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Abstract: We designed, synthesized, and identified two novel nonpeptidic HIV-1 protease inhibitors (PIs), GRL-
037 and GRL-044, containing P2-tetrahydropyrano-tetrahydrofuran (Tp-THF), P1-benzene and P1-methoxybenzene,
respectively, and P2'-isopropyl-aminobenzothiazole (Ip-Abt), based on the structure of the prototypic PI, darunavir
(DRV). The 50% inhibitory concentrations (ICs,s) of GRL-037 and GRL-044 against wild-type HIV-1,, 4, were 0.042
and 0.0028-0.0033 nM with minimal cytotoxicity profiles compared to the ICs, values of four most potent FDA-
approved Pls, ranging from 2.6 to 70 nM. GRL-044 was also potent against HIV-2.,, (IC5,=0.0004 nM) and various
Pl-resistant HIV-1 variants (ICs, ranging from 0.065 to 19 nM). In the selection assays we conducted, the emergence
of HIV-1 variants resistant to GRL-044 was significantly delayed compared to that against DRV. Thermal stability
test using differential scanning fluorimetry employing purified HIV-1 protease (PR) and SYPRO" Orange showed
that both GRL-037 and GRL-044 tightly bound to PR. A28S substitution emerged in the homologous recombination-
based selection assays with GRL-044. Structural analyses showed that the larger size of GRL-044 over DRV,
enabling GRL-044 to fit better to the hydrophobic cavity of protease, contributed to the greater potency of GRL-
044 against HIV-1. Structural analyses also suggested that the van der Waals surface contact of GRL-044 with
A28' appears to be better compared to that of DRV because of the larger surface of Ip-Abt of GRL-044, which may
be partially responsible for the emergence of A28S. The present antiviral data and structural features of GRL-044
should provide molecular insights for further design and development of potent and "resistance-repellant” novel Pls.

Keywords: Protease inhibitor, HIV-1, AIDS, drug resistance

Introduction suppression of HIV-1 to undetectable levels may suffer

treatment failure because of the flaws of cART such
Combined antiretroviral therapy or cART for HIV- as inherent adverse effects and the propensity of HIV-
1 infection and AIDS has dramatically changed the 1 to develop drug resistance. Thus, development of
clinical profiles and prognosis of HIV-1 infection/ therapeutics for HIV-1 infection/AIDS that are more
AIDS and significantly extended the life expectancy of potent, less or least toxic, and do not permit or delay
people with HIV-1 infection/AIDS. In fact, cART has the emergence of drug resistance with more favorable
been definitely shown to reduce HIV-1 transmission dosing regimen capabilities is critically important (3-6).
at very high rates (/). The most recently completed In the present work, we designed, synthesized,
7-year PARTNER?2 study has revealed no cases of HIV and identified two novel nonpeptidic HIV-1 protease
transmission among ~800 sero-discordant gay male inhibitors (PIs), GRL-037 and GRL-044, containing
couples, who engaged in condomless anal sex a total of (i) P2-tetrahydropyrano-tetrahydrofuran (Tp-THF), (if)
76,088 times while the HIV-1-infected partners were P1-benzene and P1-methoxybenzene, respectively, and
virally suppressed on cART. The study supports the (iii) P2'-isopropyl-aminobenzothiazole (Ip-Abt) on the
message of the U=U (undetectable=untransmittable) structure of darunavir (DRV) (7,8), which is the last
campaign and the benefits of early testing and cART (2). approved PI for the treatment of HIV-1 infection/AIDS
Nevertheless, individuals who initially attain complete and has been most used worldwide (8-/0). Both GRL-
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037 and GRL-044 showed potent antiviral activity
against wild-type HIV-1, but GRL-044, in particular,
exerted potent antiviral activity against wild-type HIV-
1, HIV-2, and various drug-resistant HIV-1 variants.
Structural analyses showed that the larger and "right"
size of GRL-044 over DRV contributed to the greater
potency of GRL-044 against HIV-1. The present data
suggest that the combination of the three moieties in
GRL-044 resulted in highly potent activity against
wild-type and multi-PI-resistant HIV-1 strains and
contributed toward its extremely high genetic barrier to
the emergence of HIV-1 variants to GRL-044 compared
to its prototypic PI, DRV. The antiviral properties and
structural features of GRL-044 should shed lights in the
design and development of more potent and "resistance-
repellant" PIs with novel structural features.

