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ABSTRACT. In order to study the basis of resistance of human immunodeficiency virus, type 1 (HIV-1), to
HIV-1 protease inhibitor saquinavir, the catalytic and inhibition properties of the wild-type HIV-1 protease
and three saquinavir resistant mutants, G48V, L90M, and G48V/L90M, were compared. The kinetic
parameterk.a/Km was determined for these proteases using eight peptide substrates whose sequences
were derived from the natural processing site sequences of HIV-1.k:IH&, values were determined

using conventional steady-state kinetics as well as initial velocities of mixed substrate cleavages under
the condition where the substrate concentrations £33 Km. The independently determinégs:andKn,

values for some of the substrates confirmed the accuracy of the mixed-substrate method and also permitted
the calculation in all cases of true rather than relakiyéKn, values. TheK values were also determined.

Using a previously described kinetic model [Tang, J., & Hartsuck, J. A. (16€BS Lett. 367112—

116], the relative processing activities of HIV-1 protease variants were estimated in the saquinavir
concentration range of-010~7 M. Although the protease activity of G48V, L90M, and G48V/L90M are

only about 10, 7, and 3% of that of the wild-type HIV-1 protease in the absence of inhibitor, the resistance
tendencies of the three mutants are clearly manifest by relatively less activity loss as inhibitor concentration
becomes higher. Also, the ratios of the activities of the four protease species at certain saquinavir
concentrations appear to correlate with the population ratios of the four protease species at different time
points of clinical trials. This correlation suggests that the population ratio of the protease species is
driven byin vizo saquinavir concentration, which appears to be in the rang&2Q0° M during the

clinical trials.

The activity of the protease (PR) of human immunodefi- 1996; Mollaet al, 1996). The basis of HIV resistance is
ciency virus type 1 (HIV-1) is required for the processing the mutation of its PR gene and the selection of PR mutants
of gagandgag-polpolyprotein precursors into viral structural = resistant to the inhibitors. This selection process can be
proteins and enzymes. This processing is part of the HIV simulated inin vitro experiments [for reviews, see Mellors
maturation, which is essential for the viral life cycle and et al. (1994) and Ridky and Leis (1995)]. Resistance in
infectivity (Kohl et al, 1988; Penget al, 1989). An patients occurs within weeks owing to the fast replication
extraordinary world-wide effort to develop HIV-1 PR inhibi-  of virus and fast turnover of the CB4 T-cells (Coffin,
tors has resulted in many potent synthetic compounds1995). In itro and in vivo selection of HIV-1 in the
(Wlodawer & Erickson, 1993; Winslow & Otto, 1995) and  presence of inhibitors produces, among many mutations,
four marketed inhibitor drugs: saquinavir (Ro 31-8959; Craig some prevailing PR mutants which have the characteristics
et al, 1991), indinavir (L-735,524; Dorsegt al, 1994),  of resistant mutations.e., lower susceptibility to inhibitors
ritonavir (ABT-538; Kempfet al, 1995), and nelfinevir  in HIv-1 grown in cultured cells and increased sCor
(Paticket al, 1996). Others are expected to reach clinics jnnibition constants. Mutants selected with one inhibitor may
shortly. The ability of HIV-1 PR inhibitors to suppress HIV  rgss-resist to other inhibitors (Gulnét al, 1995; Roseet
replication has been demonstrated in tissue culture and ina|_, 1996; Condrat al, 1996; Mollaet al, 1996). Itis also
clinical trials (Weiet al, 1995; Hoet al, 1995). The use  nteresting thain vivo inhibitor therapy produced a time-
of HIV-1 PR inhibitors along with other drugs in combination dependent increase of mutation sites per PR molecule. The
therapy has offered the best results so far in suppressing HIV , ;tant enzymes with more mutation sites are usually less

propagatiorin vivo (Mellors, 1996). o sensitive to inhibitors (Condret al, 1995, 1996; Jacobsen
A serious problem in the clinical use of PR inhibitor drugs ot a1. 1996: Mollaet al. 1996).

