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X-RAY CRYSTAL STRUCTURE AND DYNAMICS REVEAL HIV-1
PROTEASE DRUG INTERACTIONS
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ABSTRACT. The dynamic movement of HIV-1 protease is an important
feature for inhibitor design. The wide-open form of multi-drug resistant HIV-1
protease solved by our group exhibits an increase in flap distance. Stabilizing
the protease flaps could be a strategy to overcome drug resistance. A peptidic
inhibitor stabilizing the protease-inhibitor complex and a structural novel
inhibitor targeting the wide-open form protease have been identified as a new
scaffold for drug development.
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INTRODUCTION

Drug resistance is a major obstacle in the long-term treatment of
HIV/AIDS patients. The drug-resistance mutations accumulated on HIV-1
protease during antiretroviral therapy change the protease conformation
and decrease the efficacy of protease inhibitors. While most HIV-1 protease
inhibitors are designed to mimic the substrate cleavage intermediates,
structurally diverse inhibitors are needed to maintain efficacy against the
highly flexible protease [1]. The discovery of new inhibitor scaffolds is the
first step to increase the diversity of HIV-1 protease inhibitors. The HIV-1
protease structures greatly facilitate the discovery of new inhibitors.

Few ligand-free 3-dimensional structures of HIV-1 protease have
been deposited to the Protein Data Bank. We have previously reported one
such structure of an uncomplexed multi-drug resistant (MDR) HIV-1
protease, MDR 769 [2]. As shown in Figure 1, the available ligand-free HIV-
1 protease can be classified into two classes, wide-open form and curled
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form [3]. Considering the flexibility and dynamic movement of the protease,
the structure of unbound HIV-1 protease is as important as the ligand-
bound structure in successful drug design.

Figure 1. Apo HIV-1 protease structures. The structures include the wild-type (WT)
HIV-1 protease NL4-3 (PDB ID: 2HB4, blue), the HIV-1 protease with mutations
L24l, M46l, F53L, L63P, V771, and V82A (PDB ID: 2HB2, magenta), the WT HIV-1
protease isolate BRU (PDB ID: 1HHP, yellow), another WT HIV-1 protease (PDB
ID: 2PCO0, green), and the HIV-1 protease MDR 769 with mutations L10l, M36V,
M46L, 154V, 162V, L63P, A71V, V82A, 184V, and L90M (PDB ID: 1TW?7, orange)

Understanding the structural diversity of the target protease is
essential for inhibitor development. The plasticity of the HIV-1 protease flap
region is critical in binding substrates and inhibitors [3]. The increased flap
flexibility may enhance drug cross-resistance by altering the binding pocket
of protease inhibitors. Flap movement distorts the binding cavity and
therefore reduces the binding affinity to inhibitors. Direct measurement
using pulsed double electron-electron resonance (DEER) has confirmed a
larger distance between the flaps of (MDR) HIV-1 protease as compared to
the wild-type structure [4]. Therefore, the wide-open form of HIV-1 protease
can serve as a nontraditional model to develop inhibitors targeting the open
form protease. A crystal structure (PDB ID: 3BC4) has shown that the HIV-
1 protease with open-flap conformation binds two symmetric pyrrolidine
diester inhibitors [5].The range of opening and conformational flexibility of
protease flaps demonstrate the importance of protein flexibility in structure-
based drug design. Using ensembles of protein conformations as receptors
for docking is a powerful method to increase accuracy [6,7]. Designing
inhibitors based on both the open and closed form of HIV-1 MDR protease
partially represents the HIV-1 protease dynamics and improves drugs’
adaptation to the flexible movement of the protease.
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RESULTS AND DISCUSSION
Four multi-drug resistant HIV-1 protease isolates are resistant
to inhibitors at various levels

Table 1. Sequences of HIV-1 protease variants

HIV-1 Sequences*
protease
NL4-3 PQ TLWKRPL VTI KI GGQLK EALLDTGADD TVLEEMNLPG
RVWKPKM G4d
GGFlI KVRQYD Q LI El CGHK Al GTVLVGPT PVNI I GRNLL TQ GCTLNF
769 PQ TLWKRPI VTl KI GGQLK EALLDTGADD TVLEEVNLPG

