry efficiency of the PSV clone C5_35 was
significantly lower compared to C18 (Fig. 1C) and based on
PSSM results, of a total of 19 available gp120 sequences,
including that of the functional Env clones, 11 (58%) were R5
tropic at 19 mpi, suggesting that the outgrowth of the re-
combinant variant was not due to coreceptor tropism.

Sequences of Env clones that differed in pseudovirion
entry efficiency were compared to determine the region/
amino acid residue that contributed to differences in entry
(Table 1). The two A/B PSV clones, C18 and C63, present at
19 mpi with a 2-fold difference in entry efficiency differed by
only seven amino acids—four in gp120 and three in gp41
(Fig. 1C and Table 1). To determine which region was re-
sponsible for the difference in entry efficiency, C18-gp120
and C18-gp41 chimeras were constructed (Table 1). The
C18-gp41 chimeric PSV clone had 2-fold higher entry effi-
ciency than its counterpart, similar to the wild-type (wt) clone
(Fig. 2), indicating that the three gp41amino acid residues
played a role in the enhanced entry efficiency of the PSV
clone, C18.

The three gp41 amino acid differences between C63 and
C18 comprise an R/K at position 658 (HXB2 numbering), an
S/G at position 671, and an L/F at position 717 (Table 1). We
determined the frequency of the amino acid residues at each of
the positions in gp41 to identify evidence of selection over
time (Table 1). There was a preference for lysine at position
658 and a transition from asparagine to serine at position 671
at 19 mpi, except with C18, which carried a glycine. Pheny-
lalanine was the preferred residue at position 717 with leucine
appearing to be under positive selection. These frequencies
reflected those in subtype C sequences (n = 1,459) from South
Africa (www.hiv.lanl.gov). At position 658, lysine was pre-
dominant (87.5%) and arginine was present in 4.2% of se-
quences, suggesting positive selection for lysine. At position
671, asparagine predominated (62%) with serine in 32.5% and
glycine present in two sequences (0.1%). Lastly, phenylala-
nine at position 717 was present in the majority of sequences
(86.9%) with leucine in 14%.

To identify the functional determinant, we altered the
three gp41 amino acids in C63 to the corresponding C18
residue using site-directed mutagenesis to generate C63-
R658K, C63-S671G, and C63-L717F (Table 1). We per-
formed a pseudovirion single round of infection assay on the
three mutants to determine whether any one of the amino
acids would rescue C63’s low entry efficiency and raise it to
that of C18 (Fig. 2). Mutant PSV clones C63-S671G and
C63-L717F had no significant increase in entry efficiency
compared to wt C63, whereas PSV clone C63-R658K had
2-fold increased entry ( p = 0.0268) and displayed activity
similar to wt C18. This result suggests that K658 was re-
sponsible for the increased entry efficiency of the PSV clone
C18 compared to C63.
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We next determined the importance of lysine at position
658 in Env entry efficiency over time and across clones with
high genetic diversity compared with C18 (C9: 3.9% and C1:
6.8%). We introduced the R658 mutation into clones C1
(virus A, 1 mpi), C9 (virus A/B, 8 mpi), and C18 (virus A/B,
19 mpi) (Table 1, Fig. 3)—generating C1-K658R, C9-
K658R, and C18-K658R, respectively—and compared their
entry efficiency to wt. The K/R transition resulted in an ob-
servable, but not significant, decrease in viral entry in the
pseudovirion assay compared to the wt C1 and C18 PSV
clones ( p = 0.225 and p = 0.0567, respectively), as expected if
arginine at this position came with a fitness cost. K658R
resulted in a 2-fold change in entry efficiency, which might
not be sufficient to impact disease progression despite the
association between Env function, replicative fitness,7 and
disease progression.4 However, the entry efficiency of C18
was approximately 10-fold higher than clones at 1 mpi,
suggesting that the enhanced entry of C18 could be due to
K658 within the context of other amino acid changes.

Brockman et al.30 showed that the well-known Gag TW10
T242N cytotoxic T lymphocyte (CTL) escape mutation, asso-
ciated with slowed disease progression of B5801/B57-positive
individuals, attenuated viral replication less than 2-fold in pri-
mary cells and this effect was reversed due to the presence of
compensatory mutations. Although Gag is more structurally
constrained than Env, the 10-fold increase in Env entry effi-
ciency could have contributed to the rapid disease progression
of Du151. Contrary to C18 and C1, K658R did not lower the

entry efficiency of C9, supporting the suggestion that the effect
of K658 on entry efficiency is dependent on the context of other
amino acids.

The three amino acid changes at sites 658, 671, and 717 lie
within the C-terminal heptad repeat (HR-2), the membrane
proximal external region (MPER), and the cytoplasmic tail,
respectively, of gp41, which are involved in fusion of the
viral and cellular membranes during entry.31 Sivaraman
et al.32 investigating two isolates from a longitudinal study of
a rapid progressor with different fusogenic abilities, mapped
the variation to the HR-2 region of gp41 known to be in-
volved in membrane fusion.33,34 The R658K transition in our
Du151 clones mapped to this region, suggesting that lysine at
position 658 could play an important role in the fusogenic
capacity of Env. When we compared the fusion capacity of
the clones using a HEK293T cell-TZM-bl cell fusion assay
similar to Sakamoto et al.,35 there was no difference between
C18, C63, C63-R658K, and C18-K658R (data not shown).
As expression and processing in env-transfected HEK293T
cells could affect the fusion assay, we compared gp160 and
gp120 levels by Western blot (data not shown). There was no
difference in expression levels of gp160 and gp120 between
the Env clones. Therefore, K658 might not play a role in
viral–host membrane fusion despite its effect on Env entry
efficiency.