is the development of drug resistance by HIV (VWeial, . -
1995: Hoet al, 1995: Jacobseet al, 1996: Condrat al, Resistant mutants of HIV-1 PR should possess sufficient

proteolytic activity k.a/Km) to support HIV-1 life cycle but
FThi . red by NIH Grant AL38189 have reduced sensitivity (increaskd to inhibitors. These
IS WOrK was supporte Yy ran - . : . . .
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provide insights into thén vivo development of resistance andK, values. The amount of PR was determined by active-
to HIV-1 PR inhibitors and understanding of the molecular site titration using saquinavir for each batch of PR. This
basis of resistance. Saquinavir resistanmeevivo is a result was used to calculate the specific activity of the PR,
particularly good model for such study since it gives rise to with the chromogenic substrate, which was used to determine
only three resistant mutants, G48V, L90M, and G48V/L90M active PR concentration for each kinetic experiment. The
(Jacobseret al,, 1995), and the genotypes and phenotypes relativek../Kn, values were determined under the condition
of resistant mutations in the course of saquinavir treatments[S], << Kq using a mixture of substrates. When tKg
are well documented (Jacobsenal., 1996). was uncertain, the relativg./K, was determined for at least
A problem in the kinetic studies of HIV-1 PR resistant 2 [S] which agreed. The experimental conditions and the
mutants is the choice of substrates which adequately represenfiuantitation of hydrolysis were as described above. The
HIV-1 intravirion processing. The use of chromogenic relativekea/Kn is the ratio of the pseudo-first-order rates of
substrates (Kaplagat al, 1994; Hoet al, 1994; Linet al, cleavage of any two competing substrates (Fersht, 1985). In
1995; Gulniket al, 1995; Wilsonet al, 1997) is convenient  practice, the individuake.: and Kr parameters were deter-
in assay procedures. But these peptide sequences ar@lined for nine substrate-PR pairs (Table 1, boldface) from
different from those of the native cleavage sites in the HIV-1 Which kea/Krn was calculated. Each PR species had at least
gag-pol polyprotein. Whether the kinetic data from the oOne substrate whose./Km was determined from individual
chromogenic substrates are representative of intravirion constants. Other low-solubility substrates were paired with
processing remains to be shown. The hydrolysis of peptide these substrates in the mixed-substrate assays to determine
substrates derived from the HIV processing-site sequencede€lativeke/Km values and thus the actuak/Km values. The
seem to have the best chance of simulating the nativekinetic parameters were also obtained for the chromogenic
processing event. However, many of these peptides havesubstrate as previously described (lehal., 1995).
poor solubility leading to considerable difficulty in kinetic Determination of Inhibition Constant,iK The inhibition
determinations (Ermoliefiet al, 1997; Mascherzt al., constantk;, was determined as described by Bieth (1974).
1996). PR activity was determined, using chromogenic substrate,
In this paper, we report the kinetic constants of HIv-1 [Slo, for a series of mixtures with constant PR, {Eut
wild-type and three saquinavir-resistant mutant PR’s using Increasing inhibitor concentration, {l] The apparent inhibi-
peptide substrates derived from eight natural HIV-1 process- 10N constantKiap, was determined from the plot of activity
ing sites. A mixed substrate assay method was used to?S []o based on the equation
overcome the low-solubility problem. Kinetic data from g5—1 —
three gag cleavage site substrates correlate well with the >
pattern of in vivo resistance. Comparative data for a [0t [Elo + Kigpp — \/[(U]oJr [Elo + Kiapp” — 4[11[Elol
chromogenic substrate show it to be a poor choice for 2[E],
interpreting HIV-1 resistance.

Inhibition constantK;, was determined from a serieskfy,
EXPERIMENTAL PROCEDURES obtained from different substrate concentrations, ranging

i ) from 0.05 to 0.3 mM, where substrate concentration was
Materials. Recombinant HIV-1 protease was prepared extrapolated to zero, based on the equakigg, = K; (1 +
from Escherichia colinclusion bodies and purified according [S]o/Kr)-

to previously published procedures (ldbal, 1991; Linet Preparation of HIV-1 PR MutantsThe mutants of HIV-1

al., 1994). Synthetic peptide substrates A, B, C, D, E, F. PR were made in the designed HIV-1 gene (&dal, 1991)

G, and H (see Table 1 for sequences) and the chromogeniqygjng the PCR-based mutagenesis method as previously
Substrate Lys-Ala-Arg-Val-Leu-Nph-Glu-Ala-Met (Nph described (Linet al, 1995). The primer used for G48
p-nitrophenylalanine) were synthesized at the Molecular ., iants was 5GGAAGCCGAAAATGATCNNNGGCAT-
Biqlogy Resource Ce_nter, Universjty of leahoma HeaIFh CGGCGGTTTTATC-3(N = ATCG). The G48V mutant
Sciences Center, using an Applied Biosystems peptide g selected from the sequenced individual mutants having
synthesizer 430A. Saquinavir and Ritonavir in commercially changes at this position. The primer used for L90M was
purchased capsules was extracted with dimethyl sulfoxide o_;cAACCGATCTGAGTCATCAGGTTACGGCCG-3

and purified on HPLC using a C-18 reversed-phase column. qiar primers were those described in léinal. (1995).
Indinavir was a gift from Merck. All other reagents were Calculation of Mutation Modulated Aglity, MMA, of

the highest grade available commercially and were used .1 pR Mutants. The MMA values were calculated from
without further purification. the previously described kinetic model (Tang & Hartsuck,

