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ABSTRACT: Resistance of HIV-1 to protease inhibitors has been associated with changes at residues Val82
and Ile84 of HIV-1 protease (HIV PR). Using both an enzyme assay with a peptide substrate and a
cell-based infectivity assay, we examined the correlation between the inhibition constants for enzyme
activity (Ki values) and viral replication (IC90 values) for 5 active site mutants and 19 protease inhibitors.
Four of the five mutations studied (V82F, V82A, I84V, and V82F/I84V) had been identified as conferring
resistance during in vitro selection using a protease inhibitor. The mutant protease genes were expressed
in Escherichia colifor preparation of enzyme, and inserted into the HXB2 strain of HIV for test of antiviral
activity. The inhibitors included saquinavir, indinavir, nelfinavir, 141W94, ritonavir (all in clinical use),
and 14 cyclic ureas with a constant core structure and varying P2, P2′ and P3, P3′ groups. The single
mutations V82F and I84V caused changes with various inhibitors ranging from 0.3- to 86-fold inKi and
from 0.1- to 11-fold in IC90. Much larger changes compared to wild type were observed for the double
mutation V82F/I84V both forKi (10-2000-fold) and for IC90 (0.7-377-fold). However, there were low
correlations (r2 ) 0.017-0.53) between the mutant/wild-type ratio ofKi values (enzyme resistance) and
the mutant/wild-type ratio of viral IC90 values (antiviral resistance) for each of the HIV proteases and the
viruses containing the identical enzyme. Assessing enzyme resistance by “vitality values”, which adjust
theKi values with the catalytic efficiencies (kcat/Km), caused no significant improvement in the correlation
with antiviral resistance. Therefore, our data suggest that measurements of enzyme inhibition with mutant
proteases may be poorly predictive of the antiviral effect in resistant viruses even when mutations are
restricted to the protease gene.

The replication of the human immunodeficiency virus
(HIV)1 requires its aspartyl protease (HIV PR) to process
the virally encoded gag and gag-pol polyproteins (1, 2).
These cleavage events release enzymes and structural
proteins that are essential for the assembly of infectious viral
particles (3, 4). Inhibition of HIV PR activity in infected
cells thus leads to the production of immature, noninfectious
virus.
While HIV PR inhibitors can be efficacious against wild-

type HIV both in vitro and in man, they also select for HIV
variants in the viral population which often display reduced
susceptibility to the PR inhibitor (5-9). Currently, all of
the clinically approved inhibitors of HIV PR are peptide
mimetics which bind in the active site and adjacent specificity
pockets. Mutations both in these regions and in distal sites
affect inhibitor and substrate binding by altering the number
and/or strength of subsite interactions (10, 11). Conse-
quently, in the presence of a PR inhibitor, there is a

replicative advantage for HIV-containing mutations that
decrease PR inhibitor affinity while retaining sufficient
enzyme activity to process the gag and gag-pol polyproteins.
Several active site mutations that confer an apparent advan-
tage for viral replication have appeared over time in clinical
trials with HIV PR inhibitors (6, 9, 12). The current medical
challenge is to find combinations of potent antiviral agents
which keep plasma viral load at undetectable levels while
blocking the development of drug resistance. Clearly,
inhibitors which are efficacious toward many of the known
active site mutations of HIV PR would be desirable.

Although development of clinical resistance is a measure
of the efficacy of HIV PR inhibitors, how mutations in the
protease and elsewhere influence the viability of the virus
is not thoroughly understood. There is evidence that the viral
maturation process is an ordered series of events which
requires protease activity before or during budding to
sequentially hydrolyze the eight cleavage sites in the gag
and gag-pol polyproteins (13, 14). Viral mutations in the
protease gene and polyprotein cleavage sites affect the extent
of substrate cleavage which in turn can alter the rate-limiting
step and/or the processing order in the virion (15). These
combined interactions may cause subtle perturbations in the
viral maturation events that are not observable with an in
vitro enzymatic assay with one enzyme and one peptide
substrate. As a consequence, the magnitude of resistance
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to an inhibitor may not be quantifiable by simple enzyme
kinetics.
Selection experiments in vitro with HIV PR inhibitors have