Materials and Methods
Antiviral agents

Two nonpeptidic PIs, GRL-0476 and GRL-1398, and
their properties were previously published (/7,12),
while GRL-037 and GRL-044 were newly designed and
synthesized. The method of synthesis of GRL-037 and
GRL-044 will be published elsewhere by A. K. Ghosh
et al. DRV was synthesized as previously described
(7). Amprenavir (APV), lopinavir (LPV), atazanavir
(ATV), saquinavir (SQV), and zidovudine (AZT) were
purchased from Sigma-Aldrich (St. Louis, MO).

Cells and viruses

MT-4 cells were grown in RPMI 1640-based culture
medium supplemented with 10% fetal bovine serum
(BenchMark™ Fetal Bovine Serum, Gemini Bio-
Products) plus 50 U of penicillin and 50 pg of
kanamycin per mL. The following HIV-1 strains were

used for the drug susceptibility assay and in vitro
selection experiments: eleven HIV-1 clinical strains
(HIV,, HIV,, HIV., HIVg, HIVy,, HIV, HIV,
HIVgs, HIVg, HIVy,, and HIV,;5,), which were
originally isolated from patients with AIDS who were
enrolled in an open-labeled clinical study of APV and
abacavir at the Clinical Center, National Institutes of
Health, were randomly chosen from the enrollees, who
had failed APV-plus-ABC therapy in a phase I/II study
of tenofovir disoproxil fumarate (/3,/4). Such patients
had failed existing anti-HIV-1 regimens after receiving
7 to 11 anti-HIV-1 drugs over the previous 24 to 83
months in late 1990s. Such clinical strains contained 8
to 16 amino acid substitutions in the protease-encoding
region (Figure 4), which are associated with HIV-1
resistance to various PIs and have been genotypically
and phenotypically characterized to be multi-protease
inhibitor (PI)-resistant HIV-1 (/5). Five HIV-1 variants
resistant to PI that had been selected in vitro with each
of four FDA-approved PIs (DRV, APV, ATV, and LPV)
were also employed (/6,17). All the variants used in
the present study were confirmed to have acquired
multiple amino acid substitutions in protease (see Table
1 footnote), which have reportedly been associated
with viral resistance to Pls. Each of the Pl-selected
HIV-1 variants (HIVppyRp0, HIVpryRpso, HIVapy s,
HIVrysows and HIV pys5,,) Was highly resistant to the
corresponding PI, with which the variant was selected,
and the differences in the 1C;;s relative to the 1Cs, of
each drug against wild-type HIV-1 (HIV-1,,,5) ranged
from >14 to >303-fold (Table 1). All the HIV-1 strains
used in this study were stored at -80°C until use.

Antiviral and cytotoxicity assays
Antiviral assays were conducted as previously described

(1/4). Briefly, the designated concentrations of each
compound tested were prepared by ten-fold serial

Table 1. Antiviral activity of GRL-037 and GRL-044 against in vitro Pl-selected HIV-1 variants and multi-drug resistant

