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Solution Kinetics Measurements Suggest HIV-1 Protease Has Two Binding Sites for Darunavir

and Amprenavir
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Darunavir, a potent antiviral drug, showed an unusual second binding site on the HIV-1 protease dimer
surface of the V32I drug resistant mutant and normal binding in the active site cavity. Kinetic analysis for
wild type and mutant protease showed mixed-type competitive—uncompetitive inhibition for darunavir and
the chemically related amprenavir, while saquinavir showed competitive inhibition. The inhibition model is
consistent with the observed second binding site for darunavir and helps to explain its antiviral potency.

Introduction

HIV-1 protease (PR) has been the target of intensive research
for the past two decades that has led to effective drugs for the
treatment of HIV/AIDS, i.e. small molecule synthetic protease
inhibitors (PIs).! The PIs have become the paradigm for
successful structure-assisted drug design,> with nine PIs now
approved by the FDA for AIDS therapy. The addition of PIs to
the antiviral regimens resulted in highly increased survival rates
and lower morbidity caused by the disease in the past decade.
However, the emergence of drug-resistant HIV has necessitated
the recent development of PIs, such as darunavir (DRV),
designed to target PR mutants.>* DRV has proved highly
effective in salvage therapy for patients failing other treatments.’
Success of the design strategy was verified by crystallographic
and kinetic analysis of DRV with HIV-1 protease and its
mutants.®'©

The clinical PIs have been designed to inhibit the activity of
the HIV-1 PR by competitively binding inside the active-site
cavity,"'”'* which is formed by a dimer of two identical 99-
residue subunits. Numerous crystal structures of HIV-1 PR
complexed with different PIs have shown exclusive binding of
the inhibitors in the active-site cavity. Some reversible inhibitor
molecules, like B-lactam compounds'* and Nb-containing poly-
oxometalates,'> were proposed to bind on the surface of the
enzyme in an uncompetitive or noncompetitive manner, respec-
tively, rather than in the usual active site cavity. Also,
irreversible inhibitors like haloperidol analogues'® and Cu?*
ions’ can disrupt the HIV-1 PR activity by attaching covalently
at surface sites. One peptide inhibitor was observed to bind on
the protein surface between PR dimers in the crystal lattice,
although this inhibitor showed no specific interactions with PR."”
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An unusual second binding site for DRV was observed in
the two high-resolution crystal structures of complexes with
HIV-1 PR mutants with the single substitutions of V32I (0.84
A) and M46L (1.22 A)."® In both structures, one inhibitor
molecule occupied the active-site cavity, while the other
inhibitor molecule was located in a deep groove on the PR
surface in the flap region. Thus the PR/DRV, species was
observed in the solid state (Figure la). The surface-bound
inhibitor molecule formed a number of specific interactions with
the mutant PR residues, including hydrogen bonds (Figure 1b),
C—H*++0, and C—H "+ contacts, unlike the peptide observed
on the flap surface.'” In addition, this second DRV molecule
was a different diastereomer relative to the one bound in the
active site. Therefore, we concluded that the flap site might serve
as an allosteric binding site for DRV, which would explain
the unprecedented effectiveness of DRV inhibition against
various drug resistant PR variants.'?°

Here, we report on solution measurements of enzyme in-
hibition kinetics for an optimized wild-type HIV-1 PR denoted
PRw1>'?? and the V321 mutant PR (PRy321) with three Pls:
DRV, amprenavir (APV), and saquinavir (SQV) (Figure 1c).
The inhibitors DRV and APV share a similar chemical backbone
and differ in the presence of one or two THF groups (Figure
Ic). In particular, DRV and APV share the sulfonamide and
aniline group that formed major interactions with the PR in the
surface flap site (Figure 1b). The aniline NH2 group formed a
hydrogen bond with the carbonyl oxygen of Lys 45, and the
sulfonamide oxygens interacted with the side chain of Arg 57.
Other water-mediated hydrogen bonds occur between PR and
two carbonyl oxygens shared by DRV and APV. Therefore,
APV was predicted to bind to the flap site in a manner similar
to that observed for DRV. In contrast, SQV was chosen as a
negative control because it has a distinctly different geometry,
lacking both the sulfonamide and aniline groups, and was not
expected to interact similarly in the flap site. The kinetic data
for both PRyt and PRy3,; demonstrate a mixed type competi-
tive—uncompetitive inhibition for DRV and APV, where two
nonmutually exclusive inhibitor sites coexist in the enzyme,
while SQV showed purely competitive inhibition. These data
are discussed in relation to other studies suggesting the antiviral
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effectiveness of DRV arises from an exceptionally slow dis-
sociation rate,?* or inhibition of the formation of PR dimers.?*

