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Human immunodeficiency virus (HIV) infections in sub-Saharan Africa represent about 56% of global
infections. Study of active-site mutations (the V82A single mutation and the V82F 184V double mutation) in the
less-studied South African HIV type 1 subtype C (C-SA) protease indicated that neither mutation had a
significant impact on the proteolytic functioning of the protease. However, the binding affinities of, and
inhibition by, saquinavir, ritonavir, indinavir, and nelfinavir were weaker for each variant than for the
wild-type protease, with the double mutant exhibiting the most dramatic change. Therefore, our results show
that the C-SA V82F 184V double mutation decreased the binding affinities of protease inhibitors to levels
significantly lower than that required for effective inhibition.

AIDS remains a serious infectious disease challenge in de-
veloping countries (12), with Africa home to more than 70% of
people infected with human immunodeficiency virus (HIV)
worldwide (6). Although a low adult prevalence rate exists in
Western countries, the overall figure is greater in sub-Saharan
Africa (12), and South Africa, in particular, is at the epicenter
of the epidemic. Of the 10 subtypes of HIV type 1 (HIV-1)
within the major group of the virus, subtype C (C-SA) accounts
for ~95% of infections in South Africa (7). Because antiret-
roviral drugs have been developed and tested against subtype
B, an important question relates to the effectiveness of pro-
tease (PR) inhibitors against proteases from non-B subtypes.

Our work addressed the effects of active-site mutations
(V82A and the V82F 184V double mutation) in the wild-type
C-SA HIV-1 PR (containing eight polymorphic sites) in rela-
tion to the wild-type subtype B HIV-1 PR (Fig. 1). These
polymorphisms do not affect viral fitness but do influence ther-
modynamic inhibitor binding and can amplify the effects of
drug-resistant mutations (2-5, 9, 13, 21, 28-30). Sequence data
from the National Institute for Communicable Diseases
(NICD, South Africa) have revealed the presence of the V82A
mutation in PR inhibitor-treated patients. The V82F 184V
double mutation used in this study has not been observed in
clinical isolates, although it was previously identified by pas-
saging HIV-1 in the presence of increasing concentrations of
HIV-1 PR inhibitors and is known to confer multidrug cross-
resistance (4, 15, 20). The polymorphic substitutions and ac-
tive-site mutations (V82A and V82F 184V) in the C-SA PR
molecule were used to determine (i) PR catalytic efficiency and
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biochemical fitness and (ii) acetyl-pepstatin and drug (saquina-
vir, ritonavir, indinavir, and nelfinavir) binding energetics.

Source of sequence data and verification of the HIV-1 PR
expression plasmid. PR sequence data were obtained from the
AIDS Virus Research Unit (NICD, South Africa). The pET-
11b expression plasmid was a gift from J. Tang (University of
Oklahoma Health Science Center, Oklahoma City) (11). The
wild-type C-SA PR (T12S 115V L191I M361 R41K H69K L8IM
193L) and the V82A and V82F 184V mutants were generated
using a QuikChange kit (Stratagene). The coding region for
each PR was confirmed by DNA sequencing.

Overexpression and purification of the HIV-1 PR. Overex-
pression and purification of the wild-type and variant PRs were
similar. Briefly, plasmid DNA encoding each PR was trans-
formed into Escherichia coli BL21(DE3)/pLysS cells. Proteases
were overexpressed as inclusion bodies and purified as previ-
ously described (28). After refolding, the PR was estimated to
be =99% pure, with a monomeric size of 11 kDa by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (18), and an
apparent oligomeric molecular mass of 22 kDa by using size
exclusion high-performance liquid chromatography. Protein
concentrations were determined spectrophotometrically using
an extinction coefficient (E,,,) of 11.8 at 280 nm (23).

Active PR concentration determination and peptide binding
energetics. Active PR concentrations were determined calori-
metrically using a VP-ITC calorimeter (MicroCal Inc., North-
ampton, MA). Briefly, an enzyme solution (20 uM) was ti-
trated with acetyl-pepstatin (200 to 300 wM) dissolved in 10
mM sodium acetate, pH 5.0. Raw data were analyzed using
Origin5 software. The stoichiometry was used to determine the
concentration of active PR. Binding of acetyl-pepstatin to each
PR was characterized by successive endothermic heats (posi-
tive AH). Titration data for wild-type C-SA PR yielded a Gibbs
free energy (AG) of —8.7 kcal/mol, a binding enthalpy (AH) of
7.7 kcal/mol, a binding entropy (—7TAS) of —16.4 kcal/mol, and
a dissociation constant (K,) of 400 nM. Acetyl-pepstatin bind-
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FIG. 1. Ribbon representation of the homodimeric structure of
HIV-1 PR, indicating the topographical positions occupied by the eight
consensus amino acid residues in the South African subtype C: T12S,
115V, L191, M36l, R41K, H69K, L8IM, and I93L (gray spheres).
Spheres representing the positions occupied by amino acids 82 and 84
are shown in black. Tryptophan and tyrosine residues are represented
in stick format. The PDB code used for this subtype B HIV-1 PR
structure is ITHXW. This figure was created with PyMol.

ing to the V82A and V82F 184V variant PRs was also charac-
terized by a favorable —TAS. The binding affinity for acetyl-
pepstatin was not significantly affected for the V82A and V82F
184V variant PRs.

