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We examined the prevalence of cleavage site mutations, both within and outside the gag region, in 28
protease inhibitor (PI) cross-resistant patients treated with indinavir, ritonavir, and/or saquinavir compared
to control patients treated with reverse transcriptase inhibitors. Three human immunodeficiency virus pro-
tease cleavage sites within gag (p2/NC, NC/p1, and NC/TFP) showed considerable in vivo evolution before and
after therapy with indinavir, ritonavir, and/or saquinavir. Another gag cleavage site (p1/p6gag) showed a trend
compared to matched controls. The other eight recognized cleavage sites showed relatively little difference
between PI-resistant cases and controls. An A3V substitution at the P2 position of the NC/p1 and NC/TFP
cleavage sites was the most common (29%) change selected by the PIs used in this study.

The human immunodeficiency virus (HIV) protease must
recognize and cleave up to 12 sites, each with a different amino
acid sequence, in the Gag and Gag-Pol precursor polypeptides
(18) and in Nef (9, 10). Protease inhibitor (PI)-resistant or
cross-resistant isolates (1, 5) with impaired replication or Gag
and Gag-Pol processing (3, 17, 23) can partially compensate by
acquiring amino acid substitutions at gag cleavage sites in HIV
culture (2, 8) and in vivo (17, 24). There is surprisingly little
data (17, 24) published on the frequency and nature of cleav-
age site mutations in the clinical HIV population, particularly
for those mutations situated away from the protease gene. This
case control study is an attempt to determine the prevalence of
mutations at all 12 recognized protease cleavage sites within a
population of highly PI cross-resistant HIV-infected patients
(n 5 28) compared to a matched control group who received
antiretroviral therapy that did not include PIs.

MATERIALS AND METHODS

Selection and characteristics of study and control groups. Clinical isolates
(n 5 28) with .4-fold increases in the 50% inhibitory concentration (IC50) for
indinavir, ritonavir, saquinavir, and nelfinavir were identified by Virco Antiviro-
gram (11). All patients with an available pre-PI therapy sample which could be
amplified by PCR (n 5 28) were included in this study. No patient had experi-
ence with PIs other than saquinavir, ritonavir, or indinavir at the time of this
study or with non-nucleoside reverse transcriptase (RT) inhibitors. Each case
was individually matched with a control patient treated with nucleoside analogue
RT inhibitors (NRTIs), but not PIs or non-nucleosides. Matching was based
upon (i) length of time on therapy, (ii) plasma viral load prior to PI or NRTI
therapy, and (iii) plasma viral load of the post-therapy sample. For each control,
a sample collected prior to any antiretroviral therapy was also retrieved.

Genotypic analysis of protease cleavage site mutations. Plasma HIV RNA was
amplified by nested reverse transcription-PCR and analyzed by automated se-
quence analysis using conditions described elsewhere (14) with primers chosen to
amplify regions surrounding the protease cleavage sites (primer sequences avail-
able upon request). For the purpose of this analysis, a “mutation” is defined as

any change in the HIV RNA nucleotide sequence between the pre- and post-
therapy samples resulting in an inferred amino acid substitution.

Statistical analyses. The frequency of patients developing at least one HIV
mutation resulting in an amino acid change within the 10 codons surrounding the
12 protease cleavage sites was compared by using the Fisher’s exact test adjusted
for multiple comparisons (a significant association was found if P , 0.004). The
association of the A3V substitution with protease mutations at positions 10, 36,
46, 48, 82, 84, and 90 was compared similarly, with an adjustment for multiple
comparison. In this instance, patient 19 (with the valine present at baseline) (see
Table 3) was included in the analysis.

RESULTS

Patient and viral characteristics. The PI-resistant and con-
trol groups were very similar for most parameters, except CD4
counts (Tables 1 and 2). The duration on PI or NRTI regimens
ranged between 3 and 22 months and, within a matched pair,
the length of time on this therapy differed by a maximum of 3
months (Table 2). By definition, all viruses had .4-fold in-
creased IC50s for indinavir, ritonavir, saquinavir, and nelfina-
vir, with a very high median fold resistance (29-, 33-, 30-, and
41-fold, respectively). In fact, all but one PI sample showed
.10-fold resistance to at least three of these four PIs.

Prevalence and patterns of cleavage site mutations. Muta-
tions at protease cleavage sites were selected far more often
during PI therapy than during NRTI therapy (Fig. 1). Follow-
ing therapy, 93% (26 of 28) of the patients in the PI group
harbored HIV with a mutation(s) at one or more cleavage sites
compared to 61% of the patients from the control group (Ta-
ble 2). The majority of patients (61% [17 of 28]) on PI therapy
exhibited mutations at $2 cleavage sites (including 11 in-
stances where two or more amino acids were substituted within
a given cleavage site) versus only 14% in the control group.
Mutations at up to six different cleavage sites could be selected
together after as little as 3 months of PI therapy (Table 2).