HIV-1 clinical isolates

Mean IC;, (nM) = SD

Virus

APV LPV ATV DRV GRL-0476 ~ GRL-1398 GRL-037 GRL-044
HIV-1y,,,  70+41 57+3 33+0.5 3.5+0.7 48+1.0 029+0.05  0.042+0.012  0.0033 +0.0024
HIVpysg® >1,000 (>14) 390+62(6.8) 4.5+0.3(1.4) 336+ 65 (96) ND* ND* 47£5(1,119)  45+0.2(1,364)
HIV gy >1,000 (>14) 378 +70(6.6) >1,000(>303)  13+4(3.7) ND¢ ND¢ 0.44£0.12 (10)  0.065 + 0.024 (20)
HIV s >1,000 (>14) >1,000 (>18) 503 +31(152) 409+£23(117)  ND° ND¢ 40 +3(952) 3.8+0.3(1,152)
HIVprReio? >1,000 (>14) >1,000 (>18)  >1,000 (>303)  140+41(40) 382+55(80) 457 (154)  23+4(548) 3.3+0.2(1,000)
HIV e Reso? >1,000 (>14) >1,000 (>18)  >1,000 (>303) 465+ 107 (133) 393 +61(82) 173+29(598) 83+18(1,976)  19+2(5,758)
HIVgb >1,000 (>14) >1,000 (>18)  >1,000 (>303) 40+ 8 (11) ND* ND¢ 46 5 (1,095) 46+0.4(1,394)
HIV >1,000 (>14) >1,000 (>18) 41849 (127)  38+2(11) ND° ND¢ 5.5+0.3(131) 2.6+0.8 (788)

The amino acid substitutions identified in protease of HIV,py.sus HIVirvsan, HIVipy.sns HIVpryRei9, HIVpeyRpso,HIV, and HIV, compared to the
wild-type HIV-1y,,; include L10F/V32I/L33F/M46L/154M/A71V, L231/E34Q/K431/M461/I50L/G51A/L63P/AT1V/V82A/TI1A, L10F/V32I/M461/
147A/AT71V/184V, L10I/ 115V/K20R/L241/V321/M361/M46L/L63P/K70Q/V82A/L8OM, L101/115V/K20R/L241/V321/M361/M46L/L63P/K70Q/
V82A/184V/L89M,L10I/L331/M361/M461/ F53L/K55R/162V/L63P/A71V/GT73S/V82A/LIOM/I93L, and L10I/115V/K20R/L241/M361/M46L/154V/
162V/L63P/K70Q/V82A/L8IM, respectively. Numbers in parentheses represent fold changes in ICss for each isolate compared to the ICys for wild-
type HIV-1,,;. All assays were conducted in triplicate, and the data shown represent mean values (+ 1 standard deviation) derived from the results of
three independent experiments. “Laboratory-selected drug-resistant HIV-1 variants; "multidrug-resistant HIV-1 clinical isolates; “ND: not determined
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dilution using the working solution of the compound
(2 uM) directly in 96-well microtiter culture plates.
MT-4 cells (105/mL) were exposed to fifty 50% tissue
culture infective dose (TCIDy,) of each HIV-1 strain in
the presence or absence of various concentrations of the
compound and cultured at 37°C. On the day 7 of culture,
the supernatant was harvested and the amount of p24
Gag protein was determined using the fully automated
chemiluminescent enzyme immunoassay system
(Lumipulse G1200; Fujirebio Inc., Tokyo, Japan). The
drug concentrations that suppressed the production of
p24 Gag protein by 50% (50% inhibitory concentrations;
IC,y) were determined by comparison with the level of
p24 production in drug-free control cell cultures. All
assays were performed in triplicate. To determine the
drug susceptibility of HIV-240, MT-4 cells (10°/mL)
were exposed to 100 TCIDs, of the strain in the presence
or absence of various concentrations of each compound,
followed by cultivation at 37°C for 7 days. The number
of viable cells was determined using the Cell Counting
Kit-8 (Dojindo, Kumamoto, Japan) and the magnitude
of viral inhibition by each compound was determined
based on their inhibitory effects of the virally-induced
cytopathicity in MT-4 cells. For cytotoxicity, cells
were plated in 96-well microtiter culture plates at a
density of 10°/mL and continuously exposed to various
concentrations of each compound throughout the entire
period of the culture. The number of viable cells in each
well was determined using Cell Counting Kit-8. The
50% cytotoxic concentrations (CCs,) were determined as
the concentration required to reduce the number of the
cells by 50% compared to that of drug-unexposed control
cultures.

