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We have studied the phenotypic impact of adaptative Gag cleavage site mutations in patient-derived human
immunodeficiency virus type 1 (HIV-1) variants having developed resistance to the protease inhibitor ritonavir
or saquinavir. We found that Gag mutations occurred in a minority of resistant viruses, regardless of the
duration of the treatment and of the protease mutation profile. Gag mutations exerted only a partial corrective
effect on resistance-associated loss of viral fitness. Reconstructed viruses with resistant proteases displayed
multiple Gag cleavage defects, and in spite of Gag adaptation, several of these defects remained, explaining the
limited corrective effect of cleavage site mutations on fitness. Our data provide clear evidence of the interplay
between resistance and fitness in HIV-1 evolution in patients treated with protease inhibitors.

Infectivity of newly assembled retroviral particles is depen-
dent upon a late maturation event associated with processing
of the Gag and Gag-Pol polyprotein precursors by a Gag-Pol-
encoded aspartic protease (PR) (7, 19, 22, 24, 37). As a con-
sequence, occupation of the catalytic site of the PR by syn-
thetic peptidomimetic molecules can profoundly inhibit viral
replication (2, 11, 27). Such inhibitors are now widely used in
the treatment of patients infected with human immunodefi-
ciency virus type 1 (HIV-1), leading to durable near extinction
of virus replication and significant improvement of the prog-
nosis of the infection, especially when administered in associ-
ation with other antiretroviral drugs (15, 25, 26). However,
viral resistance to PR inhibitors can emerge in the course of
the treatment, leading to a gradual viral escape replication (8,
9, 13, 29, 34). HIV-1 resistance to PR inhibitors is the conse-
quence of stepwise accumulation of mutations in the viral PR
(8, 29). Many mutations associated with HIV-1 resistance to
PR inhibitors have now been identified (28). Although they
can be sporadically witnessed in viral quasispecies, most of
these mutations are not found in PR inhibitor-naive HIV-1
infected patients, suggesting that they confer a selective disad-
vantage to the virus (3, 20, 30, 38). Indeed, some resistance
mutations, alone or in combination, can significantly reduce
the catalytic activity of the protease and consequently affect the
replicative capacity of the virus (4, 16–18, 31, 35). This phe-
nomenon, which can be observed both in viruses selected for
resistance in tissue culture (4, 10, 17, 18) and in treated pa-
tients (39, 40), may have crucial clinical implications. It was
recently observed that in some resistant viruses, obtained by in
vitro selection or from treated patients, resistance-associated
loss of viral fitness can be significantly corrected by the emer-
gence of compensatory mutations in two C-terminal Gag cleav-
age sites (12, 40).

In the present study we wished to further investigate the

conditions that favor the emergence of Gag cleavage site mu-
tations and to evaluate the phenotypic impact of these muta-
tions on HIV-1 fitness and resistance to PR inhibitors. We
studied gag sequences from 16 patients treated with PR inhib-
itors, presenting different profiles of mutations in the PR (Fig.
1). The selected samples were obtained from patients treated
for various periods with ritonavir (RTV) or saquinavir (SQV)
(11 and 5 patients, respectively) (Fig. 1). Patients 116, 125, 129,
131, 210, 223, and 229 were treated with RTV monotherapy;
patients 246, 285, 487, 500, and 637 were treated with SQV
monotherapy or SQV in combination with dideoxycytosine;
and patients 202, 402, 503, and 506 received a combination
therapy regimen that included RTV, zidovudine, and dideoxy-
cytosine. The PR sequences of patients 202, 246, 402, 503, and
506 were determined from bulk PCR products amplified from
plasma virus as previously described (39). We compared the
samples obtained shortly before the initiation of PR inhibitor
therapy with those obtained after the development of resis-
tance.