In the PI group, mutations were observed in both HIV
reading frames at all potential cleavage sites (Fig. 1 and 2). For
the control group, mutations occurred at TFP/p6pol, NEF, p2/
NC, NC/TFP, p6pol/protease, and protease/RT, with no substi-
tutions observed at other sites. A total of 52, 32, or 39% of PI
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cases had mutations at the p2/NC, NC/p1, or NC/TFP sites,
versus 14, 0, or 11%, respectively, in the controls (P , 0.004).
Mutations at a fourth site, p1/p6gag, were present in 6 of 28 of
the PI-treated group versus 0 of 28 in the control group,
though this was not statistically significant after an adjustment
was made for multiple comparisons (P 5 0.01). Mutations at
other cleavage sites were either relatively uncommon or ob-
served at nearly equal frequencies in controls (Fig. 1 and 3).

The substitution QAN/F3QVN/F at the P2 position of the
NC/p1 and NC/TFP sites was the single most common and
specific adaptation observed, occurring in 8 of 28 (29%) of
PI-resistant cases but in none of the control group. Surpris-
ingly, the L3F substitution at position P19 of the p1/p6gag

cleavage site (8, 17, 24) was not detected in this study, although
proline, valine, and isoleucine were all observed at that posi-
tion (Fig. 3).

Prevalence and patterns of cleavage site polymorphisms. In
this report, we define a “polymorphism” as an amino acid that
differed from the HXB2 sequence at baseline and did not
change during the course of treatment (Fig. 3). Several were
common: a V3I change at position P39 of the p6pol/PR cleav-
age site, an R3K change at position P39 of the p2/NC cleavage
site, and an L3P change at position P19 of the TFP/p6pol site,
as well as a D3N change at position P4 (which is also the P59
position of NC/TFP), an N3S change at position P29 of the
p6pol/PR site, and an A3D change at position P4 of the NEF
cleavage site. Two positions within the transframe (TFP) re-
gion of Gag-Pol (16) were highly polymorphic: the aspartate
shared between the NC/TFP and the TFP/p6pol sites and the
lysine in position P49 of the TFP/p6pol site (Fig. 3). In addition,
the results showed that several positions were consistently oc-
cupied by an amino acid different from that found in HXB2.

Prevalence of protease mutations. Consistent with their phe-
notypes, genotypic analysis indicated that the highly PI-resis-
tant isolates had far more “primary” and “secondary” protease
mutations (as defined in reference 12) than the control group
(43 versus 0 and 110 versus 35, respectively [data not shown]).
The number of protease mutations remained relatively stable
during treatment within the control group but increased sig-
nificantly under PI therapy, a result consistent with the large

TABLE 1. Characteristics of the highly PI-resistant patients (PI
group) versus the NRTI-treated patients (control group)

Parameter PI group (n 5 28)
median (IQR)a

Control group (n 5 28)
median (IQR)a

Pretherapy pVL (log) 5.04 (4.42–5.56) 4.86 (4.59–5.36)
Post-therapy pVL (log) 4.84 (4.40–5.28) 4.56 (4.27–4.95)
Change in pVL (log) 0.28 (0.09–0.63) 0.28 (0.09–0.63)
Time on therapy (mo) 15 (12–17) 16 (12–18)
Minimum CD4 countb 140 (90–145) 400 (190–480)
Maximum CD4 countb 380 (245–630) 410 (310–640)
Gender (% male) 89 75

a IQR, interquartile range.
b Maximum and minimum CD4 counts observed over the whole treatment

within the drug treatment program.

TABLE 2. Protease inhibitors received, cleavage site mutations, and number of protease gene mutations appearing
during PI therapy (PI) or NRTI therapy (control)

Case
Time (mo)
on therapy
(PI/control)

PI
receiveda

Cleavage site(s) with at least one amino acid substitution No. of PR mutations

PI Control “Primary”
(PI/control)

Total
(PI/control)