identified many of the active site mutations now emerging
in the clinic (16). The clinical data available on in vivo
resistance to HIV PR inhibitors indicate there may be some
order to the selective process. Typically, active site muta-
tions emerge first followed by compensatory mutations that
seem to improve the efficiency of the protease by increasing
in vivo viral replication while in the presence of the inhibitor
(9, 17). Therefore, finding inhibitors that are less affected
by active site mutations may forestall the appearance of
compensatory mutations and lead to more effective HIV drug
therapy.
Our aim was to study the extent of correlation of enzyme

resistance with antiviral resistance for HIV PR inhibitors by
comparing the inhibition of both enzyme and viral replica-
tion. The residues altered in the mutants (Val82 and Ile84)
had been identified by passaging HIV-1 in the presence of
increasing concentrations of HIV PR inhibitors (5, 7, 18).
An enzymatic assay and a whole-cell viral infectivity assay
were used to measure the inhibition constants for the wild-
type and mutant HIV proteases and viruses. We estimated
enzyme resistance to HIV PR inhibitors by measuring the
change in the dissociation constants (Ki values) for each
mutation compared to wild type. Antiviral resistance to each
inhibitor was determined by measuring the change in the
viral IC90 values from wild type to isogenic mutant virus.
A simple enzyme kinetics assay has proven to be a

valuable tool in the search for “broad spectrum” inhibitors
of HIV PR. However, we, like several other research groups,
have found that enzyme resistance generally differs from in
vitro antiviral resistance. One approach used to address the
disparity with antiviral resistance was to modify the estimate
of enzyme resistance by adjusting theKi values with the
catalytic efficiency (kcat/Km) of the enzymes (19). The
“vitality values”, defined by the ratio (Kikcat/Km)mutant/(Kikcat/
Km)wt), were calculated for the inhibitors and mutants.
Several groups have suggested that vitality might be predic-
tive of the selective advantage of a mutant over wild type in
the presence of an HIV PR inhibitor (19-21). However, a
correlation between vitality values and in vitro antiviral
resistance has not been shown. In this report, we examine
the inhibition of viral activity and the enzyme kinetics for
wild-type HIV PR and 5 active site mutants using a group
of 19 protease inhibitors of HIV. Both the virus and enzyme
contained identical HIV PR mutations in a HXB2 viral
background. We assessed the impact of the mutations on
inhibitor potency by calculating the ratio of the mutant to
wild-typeKi values, IC90 values, and vitality values. Because
changes in theKm andkcat values may not equally affect the
viral processing event, we also examined whether mutant/
wild-type ratios ofKi adjusted individually withKm andkcat
provided a better indication of the antiviral resistance
[(IC90)mutant/(IC90)wt] for the group of inhibitors.

MATERIALS AND METHODS

Inhibitors. The HIV PR inhibitors indinavir (MK-639)
and nelfinavir (AG-1343) were obtained from Merck Re-
search Laboratories and Agouron Research Laboratories,
respectively. Samples of the HIV PR inhibitors saquinavir

(Ro 31-8959), VX-478 (141W94), and ritonavir (ABT-538)
were synthesized at the DuPont Merck Pharmaceutical Co.
The cyclic ureas were prepared as described elsewhere (22-
26). All inhibitors were dissolved in dimethyl sulfoxide
(DMSO) and stored at-20 °C.
In Figure 1, the inhibitors have been classified according

to their structural features. The linear peptidyl mimetic
inhibitors saquinavir, 141W94, nelfinavir, ritonavir, and
indinavir comprised the first set of inhibitors. Four of the
inhibitors of HIV PR (saquinavir, nelfinavir, ritonavir, and
indinavir) have been approved by the United States Food
and Drug Administration for use in combination therapies
for the treatment of HIV.
The second set of inhibitors contained symmetrical seven-

membered cyclic ureas that have been arranged into two
series according to their substituent groups. In the first series,
XK234 has a small cyclopropylmethyl P2, P2′ group while
DMP 323 (XM323), DMP 450, XN063, and XP521 contain
P2, P2′ benzyl groups with residues at the 3- or 4-positions
of the benzyl ring. XR835 and XZ442 have the largest P2,
P2′ groups consisting of 5-indazolemethyl moieties.
The second series of cyclic ureas consisted of SB561,

