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The underlying mechanisms driving the evolution of drug resistance in
human immunodeficiency virus (HIV) are only partially understood. We
investigated the evolutionary cost of the major resistance mutations in HIV-1
protease in terms of protein stability. The accumulation of resistance
mutations destabilizes the protease, limiting further adaptation. From an
analysis of clinical isolates, we identified specific accessory mutations that
were able to restore the stability of the protease or even increase it beyond the
wild-type baseline. Resistance mutations were also found to decrease the
activity of HIV protease near neutral pH values, while incorporating
stabilizing mutations improved the enzyme's pH tolerance. These findings
help us to explain the prevalence of mutations located far from the active site
and underscore the importance of protein stability during the evolution of
drug resistance in HIV.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

The evolution of drug resistance in response to
antiretroviral therapies continues to be a major
problem in the treatment of human immunodefi-
ciency virus (HIV)/AIDS. HIV protease inhibitors
have been an important component of these
therapies since the 1990s, and the viral protease
has been studied extensively in order to elucidate
the mechanisms of resistance. Typically, the devel-
opment of resistance involves multiple mutations in
the enzyme's active site and periphery.1 Mutations
near the active site decrease inhibitor binding, often
at the cost of substrate processing, which can be
restored by distal mutations.2–6

Changes in an enzyme's active site are associ-
ated with protein destabilization, and successive
mutations may destabilize the protein sufficiently
to completely disrupt function.7 The important

role of “permissive” mutations that improve
protein stability has been shown in the develop-
ment of bacterial antibiotic resistance,7 and a
similar phenomenon has been noted with oselta-
mivir resistance in influenza.8

In protein engineering contexts, incorporation of
stabilizing mutations has been used to promote
the development of new enzyme functionality.
The directed evolution of an enzyme may be
accompanied by decreases in stability that require
compensation by other mutations to proceed.9,10

To complement such studies, we have used the
application of neutral drift, evolution without
external selection, to increase protein stability
and “evolvability.”11 Similarly, viral replication
in drug-naïve patients occurs without antiviral
drug selection, and the polymorphisms that arise
could similarly have consequences for protein
stability.
Only a relatively small number of mutations in

HIV protease are associated with major resistance
against nearly all current protease inhibitors
(positions shown in Fig. 1), and their consequences
for protein stability are largely unknown. Some
studies have noted the increased stability of
protease after the introduction of multiple muta-
tions but have not quantified their individual
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effects.6,12 One group found that the drug resis-
tance mutation I84V lowered the melting temper-
ature (Tm) of HIV protease, while the presence of
10 other mutations raised the Tm above the wild-
type baseline.13 These findings are consistent with
the hypothesis that changes in the active site
caused by resistance mutations negatively impact
protease stability, leading to the development of
other mutations that restabilize the enzyme. To
further investigate this phenomenon, we studied
the contributions of individual resistance muta-
tions to HIV protease stability and identified
compensatory mutations that were able to restore
stability.

Major drug resistance mutations
destabilize HIV protease

The V82A, I84V, and L90M mutations in protease
are each capable of providing major resistance
against several clinically approved inhibitors.14

Positions 82 and 84 lie inside the active site, and
mutations at these points directly affect the binding
of substrate and inhibitors. Changes at position 90
affect the dimer interface, consequently altering the
binding site. Using the NL4-3 strain as a template,
we constructed protease mutants containing sub-
stitutions at these positions, then expressed and
purified as described previously.15

Subsequently, the melting temperature of these
mutants was determined using differential scan-
ning calorimetry (DSC). As shown in Figs. 2 and
3a, the Tm of each mutant was at least 2.8 °C lower
than the wild-type NL4-3 protease. Additionally, a
double mutant containing both I84V and L90M
mutations showed a large Tm decrease roughly
equivalent to the sum of the individual mutations.
In absolute terms, the measured Tm values for the
wild-type and I84V proteases were roughly 10 °C

higher than those reported by Muzammil et al.,13

an inconsistency likely due to differences in
experimental pH. However, the relative Tm change
between the two proteases was fairly consistent,
approximately 4 °C in the previous study versus
2.8 ° C in our study.

Fig. 1. The structure of HIV protease, a symmetric
homodimer, with inhibitor (green) bound. Major resis-
tance positions are shown in red on one subunit, and
positions of candidate stabilizing mutations are shown in
blue on the other subunit.
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Fig. 2. Structural stability of wild-type, I84V, and L10I–
I84V HIV proteases, as determined by DSC. Protease
samples were measured using a Nano II DSC (Calorimetry
Sciences Corporation) in a buffer containing 20 mM NaCl
and 20mM sodium acetate at pH 5.0. The protease (dimer)
concentration for all samples was 30 μM, except for I84V–
L90M, which was 24 μM.
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Fig. 3. Effect of drug resistance and accessory muta-
tions on the stability of HIV protease. (a) The melting
temperatures of HIV protease and mutants, as determined
by DSC. (b) The prevalence of specific mutations in drug-
naïve and treated patient isolates. Data from the Stanford
HIV Drug Resistance Database.
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