To determine the Gag cleavage site sequences of all the pa-
tients’ samples, viral RNA was purified from plasma or super-
natant of a single-passage peripheral blood lymphocyte infec-
tion (patients 116, 125, 129, 131, 210, 223, and 229), reverse
transcribed, and amplified by nested PCR, and bulk PCR prod-
ucts were sequenced. The primer pairs GagB1 (59CTTGC
TGAAGCGCGCACGGCAAGAGG39) and GagCS (59TC
TTGTGGGGTGGCTCCTTCTG39) and the primer pair 17/
241 (59AACATATAGTATGGGCAAGC39) and 17/242 (59
TACCCATGCATTTAAAGTTC39) were used for the matrix/
capsid (MA/CA) cleavage site. For all other Gag cleavage sites
we used the following primers: Cliv1 (59GACAGAAACCTTG
TTGGTCC39), Cliv2 (59CGCTGCCAAAGAGTGATCT39),
ClivN1 (59TGGTCCAAAATGCGAACC39), and ClivN2 (59
AAAGAGTGATCTGAGGGAAG39). As expected the p2/nu-
cleocapsid (p2/NC) cleavage site displayed the highest level of
intrapatient variability (Fig. 1), but the observed changes in-
volved residues which are variable also in PR inhibitor-naive
patients (3, 20, 23, 30). Two RTV-resistant viruses, viruses 210
and 402 (patient numbers are also used as virus numbers in this
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work), presented an A-to-V mutation at position P2 of the
NC/p1 cleavage site. SQV-resistant virus 487 displayed a cleav-
age site mutation located at the P19 position of the p1/p6
cleavage site (L to F) in addition to the MA/CA substitution.
Both of these Gag cleavage site mutations were reported in
viruses that developed resistance to PR inhibitors in vitro or in
vivo (12, 40). One study suggested that the development of
Gag cleavage site mutations is associated with heavily mutated
PRs (“dead end”) for which the concomitant evolution of
additional mutations in the PR and in the Gag substrate may
be the only way for the virus to survive in an increasingly
selective environment (12). More recently, the analysis of re-
sistant viral isolates from indinavir-treated patients indicated
Gag adaptation as a common evolutionary pathway (six out six
patients), taking place as early as 6 weeks after the start of
therapy and in the presence of as few as two PR mutations
(40). While some of the mutations that we observed in the
present study are identical to the previously described ones, we
did not find common correlates for the emergence of Gag
cleavage site mutations in terms of their association with par-
ticular PR mutations or duration of treatment (Fig. 1). Inter-

estingly, we observed for the first time substitutions in the
MA/CA (patients 223, 487, and 129) and CA/p2 cleavage sites
(patient 116) and a K-to-N substitution at position 38 of the
NC protein in two resistant viruses (from patients 223 and 503
[data not shown]), suggesting that there are additional possi-
bilities for Gag adaptation besides the previously described
substitutions in the cleavage sites surrounding the p1 peptide
(12, 40).

We have recently reported that reconstructed HIV-1 molec-
ular clones carrying inhibitor-resistant proteases displayed a
reduction in replicative capacity with respect to clones carrying
the corresponding parental pretherapy PRs (39). To study the
effect of the observed Gag cleavage site mutations on viral
infectivity, we constructed viral clones with the four possible
combinations of pretherapy and postresistance gag and PR
sequences from one RTV- and one SQV-treated patient (pa-
tients 210 and 487, respectively), using an infectious molecular
clone of HIV-1 (1, 32). To this end, the gag gene was reverse
transcribed and PCR amplified with the primer pair GagA1
(59CCAGAGGAGATCTCTCGACGC39) and ClivN2 (see
above) and the primer pair GagB1 (see above) and GagB2

FIG. 1. Sequences of Gag cleavage sites and PRs from studied patients. RTV- and SQV (SAQ)-treated patients were selected to cover a variety of PR mutation
profiles and durations of therapy. The amino acid substitutions involved in PR inhibitor resistance that were found between the pretherapy and resistant virus isolates
are shown. Gag cleavage site sequences for the pretherapy viruses and amino acid substitutions found in postresistance isolates are reported. A dot indicates that the
resistant isolate carried the same residue as the pretherapy one; an x indicates a position at which the nature of the residue is not defined, possibly because multiple
isolates were amplified by PCR. na, not available.
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(59TTCCTTGTCTAGAGGCTCCTGCTTC39). In this set-
ting, the pretherapy Gag precursor molecule was associated
with the pretherapy Protease (wild-type clones [WW]) and,
independently, with the mutated PR allele (clones WM). Sim-
ilarly, the mutated Gag precursor molecule was associated with
the PRs obtained before (clones MW) and after (clones MM)
the development of resistance. The entire gag genes from the
patients isolates were cloned to take into account the influence
of distal residues on the overall conformation of Gag precur-
sor. Infectious supernatants obtained from transfected HeLa
cells were normalized by measurement of HIV-1 p24 antigen
and used to infect P4 indicator cells as reported previously
(5, 14, 39). The infectivity of each Gag-PR combination was
expressed as a percentage of the corresponding pretherapy
(WW) clone (Fig. 2). For the Gag-PR combinations from pa-
tient 210 (RTV treated), the association of the resistant PR
and the pretherapy Gag (clone 210WM) resulted in a fivefold
reduction in infectivity with respect to the pretherapy combi-
nation (Fig. 2, compare 210WM to 210WW). A significant but
partial rescue was observed upon expression of the adapted
Gag precursor with the resistant PR (clone 210MM) (Fig. 2);
in this case the reduction in infectivity was only 2.5-fold. A
similar trend was observed for the 487-derived virus (from an
SQV-treated patient), for which the reduction in infectivity
due to the resistant PR was about fourfold (Fig. 2, compare
487WW and 487WM), and the partial rescue attributable to
Gag adaptation reduced the defect to twofold (487MM). Un-
expectedly, the expression of the Gag cleavage site mutation of
virus 210 in the presence of the pretherapy protease (210MW)
resulted in a marked reduction of infectivity (Fig. 2). The same
Gag-PR combination for virus 487 was as infectious as its pre-
therapy counterpart (compare 487MW and 487WW).

