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The maturation inhibitor bevirimat [3-O-(3�,3�dimethysuccinyl)betulinic acid; BVM; also known as PA-457
or DSB] potently inhibits human immunodeficiency virus type 1 (HIV-1) replication by blocking protease
(PR)-mediated cleavage at the junction between capsid (CA) and spacer peptide 1 (SP1) in Gag. We previously
isolated a panel of single-amino-acid substitutions that confer resistance to BVM in vitro (C. S. Adamson, S. D.
Ablan, I. Boeras, R. Goila-Gaur, F. Soheilian, K. Nagashima, F. Li, K. Salzwedel, M. Sakalian, C. T. Wild, and
E. O. Freed, J. Virol. 80:10957–10971, 2006). The BVM resistance mutations cluster at or near the CA-SP1
cleavage site. Because BVM likely will be used clinically in patients harboring viruses resistant to PR inhibitors
(PIs), in this study we evaluated the interplay between a PI-resistant (PIR) PR and the BVM resistance
mutations in Gag. As expected, the PIR mutations had no effect on inhibition by BVM; however, we observed
general processing defects and a slight delay in viral replication in Jurkat T cells associated with the PIR
mutations, even in the absence of compound. When combined, most BVM resistance and PIR mutations acted
additively to impair viral replication, particularly in the presence of BVM. The BVM-resistant mutant SP1-A1V
was an exception, as it supported robust replication in the context of either wild-type (WT) or PIR PR, even
at high BVM concentrations. Significantly, the emergence of BVM resistance was delayed in the context of the
PIR PR, and the SP1-A1V mutation was acquired most frequently with either WT or PIR PR. These results
suggest that resistance to BVM is less likely to emerge in patients who have failed PIs than in patients who are
PI naïve. We predict that the SP1-A1V substitution is the most likely to emerge in vivo, as this mutant
replicates robustly independently of PR mutations or BVM. These findings offer insights into the effect of PIR
mutations on the evolution of BVM resistance in PI-experienced patients.

The maturation of human immunodeficiency virus type 1
(HIV-1) virions is mediated by the virally encoded protease
(PR). PR cleaves the HIV-1 Gag polyprotein precursor during
or shortly after assembled virus particles are released from the
plasma membrane of the infected cell. Gag is cleaved at five
major sites in a stepwise cascade that generates the four ma-
ture Gag domains, matrix (MA or p17), capsid (CA or p24),
nucleocapsid (NC or p7), and p6, and two spacer peptides, SP1
(or p2) and SP2 (or p1) (4, 12, 39). The rate of proteolytic
cleavage at each site kinetically controls the processing cascade
(11, 20, 29, 31, 38–40).

3-O-(3�,3�-dimethylsuccinyl)betulinic acid, known variously
as bevirimat (BVM), PA-457, or DSB, is the first in a poten-
tially new class of anti-HIV-1 drugs known as maturation in-
hibitors. BVM disrupts HIV-1 infectivity by specifically inhib-
iting a late step in the Gag processing cascade (5, 6, 33, 44), the
cleavage of SP1 from the C terminus of CA (21, 49). The
inhibition of CA-SP1 cleavage prevents proper maturation and
potently inhibits virion infectivity (21, 40, 49). Under certain
circumstances, BVM also has been shown to interfere with

virus assembly and release (9, 15); however, this phenomenon
occurs only at high, nonphysiological drug concentrations (9).

PR-mediated Gag processing prepares the virion for the
infection of a new cell by inducing a morphological rearrange-
ment within the virus particle. During maturation, CA reas-
sembles into a conical condensed core containing the viral
RNA in complex with NC and the viral enzymes reverse trans-
criptase (RT) and integrase (4, 12, 39). Disrupting processing
at any of the individual Gag cleavage sites, or altering the order
in which the sites are cleaved, results in the formation of
aberrant particles that have significantly reduced infectivity (1,
16, 19, 21, 31, 39, 40, 49). The disruption of CA-SP1 cleavage,
either by BVM treatment or mutation, leads to the generation
of noninfectious particles that exhibit an electron-dense layer
of Gag inside the viral membrane and fail to form conical cores
(21, 40).

The mechanism by which BVM inhibits CA-SP1 processing
is not fully defined. However, several lines of evidence suggest
that BVM directly targets the CA-SP1 junction in Gag. All
mutations reported thus far to confer resistance to BVM map
to the CA-SP1 junction (3, 21, 22, 46, 49). HIV-2 and simian
immunodeficiency virus from rhesus macaques (SIVmac) are
naturally resistant to BVM (49); the amino acid sequence at
the CA-SP1 junction of these lentiviruses diverges from that of
HIV-1. Importantly, some sites of sequence divergence be-
tween HIV-1 and HIV-2/SIVmac occur at amino acid residues
to which BVM resistance maps in HIV-1 (3, 49). Swapping
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residues between HIV-1 and SIVmac at the CA-SP1 junction
renders SIVmac sensitive to BVM (47). The incorporation of
BVM into immature HIV-1 particles has been demonstrated,
and this incorporation is reduced by some of the reported
BVM resistance mutations (46, 48). The observations that
BVM does not inhibit the processing of monomeric Gag in
solution (21), is specifically incorporated into immature parti-
cles (48), and requires immature virus assembly for activity (21,
32) suggest that BVM binds an undefined pocket in Gag that
is formed upon Gag oligomerization. The disruption of a spe-
cific proteolytic cleavage event in the Gag processing cascade
distinguishes the mechanism of action of BVM from that of
clinically approved protease inhibitors (PIs), which directly
target the catalytic activity of the enzyme (10, 37, 42, 43). The
continued clinical development of maturation inhibitors such
as BVM would add another much-needed class of anti-HIV-1
drugs to the arsenal currently available for the treatment of
HIV/AIDS (5).