In vitro generation of highly GRL-044-resistant HIV-1
variants

We attempted to select HIV-1 variants resistant against
GRL-037 and GRL-044 as previously described (/5).
Briefly, thirty TCID50 of each of eleven HIV-1 clinical
strains was mixed and propagated in a mixture of an
equal number of phytohemagglutinin (PHA)-stimulated
peripheral blood mononuclear cells (PBMCs)(5 x 10°)
and MT-4 cells (5 x 10°), in an attempt to adapt the
mixed viral population for their replication in MT-4
cells. The cell-free supernatant harvested on day 7 of
the co-culture was referred to as HIV,,;x. In the first
passage, MT-4 cells (5 x 10°) were exposed to the
HIV,,wux-containing supernatants and cultured in the
presence of each compound at an initial concentration
of an IC;, dose. On the last day of each passage
(weeks 1 to 3), 1.5 mL of the cell-free supernatant
was harvested and transferred to a culture of fresh
uninfected MT-4 cells in the presence of increased
concentrations of the compound for the following round
of culture. In this following round of culture, three drug
concentrations (increased by one-, two-, and three-

fold compared to the previous concentration) were
employed. When the culture supernatant contained >
200 ng/mL of p24 Gag protein, the HIV-1 isolate was
assumed to have substantially replicated and the highest
drug concentration among the three concentrations was
used to continue the selection (for the next round of
culture). This protocol was repetitively used until the
drug concentration reached the targeted concentration
(regularly 5 pM). Proviral DNA preparations obtained
from the lysates of infected cells at indicated passages
were subjected to nucleotide sequencing.

Determination of nucleotide sequences

Molecular cloning and determination of the nucleotide
sequences of HIV-1 strains passaged in the presence
of each compound were performed as previously
described (/6). In brief, high-molecular-weight DNA
was extracted from HIV-1-infected MT-4 cells by using
the InstaGene Matrix (Bio-Rad Laboratories, Hercules,
CA) and was subjected to molecular cloning, followed
by nucleotide sequence determination. The PCR
primers used for the protease-encoding region were
KAPA-1 (5'-GCA GGG CCC CTA GGA AAA AGG
GCT GTT GG-3') and Ksma2.1 (5'-CCA TCC CGG
GCT TTA ATT TTA CTG GTA C-3'). The PCR mixture
consisted of 1 uL proviral DNA solution, 10 uL Premix
Tag (Ex Taq Version; Takara Bio Inc., Otsu, Japan),
and 10 pmol of each PCR primer in a total volume of
20 uL. The PCR conditions used were an initial 1 min
at 95°C, followed by 30 cycles of 30 sec at 95°C, 20
sec at 55°C, and 1 min at 72°C, with a final 10 min of
extension at 72°C. The PCR products were purified
using spin columns (illustra MicroSpin S-400 HR
columns; GE Healthcare Life Science., Pittsburgh, PA),
cloned directly, and subjected to sequencing using the
BigDye Terminator v1.1 cycle sequencing kit (Applied
Biosystems). The Sanger sequencing was conducted
at the CCR Genomics Core of the National Cancer
Institute.

Thermal stability analysis using differential scanning
fluorimetry (DSF)

Wild-type HIV-1 protease (PR"") was purchased from
ProSpec-Tany TechnoGene (Ness-Ziona, Israel). The
final concentrations of each protein and compounds
were 5 uM. Differential scanning fluorimetry (DSF)
assays were conducted as previously described (/8,79),
using a Protein Thermal Shift dye kit (Thermo Fisher
Scientific) according to the manufacturer's instructions.
All of the preparation procedures were conducted on ice
and samples were kept on ice until the instrument run.
Twenty microliters of PR"" was successively heated
from 25 to 95°C, and the changes in the fluorescence
intensity were measured by using a StepOne real-
time PCR system (Thermo Fisher Scientific). The data
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were analyzed using StepOne software version 2.3 and
Protein Thermal Shift software version 1.0 (Thermo
Fisher Scientific) and melting temperature (7,,) values
were obtained. All of the assays were conducted in
duplicate on two different occasions.

Structural Analyses of GRL-044 Interactions with Wild-
type HIV-1 Protease.