SB570, SB571, SD146, XV638, XV643, and XV652. Each
inhibitor contains a P3, P3′ group attached by an amide linker
to the 3-position of the P2, P2′ benzyl ring (26).
Substrate. The synthesis of the fluorescent substrate

2-aminobenzoyl-ATHQVYF(NO2)VRKA-OH has been de-
scribed elsewhere (27). Stock solutions were prepared in
DMSO.
Preparation of HIV Proteases. The synthetic genes for

the six HXB2 strain HIV-1 proteases were constructed with
mutagenic oligonucleotide primers (containing a uniqueEagI
site) using PCR (11). The constructed mutant genes were
then inserted into the translation vector pET11C and
expressed inEscherichia coliBL21(DE-3) as previously
described (27). The recombinant enzymes were solubilized
with 6 M guanidine hydrochloride and isolated from inclu-
sion bodies. The enzymes were purified by use of two sizing
columns (Pharmacia Superdex 200 and Superdex 75) and
refolded on a hydrophobic interaction column. The eluted
proteases were determined to be homogeneous based on
SDS-PAGE analysis. The protein concentrations were
estimated by the method of Bradford (28). Aliquots of the
enzymes were frozen at-70 °C.
HIV Protease Assays.HIV PR activity was measured

using the discontinuous HPLC assay described previously
as assay system C (29). Briefly, the activity of HIV proteases
was measured in the absence and presence of four different
concentrations of inhibitor at a fixed concentration of both
enzyme and substrate. The HIV proteases (concentration
ranged from 0.05 to 2.0 nM) were preincubated 5 min at
ambient temperature (20-25 °C) with inhibitors at concen-
trations ranging from 0.1 to 12 500 nM. Substrate was then
added (concentration ranged from 5 to 100µM) and
incubated at 20( 1 °C for 60 min. The reaction was
terminated with 0.1 M ammonium hydroxide, and the extent
of hydrolysis was determined using ion-exchange HPLC. A
Pharmacia FPLC mono Q HR 5/5 column eluted at 1.0 mL/
min with 0-30% buffer B for 5 min was used to separate
the fluorescent cleavage product (retention time) 3.4 min)
from the fluorescent substrate. The mobile phase buffer A
contained 20 mM Tris-HCl, 0.02% sodium azide, and 10%
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acetonitrile at pH 9.0 while buffer B consisted of buffer A
plus 0.5 M ammonium formate at pH 9.0. The mono Q
column was washed with 100% buffer B at 5-9 min and

then stepped down to 0% buffer B from 9 to 12 min to
recycle the gradient for the next injection. The cleavage
product Abz-ATHQVY-COO- was measured at excitation

FIGURE 1: Structures of the inhibitors tested. The first set of inhibitors consist of the linear peptidyl mimetics Ro 31-8959 (saquinavir),
VX-478 (141W94), AG-1343 (nelfinavir), ABT-538 (ritonavir), and MK-639 (indinavir). The second set are symmetrical cyclic ureas.
Series 1 consists of compounds with various P2, P2′ groups. Series 2 cyclic ureas are larger molecules containing P3, P3′ groups attached
by an amide linker to the 3-position of the P2, P2′ benzyl group.
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and emission wavelengths of 330 and 430 nm, respectively.
With the equationKi ) I/{[(Km + S- faS)/faKm] - 1}, Ki

values were determined from single point calculations using
the observed fractional activity (fa ) Vi/Vo) and knownKm,
[S], and [I]. Fractional activities ranging from 0.1 to 0.8
relative to the uninhibited control were averaged to calculate
theKi value for the inhibitor. Typically, theKi value was
determined from assays at two different [I] values for a
compound.
The kinetic constants for HIV proteases were determined