Phase II clinical trials are being conducted with BVM both
in treatment-naïve patients and in patients who have failed
their PI and/or RT inhibitor regimen due to the emergence of
viruses resistant to these drugs (26, 33, 35). The fact that BVM
likely will be used in PI inhibitor-experienced patients raises
interesting and clinically significant questions about the emer-
gence of resistance to BVM in the context of PR enzymes
bearing PI-resistant (PIR) mutations. Resistance to PIs typi-
cally emerges via the stepwise acquisition of multiple muta-
tions in PR; changes that confer resistance to the PIs emerge
first, followed by substitutions in PR that compensate for viral
fitness defects imposed by the primary resistance-conferring
mutations (7, 28). For example, the HIV-1 isolate with PIR
mutations L10R/M46I/L63P/V82T/I84V was isolated from
HIV-1 patients failing treatment with the PI indinavir (vari-
ously known as IDV or MK-639) (8). These mutations confer
resistance to six structurally diverse PIs and reportedly restore
replicative fitness to wild-type (WT) levels (8, 27).

We previously identified a panel of six independent, single-
amino-acid substitutions that confer resistance to BVM in vitro
(Fig. 1) (3). A subset of these mutations was identified in other
studies (21, 49). The BVM resistance mutations cluster at or
near the CA-SP1 cleavage site (3, 21, 49). In this study, we

evaluated the interplay between the L10R/M46I/L63P/V82T/
I84V PIR mutations in PR and the BVM resistance mutations
in the CA-SP1 region of Gag. We observed general processing
defects associated with the PIR PR and a slight replication
delay in Jurkat T cells. When combined, the BVM resistance
and PIR mutations acted additively to negatively impact viral
replication, particularly in the presence of BVM. As a result of
this additive effect, the emergence of BVM resistance was
delayed in the presence of the PIR mutations. The data pre-
sented in this study suggest that resistance to BVM is less likely
to emerge in patients who have failed PIs than in patients who
are PI naïve.

MATERIALS AND METHODS

BVM, cell culture, and transfections. BVM was prepared as described previ-
ously (14) and used at the concentrations indicated. HeLa cells were maintained
in Dulbecco’s modified Eagle medium supplemented with 5% (vol/vol) fetal
bovine serum (FBS). The Jurkat T-cell line was maintained in RPMI 1640
supplemented with 10% (vol/vol) FBS. All media were supplemented with L-
glutamine (2 mM), penicillin, and streptomycin. HeLa cells were transfected with
ExGen500 (Fermentas) or Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Jurkat T cells were transfected using DEAE-dextran
(18).

Generation of PIR HIV-1 derivatives. A full-length HIV-1 molecular clone
derivative of pNL4-3 (2) containing the PR mutations L10R/M46I/L63P/V82T/
I84V, which confer resistance to multiple structurally diverse PIs (8), was ob-
tained from the NIH AIDS Research and Reference Reagent Program, Division
of AIDS, National Institute of Allergy and Infectious Diseases (NIAID). The
PIR mutations were introduced into the previously described BVM-resistant
pNL4-3 derivatives CA-H226Y, CA-L231M, CA-L231F, SP1-A1V, SP1-A3V,
and CA-G225S/SP1-A3V (3, 21) by subcloning the 3,737-bp ApaI-EcoRI frag-
ment containing the PIR changes (nucleotides 2006 to 5743) into each of the
BVM-resistant clones, creating six pNL4-3 derivatives: CA-H226Y PIR, CA-
L231M PIR, CA-L231F PIR, SP1-A1V PIR, SP1-A3V PIR, and CA-G225S/SP1-
A3V PIR. The identities of all plasmids generated were confirmed by DNA
sequencing.

Radioimmunoprecipitation analysis. The methods used for the metabolic
labeling of HeLa cells, the preparation of cell and virus lysates, and immuno-
precipitation have been described in detail previously (13, 41). Briefly, media and
solutions containing BVM at the indicated concentrations were prepared imme-
diately before use and vortexed. BVM was maintained throughout the transfec-
tion and radioimmunoprecipitation procedures. HeLa cells were transfected with
WT (2) or PIR (8) pNL4-3 clones and their derivatives encoding the BVM
resistance mutations. Transfected HeLa cells were starved in Cys/Met-free me-
dium for 30 min and then metabolically radiolabeled for 2 h with [35S]Cys/Met
Pro mix (Amersham). Virions were pelleted by ultracentrifugation. Cell and virus

FIG. 1. Representation of the BVM resistance and PIR PR mutations examined in this study. HIV-1 Gag and PR are represented at the top.
The MA, CA, NC, and p6 domains and the SP1 and SP2 spacer peptides in Gag are indicated. The alignment shows each of the BVM resistance
and PR mutations. (Adapted from reference 3.)
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lysates were immunoprecipitated with pooled immunoglobulin from HIV-1-in-
fected patients (HIV-Ig) obtained through the NIH AIDS Research and Refer-
ence Reagent Program, Division of AIDS, NIAID. The radioimmunoprecipi-
tated proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and exposed to X-ray film and a phosphorimager plate (Fuji),
and the bands were quantified by using Quantity One software (Bio-Rad).

