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Abstract

Darunavir, a potent antiviral drug, showed an unusual second binding site on the HIV-1 protease
dimer surface of the V32l 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.

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).2 The PIs have become the paradigm for successful structure-assisted drug
design,2 with nine PIs now approved by the FDA for AIDS therapy. The addition of Pls 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 Pls, such as darunavir (DRV) designed to target PR mutants.34 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.5:7:8:9,10

The clinical Pls have been designed to inhibit the activity of the HIV-1 PR by competitively
binding inside the active-site cavity,11:12:13 which is formed by a dimer of two identical 99-
residue subunits. Numerous crystal structures of HIV-1 PR complexed with different Pls have
shown exclusive binding of the inhibitors in the active-site cavity. Some reversible inhibitor
molecules, like beta-lactam compounds4 and Nb-containing polyoxometalates!®, were
proposed to bind on the surface of the enzyme in uncompetitive or non-competitive manner,
respectively, rather than in the usual active site cavity. Also, irreversible inhibitors like
haloperidol analogues!® and Cu2* 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.Y

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 V321 (0.84 A)
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and M46L (1.22 A).18 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 1a). The surface-
bound inhibitor molecule formed a number of specific interactions with the mutant PR residues,
including hydrogen bonds (Figure 1b), C-H...O and C-H...x contacts, unlike the peptide
observed on the flap surface.1’ 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.19:20

Here, we report on solution measurements of enzyme inhibition kinetics for an optimized wild-
type HIV-1 PR denoted PRy 12122 and the V321 mutant PR (PRy/32;) 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 1c).
In particular DRV and APV share the sulphonamide 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 sulphonamide 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 since it has a distinctly different geometry, lacking both the sulphonamide and
aniline groups, and was not expected to interact similarly in the flap site. The kinetic data for
both PRy and PRy/32; demonstrate a mixed type competitive-uncompetitive inhibition for
DRV and APV, where two non-mutually exclusive inhibitor sites co-exist in the enzyme, while
SQV showed purely competitive inhibition. These data are discussed in relation to other studies
suggesting the antiviral effectiveness of DRV arises from an exceptionally slow dissociation
rate,23 or inhibition of the formation of PR dimers.24

The Kkinetic parameters were determined by means of a fluorescence 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 inactive 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 El, species was observed in the crystal structures of PRy/3»; and
PRmasL 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 competitive-uncompetitive inhibition kinetics that is
supported by the experimental data. For this type of kinetics the velocity equation is:2°
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where [S] and [I] are the substrate and inhibitor concentrations, respectively; Viax is the
reaction velocity at the infinitely high [S]; Ky, is the Michaelis-Menten constant; K; is the
uncompetitive inhibition constant; yK; represents the competitive inhibition constant, while
dK; characterizes dissociation of the second inhibitor molecule bound to the surface site from
the ternary El, complex. The Lineweaver-Burk slope and intercept replots were used to obtain
the inhibition constants:

. — Kn m o, 1P
SlopeLine\\eu\ er-Burke  Vinax 1+ 7K + (syKil
: _ 1 1
lnterceptLinewsnver—Burke - Vmgx + Vmux Ki d [ I]

The velocity equation implies that the observed kinetic measurements have 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 non-linear.

The kinetic data for PRyt and PRy/32; with DRV or APV behaved as described above for
mixed type inhibition, while the data obtained for SQV agreed with the competitive inhibition
model.28 However, in the standard assay for competitive inhibition SQV and DRV show similar
values for K; of 0.4 and 0.5 nM, respectively. Significantly, the Dixon plots were non-linear
for PRy and PRy/3p; inhibited by DRV and APV, whereas the plots for PRyt and PRy/3p
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 non-linear dependency (Figure 2d
and 2e) for PRy and PRy/3p; 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.28:29 On the other hand, the
parabolic mixed-type mechanism, which describes the binding of an inhibitor to two non-
mutually exclusive sites, is very atypical.3? The latter type of inhibition includes the existence
of aternary El, 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-uncompetitive 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 PRy/32,/DRV
and PRp46L/DRV crystal structures is responsible for the uncompetitive component of the
enzyme inhibition. Conversely, the kinetic data for SQV agree well with the standard
competitive inhibition model and binding in the active site cavity, as observed for most clinical
inhibitors of HIV-1 PR.

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 inhibition component of APV dominates the
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uncompetitive one with 4.5 fold smaller yK; compared to K;U"°MP_|n contrast, the equilibrium
constants for the dissociation of ternary El, complexes are comparable for both DRV and APV
complexes, with 8K; 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 V321 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
PRy/3; activity is manifest in an almost three-fold increase of Ky, and about two-fold decrease
in keat. 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.8 The difference in relative
activity on the two substrates is likely due to differences in the peptide sequences, which
suggests mutation V32l is deleterious for correct polyprotein 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 (5K;)
representing the dissociation of ternary El, complexes increased by 6- and 10-fold for DRV
and APV, respectively. Therefore, the V321 mutation is likely to induce resistance to the three
tested Pls.

DRV has several favorable properties for antiviral effectiveness 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 Pls, and enthalpically driven binding.?:19:19 DRV showed
exceptionally high affinity for HIVV-1 PR compared to other Pls in a surface plasmon resonance-
based kinetic study, due to a greatly decreased dissociation rate even relative to APV.23 Also,
DRYV inhibited the formation of PR dimers, unlike other Pls, in cell-based studies with
fluorescent-tagged PR monomers.24 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 El, species is likely to slow dissociation of the
inhibition complex since 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 Pls.23 Also, the reported inhibition of dimer formation?4 may arise from DRV bound
to the flap site, since 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.

