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We investigated the parameters driving nelfinavir resistance, along the D30N and L90M evolutionary
pathways. The advantage of the D30N mutant was mostly due to its resistance level, while the L90M mutation
allowed preservation of infectivity coupled with minimal resistance. Emergence of secondary mutations further
increased the selective advantage of viruses harboring D30N.

Analysis of the Stanford database (http://hivdb.stanford.edu)
on human immunodeficiency virus type 1 (HIV-1) resistance to
antivirals showed that resistance to the protease inhibitor nelfi-
navir most often begins with the selection of the D30N mutation
in the viral protease (38% of 322 isolates from 261 patients
treated with nelfinavir as the first protease inhibitor). In 12% of
patients, however, the alternative L90M mutation was initially
selected. While D30N appears to be specific for nelfinavir resis-
tance (7), L90M is selected in patients treated with saquinavir and
nelfinavir and, to a lesser extent, other protease inhibitors (2, 10,
12). Mutants carrying both these substitutions are only rarely
found in vivo and generally have additional, potentially compen-
satory, mutations (11). Interestingly, a major loss of replicative
capacity for a mutant clone carrying both D30N and L90M sub-
stitutions was recently described (11). These observations suggest
the existence of two competing alternative pathways for nelfinavir
resistance. Here, we investigated the parameters that determine
the emergence of resistant virus mutants following either the
D30N or L90M pathway.

To this end, a series of mutant clones were compared for their
replicative capacities in the absence of drug, resistance to nelfi-
navir, and replicative capacities as a function of drug concentra-
tion. Mutations in the protease were introduced by oligonucleoti-
de-directed mutagenesis using a modified pBluescript II subclone
that contains the entire HIV-1 protease-coding region, sur-
rounded by unique restriction sites (4). Mutated protease alleles
were then cloned into a variant of the pNL4.3 HIV-1 molecular
clone (pNL-4.3XCS [4]). Three putative compensatory protease
mutations are often observed in combination with D30N in nelfi-
navir-treated patients: L63P, a common polymorphism previously
shown to compensate for the loss of infectivity resulting from
several protease mutations (6); A71V, a mutation selected by
several protease inhibitors; and N88D, a substitution essentially
found in nelfinavir-treated patients. To compare the effects of
D30N, L90M, and secondary mutations, mutants with these sub-
stitutions were cloned alone or in combination (Fig. 1). In addi-
tion, a mutant carrying both D30N and L90M was also con-

structed, along with clones that carry this combination in the
context of additional protease mutations.

Impact of nelfinavir resistance mutations on drug-free rep-
licative capacity. Several assays are used to compare virus
replicative capacity (reviewed in reference 8). Despite differ-
ences in the magnitude of the effect of mutations measured by
different techniques, these assays provide concordant results
for the relative replicative capacities of mutant viruses (5, 9).
We determined the impact of single and combined mutations
in the protease on drug-free virus replicative capacity, as mea-
sured by a single-cycle infectivity assay. This assay is based on
the measurement of �-galactosidase expression following HIV
infection of CD4� HeLa cells with a long terminal repeat
(LTR) fused to the LacZ gene (HeLa-CD4-LTR-LacZ cells)
(3, 4). The replicative capacity of mutant viral particles pro-
duced in drug-free cultures and normalized by p24 antigen
concentration was expressed as the percentage of that of the
wild type (Fig. 1). The mutation D30N was found to markedly
affect drug-free replicative capacity in our single-cycle assay, in
agreement with previous studies (5, 11). In contrast, the rep-
licative capacity of the L90M mutant was not significantly dif-
ferent from that of wild-type virus, as previously reported (4, 5,
11). Similar to the D30N mutant, the N88D mutant was char-
acterized by a marked loss of replicative capacity, while a clone
carrying the A71V mutation alone was previously shown to
display wild-type virus infectivity (4). Differences in replicative
capacity were analyzed by comparison of multiple groups by
one-way analysis of variance. Posttest comparisons, performed
only if P was �0.05, were made by using Dunnett’s multiple-
comparison test and showed a statistically significant reduction
of replicative capacity for both the D30N (P � 0.05) and N88D
mutants (P � 0.001).