Replication kinetics. Jurkat T cells were transfected with WT and mutant
pNL4-3 derivatives. BVM was added at the time of transfection at the indicated
concentrations and was maintained throughout the course of the experiment.
The Jurkat cells were split every 2 days, supernatant was collected at each time
point, and viral replication was monitored by RT activity as previously described
(13). Replication kinetics experiments were repeated independently four times.
On the last repeat, cell pellets and virus supernatants were harvested on the days
of peak RT activity. To verify that the BVM resistance and PIR mutations were
maintained, genomic DNA was extracted from cells on the day of peak RT
activity using a whole-blood DNA extraction kit (Qiagen). The entire Gag-PR
coding region then was amplified by PCR using the forward and reverse primers
NL516F (5�-TGC CCG TCT GTT GTG TGA CTC-3�) and NL2897R (5�-AAA
ATA TGC ATC GCC CAC AT-3�). The resultant 2.3-kb PCR product was
purified using the QIAquick PCR purification kit (Qiagen) and sequenced using
the primers NL1410F (5�-GGA AGC TGC AGA ATG GGA TA-3�), NL1754F
(5�-TGG TCC AAA ATG CGA ACC-3�), and NL2135F (5�-TTC AGA GCA
GAC CAG AGC CAA-3�). Following the first round of replication kinetics, virus
supernatants from WT, PIR, and SP1-A3V PIR at the day of peak RT activity
were normalized for RT activity and used to infect fresh Jurkat T cells. The
infected cells were cultured, and then genomic DNA was extracted, PCR am-
plified, and sequenced as described above to identify any secondary mutations.

Selection of BVM resistance in the context of WT and PIR PR in vitro.
BVM-resistant virus isolates were selected by the serial passage of Jurkat T cells
transfected with WT pNL4-3 or the PIR derivative. Ten flasks for each plasmid
were transfected in parallel, and cultures were maintained at 50 ng/ml BVM
throughout the experiment. Virus replication during the selection process was
monitored by RT activity as previously described (13). Cell pellets and virus
supernatants were harvested on the days of peak RT activity. To identify muta-
tions conferring BVM resistance, genomic DNA was extracted, PCR amplified,
and sequenced as described above.

RESULTS

HIV-1 encoding PIR PR is sensitive to the HIV-1 maturation
inhibitor BVM. To examine the interplay between the evolu-
tion of drug resistance to BVM and mutations that confer
resistance to clinically approved PR inhibitors, we obtained a
derivative of the full-length HIV-1 molecular clone pNL4-3
containing the following PIR mutations: L10R/M46I/L63P/
V82T/I84V (Fig. 1) (8). This clone was selected because it
encodes a combination of mutations that confer resistance to
multiple structurally diverse PR inhibitors and secondary mu-
tations that compensate for defects in virus replication im-
posed by the PIR mutations (8, 27).

Potent BVM activity against HIV-1 isolates containing PIR
PR has been demonstrated previously (21, 49). To verify the
sensitivity of the PIR clone to the action of BVM, we con-
ducted a quantitative biochemical CA-SP1 processing assay
(Fig. 2A and B). HeLa cells transfected with WT pNL4-3 or
pNL4-3/PIR were cultured either without BVM or with 1 �g/ml
BVM. The cells were metabolically labeled with [35S]Met/Cys,
and cell- and virion-associated proteins were immunoprecipi-
tated with HIV-Ig. CA-SP1 cleavage was detected (Fig. 2A)
and quantified (Fig. 2B). The BVM treatment of PIR-trans-
fected cells resulted in the marked and statistically significant
accumulation of unprocessed CA-SP1 in both cell- and virus-
associated fractions, which was equivalent to or greater than
the levels observed for the BVM-treated WT. This accumula-
tion of CA-SP1 indicates that the PIR clone is sensitive to the
action of BVM. The sensitivity of the PIR clone to BVM was

confirmed in virus replication assays in which detectable virus
spread in Jurkat T cells transfected with either WT or PIR
molecular clones was completely blocked at 1 �g/ml BVM for
48 days in culture (Fig. 2C).