Determination of Kinetic Constantsk K, and Relatie 1995), using the equation
ke.afKm. Peptide substrates were individually incubated with
HIV-1 PR in 0.1 M sodium acetate with 0.1 M NaCl and o = o{ (Keaf Kin)/[1 + ([1] /K)I}

1% dimethyl sulfoxide, pH 5.0, at 3. The reactions were ) ) o )
stopped by the addition of guanidine-HCI stock solution to Wherea is the processing activity of an HIV-1 PR, is a
final concentration of 7 M. The peptide and hydrolytic constant, [l} is |r)h|b|tor.con_centrat|on, and other symbols
products were quantified in a Beckman System Gold HPLC &€ the conventional kinetic constants. MMA (o of a
using a C-18 reversed-phase column, which was eluted withMmutant HIV-1 PR at any [fo. of wild-type HIV-1 PR for

a gradient of acetonitrile in 0.06% trifluoroacetic acid. The [1o = 0) x 100.

substrate and product peaks were integrated using the
software provided by the HPLC manufacturer. The initial RESULTS AND DISCUSSION

velocities were fitted to the MichaelidMenten equation Kinetic Parameters of HIV-1 PR, Wild-Type, and Resistant
using Enzfitter program (Leatherbarrow, 1987) to obtain Mutants G48V, L90M, and G48V/L90Nhdividual k..: and
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Ficure 1: The relative positions of processing sites in HI\gdg
andgag-polpolyprotein precursors. The arrows indicate the relative
position of the natural cleavage sites by HIV-1 PR. The horizontal
bars represent the final protein products. Abbreviations: MA, matrix
protein or pl17; CA, capsid protein or p24; NC, nuclear capsid
protein or p7; RT, reverse transcriptase; IN, integrase.

10
Km values (boldface, Table 1) were determined for HIV-1 \
PR’s using synthetic peptides derived from the sequences ’

o]