Analysis of clones that carry combinations of mutations
showed that a mutant with both D30N and N88D (30N-88D
mutant), the most common combination found in patients
treated by nelfinavir, was more infectious than viruses carrying
either of these mutations alone. This is in agreement with the idea
that N88D is selected to compensate for the loss of replicative
capacity resulting from D30N. The addition of the A71V muta-
tion also efficiently compensated for the D30N defect (Fig. 1).
Together these data show that D30N and N88D have stronger
impact on virus replicative capacity than L90M and that the loss
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of replicative capacity associated with the D30N mutation can be
rescued by common secondary mutations.

A recombinant virus clone carrying the combination of
D30N and L90M mutations displayed an infectivity that was at
the detection limit of our system, confirming that the associa-
tion of these mutations is deleterious for virus infectivity. In-
terestingly, however, the addition of the common polymor-
phism L63P or the mutation A71V largely rescued virus
replicative capacity (Fig. 1), indicating that the defect associ-
ated with the D30N-L90M combination is highly context de-
pendent. Interestingly, both L63P and A71V mutations are
frequently observed in the few patients in the Stanford data-
base whose viruses carry D30N together with L90M.

Effect of mutations in the protease on resistance to nelfina-
vir. To compare the effects of the above-described mutations
on the level of resistance to nelfinavir, the concentrations in-
hibiting 50 and 90% of the infectious events (IC50 and IC90,
respectively) were determined. HeLa cells were transfected
with wild-type or mutant full-length molecular clones. At 12 h
posttransfection, cells were trypsinized and plated in 96-well
plates. Producer cells in triplicate wells were immediately
treated with 0, 0.8, 4, 20, 100, 500, or 2,500 nM nelfinavir for
24 h, and virions produced in the supernatant of these cultures
were used to infect HeLa-CD4-LTR-LacZ target cells. Target
cells were lysed 40 h after infection, a �-galactosidase chromo-
genic substrate (CPRG) was added, and optical densities were
measured as previously described (4). IC50 and IC90 values
were calculated by comparing the optical densities obtained
with virions produced in the absence and in the presence of
increasing concentrations of nelfinavir in at least three inde-
pendent experiments. Resistance was expressed as the change
in susceptibility to nelfinavir compared to that of wild-type
virus (resistance index). Mean changes in IC90 values for the
different mutants are reported in Fig. 2.

In our assay system, mean IC50 and IC90 values for wild-type
virus were 21 and 83 nM, respectively. Among the single mu-
tants, only the D30N mutant was significantly more resistant to
nelfinavir than the wild type (3.6-fold increase). The suscepti-
bilities of the L90M and A71V mutants were similar to that of
the wild type, while the N88D mutant was found to be highly
susceptible to nelfinavir. The N88S (an alternative to N88D)

mutant has also been reported to be highly susceptible to
amprenavir (9). The addition of mutation A71V to D30N con-
ferred high-level resistance to nelfinavir (sixfold). Relatively
strong resistance was also observed for the 30N-88D mutant.
The 10I-90M double mutant was more resistant to nelfinavir
than the L90M clone, but it was still more susceptible than the
mutant containing D30N alone. These data show that the ge-
netic barrier to nelfinavir resistance is lower for mutants that
engage in the D30N pathway than for those in the L90M series.

Given the extremely low infectivity of the 30N-90M mutant,
we could not determine the level of resistance to nelfinavir for
this mutant. Mutants with an additional change (L63P or
A71V) that compensated for the replicative defect of the 30N-
90M mutant (30N-63P-90M and 30N-71V-90M mutants; Fig.
2) appeared to be relatively resistant to nelfinavir. Similar
results were obtained when resistance levels based on IC50

values were compared (not shown).
Selective advantage as a function of drug concentration. The