PIR mutations are associated with general processing de-
fects and a modest replication delay in Jurkat T cells. The
CA-SP1 processing assay, performed to confirm PIR sensitivity
to BVM, demonstrated a general proteolytic processing defect
associated with the PIR mutations (Fig. 2A). This defect was
characterized by the accumulation of the Gag processing in-
termediates CA-SP1 and MA-CA (p41) in both the cell- and
virion-associated fractions (Fig. 2A, B, and D). The PIR-asso-
ciated increase in MA-CA levels was statistically significant
(P � 0.01 by analysis of variance [ANOVA]) for both cell- and
virus-associated fractions. This general proteolytic processing
defect likely accounts for the slight delay in virus replication
observed for the PIR clone, relative to that of the WT, in the
absence of BVM (Fig. 2C). This slight replication delay in
Jurkat T cells, which was observed in multiple independent
experiments (data not shown and figures cited below), is in
contrast to a previous report of WT replication kinetics for the
PIR clone in non-Jurkat target cells (27).

General Gag processing defects are induced by PIR muta-
tions independently of BVM resistance mutations surrounding
the CA-SP1 cleavage site. We and others previously have iden-
tified a panel of single-amino-acid substitutions that indepen-
dently confer resistance to BVM (3, 21, 49). All BVM resis-
tance mutations identified thus far are located in the vicinity of
the CA-SP1 cleavage site. To understand the interplay between
PIR mutations in PR and BVM resistance mutations surround-
ing the CA-SP1 cleavage site, we examined whether the BVM
resistance mutations affected Gag processing efficiency in the
context of the PIR PR. To address this question, we introduced
the PIR mutations into each of the pNL4-3 clones encoding
the following BVM resistance mutations: CA-H226Y, CA-
L231M, CA-L231F, SP1-A1V, and SP1-A3V (Fig. 1). We also
included a double mutant, CA-G225S/SP1-A3V, containing
the CA-G225S mutation, which compensates for the replica-
tion defect imposed by SP1-A3V (3).

To determine whether the general processing defects ob-
served for PIR PR also were observed in the context of the
BVM-resistant mutants, we compared the levels of MA-CA in
virions bearing either WT or PIR PR (see Fig. S1 in the
supplemental material). The results indicated that the levels of
MA-CA in each of the BVM-resistant clones in the context of
PIR PR were elevated relative to those in the WT PR series. A
statistically significant increase was observed for all BVM-re-
sistant clones, with the exception of the CA-L231M WT PR
versus PIR PR when cultured without BVM. We next exam-
ined CA-SP1 levels in the absence of BVM to evaluate whether
the BVM resistance mutations affected the ability of PIR PR to
process the CA-SP1 cleavage site (Fig. 3). The levels of virion-
associated CA-SP1 clearly were elevated for each PIR PR
clone compared to that of the WT PR clones in the absence of
BVM. This was demonstrated by a statistically significant in-
crease in CA-SP1 levels in all BVM-resistant clones except
CA-G225S/SP1-A3V. These results demonstrate that the PIR
mutations lead to general processing defects, as determined by
the accumulation of MA-CA and CA-SP1, independently of
BVM resistance mutations.
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BVM resistance mutations reduce BVM-induced CA-SP1
accumulation in the context of either WT or PIR PR. Resis-
tance to BVM is characterized biochemically by complete or
nearly complete CA-SP1 processing, even in the presence of
the compound (3, 21, 49). To determine whether our previ-
ously characterized BVM resistance mutations still confer
BVM resistance in the context of the PIR PR, we analyzed the
effect of BVM treatment on CA-SP1 levels (Fig. 3). For the
CA-L231F, SP1-A1V, SP1-A3V, and CA-G225S/SP1-A3V
mutants, BVM treatment did not increase the levels of CA-SP1
in the context of either WT or PIR PR. However, because of
the general processing defects noted in the context of PIR
PR, the overall CA-SP1 levels were elevated compared to
those in the WT PR series independently of BVM treat-
ment. This increase in the percent CA-SP1 accumulation

was statistically significant in all BVM-resistant mutants,
with the exception of CA-G225S/SP1-A3V. In samples with
mutations CA-H226Y and CA-L231M, a statistically signif-
icant accumulation of unprocessed CA-SP1 occurred upon
BVM treatment in the context of either WT or PIR PR.
Elevated levels of CA-SP1 also were noted for CA-L231F
PIR. These observations indicate that these CA mutations
confer partial resistance to BVM, which is consistent with
previous reports (3, 46). A combination of this partial re-
sistance to BVM and the general elevation of CA-SP1 levels
in the context of the PIR PR resulted in the high-level
accumulation of CA-SP1 in BVM-treated PIR CA-H226Y,
CA-L231M, and CA-L231F virions. However, levels of CA-
SP1 for these mutants did not reach those observed for the
WT CA-SP1 clones in the presence of BVM (Fig. 3).

