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Abstract

Drug-resistance threatens effective treatment of HIV/AIDS. Clinical inhibitors, including
darunavir (1), are ineffective for highly resistant protease mutant PR20, however, antiviral
compound 2 derived from 1 with fused tricyclic group at P2, extended amino-benzothiazole P2’
ligand and two fluorine atoms on P1 shows 16-fold better inhibition of PR20 enzyme activity.
Crystal structures of PR20 and wild-type PR complexes reveal how the extra groups of 2
counteract the expanded ligand-binding pocket, dynamic flaps, and faster dimer dissociation of

PR20.

Keywords

Drug resistance; HIV protease; antiretroviral inhibitor; structure-based design; X-ray
crystallography

1. Introduction

The HIV/AIDS pandemic comprises about 38 million infected individuals at present and
almost 60% of them receive antiretroviral therapy [1] and showing decreased mortality [2].
This success is undermined by treatment failure due to drug resistance and persistent
reservoirs of latent virus [3].

Antiviral HIV-1 protease (PR) inhibitors (Pls) are effective for therapy, and darunavir (DRV,
1) (Figure 1) is approved for first line treatments[4,5]. Its favorable properties include
picomolar affinity for PR, high genetic barrier to resistance[6,7], inhibition of precursor
autoprocessing[8,9] and inhibition of PR dimerization[10]. Nevertheless, DRV-resistant viral
strains pose a problem[11]. Resistance to Pls evolves primarily by mutations in PR.
Mutations of >35 of the 99 residues in PR are associated with resistance to one or more
PIs[12]. Highly-resistant PR variants in clinical isolates have different combinations of about
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20 mutations and diminish the effectiveness of Pls by a variety of molecular
mechanisms[13-17].

An HIV-1 PR variant with 20 mutations derived from a clinical isolate (PR20) has been
characterized and used as a prototype to assess investigational PIs[18,19]. Compared to
wild-type PR, PR20 shows drastically reduced inhibition by clinical Pls with over 8,000-fold
worse binding affinity for DRV[8]. Moreover, autoprocessing of its precursor is unaffected
by 1 unlike the wild-type precursor[8]. Structures of PR20 reveal an expanded ligand-
binding cavity, which contributes to decreased affinity for PIs[18] and fewer interactions
with substrate analogs. Crystallography and NMR spectroscopy experiments suggest a Pl-
independent mechanism for poor PI affinity due to increased mobility of the two flexible
flap regions[18,20-22]. Finally, PR20 has a higher rate of dimer dissociation than wild-type
enzyme, which further weakens drug binding[23]. PR20 contains four mutations in the
ligand binding site (D30N, V32I, 147V, 184V) which act in the S1/S1” and S2/S2” pockets to
decrease hydrophobic interactions with inhibitors[18,24]. The dimer structure of PR20/1 and
key mutations are shown in Figure 1B. PR20 provides an excellent prototype to assess the
effectiveness of new inhibitors designed to combat highly resistant variants[24,25].

Potent new Pls are urgently required to target resistant variants such as PR20, but must also
feature improved genetic barrier to resistance and better CNS penetration[26] for effective
treatment. Recently, antiviral compound GRL-142 (2) was reported to show picomolar
inhibition of PR activity, high barrier to resistance, and improved penetration of the blood-
brain barrier compared to 1[27,28]. Compound 2 was designed with modifications of three
moieties of DRV (Figure 1A) to target drug-resistant variants[29]: P2 bis-
tetrahydropyranofuran (6/is-THF) is replaced by a “crown-like” Crr-THF; P2’ -aniline is
substituted by a cyclopropyl-amino-benzothiazole (Cp-Abt) group, and two fluorine atoms
modify the P1-phenyl group to create bis-fluoro-benzyl (bis-FBz). Fluorination of Pls has
been shown to introduce halogen-bonds with protease[25,30] and increase
lipophilicity[31,32].

Here we report that 2 is an order of magnitude better than 1 in inhibiting enzyme activity of
drug-resistant PR20. The crystal structure of PR20/2 complex reveals how the inhibitor
effectively fills the expanded ligand binding site and stabilizes the dynamic flaps and dimer
interface.

2. Materials and Methods

2.1

2.2.

PR20 expression and purification

A synthetic 99 amino acid gene derived from the clinical isolate for PR20[19] was expressed
in E. coli, purified, and folded as described in [18].