flanking the cleavage sites in HIVdagandpol. However, Py, LooM  Gasv/LooM
many peptides were poorly soluble and the kinetic parameters HIV-1 PR Mutants
either could not be accurately determined using conventional Figure 2: Relativekesf/Kny values of HIV-1 PR mutants G48V,
methods or gave rise to data with large deviations (MascheraL90M and G48V/L90M as percentage of the wild-type enzyme.
et al, 1996; Ermolieffet al, 1997). This problem is even The data are the mean values from Table 1. Values were determined
more serious for PR mutants of reduced catalytic activity. pﬁpt'de. Slljzbs”atelsﬂ" derived from 8 natural cleavage sites
The relative keofKy, values of the wild-type and three as shown in Figure L.
saquinavir resistant mutants of HIV-1 PR were experimen- proposed kinetic model (Tang & Hartsuck, 1995), the
tally determined using the mixed substrate method (Table processing activities of the wild-type and mutant HIV-1 PR’s
1). The six sets df..{Kn, values determined by both methods inside HIV-1 virions were estimated as the mutation modu-
show good agreement. The kinetic parameters from thelated activity, MMA, from theitk /K andK; values. MMA
chromogenic substrate were also determined for the wild- is the activity of the mutant PR at a given inhibitor
type and the two single mutants (Table 1). The activity of concentration expressed as the percentage of the activity of
the double mutant was too low to be accurately determined the wild-type HIV-1 PR in the absence of inhibitor. Figure
with this substrate. Th&; values for saquinavir are also 3 shows the plots of MMA values against saquinavir
shown in Table 1. The mutant PR’s have significantly concentrations for substrates A, C, E, and the chromogenic
increased; values compared to those of the wild-type PR: substrate. The relationship of the activities of the wild-type
3-fold for L9OM, 13.5-fold for G48V, and 419-fold for and three mutant PR’s are very similar when substrates A,
G48V/L90OM. OurkK; values for wild-type and three mutant C, or E were used (Figure 3). Examining the results from
HIV-1 PR’s agree only moderately well with those reported substrate A (Figure 3A), the wild-type HIV-1 PR activity
by Mascheraet al. (1996). It is our experience that the declines rapidly from saquinavir concentrations*0 and
determination of appareit at different inhibitor concentra-  nearly disappears above inhibitor concentration of1\.
tions with extrapolation of th&; value at zero substrate In the absence of saquinavir, the mutants G48V, L90M, and
concentration is important for accurate values. G48V/L90M have about 9, 8, and 2% of the activity of the
One of the main purposes of these kinetic experiments iswild-type PR, respectively. However, the resistance ten-
to determine which substrates best represent HIV-1 intra- dency of the mutant enzymes can be clearly seen in their
virion processing. On the basis of the interior structure of resistance to activity loss as inhibitor concentration is
immature HIV-1 virion, we had previously argued that the increased (Figure 3). The activities of the single mutants
autoexcision of the HIV-1 dimer from thgag-polpolypro- decline significantly only at and above saquinavir concentra-
tein and the sequential cleavage of the sites in the tightly tion of 107° M, while the activity of the double mutant
packedgag shell should be among the rate-limiting events persists to inhibitor concentration above1M. The MMA
(Tang & Hartsuck, 1995). This argument predicts that five values estimated using the,/Ky, data of the chromogenic
sites, A, B, C, D, and E (Figure 1), are most representative substrate produced MMA-inhibitor concentration relation-
of intravirion processing. This point will be further discussed ships (Figure 3, Chr) very different from those of peptides
below. We have examined the relationships amondikie A, C, and E. With chromogenic substrate, both single-site
Km values of the mutants and wild-type HIV-1 PR’s mutants appear to have about the same or higher activities
determined using the eight natural-site substrates in order toat all inhibitor concentrations as compared to the wild-type
identify substrates which respond consistently to these PR. From the correlation of activities in PR mutant
mutations. The comparison documented in Figure 2, which populations discussed below, the chromogenic substrate most
shows thek../Km of mutants as percent of that of the wild- likely overestimates the activities of the single mutants.
type PR for each substrate, indicates that substrates A, C, The inhibition constants were also determined for indinavir
and E respond most similarly to the mutations. Since theseand ritonavir in order to examine cross resistance. For
sites produced most consistent kinetic data with theseindinavir, theK; values and standard errors are the follow-
mutations, we further examine the data from these threeing: wild-type, 0.1+ 0.02 nM; G48V, 0.26+ 0.02 nM;
substrates in the next section. The catalytic activities of L90M, 0.48+ 0.06 nM; and G48V/L90M, 0.83 0.41 nM.
mutants and wild-type enzyme assayed by the chromogenicFor ritonavir, theK; values and standard errors are the
substrate did not agree with the data obtained from the following: wild-type, 0.2+ 0.1 nM; G48V, 0.10+ 0.03
peptide substrates (Table 1). nM; L90M, 0.51+ 0.06 nM; and G48V/L90M, 1.5% 0.55
Processing Actiity of Wild-Type and Mutant HIV-1 PR nM. A plot of MMA values (from substrate A) against
at Different Saquinair Concentrations. Using a previously inhibitors concentrations (Figure 4) confirms the previous

= H
20

% of Wild-Type HIV-1 PR kcat/Km
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Ficure 3: Simulated intravirion proteolytic activity, expressed as
MMA values, at different saquinavir concentrations for the wild-
type HIV-1 PR and saquinavir-resistant mutants G48V, L90M, and
G48V/L90M. The MMA values are calculated frokg./Kn, values

of substrates A (left panel), C (right center panel), E (right lower
panel), and chromogenic substrate (right upper panelKandlues
using a previously described kinetic model (Tang & Hartsuck,
1995). MMA is the inhibited, mutant enzyme activity expressed
as a percent of the wild-type PR activity in the absence of inhibitor.

-+-Wild Type
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weIiny 10 YWIA
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FiIGURE 4: Proteolytic processing activity, MMA, of the wild-type
and saquinavir-resistant mutants at different indinavir (left panel)
and ritonavir (right panel) concentrations. The/Kn data used in
MMA calculations are from peptide A.

conclusion (Jacobsest al, 1995) that the PR mutants are
much less resistant to indinavir and ritonavir than to
saquinavir (Figure 3).

Ermolieff et al.

= Single Mutant
-+ Double Mutant |
- Wild Type
< Total

100

-

00

80

60

40

Activity of Mutant Types (% of Total)
(~e=) AnAnoy Hd L-AIH B0l

20 -

0 1010 109 108 107

Saquinavir Concentration (M}
Ficure 5: Individual MMA (light lines) as percent of total MMA
(heavy line) at different saquinavir concentrations. HIV-1$&e
considered as three groups: wild-type, single mutant, and double
mutant. Total MMA is the sum of the MMA of three groups which
is taken as 100% at [I] = O.