FIG. 2. PIR mutations induce general defects in Gag processing and a modest delay in virus replication. (A) Biochemical characterization of
Gag expression and proteolytic processing. Transfected HeLa cells were cultured with 0 or 1 �g/ml BVM and were metabolically labeled with
[35S]Met/Cys. Released virions were pelleted by ultracentrifugation. Cell and virus lysates were immunoprecipitated with HIV-Ig and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. SU, surface; TM, transmembrane. (B) Phosphorimager analysis of
radioimmunoprecipitation assays to quantify the percentage of proteolytic processing intermediate CA-SP1 relative to total CA-SP1 plus CA: %
CA-SP1 � [CA-SP1/(CA-SP1 � CA)] � 100. Error bars indicate standard deviations (n � 8). (C) Replication kinetics in Jurkat T cells of WT and
PIR molecular clones. Cultures were maintained in 0 or 1 �g/ml BVM. Cells were split every 2 days, and supernatants were reserved at each time
point for RT analysis. The experiment shown is representative of eight independent experiments in which the delay between the replication of the
WT and PIR clones cultured without BVM ranged from 0 to 12 days, with an average delay of 5 days. Detectable virus replication was not observed
in the presence of 1 �g/ml BVM. (D) Phosphorimager analysis of radioimmunoprecipitation assays to quantify the percentage of proteolytic
processing intermediate MA-CA relative to total Gag: cellular % MA-CA � [MA-CA/(Pr55 Gag � MA-CA � CA-SP1 � CA)] � 100, and virion
% MA-CA � [MA-CA/(MA-CA � CA-SP1 � CA)] � 100. Error bars indicate standard deviations (n � 8). One-way ANOVA was performed
using jmp software to test differences between means. Statistically significant differences between pairs of means are indicated with a solid line for
BVM-treated versus non-BVM-treated samples with the same PR and a dashed line for samples encoding WT or PIR PR but with the same
inhibitor treatment. **, P � 0.01; *, P � 0.05.
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The BVM resistance and PIR mutations act additively to
decrease viral replication capacity. The biochemical analyses
presented above demonstrate that the PIR PR mutations are
associated with general Gag processing defects. The replica-
tion of the PIR clone in Jurkat T cells is slightly delayed, most
likely as a consequence of these processing defects (Fig. 2A).
Higher levels of unprocessed CA-SP1 also were observed upon
treatment with BVM when the CA mutations were coupled
with those in PR. To investigate the consequences for virus
replication of combining the BVM resistance and PIR muta-
tions, each molecular clone was transfected into Jurkat T cells,
and cultures were passaged without BVM or in the presence of
suboptimal (50 ng/ml) or inhibitory (1 �g/ml) concentrations
of the compound. The BVM resistance mutations originally
were selected at the suboptimal BVM concentration (3, 21),
and the replication capacity of these mutants in the context of
WT PR previously has been evaluated at these BVM concen-
trations (3). The replication assays were divided into two
groups: a CA mutant set (H226Y, L231M, and L231F) (Fig.

4A) and an SP1 mutant set (A1V, A3V, and G225S/A3V) (Fig.
4B). Similar results were obtained in four independently re-
peated experiments (data not shown).

The replication of the CA mutants in the context of WT PR
was largely consistent with our previous analysis (3). The
L231M and L231F mutants replicated with essentially WT
kinetics in the absence of BVM, and their replication was not
significantly affected by 50 ng/ml BVM (Fig. 4A). The replica-
tion of H226Y was only slightly delayed relative to that of WT
in the absence of BVM, while a more significant delay was seen
in the presence of 50 ng/ml BVM (Fig. 4A). A several-day
delay was reproducibly observed for all of these mutants at 1
�g/ml BVM. This replication delay at 1 �g/ml BVM is indic-
ative of a residual level of BVM sensitivity and is consistent
with the increased accumulation of unprocessed CA-SP1 upon
BVM treatment (Fig. 3) (3). The replication of CA-H226Y and
CA-L231F in the context of PIR PR was considerably delayed
compared to the replication of the WT PR series. Long delays
in replication were observed without BVM and at 50 ng/ml,
and no detectable replication was observed at 1 �g/ml BVM.
The replication of CA-L231M PIR was more robust, as repli-
cation without BVM and at 50 ng/ml BVM was only slightly
delayed relative to that of the WT PR series. However, in
contrast to CA-L231M with WT PR, the replication of CA-
L231M with PIR PR at 1 �g/ml BVM was reproducibly and
significantly delayed (Fig. 4A and data not shown).

The replication of viruses containing SP1 mutations (A1V,
A3V, and CA-G225S/SP1-A3V) in the context of WT PR also
was largely consistent with our previous analysis (3). The SP1-
A1V WT PR mutant replicated with WT kinetics in the ab-
sence of BVM, and its replication was not significantly affected
even by high BVM concentrations (Fig. 4B). The replication of
SP1-A1V PIR also was robust under all conditions tested, and
the observed delays essentially matched those observed be-
tween WT and PIR PR in the context of WT Gag.