RWKPKEI GG GGFIKVRQYD QVPI El CGHK VI GTVLVGPT
PENE! GRNL TQI GCTLNF

807 PQ TLWKRPI VTl KI GBQLK EALLDTGADD TVLEEMNLPG

KWKPKJJI VA

GGFIKVRQYD NVQ El CGHK VI GBVLI GPT PlNI | GRNLL TQLGCTLNF
1385 PQ TLWKRP VTI KI GBQLK EALLDTGADD TVLEEI DLPG

RWKPKl GG

GGFI KVKQYD Q Pl El CGHK VI GTVLVGPT PlINI | GRNM TQLGCTLNF
3761 PQ TLVKRPI VA KVGGQ | EALLDTGADD TVLEEMNLPG

RWKPKl GG

GGFI KVRQYD Q PE! CGHK [ [ITVLVGST PVNEI GRNLl TQLGCTLNF

*The polymorphic changes are underlined. The drug-resistance mutations are
highlighted in red.
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Figure 2. Fold resistance of four multi-drug resistant HIV-1 protease variants.
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Four MDR HIV-1 protease variants were isolated by Palmer et al.
from patients failing protease inhibitor-containing antiretroviral regimens
(Table 1) [8]. The drug-resistance profiles of four clinical MDR HIV-1 protease
isolates were identified using enzyme inhibition assays. Four MDR protease
variants were resistant to all FDA-approved HIV-1 protease inhibitors at
various levels (Figure 2). The second generation of HIV-1 protease inhibitors
(darunavir, atazanavir, lopinavir, and tipranavir) encountered relatively lower
fold resistance. Among the four MDR protease variants tested here, MDR
807 and MDR 1385 were more resistant to the second generation HIV-1 protease
inhibitors. According to the guidelines for the use of antiretroviral agents in HIV-1-
infected adults and adolescents, darunavir and atazanavir are preferred
first-line antiretroviral drugs [9]. Our results showed that there was higher
resistance to atazanavir comparing to darunavir. These results confirmed
the in vitro resistance observed of the clinical isolates of HIV-1 protease.

Potent inhibitors induced flap closure of the multi-drug resistant
HIV-1 protease

3
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Figure 3. The hydrogen bonds between HIV-1 protease flaps and inhibitors. (A)
tipranavir-MDR 769 complex structure. (B) darunavir-MDR 769 complex structure.
The hydrogen bonds are represented as blue dash lines. The bridging water
molecule is represented in a red dot.

Darunavir and tipranavir are among the protease inhibitors exhibiting
the most potency and least fold resistance. The tipranavir-MDR 769 82T
complex crystallized in the hexagonal space group P6; while the darunavir-
MDR 769 82T complex crystallized in the orthorhombic space group
P2,2,2;. The crystal structure was determined at 1.24 A resolution and 2.87
A resolution, respectively. The other seven FDA-approved HIV-1 protease
inhibitors crystallized with MDR 769 in an open form. The binding of tipranavir
or darunavir effectively closes the open flaps of MDR 769. Tipranavir directly
interacts with 1le50 while darunavir interacts with Ile50 through a bridging
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water molecule (Figure 3). Therefore, incorporating a chemical group to
contact the protease flaps is a useful strategy to increase inhibitor potency
and decrease fold resistance. From the drug modification point of view, the
tipranavir-like direct protease flap contact stabilizes protease-inhibitor
complex, which is concluded based on a protease complex denaturation
experiment [10].