Correlation of Processing Actity Ratios of Wild-Type and
Mutant HIV-1 PR’s to the Population Ratios of HIV-1 PR
Genotypes during Saquina Treatment in Vio. Figure 5
shows the percentage of proteolytic activity (MMA) of 3
HIV-1 PR species, wild-type, single mutant (G48V or
L90M), and double mutant (G48V/L90M), in saquinavir
concentration range-010~7 M. The wild-type HIV-1 PR
accounts for 84% of the total MMA at 0 inhibitor concentra-
tion and decreases to 16% at 70M saquinavir. The single
mutants have a broad maximum of about 40% betweeh 10
M and 10 M inhibitor. The double mutant percentage is
small, between 0 and 1®M inhibitor, but rises sharply to
60% at 107 M saquinavir. A correlation exists between
these activity percentages as a function of saquinavir
concentration and the population percentage of the mutant
species in clinical trials of saquinavir. Table 2 lists the latter
(Jacobseret al., 1996) divided into three groups of similar
population distributions. The first group consists mostly of
the zero-time data where the HIV-1 genotype observed was
virtually 100% wild-type. In the absence of inhibitor, the
wild type HIV-1 PR, single mutant, and double mutant
account for 84, 15, and 1% of total activity, respectively.
These percentages correlate only moderately well with the
HIV species at zero-time (first group in Table 2). The second
and third groups of clinical HIV-1 population percentages
are most consistent when G48V and L90M percentages are
combined as a single mutant percentage. In these two
groups, the average population percentages of wild-type,
single mutants, and double mutant are about 84, 17, and 0%
and 63, 30, and 6%, respectively. The corresponding values
for MMA are 83, 16, and 1% and 62, 32, and 6%,
respectively. These activity percentages are derived from
saguinavir concentrations of 0:6 107° M (group 2) and
0.8 x 10° M (group 3). When the MMA value from
substrates C and E were used, the correlation ténthéo
population ratio still shows a trend of similarity, but the actual
values do not match as well as those from substrate A.

The remarkable correlation of the ratios of the second and
third groups of Table 2 can be explained by the hypothesis
that under the selection pressure of PR inhibitor, the
population ratio of HIV-1 species is determined by their
respective processing activity, which is represented by the
estimated MMA values. Since the processing activities of
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Table 2: Correlation between Percentage of Individual HIV-1 PR Species during Saquinavir Clinical amdilBercentage of Processing
Activity (MMA) of the Corresponding HIV-1 PR Species (boldface)

wild-type (%) G48V (%) L90M (%) single mutant (%) G48V/L90M (%)

week 0, trials V13329, V13330 (fh)V13330 (c) 100 0 0 0 0
trial ACTG229 98 0 2 2 0
% total MMAS[I] =0 84 8 7 15 1
week 46, trial V13330 (m) 82 4 15 19 0
week 43, trial V13330 (c) 84 2 14 16 0
week 45, trial ACTG229 85 0 15 15 0
% total MMA, [I] = 0.6 x 107 M 83 9 7 16 1
week 23, trial V13329 65 10 20 30 5
week 52, trial V13329 62 0 30 30 8
week 12, trial V13330 (m) 63 23 9 31 6
% total MMA, [I] =0.8x 10°°M 62 23 9 32 6

2 Data from Jacobseet al. (1996).° m, monosaquinavir therapy; c, combination therg# of total MMA = (individual MMA/sum of MMA
from all PR’s) x 100. MMA values were calculated from data using substrate A in Table 1.

all HIV-1 virions decline significantly in the presence of an Substrates Representadi of Intravirion Processing and
inhibitor, the intravirion processing can be expected to be Methods for Determining Kinetic Parameter&@n the basis

the rate-limiting step in the life cycle of HIV-1. We have of the relative activities of wild-type and mutant HIV-1 PR’s,
observed in tissue culture experiments that the propagationthe best agreement of the results were produced from
of HIV-1 PR mutants is correlated to the MMA values of substrates A, C, and E (Table 1 and Figure 3). There are
these mutants, indicating that the PR activity in the wild- other reasons why these three sites are among the most
type HIV-1 is close to limiting the rate of replication important for the rate of HIV-1 virion maturation. The
(unpublished results). In the presence of inhibitor, proteaseintravirion processing is thought to be initiated by the
processing should decisively be the rate-limiting step of the autocleavage ofjag-pol precursor at site E (Figure 1), at
processing. The reason that no single mutant genotype waghe N-terminus of the PR (Tang & Hartsuck, 1995). The
observed at zero-time (Table 2) is possibly because thesupporting evidence is tha vitro self-processing of HIV-1
protease processing is not the rate-limiting step in the PR model precursors (Cet al, 1994; Louiset al, 1994).
uninhibited HIV life cycle. In spite of this complication, The initial cleavage at site E results in a PR attachegbto
these comparisons suggest the following points. (1) The enzymes but free to hydrolyzmgsites (Figure 1). We have
population ratios of HIV-1 PR species studied here are driven argued that from structural considerations, gfag sites are