As shown in Fig. 1, the resistant virus from patient 487
acquired the typical SQV resistance mutation G to V at posi-
tion 48 (G48V) in combination with other substitutions. The
passage of this virus in peripheral blood lymphocyte cultures
resulted in the rapid reversion of this substitution (33a), sug-
gesting that it confers a strong disadvantage to the virus in the
absence of SQV. To evaluate the extent of this phenomenon,

we measured the infectivities of two reconstructed viral clones
carrying pretherapy and postresistance gag alleles upstream of
the mutated PR lacking the G48V mutation. These two clones
(487Wm, and 487Mm) are identical to the clones 487WM and
487MM, respectively, except for the nature of the residue in
position 48. Strikingly, their infectivities were not reduced with
respect to their pretherapy (487WW) counterparts (Fig. 2).
The mutation G48V is thus responsible for the dramatic de-
crease in infectivity observed for the 487WM virus.

To evaluate the selective advantage in terms of resistance
that determined the evolution of such a detrimental mutation,
we calculated the 50% inhibitory concentration (IC50) and
IC90 of SQV (concentrations that inhibit 50 and 90 percent of
infectious events, respectively) for the reconstructed 487 viral
clones (6, 39). We found typical PR inhibitor-naive levels of
resistance for the clones expressing the pretherapy PR alleles
487WW and 487MW (Table 1). The accumulation of five mu-
tations in the PR (clone 487WM) caused a remarkable in-
crease in the level of resistance (1.5 and more than 3 mM for
IC50 and IC90, respectively), which was not significantly altered
by the association of the mutated PR with the adapted Gag in
clone 487MM (Table 1). Interestingly, the 487Wm and 487Mm
clones, expressing the mutated PR lacking the G48V mutation,
displayed significantly lower levels of resistance (Table 1). It is
likely that a strong selective pressure due to SQV treatment in
patient 487 favored the fixation of the G48V mutation for its
effect on SQV resistance, despite the marked reduction of viral
replication associated with such substitution.

To validate the effect of Gag substitutions in a virus propa-
gation assay, T-lymphoblastoid MT4 cells (106 cells in 5 ml)
were infected with infectious supernatant from transfected
HeLa cells (corresponding to 30 ng of HIV p24). The cultures
were maintained for 8 days, aliquots of supernatant (50 ml)
were collected every 2 days, and their p24 content was ana-
lyzed. For both 210- and 487-derived viruses (Fig. 3A and B,
respectively), the pretherapy (WW) virus was characterized by
the fastest growth kinetics, indicating that in the absence of
treatment this combination results in the fittest virus. Interest-
ingly, for both viral series the coexpression of the mutated PR
with pretherapy Gag (clones WM) resulted in the slowest-grow-
ing virus, in complete agreement with the single-cycle infectiv-
ity data. The rescue of viral infectivity due to Gag adaptation
(clone MM) was reproducible for both viruses but never com-
plete, confirming the effect observed in the single-cycle assay.
The Gag-adapted but pretherapy protease (MW) viruses dis-
played growth kinetics slower than those of the respective pre-
therapy viruses (WW) and faster than those of the WM viruses.
However, for the isolates from patient 487 the MW virus grew
reproducibly faster than the MM virus (Fig. 3B), while for
isolates from patient 210 the viruses MW and MM had similar
kinetics (Fig. 3A), reflecting the reduction in infectivity ob-
served in the single-cycle assay for virus 210MW. The 487Wm

FIG. 2. Single-cycle infectivity of reconstructed viruses. The single-cycle titer
of each reconstructed virus was measured by titration on P4 (HeLa-CD4 LTR-
LacZ) cells and expressed as a percentage of the titer of the pretherapy virus
(WW) from the same patient. The results presented are the means and the
standard deviations (error bars) of at least three independent transfection and
infection experiments.