We started from the X-ray crystal structure of GRL-
142 complexed with wild-type PR (PR"") (PDB
ID: 5TYS). An initial conformation of the Tp-THF
moiety was built by taking the coordinates from the
conformation of the Tp-THF moiety of GRL-015
(PDB ID: 5CON (/1)). The conformation of GRL-
142 was used to build the other moieties of GRL-
044. The assembled structure was suitably modified
to build an initial conformation of GRL-044. GRL-
044 built in the active site of wild type protease was
fully minimized using OPLS3 force field and used for
subsequent analyses. Hydrogens were added to the
crystal structure of DRV in complex with PRY" (PDB
ID 4HLA (20)), protonation states of aspartates were
assigned. A full minimization using OPLS3 force field
was carried out. A cut-off distance of 3.1 A between
a polar hydrogen and an oxygen or nitrogen atom, a
minimum donor angle of 60° between D-H-A, and a
minimum acceptor angle of 90° between H-A-B were
used to define the presence of hydrogen bonds (D,

A, and B are donor, acceptor, and atom connected to
acceptor, respectively). Connolly molecular surfaces for
the inhibitors and selected PR residues from the active
site were generated using a water sphere with a radius
of 1.4 A as a probe. Software tools from Schrédinger,
LLC, New York, NY, as implemented in the Maestro
interface (version 10.7.015, Release 2016-3), were used
for model building, visualization, and analysis.

Results

GRL-044 potently inhibits the replication of wild-type
HIV-1

Based on the structure of DRV (8), we designed,
synthesized, and identified two novel nonpeptidic
PIs, GRL-037 and GRL-044, which contain P2-
tetrahydropyrano-tetrahydrofuran (Tp-THF), P1-
benzene and P1-methoxybenzene, respectively, and
P2'-isopropyl-aminobenzothiazole (Ip-Abt) (Figure 1).
Two previously reported PIs, GRL-0476 (/1) and GRL-
1398 (12), both of which served as controls, and GRL-
037 and GRL-044 were all active against the wild-
type HIV-1 strain (HIV-1y,,5) with 50% inhibitory
concentration (IC,,) values of 4.8, 0.29, 0.042, and
0.0033 nM, respectively in the drug susceptibility
assays. Amprenavir (APV) and lopinavir (LPV) were
much less active (IC5,= 70 and 57 nM, respectively)
and atazanavir (ATV) and darunavir (DRV) were
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Figure 1. Structures of GRL-0476, GRL-1398, GRL-037, and GRL-044. Structures of GRL-0476, GRL-1398, GRL-037, and
GRL-044 (Panel A). The structure of darunavir is shown as a reference (Panel B).
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Table 2. Antiviral activity of GRL-044 against HIV-1y,,; and HIV-2.,, and its cytotoxicity in vitro

Mean IC;, (nM) = SD

Drug CCs, (M) Selectivity index®
HIV-1,,.s HIV-2,,,

APV 39+ 12 375+ 63 152+6 3,900

ATV 2.6+0.3 60 +23 40+ 1 15,400

DRV 33+04 3.8+£1.2 145 £ 12 43,900

GRL-044 0.0028 +0.0008 0.0004 + 0.0002 52+3 18,571,000

The data shown represent mean values (+1 standard deviation) derived from the results of three independent experiments. *Each selectivity index

denotes a ratio of CCy, in MT-4 cells to IC;, against HIV-1,, ;.

comparably potent (IC5, = 3.3 and 3.5 nM, respectively)
even as compared to the least active experimental PI,
GRL-0476, tested in the present study (Table 1).

GRL-044 exerts potent activity against Pl-resistant and
multi-drug-resistant HIV-1 variants