by in vivo saquinavir concentration. The change of mutant hydrolyzed sequentially from C-terminus to N-terminus
ratios in trial V13330(mono) at 12 and 46 weeks (Jacobsen (Tang & Hartsuck, 1995). The relatively lok./K, value

et al, 1996) may result from the fall ah vizo saquinavir for site F suggests that the intermediate PR-RT-IN can
concentration (based on the data in Figure 5, from about adequately catalyze the processingafsites. The ability
107°-10"1 M). This possibility suggests the importance of C-terminal linked HIV-1 PR dimer to hydrolyze other

of studyingin vivo inhibitor concentrations in clinical trials ~ substrates has been clearly demonstrated (Wonelrak,

in order to closely examine the validity of this point. The 1996). These observations suggest that the sites which
change of saquinavir metabolism in patients is a poorly control the speed of the processing maturation are A, B, C,
documented area, and its relationship to current discussionand E. These cleavage steps are important because they are
may also require further studies. (2) Populations of single involved in the release of PR from tlgag-polpolyprotein
mutants G48V and L90M seem to be interchangeable, andand release of structural proteins from theey polyprotein,

the determining factor appears to be the sum of single which is present in 20-fold excess to tpel polyprotein.
mutants. This suggestion is inferred from both the current Teleologically, the lowk../K, value of site D probably
study and the data by Jacobsenal. (1996). The reason  occurs because its hydrolysis is not a prerequisite for the
the single mutants appear to function equivalently is obscurehydrolysis of sites A, B, and C. Site D is located between
from the view point of enzyme kinetics and may lie with two small units, p7 and p6, on the surface of gea shell

the propagation mechanism of the mutants. (3) Wild-type structure (Nermutet al, 1994). From the icosahedral
HIV-1 PR and the two single mutant species contribute packing of the rod-shapeghg polyproteins, site C may be
significantly to resistance in the rangeiofvivo saquinavir directly accessible to HIV-1 PR. It should be noted also
concentration less than 10M where total and individual  that once site C is cleaved, the hydrolysis rate for site D is
HIV-1 PR activities are both significant (Figure 5). How- increased due to the free diffusion of the substrate (Tang &
ever, the direct contribution of double mutant G48V/L90M Hartsuck, 1995). The above discussion on the representative
to HIV-1 pathogenesis seems much less significant in patientssites is consistent with the agreement of activity-inhibition
developing resistance against saquinavir. As shown in Figureprofiles in Figure 3. The exception is the substrate from
5, the activity percent of the double mutant is significant site B which expresses much better activity for G48V and
only above 108 M saquinavir where the total activity, and much worse activity for LOOM than the corresponding data
presumably the total HIV population, is less than 5% of the produced by peptides A, C, and E (Table 1). However, if
original. Figure 5 also predicts that when a higrewivo the single mutants are considered equivalent as suggested
saquinavir concentration is achieved, the double mutant mayabove, then the consequence in mutant population and their
become prevalent. We recognize that correlating clinical datacontribution to resistance is about the same as concluded
with a kinetic model risks oversimplification. The current from other three substrates. Current results suggest that
discussion nevertheless provides new hypotheses for futurepeptides derived from sites A, C, and E are most appropriate
clinical studies. for kinetic simulation of intravirion activities.
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The kinetic parameters for the hydrolysis of peptides Ho, D. D., Toyoshima, T., Mo, H., Kempt, D. J., Norbeck, D.,
derived from the natural cleavage sites have been reported Chen, C.-M., Wideburg, N. E., Burt, S. K., Erickson, J. W., &

- - Singh, M. K. (1994)J. Virol. 68 2016-2020.
by several groups of investigators. Some of these report theHo, D. D.. Neumann. A. U.. Perelson, A. S.. Chen. W.. Leonard.

values of maximum velocit, (Darkeet al., 1988; Kraus- J. M., & Markowitz, M. (1995)Nature 373 123-126.
slichet al, 1989; Mooreet al,, 1989; Tomasseltt al., 1990), Ido, E., Han, H.-P., Kezdy, F. J., & Tang, J. (1991Biol. Chem.
which cannot be directly compared to the curieatK, data. 266, 24359-24366.