by the method of Lineweaver and Burk with fixed concen-
trations of HIV protease between 0.25 and 2.0 nM and varied
substrate concentrations of 20-100µM, respectively. The
kcat values were calculated from theVmax values and the
active-site concentrations of the HIV proteases (27). The
active-site concentrations for the six HIV proteases were
quantified by titrating with different concentrations of XP954
(P2, P2′ ) 3-amidoximebenzyl) and plotting the percent of
HIV protease activity with respect to inhibitor concentration.
This highly potent cyclic urea inhibitor hadKi values ranging
from 0.01 to 1.0 nM for the six HIV proteases.
Preparation of Mutant HIV Virus.To introduce defined

sequence alterations into the protease gene, recombinant
DNA plasmids containing the 5′ half of the HIV HXB2
genome were subjected to site-directed mutagenesis as
previously described (26, 30). Cloned 5′ half HIV plasmids
were linearized withNcoI, ligated with a complementary
NcoI-linearized 3′ half HIV plasmid, and used to transfect
MT-4 cells by lipofection. The culture was frozen in aliquots
after the virally induced cytopathic effect had spread through
the culture (typically 7-10 days after lipofection). Viral
stocks were not passaged in order to reduce the chance of
accumulating additional sequence changes beyond those
encoded by the transfected plasmid.
Viral InfectiVity Assay. The antiviral potency of com-

pounds was measured as previously described (26). Briefly,
replication of wild-type and mutant viruses was assessed by
measuring the accumulation of viral p24 antigen 3 days after
infection of MT-4 cells with HIV-1 HXB2. Cultures of
MT-4 cells (2.5× 105 cells/mL) were infected with ap-
propriate dilutions of each virus stock and cultured for 24 h
at 37 °C and 5% CO2 in RPMI 1640 with 10% fetal calf
serum, 2 mM glutamine, and 50µg/mL gentamycin (Gibco/
BRL) without protease inhibitors. After 24 h, infected
cultures were washed 3 times in medium and plated into
microtiter plate wells at 2.5× 105 infected cells/mL with
various concentrations of each inhibitor. The infected cell
cultures with and without added inhibitor were then incubated
for 72 h. Appropriate dilutions of each virus stock were
determined in preliminary experiments and were selected to
result in the accumulation of between 1000 and 4000 ng/
mL of p24 antigen at the end of the 4 day culture period.
The accumulation of p24 antigen was quantitated in each
culture using the DuPont p24 antigen ELISA kit. Based on
the untreated culture, the concentration of inhibitor that
causes a 90% reduction in viral p24 antigen was defined as
the IC90 value.

RESULTS

Changes in Catalytic Efficiency for the Mutant and Wild-
Type Proteases.The kinetic constants for the six HIV

proteases and the peptide substrate are shown in Table 1.
TheKm, kcat, and catalytic efficiency for the V82A mutation
were not significantly different from those of wild-type
enzyme. For the V82F mutation, bothKm andkcat decreased,
resulting in an unchanged catalytic efficiency. The catalytic
efficiency for the I84V mutation was only 25% of wild type,
driven primarily by a 3-fold increase in theKm. The V82I
mutation had the greatest increase inKm (∼7-fold) with a
small decrease inkcat resulting in a catalytic efficiency that
was only 9% of wild type. The double mutation V82F/I84V
was the least active of the five mutations with a catalytic
efficiency of just 2% of wild type. Unlike the single
mutations, the combination of the V82F and I84V mutations
caused a 6-fold increase inKm and a substantial decrease in
the kcat (approximately 0.1 the rate of wild type).
Changes in the ActiVity of the Wild Type and Mutants

toward Different Classes of Inhibitors.Table 2 shows the
IC90 andKi for wild-type enzyme with the 19 inhibitors, and
the resistance values (the ratio of mutant/wild type) for the
IC90, Ki, and vitality values with the 5 mutations. It is
apparent that the wild-type viral IC90 values were greater
than the correspondingKi values in all cases shown. The
ratio of IC90/Ki, known as “translation values” (31), may
reflect cell penetration or subcellular localization of the
compounds. The ratio varied from 26 to 10 000 for these
compounds. The series 2 cyclic ureas have desirable low
translation values.
Collectively, the 19 compounds were potent inhibitors of