A peptidic inhibitor reduced fold resistance by stabilizing the
multi-drug resistant HIV-1 protease complexes

Table 2. The half maximal inhibitory concentration (ICs)

of mutated CA-p2 peptides
CAp2 Sequences IC-SO (W) Fod
mutagenesis Wild-type MDR 769  resistance
P1'F Arg-Val-Leu-Phe-Glu-Ala-Met 2.6 4.4 1.7
P1'F, P1F Arg-Val-Phe-Phe-Glu-Ala-Met  30.7 142 4.6
P1'F, P1A Arg-Val-Ala-Phe-Glu-Ala-Met 4873 5020 1.0
P1'F, P2F Arg-Phe-Leu-Phe-Glu-Ala-Met 1143 770 -
P1'F, P2A Arg-Ala-Leu-Phe-Glu-Ala-Met  78.2 74.1 -
P1'F, P2'F Arg-Val-Leu-Phe-Glu-Phe-Met 1010 1263 1.3
P1'F, P2’A Arg-Val-Leu-Phe-Ala-Ala-Met  232.3 233.7 1

The cleavage of the CA-p2 site is a rate-limiting step of gag polyprotein
maturation. Mutations were introduced to the CA-p2 heptapeptide with a
reduced scissile peptide bond to test the inhibitory efficacy. One of the
peptidic inhibitors, CA-p2 P1'F, displayed high inhibitory efficacy and low
resistance. CA-p2 P1'F inhibited both wild-type (WT) HIV-1 protease and
MDR 769 at low nanomolar concentration (Table 2). The combination of
phenylalanine and leucine analogues at the P1 and P1’ site could be employed
to the peptidomimetic inhibitors.

Based on the crystal structure of MDR 769 in complex with CA-p2
P1'F, the homologous complex models were built for MDR 807, MDR 1385,
MDR 3761, and NL4-3. After 10 ns molecular dynamics simulation, the
movement of CA-p2 P1'F was analyzed for the last 40 ps of simulation. The
root-mean-square deviation (RMSD) of each residue of CA-p2 P1'F was
plotted in Figure 4. The RMSD values of CA-p2 binding to MDR proteases
were significantly lower compared to that of CA-p2 binding to the WT HIV-1
protease. The lower RMSD value suggests a tighter substrate-protease
complex. This result indicates that CA-p2 P1'F stabilizes MDR protease
complexes and could serve as a template to be further developed as a
resistance overcoming peptidomimetic inhibitor.
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Figure 4. The root-mean-square deviation (RMSD) of CA-p2 P1'F binding to HIV-1
protease variants.

Based on the open and closed form HIV-1 protease structures,
a resistance overcoming inhibitor candidate was identified using
virtual screening.

The open form MDR 769 structure was used as a receptor to identify
potential inhibitor scaffolds from commercially available compounds through
virtual screening. One compound, GR346 (Figure 4), showed the best docking
scores against the open form MDR 769. The binding of GR346 was then
confirmed by docking it to the closed formed MDR 769. The docking
conformation of GR346 is shown in Figure 5. GR346 was originally synthesized
as a SIRT2 inhibitor (IC5=56.7 uM) [11]. The HIV-1 protease inhibitory efficacy
was tested using in vitro enzyme assays (Figure 6). GR346 inhibited a
larger percentage of MDR 769 enzyme activity at various concentrations
comparing to its inhibition against the WT HIV-1 protease. At the lower
compound concentration (6.25 yM), GR346 did not inhibit the WT HIV-1
protease but inhibited MDR 769 activity by 10%. The wide-open conformation
of MDR 769 flaps allowed the bulky compound, GR346, to easily enter into the
protease active site. This result suggested a possibility of designing large flexible
inhibitors could fit better to the expanded active site of MDR HIV-1 protease.
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Figure 4. The structure of compound GR346
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Figure 5. The docking conformation of GR346 in the active site of MDR 769. (A)
GR346 was docked to the open form MDR 769. (B) GR346 was docked to the
closed form MDR 769. The blue line represents possible hydrogen bonds.

CONCLUSIONS

Protein flexibility is an important feature to be considered in drug
design. The movement of HIV-1 protease flaps may interrupt drug binding
and cause resistance. Designing drugs that make contacts with the
protease flaps to reduce protease flexibility, and targeting the open form
protease could be options to overcome drug resistance caused by protease
flap conformation and flexibility.