Spectroscopic methods. Far-UV (250 to 190 nm) circular
dichroism was performed using 15 wM protein in 10 mM so-
dium acetate buffer, pH 5.0. The spectra of all the PRs exhib-
ited minima at 216 nm, typical of predominantly B-sheeted
protein (7, 19).

Intrinsic fluorescence emission spectra (emission maximum,
355 nm) were obtained by selectively exciting tryptophan and
tyrosine residues. Wavelength emission maxima indicated that
tryptophan residues were highly solvent exposed, because the
emission spectrum of tryptophan in water is between 350 and
355 nm (17). However, the fluorescence intensity of the double
mutant was significantly enhanced (40 to 60%) relative to that
of the wild-type and V82A HIV-1 PRs, suggestive of tertiary
structural changes.

Steady-state kinetics. PR hydrolytic activity was measured
by monitoring the relative decrease in absorbance of a chro-
mogenic peptide substrate at 300 nm. An extinction coefficient
of 1,800 M~ ! cm ™! at 300 nm was used to convert the absor-
bance change to reaction rates. No major differences in en-
zyme function were observed among all the PRs (Table 1). The
k../K, and k., values for substrate cleavage were 3.6-fold
lower for the V82A mutant and 6-fold lower for the V82F 184V
mutant than for the wild-type C-SA PR, consistent with the
results obtained for the subtype B PR (16, 26).

Inhibition studies. Fifty percent inhibitory concentrations
(ICsp) and K; values were determined by using increasing in-
hibitor concentrations (Table 2). Inhibition constants for the
wild-type and V82A PRs were in the nanomolar range and
were comparable to previous data (16). Against the V82F 184V
variant, however, inhibition constants for all inhibitors were
drastically weaker; the ratios of the ICs, and K; values for this
variant to those for the wild type ranged from 47 to 497 (Table
2). Saquinavir was the least affected PR inhibitor, with a 47-
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fold increase in the K; and a 100-fold increase in the ICs,,
whereas indinavir showed the greatest increases (447- and 497-
fold, respectively).

Thermodynamics of clinical inhibitor binding. Due to the
high affinity of clinical inhibitors for the HIV-1 PR, binding
thermodynamics were measured in competition experiments
with acetyl-pepstatin (14, 24, 27). The clinical inhibitors bound
the wild-type C-SA PR with high affinities in an entropically
driven process (Table 2). The binding of saquinavir, indinavir,
and nelfinavir to the wild-type C-SA PR was enthalpically
unfavorable, while the binding of ritonavir was slightly favor-
able enthalpically (Table 2).

The binding affinity of the V82A PR for saquinavir and
nelfinavir was reduced 2.2-fold; for ritonavir and indinavir it
was reduced 10- and 13-fold, respectively. Consequently, this
mutation lowered the AG toward all inhibitors relative to that
of the wild-type C-SA PR (Table 2). The effect of the V82A
mutation on AH amounted to 2 kcal/mol for ritonavir and 0.2
kcal/mol for indinavir and nelfinavir, with a gain in AH of
0.9 kcal/mol for saquinavir. Entropic changes amounted to 1.3
kcal/mol for saquinavir and indinavir and 0.2 kcal/mol for nelfi-
navir, with a slight gain of 0.6 kcal/mol for ritonavir. The V82A
mutation compensates for the loss in binding entropy by a
small gain in binding enthalpy for saquinavir and nelfinavir.
This suggests that some functional characteristics of the com-
pounds render them less susceptible to binding site distortions
or changes associated with this mutation (10, 25). On the other
hand, indinavir and ritonavir lose enthalpic contributions to
the binding energy, resulting in a higher binding affinity loss.

Interestingly, the binding affinities of clinical inhibitors for
the V82F 184V mutant were sufficiently low to allow thermo-
dynamic measurements by direct calorimetric titrations. Clin-
ical inhibitor binding was characterized by unfavorable enthal-
pic contributions (Table 2). The AG was —9.6 kcal/mol for
saquinavir, —9.1 kcal/mol for ritonavir, —8.7 kcal/mol for indi-
navir, and —9.5 kcal/mol for nelfinavir. The —TAS parameter,
therefore, contributed between —10 kcal/mol and —14 kcal/
mol to the AG and compensated for the unfavorable AH,
thereby providing favorable binding affinities for saquinavir,
ritonavir, indinavir, and nelfinavir. However, the double mu-
tation reduced the binding affinities of clinical inhibitors 117-
to 1,095-fold. K, values for clinical inhibitors were in agree-
ment with inhibition constants measured in enzyme inhibition
experiments. Against the V82F 184V variant, saquinavir, indi-
navir, and nelfinavir lose significant entropic contributions rel-
ative to both wild-type and V82A C-SA PRs (Table 2). Binding
entropy loss is partially compensated for by a slight gain in
binding enthalpy for saquinavir and nelfinavir, while indinavir
and ritonavir lose enthalpic contributions to the binding energy
and consequently suffer higher affinity losses. Molecular dy-