TABLE 1. Inhibitor resistance of 487-derived virusesa

Virus clone IC50 (SD) (nM) IC90 (SD) (nM)

487WW 2.4 (1.5) 9 (6.6)
487WM 1,502 (487) .3,125
487MM 1,933 (322) .3,125
487MW 6.7 (2.4) 23 (12)

487Wm 99 (59) 448 (144)
487Mm 302 (195) 1,041 (359)

a SQV IC50s and IC90s were measured in a single-cycle resistance assay on P4
cells.
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and 487Mm clones, lacking the G48V mutations, grew with ki-
netics reproducibly slower than those of the pretherapy virus
487WW but clearly faster than those of the PR-mutated vi-
ruses (487WM and 487MM). This observation confirms the
replicative impairment due to the G48V mutation. The reduced
growth kinetics reported in Fig. 3 contrast with the absence of
titer difference observed in the single-cycle assay and may re-
late to differences in assay sensitivities to replicative defects
involving late stages of the viral life cycle.

The development of mutated PR alleles and the coevolution
of Gag cleavage sites took place under the selective pressure
exerted by PR inhibitors in the treated patients. Therefore, we
could expect that the selective advantage conferred by PR mu-
tations and by Gag adaptation would be revealed best in the
presence of the specific PR inhibitor. In the presence of 50 nM
RTV, the 210-derived viruses carrying the naive PR (210WW
and 210MW) displayed a reduced viral production and delayed
growth kinetics compared to the resistant viruses (210WM and
210MM) (Fig. 3C). Under these conditions the 210MM virus
displayed a reproducible replicative advantage toward 210WM,
indicating that the specific Gag adaptation, which plays a sig-
nificant role in improving viral fitness in the absence of drug
(see above) confers a sensible advantage also in terms of viral
growth in the presence of RTV. A conceptually identical situ-
ation was observed when the 487-derived clones were mutually
compared. In this case, however, in the presence of 15 nM
SQV, the growth of inhibitor-naive viruses (WW and MW) was

hardly detectable, while accumulation of p24 antigen in the
culture supernatant was readily detected for all viruses with a
mutated PR (Fig. 3D). Again, the Gag-adapted virus 487MM
had a clear selective advantage with respect to 487WM. Re-
markably, the viruses lacking the G48V mutation (487Wm and
487Mm) grew reproducibly faster than any other 487-derived
virus (Fig. 3D), indicating that under these conditions the posi-
tive effect on replication due to the absence of the G48V sub-
stitution is more important than the impact of this mutation on
resistance. In the presence of such a modest concentration of
SQV, the increase in resistance associated with the G48V mu-
tation does not confer a selective advantage to the virus.

To characterize from a molecular perspective the replicative
defect associated with the resistant PRs and the partial rescue
consequent to Gag adaptation, we analyzed the particle pro-
tein content of the reconstructed viruses. HeLa cells were trans-
fected with the 210- and 487-derived clones; metabolically la-
belled viral particles released in the culture supernatant were
partially purified by ultracentrifugation on a sucrose cushion,
lysed, and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis as previously described (39). Particle-asso-
ciated material from three independent experiments were com-
pared, with a representative experiment being shown in Fig. 4.
Even in the absence of immunoprecipitation, the major Gag
cleavage products, as well as some of the Pol products and the
mature gp120, were readily detected (Fig. 4). Remarkably, the
expression of mutated PRs (lanes WM and MM) was always

FIG. 3. Growth kinetics of the reconstructed viruses in lymphoid cells. MT4 cells were infected with p24-normalized amounts of particles from the reconstructed
210- and 487-derived viruses in the absence (A and B) and in the presence (C and D) of PR inhibitor. Virus production was monitored by measuring HIV-1 p24 antigen
concentration in the culture supernatant. For all panels, open squares correspond to pretherapy WW viruses, open triangles correspond to PR-mutated WM viruses,
filled triangles correspond to PR-mutated and Gag-adapted MM viruses, and filled squares correspond to Gag-adapted but wild-type PR MW viruses. (B and D) Circles
correspond to the reconstructed viruses lacking the G48V protease mutation; open circles correspond to the 487Wm clone, and filled circles correspond to the 487Mm
clone. The data presented are from one of two independent experiments, in which comparable results were obtained.
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associated with the presence of several cleavage intermediates,
absent in the corresponding pretherapy PRs (lanes WW).
Among the incompletely processed precursors, we could iden-
tify the full-length Gag precursor (Gag pr55); a p25 protein,
which corresponds to the CA p24 protein still bound to the p2
spacer peptide and could be immunoprecipitated by a p24
monoclonal antibody (data not shown); the p8 intermediate,
which represents the NC p7 protein plus the p1 peptide; and a
previously described p15 band, corresponding to the NC/p1/p6
cleavage intermediate (12, 33, 36). Interestingly, we observed
that Gag adaptation determined a clear correction of some of
the incomplete cleavage events. As shown in Fig. 4, the pres-
ence of the 210 mutated PR caused a complete shift of the
mature NC protein band from 7 to 8 kDa (compare lanes
210WW and 210WM). In the presence of the NC/p1 cleavage
site adaptation, the NC protein band regained the pretherapy
localization (compare lanes 210MM and 210WW), while only
minor amounts of intermediate p8 band remained visible. The
detection of several other intermediate precursor bands, in
particular p25 and the full-length Gag pr55, consequent to
impaired cleavage by the mutated protease (lane 210WM) was
not altered by Gag adaptation (lane 210MM), indicating that
the impact of Gag adaptation was limited to processing of NC.
Correspondingly, resistance-associated loss of viral fitness in
virus 210 was only partially corrected by Gag adaptation.