EXPERIMENTAL SECTION
Protein expression and purification

Table 1 lists the protein sequences of MDR proteases. Active and
inactive MDR protease genes were codon optimized for E. coli expression,
synthesized by GENEART, Inc. (Regensburg, Germany), and inserted into
the pET21b plasmid. To prevent auto-proteolyses, Q7K mutation was
introduced into the active MDR genes. The A82T mutation was introduced
to facilitate crystallization. The protein expression, purification, and refolding
procedures were described previously [12]. The final protein buffer was 20
mM sodium acetate, pH 5.0, 1 mM dithiothreitol (DTT), and 10% (v/v) glycerol.
The proteases prepared for crystallization were concentrated to 1.5 mg/ml
using Amicon concentrators with 5 kDa molecular mass cut-off (Millipore
Corporate, Billerica, MA, USA).
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Figure 6. The enzyme inhibition of GR346

Protease inhibition assays

HIV protease Forster Resonance Energy Transfer (FRET) substrate
I, purchased from AnaSpec, Inc. (Fremont, CA, USA), was used in the ICsg
determination experiments. The fluorescence emitted by substrate cleavages
was monitored by a microplate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA, USA) at a 340 nm excitation wavelength with an emission
wavelength of 490 nm. The HIV-1 protease reaction buffer was adjusted to
pH 4.7 [0.1 M sodium acetate, 1.0 M sodium chloride, 1.0 mM
ethylenediaminetetraacetic acid (EDTA), 1.0 mM DTT, 10% dimethylsulfoxide
(DMSO), and 1mg/ml bovine serum albumin (BSA)]. In the reaction buffer
containing 5 uM FRET substrates, the protease concentration was adjusted
to a substrate cleavage velocity of 5 Relative Fluorescence Units (RFU)/min.
The active proteases and inhibitors were pre-incubated at 37<C for 20 min
prior to signal monitoring. An inhibitor-free control was used to determine
the background fluorescent signal. The progress of the reaction was monitored
over 20 min sampling at 1 min intervals. The FRET data were plotted with
the software SoftMax Pro V5.2 (Molecular Devices, Sunnyvale, CA, USA)
to determine the ICg values.

Crystallization and data collection

Inhibitors (tipranavir and darunavir) or substrates (CA-p2) were co-
crystallized with the MDR769 inactive protease by the hanging drop vapor
diffusion method. The protease and ligand were pre-mixed at a molar ratio
of 1:20 before crystallization set-up. The protease-ligand mixture was then
mixed at 2:1 v/v ratio with the precipitant solution. The optimal crystallization
was screened from a set of precipitant solution (0.1 M citric acid/MES/HEPES
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and 0.8~2.8 M ammonium sulfate at pH 4.0~6.0). The reservoir volume was
750 ul. The co-crystal grew within a week to a suitable size for diffraction.
The crystals were placed in a 30% w/v glucose cryoprotectant before being
frozen in liquid nitrogen. Diffraction data were collected at the Life Sciences
Collaborative Access Team (LS-CAT) at the Advanced Photon Source (APS)
Sector 21, Argonne National Laboratory (Argonne, IL, USA) and processed
with HKL2000 program suite [13].

Virtual screening and protein-ligand docking

The large scale screening was conducted using a fast pre-screening
tool, LASSO (Ligand Activity in Surface Similarity Order) 2009 [14]. The smaller
library with thousands of compound was further validated using eHiTS (Electronic
High Throughput Screening), a fast and automated docking program [15].
Compound libraries were downloaded from the ZINC database of commercially-
available compounds (zinc.docking.org). To confirm the lead compound from
virtual screening, the compound with the best eHiTS score was docked into
the binding pocket of HIV-1 protease using AutoDock4 [16].

Molecular dynamics simulation

The MD simulation was performed using Scaling NAno Molecular
Dynamics (NAMD) V 2.7b [17]. The protease complex model was solvated
in an orthogonal TIP3P water box. The cut-off of non-bonded interactions
was 10 A. The systems were minimized and gradually heated from 70 K to
310 K in 200 ps. Simulations were conducted at 310K and 1.0 atm for 10 ns
using the CHARMM force field23 and a timestep of 2 fs.
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