the wild-type protease and virus. The linear peptidyl mimetic
inhibitors hadKi values ranging from 0.1 to 0.28 nM and
viral IC90’s ranging from 16 to 137 nM. The first series of
cyclic ureas containing only P2, P2′ groups had a broad range
of activity toward the wild type; theKi values ranged from
0.03 to 5.8 nM, and IC90’s range from 11 to 2100 nM.
Overall, the cyclic ureas from the second series were the
most potent of the panel of inhibitors against the wild type.
The Ki values were from 0.05 to 0.14 nM, and the IC90’s
varied from 2.4 to 20 nM.
The effect of the V82F mutation on the antiviral potency

of the inhibitors was mixed: many of the inhibitors
maintained wild-type activity, and a few (e.g., saquinavir,
SB570, SB571, and SD146) were more potent. Ritonavir
and the cyclic ureas XK234, DMP 450, XN063, and DMP
323 had viral IC90 values increased 4-7-fold whereas XZ442
increased nearly 16-fold. There were quite different effects
on enzyme inhibition. For instance, the three inhibitors
141W94, XV643, and SB570 each had lowKi ratios of∼0.3,
the result of a decrease in theKi value for the V82F mutation.
TheKi ratio for saquinavir, on the other hand, indicated the

Table 1: Comparison of the Enzyme Kinetic Constants for
Wild-Type and Mutant HIV-1 Proteasea

HIV PR Km (mM) kcat (s-1)
catalytic efficiency,
kcat/Km (mM-1 s-1)

Wt 0.035( 0.008 1.04( 0.17 29.9( 3.8
V82F 0.012( 0.005 0.44( 0.16 35.4( 3.8
V82A 0.039( 0.002 1.33( 0.27 34.2( 6.8
I84V 0.102( 0.025 0.78( 0.17 7.6( 0.2
V82I 0.245( 0.030 0.67( 0.19 2.7( 0.5
V82F/I84V 0.224( 0.067 0.11( 0.02 0.5( 0.1
a All kinetic constant values are the mean and standard deviations

of three or more independent experiments.
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Ki value for the V82F mutation increased∼3-fold. Interest-
ingly, the V82F antiviral resistance values for saquinavir,
ritonavir, XK234, DMP 450, XN063, DMP 323, and XZ442
were not predicted by the V82FKi ratios. However, both
theKi ratios and the antiviral resistance values indicated that
the cyclic urea inhibitors with P3, P3′ groups retained wild-
type potency toward the V82F mutation.
The V82A mutation caused a 4-11-fold increase in the

Ki values for nelfinavir, indinavir, and ritonavir. Likewise,
most of the first series of cyclic ureas increased 3-11-fold.
However, saquinavir, 141W94, and XR835 were relatively
unchanged. TheKi values for the second series with P3,
P3′ groups were also relatively unaffected by the V82A
mutation. The IC90 values for the viral V82A mutation
remained similar to the wild-type virus for most of the
inhibitors whereas ritonavir had about a 5-fold increase in
the IC90 value for this mutation.
The V82I mutation increased theKi values of the linear

peptidyl mimetics and the cyclic ureas with P2, P2′ groups.
A small change in theKi value was observed for 141W94
(∼3-fold) while theKi’s for indinavir, saquinavir, ritonavir,
and nelfinavir increased 5-18-fold. The first series of cyclic
ureas had the greatest loss of affinity ranging from 5- to 37-
fold. Within the second series of cyclic ureas, only XV652
increased inKi value (∼3-fold) while the rest of the inhibitors
retained wild-type activity for the V82I mutation. Unlike
the Ki values, the IC90 values for the viral V82I mutation
indicate that the peptidyl mimetic inhibitors and XK234,
DMP 323, and DMP 450 of the first series of cyclic ureas
retained wild-type activity against the virus.
The I84V enzyme mutation showed reduced sensitivity

to three of the five peptidyl mimetic inhibitors whereas both
indinavir and 141W94 had no significant change in theKi