Of the reporteck.{Kn values for the wild-type HIV-1 PR Jacobsen, H., Yasargil, K., & Winslow, D. let al.(1995)Virology
from four laboratories (Tose et al, 1991; Mascherat al,, 206, 527-534. :

. e . Jacobsen, H., Hanggi, M., Ott, M., Duncan, I. B., Owen, S.,
1996; S_choclet al,, 1996; this work), there is a ggneral trenq Andreoni, M., Vella, S., & Mous, J. (1996). Infect. Dis. 173
of relative values for the substrates, but considerable dis- 1379-1387.
crepancies are present. These disagreements do not appe#fiaplan, A. H., Manchester, M., & Swanstrom, R. (1994)irol.
to come from the different length of the peptides derived 68, 6782-6786.
from the cleavage sites. Four processing site sequences usef§€Mpf. D. J., & Norbeck, D. W.¢t al. (1995)Proc. Natl. Acad.

. . Sci. U.S.A. 922484-2488.

by S_choclet_al.(1996) are different from those u_sed in other Kohl, N. E.. Emini, E. A., Schleif, W. A., Davis, L. J., Heimbach,
studies. This may contribute to some of the disagreement. 3. c., Dixon, R. A. F., Scolnick, E. M., & Sigal, I. S. (1988)
However, most of the discrepancies cannot be traced to the Proc. Natl. Acad. Sci. U.S.A. 88686-4690.
substrates and are likely rooted in the methods of dataKrausslich, H.-G., Ingramham, R. H., Skoog, M. T., Wimmer, E.,

collection. With low solubility of some of the substrates, gg”gbs_'gi'l& Carter, C. A. (198%roc. Natl. Acad. Sci. U.S.A.
f[he_a_ccurate determlnaFlon of individugh and K value_s Leatkllerbarrow, R. J. (198BENZFITTER A Nonlinear Regression
is difficult even for the wild-type HIV-1 PR and not possible  pata Analysis Program for the IBMC P(Elsevier Science
for mutant HIV-1 PR’s with low activities (Maschest al., _Publishers, Amsterdam. _ o

1996; Ermolieffet al, 1997). The use of initial velocity ~ Lin, Y.-Z., Lin, X., Hong, L., Foundling, S., Heinrikson, R. L.,

. ; Thaisrivongs, S., Leelamanit, W., Raterman, D., Shah, M., Dunn
<< 1 ) ’ ) ) 1 1 1 )
under the condition of [3]< < Kn, to estimatek../Kn, values B. M., & Tang, J. (1994Biochemistry 341143-1152,

(Schocket al., 1996) may also be subject to Iarge_deviations Lin, X., Koelsch, G., Loy, J. A., & Tang, J. (1995)otein Sci. 4
among substrates because of the low hydrolysis rates and 159-166.

differences in experimental conditions. We have found the Louis, J. M., Nashed, N. T., Parris, K. D., Kimmel, A. R., & Jerina,
combination of determinations of individual constants by  D. M. (1994)Proc. Natl. Acad. Sci. U.S.A. 97970-7974.

conventional steady-state kinetics and the relatiyém by Maschera, B., Daraby, G., Palu, G., Wright, L. L., Tisdale, M.,
the competitive hydrolysis method using mixed substrates gﬂyfrgéss;fgg’sg D., & Furfine, E. S. (1996) Biol. Chem.

to be very reliable. While the former is used to estimate ellors, J. W. (1996Nat. Med. 2 274-276.

the wild-type HIV-1 PR with substrates of adequate solubil- Mellors, J. W., Larder, B. A., & Schinazi, R. F. (199#)tern.

ity, the latter is used to calculate the actkalK, from the Antiviral News 3 8—13.

relative values Molla, A., & Kempf, D. J.,et al. (1996) Nat. Med. 2 760-765.

' Moore, M. L., Bryan, W. M., Fakhoury, S. A., Magaard, V. W.,
Huffman, W. F., Dayton, B. D., Meek, T. D., Hyland, L., Dreyer,
G. B., Metcalf, B. W., Strickler, J. E., Gorniak, J. G., & Debouck,

_ C. (1989)Biochem. Biophys. Res. Commun. 1820-425.
The authors thank Dr. Jean Hartsuck for helpful sugges Nermut, M. V., HocKley, D. J., Jowett, J. B. M.. Jones, I. M.,

tions and Mr. Marcus Dehdarani for excellent technical ~ Garreau, M., & Thomas, D. (1994jirology 198 288-296.