Experimental Section

The kinetic parameters were determined by means of a fluores-
cence assay using the anthranylyl/p-NO,—Phe containing substrate,
which mimics the p2-NC natural cleavage site of the viral Gag
polyprotein. The following reactions and kinetic constants were
considered in describing the results:
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In solution, a ligand-free PR molecule (E) can bind a substrate
or inhibitor in its active-site cavity, resulting in active ES or inac-
tive EI complexes. Then, the ES may catalyze the hydrolysis of
the substrate to generate the products, or it can bind an inhibitor
molecule in the surface site to produce the inactive ternary complex
ESI. The other species, i.e., inhibited EI form, may bind another
inhibitor molecule in the same surface site, resulting in a second
possible ternary complex El,. Notably, the EI, species was observed
in the crystal structures of PRy3,; and PRyuer. complexes with DRV.
In this scheme, E is the catalytically active dimer of PR as expected
in the high concentrations of enzyme used in the kinetic assays.
The above scheme therefore describes the mixed-type com-
petitive—uncompetitive inhibition kinetics that is supported by the

experimental data. For this type of kinetics, the velocity equation
- .25
is:
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where [S] and [/] are the substrate and inhibitor concentrations,
respectively, Vi is the reaction velocity at the infinitely high [S],
K., is the Michaelis—Menten constant, K; is the uncompetitive
inhibition constant, and yK; represents the competitive inhibition
constant, while JK; characterizes dissociation of the second inhibitor
molecule bound to the surface site from the ternary EI, complex.
The Lineweaver—Burk slope and intercept replots were used to
obtain the inhibition constants:
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The velocity equation implies that the observed kinetic measure-
ments have the following behavior: (a) the double-reciprocal plots
have no common point of intersection nor do they intersect at any
of the 1/v or 1/[S] axes; (b) the Dixon plots (1/v vs [I]) and the

Lineweaver—Burk slope replots are nonlinear.

Results and Discussion

The kinetic data for PRyt and PRy3y; with DRV or APV
behaved as described above for mixed type inhibition, while
the data obtained for SQV agreed with the competitive inhibition
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Figure 1. (a) Structure of the PR/DRV, species observed in the PRysy;
complex with DRV.? (b) Hydrogen bond interactions of DRV with
PRys3y in the flap site (PDB ID 2HS1). Hydrogen bonds are shown as
dashed lines with the distance in A between donor and acceptor atoms.
(c) Chemical structures of the clinical drugs darunavir (DRV), am-
prenavir (APV), and saquinavir (SQV).

model (Table 1).2° However, in the standard assay for competi-
tive inhibition, SQV and DRV show similar values for K; of
0.4 and 0.5 nM, respectively. Significantly, the Dixon plots were
nonlinear for PRwr and PRys3y; inhibited by DRV and APV,
whereas the plots for PRwr and PRys3;; inhibited by SQV were
linear (Figure 2). The type of inhibition is most clearly evident
in the slope replots of the double-reciprocal plots, which showed
nonlinear dependency (Figure 2d and 2e) for PRyt and PRy3y;
inhibited by DRV and APV, and were linear for SQV inhibition.

Uncompetitive inhibition by itself is a rare phenomenon in

enzyme kinetics,”’ although the mixed-type competitive—
uncompetitive inhibition is quite common.?®?? On the other
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Figure 2. Dixon plots (1/v vs [I]): (a) PRwr-DRYV, (b) PRwr-APV, (c) PRy3-SQV, and slope replots for mixed-type competitive-uncompetitive
and competitive inhibition: (d) PRwr, (¢) PRys3yr.