value. TheKi value for nelfinavir increased∼3-fold whereas

both saquinavir and ritonavir increased about 11-fold.
Likewise, the first series of cyclic ureas experienced a
reduction in activity for the I84V enzyme ranging from 9-
to 86-fold. However, there was no significant loss of potency
by the second series of cyclic ureas for the I84V enzyme.
The IC90 values for the viral I84V mutation were similar to
wild type for saquinavir, indinavir, and 141W94 whereas
the IC90 value for ritonavir increases∼3-fold. For the first
series of cyclic ureas, XR835 had wild-type activity whereas
the rest had a 3-11-fold increase in the IC90 value toward
the I84V virus. Like theKi ratios for the I84V mutation,
the IC90 values for the viral I84V mutation indicate that the
second series cyclic ureas had potency similar to wild type.
Toward the double mutation V82F/I84V, both sets of

inhibitors had elevatedKi values. Saquinavir was the least
affected of the peptidyl mimetic inhibitors with only a 19-
fold increase in theKi value whereas ritonavir incurred the
greatest increase (700-fold). Indinavir, nelfinavir, and
141W94Ki values increased 79-, 86-, and 100-fold, respec-
tively, for the double mutation. Likewise, there was a
significant loss of activity (790-2025-fold) for the first series
of cyclic ureas for the double mutation. The second series
of cyclic ureas were the most potent (10-42-fold increase
in Ki) toward V82F/I84V HIV PR. TheKi values ranged
from 0.5 to 4.0 nM. The double mutation also caused an
increase in the IC90 values for most of the peptidyl mimetic
inhibitors. The IC90 values for indinavir, 141W94, and
ritonavir increased 8-, 12-, and 18-fold, respectively, while
saquinavir retained wild-type potency toward the V82F/I84V
viral mutation. The first series of cyclic ureas had IC90 values
elevated 21-377-fold over wild type. Most second series
inhibitors showed a substantial change in IC90 values,
increasing 5-75-fold. XV652 and SD146 were least af-
fected by the double mutation; the IC90 value for XV652

Table 2: Inhibition of Wild-Type Protease and Virus, and Resistance Values for Mutant Proteases and Virusesa

relative resistance

inhibition of wild type V82F V82A V82I I84V V82F/I84V

IC90
(nM)

Ki
(nM)

IC90
ratio

Ki
ratio vital

IC90
ratio

Ki
ratio vital

IC90
ratio

Ki
ratio vital

IC90
ratio

Ki
ratio vital

IC90
ratio

Ki
ratio vital

Linear Peptide Mimetic Inhibitors
1 saquinavir 16.0 0.15 0.25 3.33 3.89 0.51 1.67 1.89 (1.21) 7.3 0.66 0.67 10.67 2.70 0.73 19 0.31
2 indinavir 27.2 0.14 2.43 0.46 0.53 2.25 6.36 7.20 (0.99) 5.4 0.48 0.92 2.57 0.65 8.1 79 1.26
3 nelfinavir 25.8 0.28 - 0.82 0.96 - 4.29 4.86 - 17.5 1.58 - 3.46 0.88 - 86 1.37
4 141W94 74.2 0.11 2.01 0.35 0.40 1.20 1.73 1.96 (2.40) 3.3 0.29 1.79 2.73 0.69 12.3 100 1.60
5 ritonavir 137 0.17 (5.86) 0.82 0.96 (4.7) 11.2 12.7 (2.43) 14.7 1.32 3.69 11.18 2.83 (18.2) 700 11.2