As the entry efficiency assay relies on the incorporation of
Env into viral particles and the cell–cell fusion assay is de-
pendent on expression levels, it is possible that K658 could
play a role in Env incorporation during viral budding. It has
been suggested that both the cytoplasmic tail and the trans-
membrane domain of gp41 mediate Env incorporation into
viral particles.36,37 To test whether R658 affected Env in-
corporation, C18, C63, and C63-R658K PSVs were con-
centrated and Western blotting was used to compare gp160

FIG. 2. Identification of the determinant of Env entry
efficiency. Comparison of entry efficiency between wt C18
and C63 (gray bars) with the chimeric Envs (C18-gp41 and
C18-gp120, striped bars) and the site-directed mutants of
C63 (R658K, S671G, and L717F, black bars). The entry
efficiency of pseudoviruses normalized to 50 ng/ml p24 is
displayed as a percentage of the entry efficiency of wt C18
(chimeras). This is a representative of three biological re-
peats with error bars indicating standard deviation of the
mean of triplicate values. Statistical analysis was performed
using an unpaired t-test (*p < 0.05) with C63 and chimeras
compared to C18 and site-directed mutants compared to C63
using GraphPad Prism 5 software.

FIG. 3. Effect of K658 on entry efficiency. Comparison of
entry efficiency of mutated clones from 1 mpi (C1-K658R),
8 mpi (C9-K658R), and 19 mpi (C18-K658R). The entry
efficiency was determined using pseudoviruses normalized
to 50 ng/ml p24 and displayed as a percentage of the entry
efficiency of wt clones C1, C18, and C9. This is the mean of
three biological repeats. Statistical analysis was performed
using a paired t-test (with each mutant compared to the wt
clone) using GraphPad Prism 5 software.
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and gp120 levels after normalizing with p24. There was a
slight, observable increase in incorporation of C18 gp120
compared to C63 (1.2-fold), possibly due to differences in
cleavage of gp160 into gp120 (1.2-fold) (Fig. 4). C63-R658K
also had only 20% higher gp120 incorporation relative to
C63. Bachrach et al.38 showed that a slight increase in Env
incorporation (2-fold) resulted in a 100-fold increase in in-
fectivity. However, this association was dependent on the
total number of Env incorporated because when Env density
was further increased to 16-fold there was no concomitant
increase in infectivity. Therefore, we cannot conclude that
the slight increase in incorporation associated with the
presence of lysine at position 658 is sufficient for the 2-fold
difference in entry efficiency of C18 and C63.

Another two longitudinal studies focused on the effect of
mutations in the 2F5 and 4E10 epitopes of the MPER,39,40

which are adjacent to positions 658 and 671. In a comparative
study of subtype C sequences from slow progressors and
progressors, Archary et al.39 demonstrated changes in the 2F5
epitope from ALDKWQN to ALDSWKN from slow pro-
gressor to progressors where the primary residues that de-
termine sensitivity to 2F5 are DKW.33,41 They suggest that
there is a loss of this antibody site in the progressors. Inter-
estingly, we observe the opposite in Du151 clonal sequences.
The ALDSWKN motif is present in sequences at early time
points (1–2 and 8 mpi) and switches to the 2F5-sensitive
motif ALDKWQN at 19 mpi (Table 1). In addition, the
N671S mutation described by Archary et al.39 in the 4E10
epitope (NWFNIT) corresponds to what we observed be-
tween clonal sequences at early time points and clone C63,
where this changes to G in C18 (Table 1).

Zhang et al.40 compared subtype B sequences in drug-
naive slow progressors and progressors and found that N671S
and T676S mutations in the 4E10 epitope correlated with
disease progression. However, this change does not seem to
impact Env entry efficiency since we did not observe sig-
nificant differences in the pseudovirion entry efficiency of
PSV clones C63 and C63-S671G (Fig. 2). In agreement with
these earlier studies, our data suggest that residues in gp41 are
under positive selection during the course of infection.
Moreover, the changes in PSV entry efficiency after site-

directed mutagenesis highlight the role of this region in Env
function (Fig. 2), which emphasizes the need for further in-
vestigation into the association between Env biological de-
terminants and disease progression to inform vaccine design.
Vaccines that target Env functional determinants might cause
a loss of replicative fitness and lower viral loads, and thus
lower the probability of HIV transmission.42

In this work, we sought to identify the functional deter-
minant responsible for increased pseudovirion entry effi-
ciency of Env clones isolated from the dual-infected
individual, Du151. We located a residue within gp41 that was
responsible for changes in entry efficiency of three of four
Env clones tested, suggesting that sequence variation be-
tween the Env clones could compensate for the fitness cost of
arginine at position 658. However, the presence of lysine at
this position most likely contributed to the increased entry
efficiency of PSV C18 and the outgrowth of the recombinant
virus A/B at this stage of infection, suggesting that this in-
crease in entry efficiency may have impacted viral loads and
possibly led to increased disease progression of Du151.

GenBank Accession Numbers

The GenBank accession numbers for the 15 env sequences
cloned in this study are KF146938.1–KF146952.
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