Kinetic inhibition assay

Compound 2 (>95% purity by HPLC), developed in Ghosh Laboratory at Purdue University,
was dissolved in 100% DMSO. The kinetic inhibition value (K;) of 2 for PR20 was
measured using a FRET-substrate (BACHEM H-2992) at 37°C and pH 5.6 based
spectroscopic assay as described in [33].
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2.3 X-ray crystallography

PR20 at 4 mg/mL was mixed with 2 at 1:5 molar ratio. Crystals were grown using hanging-
drop vapor diffusion in 1.8 M sodium chloride, 0.1 M sodium acetate pH 5.5, 0.1 M yttrium
chloride, and cryo-protected in mother liquor containing 30% glycerol prior to freezing with
liquid nitrogen. Diffraction data were collected on the SER-CAT 221D beamline at the
Advanced Photon Source, Argonne National Laboratory (Argonne, IL). X-ray data were
processed and scaled using HKL-2000[34] before solving the structure by molecular
replacement in phaser[35] from CCP4[36] with PR20/GRL-5010A (4YHQ)[25] as initial
model. The structure was refined using COOT[37] and REFMAC5[38] applying anisotropic
B-factors. Hydrogen bonds (2.4-3.5 A) and hydrophobic contacts (3.6-4.2 A) were inferred
from interatomic distances and chemistry. Figures were generated using PyMOL[39].
Coordinates and structure factors for PR20/2 have been deposited in the Protein Data Bank
with accession code 6PRF.

3. Results
3.1. Compound 2 is more effective than DRV for PR20

Investigative compound 2 has an enzyme inhibition constant (Kj) of 14 pM for wild-type
PR[27], comparable to the value of 5-10 pM for the best clinical inhibitor, DRV[40,41]. 2
exhibits a Kj of 2.5 = 0.5 nM for PR20, approximately 1200-fold worse than for PR.
However, this K for PR20 is 16-fold better than the 40 nM value observed for DRV[8].

3.2. Overall structure of PR20/2

The crystal structure of the PR20 complex with 2 was refined to a R-factor of 15.2% at 1.21
A resolution, the highest resolution to date for PR20 (Table 1). The asymmetric unit has a
homodimer of PR20 (residues 1-99 and 1°-99"). Inhibitor 2 binds in the active site in two
orientations with 0.5/0.5 relative occupancy related by ~180° rotation. An Fo-Fc omit map
for one conformation of 2 is shown in Figure 2A. Residues 45-47, 50-51, 44"-48", and 50’
-52" in the flap region, Asn30/30" and Arg8/8” also show two alternate conformations, each
associated with one inhibitor orientation. The two alternate conformations show no
significant differences in PR20 interactions with 2. Inhibitor-binding interactions in PR20/2
were compared with those in PR/2 and PR20/1 complexes.

3.3. Mutant PR20/2 compared to wild-type PR/2

The PR20/2 structure was compared to two reported structures of wild-type PR/2. The
equivalent 198 Ca atoms of the two PR/2 (6BZ2, 5TYS) dimers[27,28] superpose onto
PR20/2 with Root mean square deviations (RMSDs) of 0.63 and 0.68 A, respectively. The
two PR/2 dimers are nearly identical (RMSD = 0.48 A) with two conformations for 2 of
almost equal occupancies. For clarity, the following analysis will describe significant
differences in one 2 conformation in comparison to the major occupancy conformation of
the higher resolution PR/2 (6BZ2 at 1.67 A) structure.

Polar interactions between PR20 and 2 are shown in Figure 2B. The wild-type PR/2
complex has almost identical hydrogen bond and halogen interactions except for interactions
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with the mutated residue D30N. Polar and non-polar interactions are described separately for
P2 and P2’ groups.

The bulky P2-Crr-THF on 2 binds in the S2 pocket (Fig 3A), where the two oxygen atoms
form three hydrogen bonds with main-chain amides of residues 29 and 30 in both PR and
PR20. The D30N mutation in PR20 substitutes a carboxylic acid for a carboxamide side-
chain which enables formation of a 3.5 A hydrogen bond with 2 which cannot occur for
Asp30 in the PR structures. The P2-Cri-THF packs into the hydrophobic pocket of the S2
site forming 3 van der Waals contacts with I1le47 in PR. The S2 pocket of PR20 contains the
drug-resistance mutations 147V and V321. Mutation 147V produces one less hydrophobic
contact, while the longer isoleucine side-chain in V32l introduces 3 new van der Waals
contacts with 2 that are absent in PR. This observation is consistent with molecular
dynamics simulations showing improved van der Waals interactions between a V32l single
mutant and 2[28]. Therefore, the three drug-resistance mutations in the S2 pocket of PR20
result in a net increase of one hydrogen bond and 2 hydrophobic interactions with the P2
group of 2 in comparison to those in the wild-type complex PR/2.