Table 1. Enzyme Kinetics and Inhibition Constants for PRyt and PRy, with Clinical Drugs Darunavir (DRV), Amprenavir (APV), and Saquinavir
(SQV)“

DRV APV SQV
Keat kead Km relative kep/  Ki'"°™  yK; (nM)  OK; (nM) yKi(nM) OK;(nM)
mutant Ky M)  (min~')  (min”"'-uM) K (nM) ) (0) Ki""*°"P(nM) ) (0) Ki*™ (nM)
PRyt 30+5 194 £+ 23 T74+12 1.0 18 22 (1.2) 9(0.5) 28 6.2(0.22) 6.4(0.23) 0.42+0.07
PRysyy 80410 105+ 15 1.34+£0.2 0.3 180 300 (1.7)  54(0.3) 225 101 (0.45) 63 (0.28) 9.0+ 0.9

“The optimized HIV-1 PR clone with mutations Q7K, L33I, and L63I to diminish the autoproteolysis of the PR, as well as mutations C67A and C95A
to prevent cysteine-thiol oxidation was used as wild-type PR enzyme and as a template to introduce the drug resistant mutation V32I. The kinetic parameters
and stability of this optimized PR were indistinguishable from those of the unmutated enzyme.?' The PRyt and the mutant were expressed in Escherichia
coli BL21 (DE3) and the protein was purified from inclusion bodies as described elsewhere.?? Kinetic parameters were determined by a fluorescence assay
with the substrate Abz-Thr-Ile-Nle-pNO2Phe-GIn-Arg-NH2, where Abz is anthranylic acid, Nle is norleucine, based on the p2-NC cleavage site of the
natural polyprotein substrate. PR (10 uL, final concentration of ~20—70 nM) was mixed with 98 uL of reaction buffer (100 mM MES, pH = 5.6, 400 mM
NaCl, 1 mM EDTA, 5% glycerol) and 2 uL. of DMSO or inhibitor in DMSO, and the mixture was preincubated at 26 °C for 5 min. The reaction was initated
by adding 90 uL of substrate (final concentration of 10—70 #M), and the resulting mixture was assayed over 5 min for the increase in fluorescence using
340 nM and 420 nM bandpass filters for the excitation and emission. Data analysis was performed with the program SigmaPlot 8.02. k¢, and Ky, values were
obtained by standard data-fitting techniques for a reaction obeying Michaelis—Menten kinetics. In inhibition measurements for DRV or APV, the uncompetitive
K;""°™P yvalues were estimated from intercept replots of the Lineweaver—Burk plots, while the values for competitive yK; and the El, dissociation 0K; were
calculated from the nonlinear fit to the Lineweaver—Burk slope replots. The competitive K;°°™" values for measurements with SQV were obtained from
the ICsy values estimated from an inhibitor dose—response curve with the fluorescent assay using the equation K; = (ICso — [E]/2)/(1 + [S1/Kw), where [E]
and [S] are the PR and substrate concentrations, respectively.?®

hand, the parabolic mixed-type mechanism, which describes the
binding of an inhibitor to two nonmutually exclusive sites, is
very atypical.’® The latter type of inhibition includes the
existence of a ternary EI, species in which an inhibitor is bound
to two different sites in the enzyme. We conclude, based on
the observed enzyme inhibition data, that DRV and APV inhibit
HIV-1 PR by the parabolic mixed-type competitive—uncompeti-
tive mechanism. The competitive component comes from the
usual inhibitor binding in the PR active site cavity. The
uncompetitive component characterizes the formation of the
unproductive ESI ternary complex, signifying that the substrate
binding leads to a conformational change allowing an inhibitor

molecule to bind to a second site on the PR, which does not
overlap with the active site cavity. Finally, the nonlinearity of
Dixon plots and Lineweaver—Burk slope replots agrees with
the formation of the ternary PR-DRV, or PR-APV, species,
where both sites are occupied by inhibitor molecules. Hence,
we propose that the surface flap site observed in the PRyzar/
DRYV and PRyuyer/DRYV crystal structures is responsible for the
uncompetitive component of the enzyme inhibition. Conversely,
the kinetic data for SQV agree well with the standard competi-
tive inhibition model and binding in the active site cavity, as
observed for most clinical inhibitors of HIV-1 PR.
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Interestingly, DRV binds with similar affinity to the PR
active-site cavity and to the second site, as shown by similar
values of 18 and 22 nM for uncompetitive and competitive
inhibition, respectively (Table 1). However, the competitive in-
hibition component of APV dominates the uncompetitive one
with 4.5-fold smaller yK; compared to K;*"“°™P. In contrast, the
equilibrium constants for the dissociation of ternary EI,
complexes are comparable for both DRV and APV complexes,
with 0K values of 9.0 and 6.4 nM, respectively. Unfortunately,
no crystals examined to date have contained the PR-APV,
species, so there is no structural evidence for APV binding at
the second flap site.