Series 1 Cyclic Ureas, P2, P2′ Groups
6 XK234 2063 5.80 3.75 1.05 1.23 1.26 6.55 7.43 (1.12) 26.7 2.41 6.36 86.2 21.8 (25.2) 2025 32.4
7 DMP 323 93.7 0.85 7.21 0.55 0.65 1.01 8.71 9.87 1.74 23.5 2.12 10.6 20.0 5.07 377 1016 16.3
8 DMP 450 125 0.41 4.55 0.88 1.02 1.79 10.73 12.16 0.94 36.6 3.29 6.89 29.3 7.41 104 1256 20.1
9 XN063 22.2 0.08 (3.80) 1.36 1.58 2.70 7.04 7.98- 24.7 2.22 3.26 21.0 5.32 (261) 1494 23.9
10 XP521 283 0.03 (1.83) 1.07 1.25- 6.79 7.69 - 17.9 1.61 2.88 8.93 2.26 (23.9) 1036 16.6
11 XR835 10.9 0.04 0.53 1.05 1.23 1.03 2.39 2.71- 6.58 0.59 0.88 10.0 2.53 20.6 789 12.6
12 XZ442 11.6 0.18 15.8 0.42 0.49 (2.29) 3.28 3.71- 5.11 0.46 10.1 23.3 5.91 (347) 1144 18.3

Series 2 Cyclic Ureas, P3, P3′ Groups
13 SB561 2.4 0.09 (0.25) 0.43 0.50 (1.05) 0.78 0.88- 1.28 0.11 1.85 1.81 0.46 74 22 0.36
14 SB570 (3.9) 0.08 (0.17) 0.32 0.37 (0.97) 0.61 0.69- 1.32 0.12 (2.60) 2.50 0.63 (63) 42 0.67
15 SB571 3.1 0.09 (0.13) 0.36 0.42 (0.71) 0.66 0.75- 1.54 0.14 1.13 2.53 0.64 41 20 0.32
16 SD146 4.4 0.10 (0.19) 0.52 0.60 (0.50) 1.24 1.40- 0.85 0.08 (0.58) 2.58 0.65 4.8 38 0.61
17 XV638 4.3 0.11 0.88 0.51 0.59 1.67 1.09 1.24- 1.64 0.15 1.12 1.09 0.28 27 25 0.39
18 XV643 5.7 0.14 0.36 0.32 0.38 1.31 0.50 0.57- 0.93 0.08 0.67 1.79 0.45 13 21 0.34
19 XV652 19.7 0.05 (1.19) 0.47 0.55 (2.17) 2.16 2.44- 3.14 0.28 (0.55) 2.35 0.60 (0.9) 10 0.16

aRelative resistance values are the ratios of mutant/wild type forKi, IC90, or Kikcat/Km (vitality). All Ki values are the mean of at least three or
more independent experiments. Most IC90 values are the averages of two or more determinations. Calculations based on a single value are shown
in parentheses.
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was equal to wild type, and that for SD146 increased∼5-
fold.
Correlation of the AntiViral and Enzyme Resistance Values

for the Mutants and Inhibitors.Table 2 shows that enzyme
resistance values (Ki ratios or vitality) were not predictive
of antiviral resistance. We have plotted in Figure 2 for the
double mutant four different comparisons of enzyme resis-
tance values with antiviral resistance values. The double
logarithmic graphs show the same low correlation (r2 ) 0.35)
regardless of whether enzyme resistance values are calculated
as mutant/wild-type ratios ofKi, Kikcat, Ki/Km, or vitality.
Therefore, adjustments ofKi with any combination ofkcat or
Km only affect the intercept of the line and do not affect the
correlation. This observation is a reflection of the truism
that dividing all of a set of values by a constant (kcat or Km

for a given substrate and enzyme) does not change the
relationship of the values. The correlation is also low for
the other enzymes for the single mutations V82F, V82A,
V82I, and I84V (0.017, 0.32, 0.12, and 0.53, respectively).

DISCUSSION

Although currently available HIV PR inhibitors are able
to reduce plasma HIV concentration by several orders of
magnitude when combined with other drugs, development
of resistance to the inhibitors may become a major clinical
problem. Since enzyme assays are more convenient than
antiviral assays, it obviously would be desirable to use

measurement of enzyme activity to predict the potency of
an inhibitor against a mutant. The lack of correlation led to
the suggestion that adjustment of enzyme inhibition by
catalytic efficiency should improve the correlation (19-21).
However, as is evident from Figure 2, using theKm, kcat, or
vitality values does not alter the low correlation of theKi

ratios with antiviral resistance for the five different mutations.
These mutant viruses were designed to have only a single
or a double amino acid change in the active site region.
Naturally occurring mutants may have changes not only in
the enzyme but also in the substrate cleavage sites and/or
other locations. Mutations in the flaps, dimer interface, and
surface loops may also confer resistance (11). It appears
that prolonged drug exposure may select for mutations at
distal sites that partially compensate for the loss of activity
associated with the active site changes (6, 32).