In the other protease subunit, the P2”-Cp-Abt group of 2 binds in the S2” pocket (Fig 3B). In
the PR/2 structure, the side-chain carboxylate of Asp30” forms a bifurcated hydrogen bond
with the two nitrogen atoms of Cp-Abt. In PR20, the side-chain of the mutated D30’N is
flipped 180° relative to its conformation in the other subunit. This orientation of Asn30’
forms a hydrogen bond with the P2” amine of 2, while also forming a hydrogen bond with
the aspartate side-chain of N88’D in PR20. The B-value for Asn30” side-chain in PR20/2 is
approximately half that of Asp30” in PR/2 and PR20/1 (16 vs 33 and 28 A2), suggesting a
more stable conformation. The main-chain of Val47” in the PR20 flap is shifted by 0.5 A
relative to its position in PR, eliminating a hydrophobic interaction with the thiazole sulfur
of 2. However, the cyclopropyl moiety on 2 is shifted 1.5 A towards the 147"V mutation,
which introduces two hydrophobic contacts. Like in the S2 pocket, the larger V32’1
mutation introduces a hydrophobic contact with 2. Thus, PR20 shows favorable polar and
hydrophobic interactions with the P2” group of 2 despite multiple resistance mutations in the
S2” pocket.

In addition to the changes in the S2 and S2’ pockets of PR20, the shorter side-chain of 184V
mutation in the S1/S1” pockets accounts for a net loss of 4 hydrophobic contacts with 2
compared to those in the wild-type complex. These altered interactions due to mutations in
the active site of PR20 are expected to enhance affinity for inhibitor 2.

3.4. Comparison of PR20 interactions with inhibitors 1 and 2

The crystal structure of PR20/2 was compared to PR20/1 (PDB: 3UCB) to understand the
difference of inhibitory values. The bulky P2 Crn-THF of 2 forms 5 hydrophobic contacts
with mutations 147V and V321 that cannot occur for bis-THF of 1 in the PR20/1 structure,
although the hydrogen bonds are conserved (Figure 4A). The P2"-Cp-Abt group on 2 is also
larger than the P2”-aniline of 1. Both inhibitors show similar interactions with 147"V and
V32’1 side-chains, however, the extended P2 group of 2 introduces 10 more hydrophobic
contacts with the side-chains of Asp29” and Asn30” (Figure 4B). The thiazole ring of 2
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forms a hydrogen bond with the Asn30” amide, while the aniline amide of 1 interacts with
the Asn30” carbonyl. Moreover, the P2” amine in 2 introduces a direct hydrogen bond with
Asn30’ side-chain replacing a less favorable indirect water-mediated interaction in 1 (Figure
4C).

Difluorination of the P1-group of 2 enhances its penetration of the cell membrane and
introduces halogen bonds with wild-type PR[28]. The P1 bis-FBz forms fluorine bonds with
the Arg8” side-chain and the main-chain amide of 1150 at the flap tip. These halogen bonds
bridge the S1 pocket and the dimer interface (Figure 4D). Arg8/8” forms a critical
intersubunit ion-pair with Asp29°/29 in most PR dimers[42]. In PR20/1, the larger side-
chain of L10F mutation induces rotation of the side-chains of Arg8 and Arg8’, thus
eliminating the ion-pair with Asp29°/29, which has been proposed to increase dissociation
of PR20 dimers[18]. This rotated conformation of Arg8 and loss of its intersubunit ion-pair
is observed in the S1” pocket of both PR20/1 and PR20/2 structures where the identical P1’-
isobutyl group is ~6 A away from Arg8 (Figure 4E). However, in the S1 pocket of PR20/2,
the fluorine bond between 2 and Arg8” acts to overcome the effect of the L10"F mutation.

The P1 bis-FBz group of 2 introduces new hydrophobic contacts with PR20 that cannot
occur for the smaller P1 of 1. The fluorine atoms make additional contacts with residue
11e50 at the flap tip, which may decrease the mobility of the flaps and stabilize the binding
of inhibitor 2 within the expanded active site cavity of PR20.

Overall, larger P2 and P2” moieties for 2 relative to 1 introduce more van der Waals contacts
with the expanded ligand binding pocket that contribute to better inhibition of PR20,
although 2 is unable to make contacts with the shorter side-chain of 184V mutation. These
observations in PR20 are consistent with molecular dynamic calculations comparing van der
Waals interaction energies between 1 and 2 in PR[28]. Compared to DRV, compound 2 can
form a larger number of direct polar interactions with PR20. A fluorine bond between the P1
of 2 and Arg8’ restores an inter-subunit ion-pair and may counteract the higher rate of dimer
dissociation of PR20. The addition of a halogen bond bridge tethering one flap to the
protease body stabilizes the dynamic flaps. These factors combine to deliver an order of
magnitude better inhibition of compound 2 over DRV for PR20.