Introduction of the V32I mutation significantly reduces the
PR activity for this substrate based on the p2-NC cleavage site
of the viral polyprotein substrate (Table 1). The reduction in
PRys3p1 activity is manifest in an almost 3-fold increase of Ky,
and about 2-fold decrease in k.,. However, the mutant PR and
the wild-type enzyme had similar activity for a different
substrate based on the CA-p2 cleavage site, as reported
previously.'® The difference in relative activity on the two
substrates is likely due to differences in the peptide sequences,
which suggests mutation V32I is deleterious for correct polypro-
tein processing and viral replication. Furthermore, the mutant
is resistant to the tested clinical drugs with ~20-fold competitive
inhibition for SQV relative to wild type enzyme and increases
in both competitive and uncompetitive inhibition for DRV and
APV. Relative to the values for wild type enzyme, the
competitive yK; values for the mutant increased by ~15-fold
for both DRV and APV and uncompetitive K; values by 8- to
10-fold. Moreover, the equilibrium constants (0K;) representing
the dissociation of ternary of ternary EI, complexes increased
by 6- and 10-fold for DRV and APV, respectively. Therefore,
the V32I mutation is likely to induce resistance to the three
tested Pls.

DRV has several favorable properties for antiviral effective-
ness on resistant HIV. DRV is a potent inhibitor due to
formation of more extensive hydrogen bond interactions with
the PR main chain compared to other PIs and enthalpically
driven binding.®'®'* DRV showed exceptionally high affinity
for HIV-1 PR compared to other PIs in a surface plasmon
resonance-based kinetic study due to a greatly decreased
dissociation rate even relative to APV.?* Also, DRV inhibited
the formation of PR dimers, unlike other PIs, in cell-based
studies with fluorescent-tagged PR monomers.** It is possible
that several of these properties are influenced by DRV binding
to a second site and the current identification of the mixed type
competitive—uncompetitive inhibition. The existence of the EI,
species is likely to slow dissociation of the inhibition complex
because the DRV bound at the flap site will tend to stabilize
the PR dimer with DRV bound in the active site cavity. Clearly,
the uncompetitive inhibition component is stronger for DRV
than for APV, consistent with the observed difference in
dissociation rate of the two PIs.>* Also, the reported inhibition
of dimer formation®* may arise from DRV bound to the flap
site because the flaps have important intersubunit interactions.
However, this interpretation is more difficult to reconcile with
the absence of APV inhibition of PR dimer formation, although
our data showed weaker uncompetitive inhibition for APV
compared to DRV. Therefore, several diverse assays confirm
the unusual properties of DRV binding to PR, which will
contribute to its superior antiviral potency.

Conclusion

In conclusion, these kinetic investigations support the exist-
ence of a second inhibitor-binding site for DRV and APV on
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the surface of HIV-1 PR, and the presence of the EI, species.
The enzyme inhibition measurements were described by the
parabolic mixed-type competitive-uncompetitive inhibition model.
This inhibition model suggests that both DRV and APV can
bind to a second site in addition to the active site cavity of the
PR. In contrast, the SQV inhibition of PR was purely competi-
tive and consistent with SQV binding only in the active site
cavity. Therefore, we proposed that the second flap binding site
for DRV reported in the crystal structures with PRys;; and
PRwueL is responsible for the observed uncompetitive inhibition
component, and predicted that APV will bind to the flap site.
These kinetic data confirm the prediction that APV will act
similarly to DRV, while SQV cannot due to its different
chemical structure. Other small molecules have been shown to
bind on the PR surface in the flap region.16 Hence, this second
site is a viable target for rational drug design to discover novel
uncompetitive and potent inhibitors with exclusive binding to
the PR flap region instead of the active site. Such inhibitors
may provide new ways of battling the disease and the ubiquitous
problem of drug resistance of HIV-1.
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