TABLE 1. Kinetic parameters for the wild-type C-SA, V82A, and
V82F 184V HIV-1 PRs

Sp act keal Ky

Protease (pmol/min/mg) K (WM) - Kear (155) (l/ult\/l -s)
Wild-type C-SA 0.91 76 2.74 0.036
V82A mutant 2.75 71 0.71 0.010
V82F 184V mutant 0.95 81 0.49 0.006
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TABLE 2. Inhibition characteristics and thermodynamic parameters for the binding of inhibitors to the wild-type subtype B,
wild-type C-SA, and V82A and V82F 184V mutant HIV-1 PRs

Inhibition characteristic (nM)”

HIV-1 PR and inhibitor

Thermodynamic parameter

1G5 K; K, (nM) AG (kcal/mol) AH (kcal/mol) —TAS (kcal/mol)

Wild-type subtype B’

Saquinavir 0.40 —12.80 1.90 —14.70

Ritonavir 0.03 —14.40 -3.70 —10.70

Indinavir 0.48 —12.70 2.10 —14.80

Nelfinavir 0.26 —13.10 2.60 —15.70
Wild-type C-SA

Saquinavir 0.12 (1) 0.62 (1) 0.84 —12.40 6.40 —18.80

Ritonavir 1.25 (1) 0.50 (1) 0.21 —13.20 —4.20 -9.10

Indinavir 3.02 (1) 0.49 (1) 0.95 —12.30 2.70 —15.00

Nelfinavir 234 (1) 0.52 (1) 0.30 —13.00 4.10 —17.10
V82A mutant

Saquinavir 0.28 (2.3) 0.97 (1.6) 1.85 —12.00 5.50 —17.50

Ritonavir 6.26 (5.0) 1.08 (2.2) 2.00 —11.90 —2.20 -9.70

Indinavir 26.01 (8.6) 1.20 (2.4) 12.70 —10.80 2.90 —13.70

Nelfinavir 2.87(1.2) 0.90 (1.7) 0.66 —12.50 4.30 —16.90
V82F 184V mutant

Saquinavir 12 (100) 29 (47) 98 —9.60 0.80 —10.40

Ritonavir 250 (200) 97 (194) 230 -9.10 0.60 —9.60

Indinavir 1,500 (497) 219 (447) 450 —8.70 3.80 —12.50

Nelfinavir 240 (103) 56 (108) 110 —9.50 4.00 —13.50

“ The ratio of the value for the mutant to the value for the wild type is given in parentheses for the variant PRs.
® Thermodynamic parameters for the wild-type HIV-1 subtype B PR were taken from Velazquez-Campoy et al. (29) for comparison purposes.

namic simulations have shown that the subtype B V82F 184V
variant induced rapid, frequent flap tip curling, suggesting a
more open conformation (1, 22). This is consistent with low
binding affinities for most inhibitors in clinical use, primarily as
a consequence of a larger energetic penalty for the burial of
larger exposed hydrophobic surface areas.

Relative vitality. The vitality/viral fitness of variant PRs in
the presence of an inhibitor was calculated from reference 8 as
fOHOWS: [(Kd X kcat/Km)mutam]/[(Kd X kcat/Km)Wild type]'

The data in Fig. 2 indicate that the V82A mutation is less
likely to be selected in the presence of saquinavir and nelfina-
vir. However, there was an increase (2.6- or 3.7-fold) in the
vitality of the V82A variant in the presence of indinavir or
ritonavir, consistent with the results obtained for subtype B PR
(8). The double mutant displayed increased vitality against all
inhibitors. This mutant is particularly selective for indinavir
and ritonavir, with vitality values of 80 and 180, respectively, in
agreement with inhibition and thermodynamic studies.

vitality 100
50
0

V82F/I84V
V82A

Wild-type

Saquinavir
Ritonavir
Indinavir
Nelfinavir

Inhibitors

FIG. 2. Vitality values for the C-SA HIV-1 proteases with saquina-
vir, ritonavir, indinavir, and nelfinavir.

Implications for drug resistance. In subtype B, the V82F
184V mutation lowers the binding affinities for saquinavir and
nelfinavir ~21-fold, for indinavir 68-fold, and for ritonavir
368-fold (29). However, when the binding energetics of clinical
inhibitors for the wild-type subtype B PR are compared to
those for each subtype C PR (this study), it is clear that inhib-
itory potency is lowered for the V82A variant but much more
for the V82F 184V variant. Within the C-SA subtype, the V82F
184V mutation lowers the affinity of inhibitors by factors rang-
ing from ~245 to 7,667.

In conclusion, although the clinical inhibitors used in this
study exhibit high affinities of binding to the C-SA wild-type
and V82A enzymes, the affinity of inhibitors for the V82F 184V
mutant is weakened far below the level required for effective
inhibition. This can, therefore, have serious implications for
the long-term viability of PR inhibition therapy for the clade
C-SA virus.
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