The replication of SP1-A3V with WT PR was markedly
delayed and exhibited a degree of drug dependence at 1 �g/ml
BVM (3). The replication of SP1-A3V PIR PR typically was
not detected in the presence or absence of BVM (Fig. 4B) but
was observed in one experiment (Fig. 5A). In this instance,
virus replication in 1 �g/ml BVM peaked on day 44. As a
number of secondary mutations are associated with the repli-
cation of the SP1-A3V mutant (3), the virus from day 44 was
repassaged to select for secondary mutations (Fig. 5B). Upon
repassage, the virus replicated much earlier under all condi-
tions tested (0 ng/ml, 50 ng/ml, and 1 �g/ml BVM). Genomic
DNA was extracted from cells harvested at the RT peak, and
the Gag and PR coding regions were amplified by PCR and
sequenced. Two secondary mutations were identified within
the population: the previously observed SP1-V7I (3) and a
mutation distal to the CA-SP1 junction, CA-N203T. The SP1-
A3V mutation and all of the PIR PR mutations were main-
tained. We also examined the previously characterized CA-
G225S secondary mutation, which reverses the replication
delay imposed by SP1-A3V (3). The CA-G225S mutation also
compensated for the delay imposed by SP1-A3V in the context
of PIR PR as replication occurred at all BVM concentrations,
albeit with a moderate delay compared to that of the WT PR
context (Fig. 4B).

The maintenance of all five PIR PR mutations upon the

FIG. 3. Biochemical quantification of virion-associated CA-SP1 in
BVM-resistant clones expressing either WT or PIR PR. Viral lysates
were prepared, and the percent CA-SP1 was calculated as indicated in
the Fig. 2 legend. Error bars indicate standard deviations (n � 3).
ANOVA was performed as described in the Fig. 2 legend. **, P �
0.01; *, P � 0.05.

4888 ADAMSON ET AL. J. VIROL.



FIG. 4. PIR and BVM resistance mutations synergize to delay virus replication. Jurkat T cells were transfected with the indicated BVM-
resistant CA (A) or SP1 (B) mutants expressing either WT PR (closed symbols) or PIR PR (open symbols) and were cultured without BVM (blue
circle) or with 50 ng/ml (red triangle) or 1 �g/ml (green square) BVM. Cells were split every 2 days, and supernatants were reserved at each time
point for RT analysis. Results shown are representative of four independent experiments.
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repassage of A3V PIR PR confirms the previously reported
stability of the PIR mutations (27). Indeed, in the final repeat
of the virus replication experiments, we confirmed that all PIR
and BVM resistance mutations still were present in all samples
with detectable viral replication (data not shown). Only one
additional secondary mutation, CA-V230I, was identified. This
mutation arose in the CA-L231M PIR PR virus that arose 30
days posttransfection when cultured at 1 �g/ml BVM. The
additional characterization of the secondary changes identified
here, along with several others associated with SP1-A3V (3 and
C. S. Adamson and E. O. Freed, unpublished data), will be
reported elsewhere.

Overall, when combined, the BVM resistance and PIR mu-
tations acted additively to negatively impact viral replicative
capacity, particularly in the presence of BVM. For example,
the combination of a mutation that impaired virus replication
(e.g., SP1-A3V) with PIR PR essentially abolished virus repli-
cation. The combination of mutations that induced various
degrees of BVM resistance (e.g., CA-H226Y or L231F) with
the PIR mutations delayed virus replication in the absence of
BVM and at low BVM concentrations and abolished replica-
tion at high concentrations of the compound. However, for a

virus that replicated robustly even at a high BVM concentra-
tion, such as SP1-A1V, combination with PIR had a minimal
impact on virus replication kinetics.

Emergence of BVM resistance is delayed in the context of
PIR PR. Replication assays showed that the combination of the
BVM resistance and PIR mutations generally impaired viral
fitness, particularly in the presence of BVM. We therefore
hypothesized that the PIR mutations would delay or prevent
the emergence of BVM resistance and would limit the number
of distinct BVM resistance mutations that emerge during virus
propagation in BVM. Resistance in Jurkat T cells typically
emerges 3 to 4 weeks posttransfection with WT pNL4-3 at 50
ng/ml BVM (3, 21) (e.g., Fig. 4A). In contrast, in a parallel
culture transfected with pNL4-3/PIR, virus replication did not
peak until 44 days posttransfection (Fig. 4A). To determine
which BVM resistance mutation(s) arose in the context of PIR
PR in this culture, genomic DNA was extracted from cells
harvested at peak RT activity, and the PCR-amplified Gag-PR
region was sequenced. This analysis revealed the acquisition of
the previously characterized mutation SP1-A1V. All five PIR
PR mutations were maintained, and no other changes in Gag
or PR were observed.

FIG. 5. Replication kinetics of the SP1-A3V mutant coupled with the PIR changes. Jurkat T cells were transfected with WT pNL4-3 (closed
symbols), pNL4-3/PIR, or pNL4-3/A3V PIR. (A) Cultures were maintained either without BVM (blue symbols) or with 1 �g/ml BVM (green
symbols). (B) Cultures were maintained in no BVM (blue circle), 50 ng/ml (red triangle) BVM, or 1 �g/ml (green square) BVM. Cells were split
every 2 days, and supernatants were reserved at each time point for RT analysis. Virus from the SP1-A3V PIR flask (A) was harvested on day 44
and used to infect fresh Jurkat T cells (B). DNA was extracted at peak RT activity, and the Gag-PR coding region was PCR amplified and
sequenced.