selective advantage conferred by a combination of protease
mutations depends both on the impact of the mutations on
virus replicative capacity and on the gain in resistance (re-
viewed in references 1 and 8). Previous work conducted with
some of the mutants described here was limited to the inde-
pendent assessment of these parameters (7) or to the exclusive
measurement of drug-free infectivity (11). In contrast, we have
previously shown that, by comparing the ratio of mutant to
wild-type virus replicative capacities at increasing drug concen-
trations, the range of concentrations for which a given combi-
nation of mutations conferred a selective advantage and the
extent of this advantage can be directly measured (4). We
applied this approach to the series of mutants described above
(Fig. 3). The optical density obtained after infection with vi-
ruses produced in the presence of increasing nelfinavir con-
centrations was measured, and the ratio of mutant to wild-type
virus was calculated and plotted against drug concentration in
Fig. 3. The curves represent the averages of at least three
independent experiments. Comparison of mutants carrying
single amino acid changes (Fig. 3A) shows that both D30N and
L90M conferred a selective advantage to the virus in the pres-
ence of nelfinavir. The ranges of concentrations for which the
two mutant viruses displayed higher replicative capacity than
wild-type virus largely overlapped, but the extent of the advan-

FIG. 1. Impact of protease mutations on drug-free virus replicative
capacity. Mutant virus replicative capacity was measured in a single-
cycle assay in the absence of drug and expressed as a percentage of
wild-type (WT) virus replicative capacity. The average values and stan-
dard deviations obtained from at least three independent experiments
are shown.

FIG. 2. Effect of protease mutations on nelfinavir resistance. Re-
sistance was expressed as the change in susceptibility to nelfinavir
compared to that of wild-type (WT) virus (resistance index). Mean
changes in IC90 values for the different mutants, obtained from at least
three independent experiments, are shown.
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tage (heights of the peaks) was consistently greater for the
D30N mutant. The increased susceptibility of the N88D mu-
tant to nelfinavir (Fig. 2), together with its reduced replicative
capacity in the absence of the drug (Fig. 1), resulted in a
peculiar shape of the curve for this virus, which was found to
display a replicative capacity lower than that of the wild-type
virus for all drug concentrations used in our study (Fig. 3A).
The A71V mutant displayed a wild-type replicative capacity
over the range of nelfinavir concentrations tested (Fig. 3A).
Statistical analysis was performed by comparison of multiple
groups using analysis of variance. A posttest comparison, per-
formed only if P was �0.05, was made using Dunnett’s multi-
ple-comparison test. The replicative capacities of D30N and
L90M mutants were confirmed to be significantly different
from that of wild-type virus at 100 nM nelfinavir (P � 0.001 for
the D30N mutant, and P � 0.05 for the L90M mutant).

The advantage of mutants carrying multiple amino acid
changes in the protease is shown in Fig. 3B (note that different
scales are used for panels A and B). The selective advantage of
the 30N-71V mutant was significant at both 100 and 500 nM

nelfinavir (P � 0.001 for both concentrations), and the extent
of the advantage for this clone was far greater than those for all
the other clones analyzed here. For the other clones carrying
multiple protease mutations, the selective advantage was sta-
tistically significant at 100 nM nelfinavir (P � 0.001 for all
mutants). The 30N-88D clone was reproducibly the second-
best double mutant evaluated in our study, and the advantage
conferred by this combination was greater than that conferred
by the 10I-90M combination. These results are consistent with
the more frequent detection of mutants carrying the D30N
mutation in nelfinavir-treated patients. These findings may also
explain why mutants carrying L90M are not observed in in vitro
selection experiments, because relatively high drug concentra-
tions are commonly used (7).

Our study, comparing the selective advantage for viral rep-
lication in the presence of nelfinavir conferred by different
combinations of resistance mutations, reveals several findings.
Both D30N and L90M confer a selective advantage for repli-
cation in the presence of low nelfinavir concentrations. The
advantage for the D30N mutant mostly comes from resistance,
while the advantage for the L90M mutant reflects preservation
of infectivity coupled with a minimal reduction in susceptibil-
ity. At higher nelfinavir concentrations, viruses engaged in the
D30N pathway can reach higher levels of resistance and display
a higher selective advantage than mutants of the L90M series.
Thus, the initial selection of D30N results in engagement in an
evolutionary pathway with a lower genetic barrier for nelfinavir
resistance. In the absence of compensatory mutations, the
combination of D30N and L90M mutations dramatically re-
duces virus replicative capacity. Nevertheless, a relatively fre-
quent polymorphism (L63P) or the presence of the common
resistance mutation A71V relieved this barrier, reinforcing the
notion that the genetic context of the virus may substantially
influence the impact of resistance mutations.
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