1 22/22 S, I, R/S, S p2/NC, TFP/p6pol, p66/INT None 2/0 7/0
2 6/6 R/S p2/NC, p1/p6gag, NC/TFP, TFP/p6pol NEF 1/0 8/0
3 8/9 S p1/p6gag None 1/0 6/0
4 21/22 I p2/NC, p1/p6gag, p6pol/PR TFP/p6pol 1/0 10/0
5 12/12 R/S NC/p1, NC/TFP, TFP/p6pol, p6pol/PR, p66/INT, NEF p6pol/PR 0/0 8/0
6 16/17 I CA/p2 p6pol/PR 1/0 3/0
7 17/16 S, I, R/S None None 1/0 4/3
8 18/17 S, I MA/CA, TFP/p6pol None 3/0 8/1
9 17/16 S, I, R/S p2/NC, NC/p1, NC/TFP None 1/0 4/0
10 15/16 I None None 2/0 7/1
11 20/22 I p2/NC, TFP/p6pol TFP/p6pol 1/0 8/2
12 13/11 I, R/S, I NC/p1, NC/TFP, p66/INT NEF 2/0 10/1
13 16/18 S, I, R/S p2/NC TFP/p6pol, NEF 2/0 9/1
14 5/5 I p2/NC, NC/p1, NC/TFP, TFP/p6pol NC/TFP, TFP/p6pol 2/0 6/1
15 3/5 I p2/NC, NC/p1, NC/TFP, TFP/p6pol, p51/p66, NEF None 1/0 5/1
16 17/20 S, I MA/CA, NC/p1, NC/TFP, TFP/p6pol, NEF p2/NC 2/0 6/1
17 21/21 S, R/S, I p2/NC, p1/p6gag, p6pol/PR NC/TFP, TFP/p6pol 1/0 7/0
18 14/15 I p2/NC, NC/p1, NC/TFP, NEF TFP/p6pol 2/0 6/1
19 12/13 R, R/S p1/p6gag NC/TFP, TFP/p6pol 0/21b 10/2
20 14/15 S, R, R/S p2/NC None 2/0 5/0
21 16/18 S, I, R/S p2/NC, p1/p6gag p2/NC, TFP/p6pol 1/0 5/0
22 15/15 S, I, R/S p2/NC, NC/TFP, TFP/p6pol p6pol/PR 1/0 4/1
23 3/3 S, I p2/NC, NC/p1, NC/TFP, TFP/p6pol, p66/INT p2/NC 1/0 3/1
24 14/16 S, R/S p66/INT PR/RT, p66/INT 2/0 7/3
25 12/13 I, R/S None p2/NC, p66/INT, NEF 0/0 4/2
26 6/5 S, I TFP/p6pol None 1/0 6/2
27 17/16 S, I, R/S NC/p1, NC/TFP, TFP/p6pol None 4/0 5/0
28 16/18 S, I PR/RT None 3/0 6/2

a Sequence of PIs experienced during treatment; a comma indicates a change in PI, and a slash indicates concurrent PIs. I, indinavir; R, ritonavir; S, saquinavir.
b A “primary” protease mutation (as defined in reference 14) was present before but reverted to wild-type during therapy. Because the NC-TFP and TFP-p6pol sites

overlap, a single amino acid substitution can affect both sites. For 18 of the 672 cleavage site sequences analyzed in this study, data could not be generated.
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body of literature on PI resistance development (for a review,
see reference 12). Two individuals (one in each group) had
virus with an M46I change at baseline, and one from the PI
group had a V82T mutation at the onset. The M46I mutation
from the control group reverted to M46 during the study.

Relationship between protease and cleavage site mutations.
There was no obvious relationship between the number of
protease mutations and the number of cleavage site changes
observed during PI therapy (data not shown), nor was there an
obvious relationship between specific cleavage site mutations
and the degree of PI resistance or the duration of PI therapy
(data not shown). However, the A3V substitution in NC/p1
was associated with the M46I or L substitution in the protease
(P , 0.007) (Table 3). In fact, the only patient with HIV
harboring a valine residue at that position prior to PI therapy
was also the only one to show a M46I mutation before therapy.
V82A/T mutations were present in six of nine patients with
A3V-substituted HIV (including two of the three that did not
have a mutation at M46) but were also found in six of the other
patients of the PI group (P 5 0.243).

DISCUSSION

The data presented are consistent with previous observa-
tions that mutations in the HIV protease and at Gag protease
cleavage sites are specifically selected during PI therapy. The
inclusion in this study of a control group of patients who did
not receive any PI therapy enabled the assessment of the con-

tribution of PI exposure (and resistance) to the selection of
cleavage site mutations versus nonspecific changes. The Gag
p2/NC and NC/p1 and the Gag-Pol NC/TFP cleavage sites
were the only protease cleavage sites for which a statistically
significant association between the mutations and the develop-
ment of high-level PI cross-resistance could be demonstrated
in this study. Changes at sites outside Gag were either rare or
not significantly more common in those patients who had re-
ceived PI therapy than in those who did not.