We next examined whether GRL-044 was active
against a variety of HIV-1 variants that had been
selected in vitro with each of three FDA-approved Pls:
APV, ATV, and LPV (Table 1). Those HIV-1 variants
had been selected in vitro in the presence of increasing
concentrations of each PI (/6,17). All the three
variants were confirmed to have multiple amino acid
substitutions in the virally-encoded protease, which
have reportedly been associated with viral resistance to
PIs (see the footnotes of Table 1). Two in vitro DRV-
selected HIV-1 variants, HIVpgyRpi and HIVpryRpsos
were obtained by propagating a mixture of eight multi-
drug resistant HIV-1 variants (HI V) in the presence
of increasing concentrations of DRV (/7). Each of the
Pl-selected variants (HIV,py.s, HIViry.son and HIV py.
sy HIVpryRpi0, HIVppyRps0) was highly resistant to
the corresponding PI, which the variant was selected
against, and the fold differences in the ICys relative to
the ICs, of each drug against HIV-1,,; ranged from
>14 to >303, although ATV exerted potent activity
against HIV,py 5, (Table 1). Two multi-drug-resistant
HIV-1 strains, HIV and HIV,, that were isolated from
patients experiencing treatment failure following long-
term ART (/4), were also employed. The three FDA-
approved PIs were all least active against HIV,; and
HIV.. DRV was moderately active against HIV,ry s,
HIVy, and HIV, while it had lost its activity against
HIVpvsims HIV i pysuns HIVppyRpio, and HIVpeyRps.
GRL-0476 and GRL-1398 were substantially less
active against HIV Ry, and HIV ppyRpso With the fold-
changes ranging from 80 to 598. GRL-037 also lost
its activity to most of the variants examined with 1Cs,
values ranging from 5.5 to 83 nM, with fold-changes
ranging from 131 to 1,976, while it retained its activity
against HIV,py .5, with an ICs, value of 0.44 nM 10-
fold change. GRL-044, the most potent PI against
HIV-1y,,; among the two novel Pls, also decreased
in potency against all the HIV variants examined with
fold-changes ranging from 20 to 5,758. However, its

(40)

IC,, values remained substantially low, with a range
from 0.065 to 19 nM (Table 1).

GRL-044 is potent against HIV-2,, with favorable
toxicity profiles

In general, PIs that are active against Pl-resistant HIV-
1 variants are also active against HIV-2 strains since
most amino acid residues substituted for HIV-1 to
develop resistance against PIs, reside in wild-type HIV-
2 strains (/9,21). We thus examined GRL-044 together
with APV, ATV, and DRV against HIV-2,,,, in the drug
susceptibility assays. As expected, both APV and ATV,
which significantly lose their activity against various
Pl-resistant HIV-1 variants (Table 1), had significantly
greater 1C,, values against HIV-2.,, (Table 2). DRV,
which exerts its potent activity against various HIV-
1 variants resistant to other FDA-approved Pls [except
for saquinavir (SQV)(8), had a comparable potency
against HIV-2,,, compared to that against HIV-1,.;.
Since GRL-044 was highly potent against various
highly drug-resistant HIV-1 variants (except against
HIVpryRpso) With ICs, values ranging from 0.065 to 4.6
nM (Table 1), we also examined whether GRL-044 was
active against HIV-2,, as well. Interestingly, GRL-
044 proved to be significantly more potent (by 7-fold)
against HIV-2,,, (IC5,= 0.0004 nM) than against HIV-
Inias (IC5, = 0.0028 nM) (Table 2). Such a feature
was seen in GRL-142, which is more potent against
most of Pl-resistant HIV-1 variants examined than
against wild-type HIV-1 strain (/9). It is of note that
GRL-044 showed a highly favorable selectivity index
of 18,571,000 compared to those of the three FDA-
approved PIs, APV, ATV, and DRV (Table 2).

Greater thermal stability of PR"" in the presence of
GRL-044 compared to that of SQV or DRV

In order to examine the specificity of possible binding
of GRL-037 and GRL-044 to protease, thermal
stability of PR"" in the absence or presence of AZT,
SQV, DRV, GRL-037 or GRL-044 was determined
using the differential scanning fluorimetry employing
SYPRO" orange as previously described (18,19). The
T,, (50% melting temperature) values were determined
as the temperature, at which the relative fluorescent
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® No drug 56.3 = 0.2

A AZT 56.0 = 0.2 (-0.3)
sQv 775 = 0.1 (21.2)

X DRV 78.0 = 0.2 (21.7)

€ GRL-037 81.0 = 0.1 (24.7)

O GRL-044 81.0 = 0.2 (24.7)

Temperature (°C)