4890 ADAMSON ET AL. J. VIROL.



As the acquisition of resistance is essentially a stochastic
process, we repeated the selection experiment in multiple
flasks to determine whether the emergence of BVM resis-
tance in the context of PIR is consistently delayed and to
identify the BVM resistance mutations that arise. Ten flasks
each were transfected with WT pNL4-3 or pNL4-3/PIR and
then cultured in 50 ng/ml BVM (Fig. 6). Viral replica-
tion was consistently delayed by the PIR mutations. Virus
emerged in 9 out of 10 PIR-transfected flasks, with delay in
RT peaks ranging from 2 to 22 days after the latest RT peak
in WT-transfected flasks. In the one remaining PIR-trans-
fected flask, detectable virus replication did not occur dur-
ing 90 days in culture (data not shown). Sequencing revealed
that the SP1-A1V mutation emerged with approximately
equal frequency in the context of WT and PIR PR (Table 1).
Of the 10 flasks transfected with WT PR plasmid, the SP1-
A1V mutation arose 90% of the time. One flask did not
contain SP1-A1V but instead acquired a previously uniden-
tified mutation, SP1-M4V. Another flask contained a mix-
ture of SP1-A1V and CA-L231W mutations. Although CA-
L231W has not been observed previously, BVM-resistant
mutants L231M and L231F map to the same residue. For
the set of 10 flasks transfected with PIR PR, the SP1-A1V
mutation arose 80% of the time. The only other mutation to
arise in this series of flasks was SP1-A3V. The PIR PR
mutations were maintained in all nine flasks in which virus
emerged, and no other mutations in PR were detected. In a
repeat of the selection experiment, virus emerged in 8 of a
set of 10 flasks transfected with the WT PR clone but just 1
flask of the set of 10 PIR PR-transfected flasks (data not
shown). These data demonstrate that the acquisition of
BVM resistance is either delayed or prevented in the con-
text of PIR PR.

DISCUSSION

Many novel antiretroviral drugs, including BVM, likely will
be used clinically in patients harboring viruses resistant to RT
inhibitors and PIs. Because BVM targets PR-mediated pro-
cessing at the CA-SP1 cleavage site, and mutations that confer
BVM resistance map to this region of Gag, in this study we
sought to examine the interplay between the evolution of re-

FIG. 6. PIR changes in PR delay the development of BVM resistance. Ten Jurkat flasks each were transfected with WT pNL4-3 (red) or
pNL4-3/PIR (blue) and cultured in parallel in the presence of 50 ng/ml BVM. Cells were split every 2 days, and supernatants were reserved at each
time point for RT analysis. DNA was extracted at peak RT activity, and the Gag-PR coding region was PCR amplified and sequenced.

TABLE 1. Mutations acquired at the CA-SP1 junction in Jurkat T
cells transfected with WT pNL4-3 or pNL4-3/PIR and cultured in

50 ng/ml BVM

Virus no. Day of peak RT Mutation(s) acquired

WT PR
1 18 SP1-A1V
2 20 SP1-A1V
3 20 SP1-A1V
4 22 SP1-A1V, CA-L231W
5 20 SP1-A1V
6 22 SP1-A1V
7 18 SP1-A1V
8 20 SP1-M4V
9 20 SP1-A1V
10 20 SP1-A1V

PIR PR
1 44 SP1-A1V
2 30 SP1-A3V
3 30 SP1-A1V
4 32 SP1-A1V
5 24 SP1-A1V
6 34 SP1-A1V
7 No replication No replication
8 26 SP1-A1V
9 28 SP1-A1V
10 24 SP1-A1V
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sistance to BVM and PIR mutations in PR. We demonstrate
that the emergence of BVM resistance is delayed in the context
of the PIR PR, which induces a general Gag processing defect
independently of BVM resistance mutations. The SP1-A1V
mutation arises most frequently in clones expressing either WT
or PIR PR. Combining our previously characterized panel of
BVM resistance changes with PIR mutations led in most cases
to severely inhibited virus replication, particularly in the pres-
ence of BVM. However, in the case of SP1-A1V, we observed
no significant effect of the PIR mutations on virus replication,
even at high BVM concentrations.

Mutations in PR could influence the emergence of BVM
resistance primarily by two mechanisms: (i) the ability of the
mutant PR to cleave at a CA-SP1 junction containing BVM
resistance changes could be altered, and/or (ii) the PR muta-
tions could reduce the overall rate of virus replication, thereby
limiting the ability of BVM resistance to emerge. In the latter
instance, the mechanism is not due to the nature of the PR
mutations per se but rather their overall deleterious effect on
replication, therefore a similar phenomenon might also be
observed for other mutants that display a reduced replication
capacity. We chose the L10R/M46I/L63P/V82T/I84V PIR
clone for this study because it has been reported to replicate
with essentially WT kinetics (27). However, we repeatedly ob-
served a slight delay in the replication of this clone relative to
that of the WT, most likely due to the above-mentioned gen-
eral Gag processing defects. Despite this slight replication de-
fect, we observed that the PIR mutations were very stable
during long-term culture in Jurkat T cells; in no case did we
observe the loss of any of these PIR mutations or the acquisi-
tion of other mutations in PR. The stability of the PIR muta-
tions upon long-term culture obviated the need for the inclu-
sion of PIs in the BVM selection experiments. The overall
reduction in the replication capacity of the PIR clone likely
contributed to the delayed emergence of BVM resistance in
the context of PIR PR. To the extent that PIR mutations
circulating in patients reduce replication fitness, these findings
may be relevant to the potential emergence of BVM resistance
in vivo.