In conclusion, these kinetic investigations support the existence of a second inhibitor-binding
site for DRV and APV on the surface of HIV-1 PR, and the presence of the El, 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 asecond site in addition to the active site cavity of the PR. In contrast, the SQV inhibition
of PR was purely competitive 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 PRy/32; and PRy461 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
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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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(a) Structure of the PR/DRV, species observed in the PRy/3p; complex with DRV;2%(b)
Hydrogen bond interactions of DRV with PRy/3p, 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), amprenavir (APV) and
saquinavir (SQV).
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Dixon plots (1/v vs. [1]): (@) PRwT-DRV, (b) PRwT-APV, (C) PRy/32)-SQV; and slope replots
for mixed-type competitive-uncompetitive and competitive inhibition: (d) PRy, (€) PRy32.

J Med Chem. Author manuscript; available in PMC 2009 November 3.



Page 11

Kovalevsky et al.

@N.>_m>_6m%2 ‘SUOIIBJIUBIUOI BJeAIsgns pue ¥d ayy ate [S] pue [3] asaym ‘(Wyy/[s] + T)/(z/[3] - 0521) = M uoirenba ay) Buisn Aesse Juadsaionyy 8y YHM aAIND asuodsal-asop
Jonqiyut ue wouy parewnse senfea 053] 8y} Woly paurelqo a1am AQS UM SIUSLUBINSE3W 10} SBN[BA ¢ 109! 8AINIBAWOD 8Y | "s}0]da1 3dO|s YINg-19ABSMBUIT U} 0} 14 JE3UI|-UOU B} L0} Pare|nafed a1am Iye uoneroossip 213 aup pue M4 saniadwod 1oy sanfea ays ajiym ‘siopd
YIng-1anesmaul sy Jo s1ojdai 1daosiul WOy PAIBWIISE 8I9M SN[BA § 0oun!™ @ANBdWOoUN 8yl ‘AdY 10 AYQ 104 SIUBWIBINSESW UONIGIYUI U] "SO1IBUIY USIUBIN-SI|SRYDIN BuiAago uonoeal e Joy sanbiuyos) Bumiy-erep piepuels Aq paureiqo aam sanfea Wy pue ¥y -zo'g

10]dewbis weiboud syl yum pawiogiad sem sisA[eur e "UOISSIWS pue UOITRIIOXS 8y} 10} SIal|1) ssedpueq |AU 0Zi PUe AU Q€ Buisn 8duadsalon|y Ul 8sealoul a8y} 10} Ul G JaA0 paAesse sem ainixiw Bunjnsal ayy pue ‘(M 02-0T 40 UOIeIUadU0d Jeuly) axensgns Jo M o Bulppe
Aq pajelul sem UORLaI BYL "UIW G 104 D, 92 Je paregnoutald sem aInIXILW aul pue ‘OSING Ul JouqIyut 1o OSIAI 40 |1 Z pue (1048016 %S ‘V1a3 INW T ‘|OBN INW 00 ‘9'S=Hd ‘SN INW 00T) Jang uondeal [ g6 UM paxiw sem (U 02-0Z ~ 4O UOIE1USOUOD [euly ‘[
0T) ¥d "erensqgns uiajodAjod feinyeu sy Jo alis abeAes|d DN-zd 8y Uo paseq ‘aulonaliou si 3N ‘PIde dljAueIYIUER SI ZQY 818UM ‘ZHN-BIW-UID-8UdZONd-8]N-9]1-1YL-ZqV 81.1ISqNns 8y Yim Aesse a0uadsaionfy e Ag paulluialap a1am sialaweled onaury 77 218UMBS|a PaqLasap

Se Sa1pog uoIsN|oul woy paiyind sem uieloid oy pue (€3) 1218 1109 BIYDLIAYDST Ul passaldxa aiam jueinw aup pue LMY 8y L 15 9WAZUS PajeInuun 8y} JO 9S0L) W0 3|qeysINBUNSIPUI d1aM Hd Paziundo siu Jo ANligels pue sislaweled oaUD| BYL “[ZEA UOKEINW

elsIsal Bnup ayr sonpoaul 0} a1ejdwal  se pue awWAzua Hd adA1-pjIm se pasn Ssem UOIEBPIXO [01U1-aUl8)SAd Jusnaid 01 G0 pue /9D SUOITEINW Se []aM Se ‘Hd a8y 4o sisA[oajoidoine sy ysiuiwip o} [£97 pue ‘|€€T “M/O suoneinw yum auojd ¥d T-AlH paziwndo ayL

60706 (82°0) €9 (sv°0) TOT §ze (e'0) s (2'7) 00g 08T €0 Z0FET GT ¥ S0T 0T ¥ 08 IeAYd
L00F 20 (ez0) 9 (zzo)z9 8z (s0)6 (zT) 22 8T 0T TTFYL €T F ¥6T S¥0¢ Myd
(9) *) (9 *)
(nu) (nu) (nu) (nu) (nu) (nu) (nu)
! ! A ! ! A !
dwoo A e A dwooun A e A dwooun A Ev_\_mov_ A_\/_i.ﬁ.c__.tv A.TC_EV A—\/_:v
AOS AdV A¥a annejey U575 0y Uy wemnp

(ADS) Jineuinbes pue ‘(AdV) Jineuaidwe ‘(AYQ) Jiaeuniep sBnIp [ealuld yim IC€AY4 pue LMy4 104 SjueIsuU0d uonigiyul pue sanauiy swAzug
T3alqelL
NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Med Chem. Author manuscript; available in PMC 2009 November 3.