ACKNOWLEDGMENT

assistance. Patick, A. K., Mo., H., Markowitz, M., Appelt, K., Wu, B., Musick,
L., Kalish, V., Kaldor, S., Reich, S., Ho, D., & Webber, S. (1996)
REFERENCES Antimicrob. Agents Chemother. 4892-297.
Peng, C., Hob, B. K., Chang, T. W., & Chang, N. T. (1989)
Bieth, J. (1994)Bayer-Symposium V: Proteinase Inhibitprsp Virol. 63, 2550-2555.
463—-469, Springer-Verlag, Berlin. Ridky, T., & Leis, J. (1995)). Biol. Chem. 27029621-29623.
Co, E., Koelsch, G, Lin, Y. Z., Ido, E., Hartsuck, J. A., & Tang, Rose, R. E., Gong, Y., Greytok, J. A., Bechtold, C. M., Terry, B.
J. (1994)Biochemistry33:1248-1254. J., Robinson, B. S., Alam, M., Colonno, R. J., & Lin, P.-F. (1996)
Coffin, J. M. (1995)Science 26,7483-489. Proc. Natl. Acad. Sci. U.S.A. 93648-1653.

Condra, J. H., Schleiff, W. A., Blahy, O. M., Gabryelski, L. J., Schock, H. B., Garsky, V. M., & Kuo, L. C. (1996) Biol. Chem.
Graham, D. J., Quintero, J. C., Rhodes, A., Robbins, H. L., Roth, 271 31957-31963.
E., Schivaprakash, M., Tiotus, D., Tang, T., Teppler, H., Squires, Tang, J., & Hartsuck, J. A. (199%)EBS Lett. 367112-116.

K. E., Deutsch, P. J., & Emimi, E. A. (199B)ature 374 469~ Tomasselli, A. G., Hui, J. O., Sawyer, T. K., Staples, D. J., Bannow,
471. C., R.ea.rdon, . M., Howe, W. J DeCamp, D. L., Craik, C. S.,
Condra, J. H., Holder, D. J., & Emimi, E. Aet al.(1996)J. Virol. & Heinrikson, R. L. (1990). Biol. Chem. 26514675-14683.
70, 8270-8276. Tozse, J., Blaha, |., Copeland, T. D., Wondrak, E. M., & Oroszlan,
Craig, J. C., Duncan, |. B., Hockley, C., Grief, N. A., Roberts, N.  S. (1991)FEBS Lett. 28177—80. o
A., & Mills, J. S. (1991)Antiviral Res. 16 295-305. Wei, X., Ghosh, S k., Taylor, M. E., Johnson, V. A., Emini, E. A,
Darke, P. L., Nutt, R. F., Brady, S. F., Garsky, V. M., Ciccarone, Deutsch, P., Lifson, J. D., Bonhoeffer, S., Nowak, M. A., Hahn,
T. M., Liu, C.-T., Lumma, P. K., Freidinger, R. M., Veber, D. B. H., Saag, M. S., & Shaw, G. M. (199%)ature 373 117~
F., & Sigal, I. S. (1988Biochem. Biophys. Res. Commun. 156 ,122- . . ) )
297—303. Wilson, S. I., Phylip, L. H., Mills, J. S G_ulnlk: S. V., Erickson, J.
Dorsey, B. D., & Huff, J. R.gt al.(1994)J. Med. Chem. 373443~ \ﬁsf)fgg B. M., & Kay, J. (1997Biochim. Biophys. Acta 1339
3451. ; :
Ermolieff, J., Lin, X., & Tang, J. (1997Adv. Exp. Med. Biol(in ngigozw, D.L., &Otto, M. J. (1995AIDS 9(Suppl. A), 5183
press). : . .
Fersht, A. (1985Enzyme Structure and Mechanisgmd ed., W. nggg_wgééA., & Erickson, J. W. (1993)nnu. Re. Biochem. 62
G I—||._II(:reSem\z/an z;nd Compfm)l/, I\Il__ew ;Ork\'( B. And B Wondrak, E. M., Nashed, N. T., Haber, M. T., Jerina, D. M., &
uinik, S. V., suvorov, L. I, Ll B.. T, B., Ancerson, ., Louis, J. M. (1996)J. Biol. Chem. 2714477-4481.

Mitsuya, H., & Erickson, J. W. (1993iochemistry 349282—
9287. BI971072E