It is not known whether the low correlation results we
observed were due to cellular factors such as inhibitor
penetration or artifacts caused by enzyme assay conditions.
With a given set of enzymes, competitive inhibitors, and
assay conditions, any peptide substrate should provide similar
Ki values, although catalytic efficiency may vary with the
substrate and assay conditions. With our peptide substrate,
both V82F and V82A had enzymatic activity equivalent to
wild type whereas Gulnik et al. reported a 70% reduction
for the same mutations with a different peptide substrate.
Nevertheless, there is general agreement that both the V82I

FIGURE 2: Correlation of enzyme and antiviral resistance values for the V82F/I84V double mutation. The enzyme resistance values in the
panels are based on (A)Ki ratio, (B)Kikcat ratio, (C)Ki/Km ratio, and (D) vitality values. The correlation with antiviral resistance does not
significantly change (r2 ) 0.35( 0.00). The plotted numbers in each graph correspond to the HIV PR inhibitors in Table 2. Inhibitors 5
and 7 are obscured by 11 and 12, respectively, in each graph.
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and I84V mutations have significantly less enzyme activity
than the wild type. We found relative catalytic efficiencies
of 9% and 25% for V82I and I84V, respectively, compared
to 30% and 40% reported by Gulnik et al.
Although it is not clear why the correlation is low for the

panel of inhibitors and active site mutations, there are trends
associated with certain inhibitors for the five mutations. For
example, most of the second series of cyclic ureas are potent
against both enzyme and virus for all tested mutants. The
observation that many of the second series of cyclic ureas
have favorable translation values suggests that good cellular
absorption or subcellular localization of the inhibitors might
be critical for predictability. It should be noted that there is
apparently no published experimental data on penetration
rates or subcellular localization of HIV PR inhibitors. The
second series of cyclic ureas with P3, P3′ groups are linked
to the core structure with an amide bond, thereby increasing
the number of binding interactions formed with the enzyme
(26). The loss of binding affinity due to the decrease in
van der Waals contacts caused by the mutations may
therefore be proportionately less (11).
Although several research groups have shown that different

substrates yield different vitality values (20, 21), changing
substrates will not affect the correlation for a panel of
inhibitors toward a HIV PR mutation. Only changes in the
Ki values, related, for example, to differences in assay
conditions, could alter the correlation with the viral IC90

values. Substantial differences in theKi values for the linear
peptidyl mimetic inhibitors have been reported in other
studies for the wild-type and mutant HIV PR (16, 19-21,
32-34) which may result in a different correlation with
antiviral resistance.

CONCLUSIONS

In this study, we have determined that for five HIV-1 PR
mutations the mutant/wild-type ratio ofKi values and antiviral
resistance have a low correlation. In addition, we have
demonstrated that the correlation with antiviral resistance
does not change upon calculating the enzyme resistance with
Km, kcat, or vitality values. The low correlation implies there
must be other variables that affect the activity of inhibitors
toward HIV mutations within the context of the virus.
Overall, the second series of cyclic ureas (which have P3,

P3′ groups) has a better resistance profile toward the five
HIV PR mutations than the first series of cyclic ureas lacking
these groups. Albeit each compound varies in the amount
of change with the mutation, both the ratio ofKi values and
the antiviral resistance data support that increased binding
interactions improve the potency of the cyclic ureas toward
V82F, I84V, and the double mutation V82F/I84V. Last, our
study illustrates that although a rapid, inexpensive enzyme
assay may be sufficient to discover potent inhibitors, it is
important to use both an enzyme and a virally based assay
to assess the quantitative structural activity relationships of
inhibitors toward HIV PR mutations.
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