In the 487 series the cleavage site adaptations involved the
MA/CA and p1/p6 sites. The mature protein p6 does not con-
tain methionine or cysteine residues, but it could be seen as
part of the previously described cleavage intermediate p15 when
the pretherapy Gag precursor was inefficiently cleaved by the
resistant PR (lane 487WM). As a consequence of Gag adap-
tation, an improved proteolysis at the p6/p1 site determined
the disappearance of the cleavage intermediate p15 (compare

lanes 487WM and 487MM). In contrast with what we reported
for the 210-derived virus, Gag adaptation in 487-derived virus
corrected also the accumulation of the full-length Gag precur-
sor (compare lanes 487WM and 487MM). Both changes in the
p1/p6 and the MA/CA cleavage sites of virus 487MM could be
responsible for this phenomenon. Another clear processing
defect associated with resistant PR in virus 487WM concerns
the CA/p2 site, translating into a high amount of particle-as-
sociated cleavage intermediate p25. Since no change in the
CA/p2 cleavage site sequence emerged along with resistance,
no cleavage improvement at this site was produced (compare
lanes 487WM and 487MM). Similar to virus 210WM, cleavage
of pretherapy Gag by the mutated PR in virus 487WM resulted
in the appearance of the p8 intermediate band among others,
but in this case a discrete amount of completely processed NC
protein could still be distinguished below it. Thus, the relative
impairment at the NC/p1 site seems less dramatic for virus 487
than for virus 210. As expected, since the NC/p1 site is not
involved in Gag adaptation in the 487-derived virus, no im-
provement of NC protein maturation was observed as a conse-
quence of Gag cleavage site mutation (compare lanes 487WM
and 487MM). Again, incomplete correction of Gag processing
impairment must account for the merely partial improvement
in viral fitness conferred by Gag adaptation also in the 487MM
virus.

The probability for selection of adaptative substitutions in
HIV-1 Gag cleavage sites as a response to a functionally im-
paired PR should be a function of several parameters. First, it
should be affected by the extent of the cleavage defect at each
of the affected sites. This is illustrated by the occurrence of
cleavage site adaptation at the NC/p1 site in virus 210, where
the cleavage was almost completely abolished. In this respect,
it is interesting that the most extensive cleavage defects ob-
served here and the most frequently described Gag corrections
involve the p1 spacer peptide. Second, the selection of adap-
tative Gag mutations should be conditioned by the potential
impact of individual cleavage defects on virus infectivity. In-
deed, we surmise that the impairment of cleavage at some
particular sites may have a more radical effect than at other
sites. Third, if cleavage is impaired at a single site, selection of
a corresponding adaptive mutation will be more likely than
when, as shown here, PR resistance results in a marked reduc-
tion of Gag cleavage at several sites. In this case adaptation
should still occur at those sites for which cleavage impairment
is more rate limiting. In addition, while substitutions involving
a limited number of cleavage sites with slow cleavage kinetics
may be tolerable, this may not be the case for corrections in-
volving multiple sites. In particular, there appears to be a del-
icate balance in the efficiency of cleavage by the PR at the dif-
ferent sites in HIV-1 Gag and Gag-Pol, resulting in a timely
coordination of processing and assembly of the mature virion
proteins (21, 33). Therefore, it is possible that too many con-
straints are opposed to changes at multiple Gag sites for full
rescue of resistance-associated loss of viral fitness. This ques-
tion, which may have a considerable impact on the clinical
outcome of resistance to PR inhibitors in treated patients, will
require careful long-term genotypic and phenotypic analysis of
HIV-1 evolution in the course of antiretroviral treatments.
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