Figure 2. Thermal stability of PR"" with AZT, DRV, SQV, GRL-037, or GRL-044 as determined using differential
scanning fluorimetry (DSF). Relative fluorescence intensities determined by DSF using SYPRO orange (Panel A). 7,, values
shown represent the temperatures at which the relative fluorescence intensity was 0.5, and A7,, values indicate the Tm difference
between protease complexed with each compound and that with no compound (Panel B).

intensity became 50%. As shown in Figure 2, the mean
T,, values without agent and with a nucleoside reverse
transcriptase inhibitor (NRTI), zidovudine (AZT), were
56.3°C and 56.0°C, respectively, while those with DRV
and SQV were comparably greater with 77.5°C and
78.0°C, respectively. The mean 7, values of GRL-037
and the most potent GRL-044 were also comparably
high with 81.0°C. It is of note that the antiviral potency
of GRL-044 against HIV-1,,,; was greater than that of
GRL-037 by approximately 12-folds, although the 7,
values of both compounds were comparable.

In vitro selection of HIV-1 variants resistant to GRL-
044.

In an attempt to relatively quickly and effectively select
HIV-1 variants in vitro, we previously used a mixture
of 8 and 11 multi-Pl-resistant clinical HIV-1 isolates
(HIVyipry)» HIVgyix and HIV i, respectively, as a
starting HIV-1 population, resulting in successful rapid
emergence of highly DRV- or TPV-resistant HIV-1
variants (/5,17). We, therefore, employed HIV, ,x to
possibly successfully obtain resistant HIV-1 variants
against GRL-044 in the present study (Figure 3). Figure
4 illustrates the amino acid sequences of protease of
each of the 11 HIVypz,. When selected in the presence
of increasing concentrations of APV, the virus quickly
became resistant to the drug and was capable of
replicating even in the presence of a high concentration,
5 uM, by 13 and 16 weeks of selection in the two
independently conducted selection experiments (Figure
3). The HIV,,,x also acquired resistance against DRV as
well and became capable of replicating in the presence

(41)

of 5 uM DRV, by 29 weeks of selection (Figure 3,
Experiment 1). However, as depicted in the left panel of
Figure 3, HIV, yx exposed to GRL-037 and GRL-044
did not replicate in the presence of 2 pM even at week 40
of the passage. In an attempt to reproduce the selection
feature of Experiment 1, we conducted the second
selection assay under similar conditions. As shown in the
right panel of Figure 3, the selection feature was virtually
the same and HIV,,,x failed to replicate in the presence
of relatively high concentrations of GRL-044. No further
attempt to select GRL-044-resistant variants was made
and the selection was terminated at week 27.

The homologous recombination-based selection
expedites the emergence of resistance-associated amino
acid substitutions

We determined the amino acid sequences by deducing
from nucleic acid sequences of the protease of HIV | x
exposed to APV, DRV, GRL-037, and GRL-044 over
13, 29, 40, and 40 weeks in experiment 1 (HIV APV
WK1 HIV i PRY-1-WK20 0 HIV | ix037-1-WK40 - and
HIV )y x044-1-WK40) regpectively (Figure 5). The amino
acid sequences showed distinctive differences between
the former 2 strains and the latter 2 strains. The amino
acid sequences of HIV  xAPV-I-WK13 and HIVyxPRV-1-
WK29 revealed that both selected variants had acquired
V321 substitution as shown in green in Figure 5, which
none of the eleven multi-Pl-resistant clinical HIV-
1 variants had contained before the selection as far as
judged from the direct sequencing conducted for each of
HIV, ux (Figure 4). One reason why these two variants
have similarity in the amino acid substitution patterns
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Figure 3. In vitro selection of HIV-1 variants against GRL-037, GRL-044, APV, and DRV. A mixture of 11 multi-Pl-resistant
HIV-1 isolates (HIV,ux) was propagated in MT-4 cells in the presence of increasing concentrations of GRL-037, GRL-044,
APV, or DRV. The selection was conducted by passage of cell-free virus. Amino acid substitutions appeared in each HIV-1 during

selection are illustrated in Figure 5.
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Figure 4. Amino acid sequence of protease of 11 multi-PI-resistant HIV-1 isolates. The amino acid sequences of protease
deduced from nucleotide sequences of the protease-encoding region of each of the eleven multi-Pl-resistant HIV-1 isolates are
shown. The consensus sequence of HIV, , is illustrated at the top as a reference. Identity with sequence at individual amino acid

positions is indicated by dots.