The sites observed to mutate most frequently flanked the nu-
cleocapsid protein (NC). The NC/p1 and NC/TFP are cleaved
most slowly within the Gag and Gag-Pol precursors (7, 15, 16,
18, 22). This likely represents a rate-limiting step in the pro-
cessing of NC, a protein required for the formation of mature
infectious particles. These sites may therefore evolve relatively
quickly under small selective pressures. Interestingly, the ami-
no acids in positions P1 and P19 of these two sites also differ
considerably from the more common pattern of an aromatic
amino acid opposite a leucine or a proline.

One implication of these results is that the specificity of the
HIV protease is not greatly altered despite the development of
high-level PI cross-resistance or that the amino and carboxyl
termini of structural proteins can more easily tolerate amino
acid substitutions than can the enzymatic proteins. Indeed,
#1% of all protease sequences in an HIV database including
both PI-naive and -experienced viruses (19) show a difference
from the most common residue at amino acids 1 to 5 and

FIG. 1. Frequency of amino acid substitution at all the potential protease cleavage sites within HIV-1 during PI therapy (above) versus NRTI
therapy (below).
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amino acids 95 to 99 of protease, residues involved in the
dimerization of the enzyme (21). Similarly, the amino termini
of the RT, RNase H, and integrase are also highly conserved
among different HIV clades and isolates (13). Although
cleaved Nef is found in virus particles (20), the proteolysis of
Nef does not seem to influence the infectivity of HIV in culture
(4). It is unlikely that the few changes observed in the NEF site
in this study play a specific role in the development of PI
resistance.

To evaluate the relevance of cleavage site mutations,
consideration should be given to naturally occurring poly-
morphisms. Indeed, these clinical isolates showed baseline
protease cleavage site sequences that sometimes differed
considerably from the “consensus sequences” after which
HIV protease peptide substrates are often designed. Some of
the most frequently mutated positions under PI therapy also
happen to be more polymorphic (e.g., positions P2 to P5 and
P39 of the p2/NC cleavage site or position P3 of the p66/INT

site). Polymorphisms and mutations in the p6pol/protease site
were strikingly confined to the P side of the site, and several
different amino acids could be accommodated in the P2 posi-
tion, which is normally quite restrictive (18). There was no
evidence of PI-selected evolution within the transframe pep-
tide, though almost half of the patients harbored a polymor-
phism within the E-D-L tripeptide sequence postulated to in-
fluence protease activity (15).

The mutation with the highest prevalence in the PI-treated
group encoded the A3V substitution shared by the NC/p1 and
NC/TFP cleavage sites within Gag and Gag-Pol. This mutation

FIG. 2. Amino acid substitutions observed during therapy. The
identity and the number of times each substitution occurred is indi-
cated above the HIV-1 HXB2 “consensus” cleavage site sequence for
the PI group (n 5 28) and below the sequence for the control group
(n 5 28).

FIG. 3. Polymorphism observed in both groups. The identity and
the number of patients harboring HIV-1 with each polymorphism is
indicated above the HIV-1 HXB2 “consensus” cleavage site sequence
for the PI group (n 5 28) and below the sequence for the control group
(n 5 28).
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has been observed before in HIV culture (2, 6, 8) and clinical
(17, 24) isolates, correcting defects in NC processing by the
mutant protease (17) and producing a better substrate for
mutant protease (8). Previously, a large genotypic study of PI-
resistant HIV-1 found that 16% (55 of 300) of the samples
harbored this mutation, in close association with the protease
V82 mutations, and that the level of phenotypic resistance was
not influenced by the presence or absence of this mutation in
recombinant viruses (B. A. Larder, S. Bloor, K. Hertogs, C.
Van den Eynde, and R. Pauwels, Abstr. 2nd Int. Workshop on
HIV Drug Resist. Treatment Strategies, abstr. 23, 1998). Al-
though much smaller, this study also found this mutation to be
the most common and specific to PI therapy, developing in
32% (9 of 28) of the PI cases, usually associated with the
M46I/L protease genotype. In contrast to observations made in
vitro with another PI, ABT-378 (2), we did not observe the
A3V substitution in conjunction with another at the p1/p6gag

site or with the I47V-to-A protease genotype.
Isolates in this study are likely more drug resistant than

those in most other studies, as we selected the most phenotyp-
ically PI-resistant isolates available to us. It should also be
noted that these results were obtained only from patients tak-
ing indinavir, saquinavir, and/or ritonavir and that results from
individuals receiving other, newer PIs could differ. The specific
limitations of this study include the fact that only 28 cases and
controls could be examined, in part due to the large number of
sequencing reactions required to examine all of the sites before
and after therapy and to the absence of pretherapy samples in
many cases. It is therefore possible that some mutations failed
to achieve statistical significance here, even though their effects
were biologically significant. Finally, mutant protease could
potentially use new cleavage sites altogether (3), which would
not be detected here.
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