In both this and our previous study (3), we have noted the
frequent emergence of the SP1-A1V mutation. This can be
explained by the robust replication kinetics of SP1-A1V in the
context of either WT or PIR PR even at high BVM concen-
trations. In contrast, the combination of the other BVM resis-
tance mutations with PIR PR significantly decreased viral rep-
lication capacity, particularly in the presence of BVM. For
example, the replication of viral clones containing the CA
mutations (H226Y, L231M, and L231F) in combination with
the PIR changes was significantly delayed or abolished in the
presence of BVM. This is likely due to high CA-SP1 levels
resulting from the general Gag processing defects induced by
PIR mutations, combined with only a partial degree of BVM
resistance being conferred by the CA mutations (3, 46, 49).
Interestingly, a CA-V230I mutation emerged upon the passage
of CA-L231M with PIR PR at 1 �g/ml BVM. This secondary
mutation may compensate for the replication delay induced by
the PIR changes. It is well documented that mutations in Gag
cleavage sites can accumulate during the acquisition of resis-
tance to PIs (17, 23, 25, 30, 45). However, these mutations are
rarely seen at the CA-SP1 site (23, 25). The residues to which

BVM resistance map are highly conserved (3), and to date only
CA-L231M has been reported in the context of one PI-expe-
rienced patient sample (24). However, the CA-V230I mutation
has been reported in �10% of both PI-experienced and treat-
ment-naïve patients (23, 24, 34). It also is possible that CA-
V230I confers a degree of BVM resistance. Residue CA-230
occurs at position P2 of the PR recognition site, and the in-
sertion of the P2 and P1 residues from SIVmac, which is BVM
resistant, into HIV-1 resulted in the transfer of BVM resis-
tance to HIV-1 (47). This study identified two additional novel
mutations that may confer BVM resistance: CA-L231W and
SP1-M4V.

The additive effect of combining an already replication-im-
paired virus, such as SP1-A3V, with PIR PR essentially abol-
ished virus replication. We previously reported that the SP1-
A3V mutant in the context of WT PR exhibits a degree of
BVM dependence at 1 �g/ml BVM and generally requires a
secondary mutation to facilitate replication at low BVM con-
centrations or in the absence of the compound (3). In this
study, we observed two mutations that may rescue the replica-
tion of the SP1-A3V PIR clone, SP1-V7I and a mutation distal
to the CA-SP1 cleavage site, CA-N203T. The significance of
the distal CA-N203T mutation has not been established; how-
ever, it is unlikely to confer BVM resistance, as all previously
identified BVM resistance mutations cluster to the CA-SP1
junction. It is plausible that the CA-N203T mutation compen-
sates for defects imposed by SP1-A3V and/or the PIR muta-
tions; however, this remains to be determined. SP1-V7I previ-
ously has been identified during the propagation of SP1-A3V
in the context of WT PR (3), therefore its emergence is un-
likely to be a direct consequence of the PIR mutations. We
previously detected a number of secondary mutations associ-
ated with SP1-A3V ([3] and Adamson and Freed, unpub-
lished). The characterization of these secondary mutations will
be reported elsewhere, but they are of interest because they
map to nonconserved residues at the periphery of the CA-SP1
junction, and polymorphisms at these amino acid positions
appear to be correlated with variable clinical responses to
BVM (K. Salzwedel, unpublished data).

This study demonstrates that the emergence of BVM resis-
tance is delayed or prevented in the context of a PIR PR
compared to that in the context of WT PR. The reduced
replication fitness of mutants bearing substitutions in both the
CA-SP1 region and in PR likely is due to a slight replication
impairment of the PIR clone and because the majority of BVM
resistance mutations act additively with PIR changes to inhibit
virus replication. Understanding the nature of BVM resistance
arising in the context of both WT and PIR PR elucidates the
interplay between these two sets of mutations and may help to
predict the types of mutations that are likely to arise in vivo.
We anticipate that the SP1-A1V substitution is the most likely
to emerge in vivo, as this mutant replicates robustly indepen-
dently of PR mutations or BVM. Because an Ala at SP1 res-
idue 1 is highly conserved among HIV-1 isolates, it might be
predicted that a fitness cost would be associated with the rep-
lication of this virus in vivo. However, we observe that SP1-
A1V can replicate efficiently in primary lymphocytes and mac-
rophages (C. S. Adamson, S. D. Ablan, and E. O. Freed,
unpublished data), and this mutant confers resistance to BVM
and replicates with no fitness impairment in SCID-hu Thy/Liv
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mice (36). The SP1-A1V mutation also has been observed in
virus from 2 of 46 patients participating in the phase IIb clinical
trials (K. Salzwedel, unpublished data). Ongoing clinical trials
with BVM ultimately will allow comparisons to be made be-
tween the evolution of BVM resistance in vitro and in vivo.
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