4. Discussion

Our studies of PR20 mutant address the key challenge of HIV drug resistance [8,24]. PR20
achieves decreased affinity for inhibitors by synergistic mechanisms of an expanded
inhibitor-binding cavity, highly dynamic flaps, and accelerated dimer dissociation compared
to wild-type enzyme. Clinical inhibitor 1, the most potent for wild-type PR (5 pM), exhibits
8,000-fold worse binding affinity (40 nM) for PR20[8]. Compound 2 shows 16-fold better
K; than 1 for PR20 (2.5 nM). The larger Crn-THF at P2 and Cp-Abt at P2’ groups of 2
introduce additional hydrophobic and polar interactions with the mutated side-chains of the
expanded ligand binding site. The fluorines of P1-b/s-FBz of 2 create halogen bonds
bridging the flap and Arg8” to stabilize the dynamic flaps and restore an intersubunit ion-
pair that may help to decrease the rate of dimer dissociation.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kneller et al.

Page 6

Compound 2 was developed using structure-guided drug design strategy for resistant PR. By
incorporating larger P2/P2” groups that fit into the expanded binding pocket and halogen
flap interactions, 2 can inhibit PR20 better than the best current clinical P1. Future design
may expand to modifications of the P1” group. While these larger moieties of 2 help fill the
expanded ligand binding pocket of PR20, other mutants exhibit few changes in the active
site and diminish the potency of Pls through the effects of distal clusters of mutations[14]. In
conclusion, antiviral inhibitor 2 is a noteworthy advance in the pursuit of potent inhibitors
for resistant HIV.
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Figure 1: Chemical structures of compounds and PR20 dimer.
A. Inhibitor 1: darunavir and Inhibitor 2: GRL-142 differ at the P2, P2’, and P1 positions. B.

Inhibitor 1 (green sticks) bound to the active site of the PR20 dimer (orange cartoon). PR20
contains 4 mutations in the inhibitor-binding site D30N, V32I, 147V, and 184V (red spheres).
The L10F mutation (cyan spheres) sits near the dimer interface. Grey spheres indicate other
mutations.
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lle50

Figure 2. Inhibitor 2 bound in the active site of drug-resistant PR20.
A. Fo-Fc omit map (grey mesh) contoured at 2o for the conformation of 2 (purple sticks)

used for analysis. B. Polar interactions between 2 and PR20 residues (teal sticks). Dashed
lines indicate hydrogen bonds (teal) and fluorine bonds (red dashes). New hydrogen bond in
PR20/2 is orange.
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Figure 3: Interactions of the P2 and P2’ groups of 2 in PR20/2 (purple/teal) compared to PR/2
(grey).
A. Comparison of P2 Crn-THF group interactions with residues in the S2 pocket of PR20

and PR. B. Comparison of P2 Cp-Abt group interactions with residues in the S2” pocket of
PR20 and PR. Hydrogen bonds and van der Waals contacts are indicated as dashed and
dotted lines, respectively, in teal for PR20/2 and black for PR/2. Orange dashes indicate
hydrogen bonds introduced in the PR20/2 structure by mutations D30N and N88D.
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Figure 4. Comparison of interactions in PR20/1 (salmon) and PR20/2 (teal/purple).
A. Bulky P2 Crn-THF group of 2 creates 5 more van der Waals contacts with PR20 than

does the bis-THF of 1. B. Larger P2 group on 2 adds van der Waals interactions with
Asn30” and Asp29” side-chains that are absent in PR20/1 structure. C. The P2’ Cp-Abt
group of 2 forms direct hydrogen bonds with the mutated side-chain of D30’N, whereas the
aniline group of 1 makes weaker water-mediated hydrogen bonds. Distances in A. D. The
bis-FBz of 2 makes fluoride bonds (red dashes) with Arg8” and the tip of the flap at 150
that cannot be formed by the benzyl P1 of 1. Intersubunit ion-pair between Arg8” and Asp29
in PR20/2 is lost in PR20/1 since Arg8” shifts toward mutated L10F. E. The short P1’-
isobutyl in 1 and 2 cannot interact with Arg8 in PR20 or wild-type PR structures. Arg8 shifts
toward mutated L10F in PR20 complexes instead of forming intersubunit ion pair observed
in PR/2 (grey).

/
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Crystallographic Statistics

Table 1:

(Values in parentheses are for the highest resolution shell.)

PR20/2

Resolution (&) 50 -1.21
Cell dimensions

a(d) 60.57

b (A) 60.57

c(A) 85.14
Space group P6;
Unique Reflections 46,059
Completeness (%0) 99.7 (89.8)
Redundancy 7.5(2.3)
l/a(1) 21.0 (2.0)
Rmerge (%0) 9.2 (44.8)
Ruork (%) 152
Riree (%) 19.0
Solvent atoms 226
Average B-factors (A2)

Protein 20.7

Inhibitor 13.8

Solvent 314
RMSD from ideality

Bond lengths (A) 0.015

Bond angles (°) 2.20
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