in protease, i.c., the acquisition of V32I, is that APV
and DRV share structural similarity (8). HIV | xPRV-I-
WK29 had also acquired 184V substitution (highlighted
in blue in Figure 5), which often emerges when HIV-
1 becomes highly resistant to various PIs (/7,22), often
resulting in conferring significant resistance to PIs on

(42)

HIV-1 (22,23). 1t is thought that the emergence of V32I
and 184V took place relatively quickly because of the
use of HIV,,,x as a starting virus population, which
led to homologous recombination occurring from one
isolate to another in the presence of escalating doses of
DRY, expediting the emergence of highly DRV-resistant
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Figure 5. Amino acid sequences of protease region of HIV,yx selected by GRL-037, GRL-044, APV, and DRV
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Figure 5. Amino acid sequences of the protease of HIV ,,,« selected with APV, DRV, GRL-037, and GRL-044 in vitro.
Amino acid sequences deduced from the nucleotide sequences of the protease-encoding region of proviral DNA isolated from
HIV, wix selected with APV at 13 weeks, DRV at 29 weeks, GRL-037 at 40 weeks, and GRL-044 at 40 weeks in experiment 1
and GRL-044 at 27 weeks in experiment 2 are shown. The consensus sequence of HIV ,; is illustrated at the top as a reference.
Identity with sequence at individual amino acid positions is indicated by dots. Fractions on the right are the number of viruses
which each clone is presumed to have originated from over the total number of clones examined. The amino acid sequence of
HIV, ™2 VK27 was determined by the deduction of the direct nucleic acid sequence obtained for HIV 0442 WK27,

HIV-1 variants (22).

Interestingly, in both HIV, x037-1-WK40_ and
HIV |y x%44-1-WK40_ the unique substitution, A28S, known
to lead to a significant reduction in protease activity (24)
and poor viral fitness (25), had been acquired by passage
40 (highlighted in red in Figure 5), while both resultant
variants had not apparently acquired high levels of
resistance to GRL-037 or GRL-044 and did not replicate
well in the presence of either of the two compounds
(Figure 3). Since the A28S substitution has been seen
with a few PIs, such as TMC-126 (26), GRL-98065 (27),
brecanavir (25), and GRL-1398 (/2) and not with any of
the currently available FDA-approved Pls except only
in a few cases (28,29), we repeated the selection assay
with APV, DRV, and GRL-044 (Figure 3 , Experiment
2). When we determined the amino acid sequence of the
protease of HIV ,,,x With direct nucleic acid sequencing
after HIV, \ux Was selected in the presence of GRL-044
in the second selection assay, the same A28S substitution
was identified by week 27 as highlighted in red at the
bottom of Figure 5.

(43)

Structural interactions of GRL-044 and DRV with wild-
type protease.

We finally attempted to determine the structural
interactions of GRL-044 with wild-type protease (PR"").
In this attempt, we started from the crystal structure
of GRL-142 complexed with PR"" and modified the
structure of GRL-142 (19) to generate GRL-044-PR™".
A full minimization of GRL-044-PR"" using OPLS3
force field was carried out to interrogate the structural
interactions. We also wished to compare the interactions
with those of DRV with PR"". Starting from a crystal
structure of DRV-PR™" (20), hydrogen atoms were
added, followed by assignment of protonation states of
aspartates and a full minimization using OPLS3 force
field. The hydrogen bond and van der Waals surface
interactions in GRL-044-PR"" and DRV-PR"" were
subsequently analyzed and compared. The analyses
helped understand the similarities and differences of
polar and non-polar interactions of these two inhibitors
complexed with PR™".



Global Health & Medicine. 2019; 1(1):36-48.

www.globalhealthmedicine.com

Figure 6. Polar interactions of GRL-044 and DRV with wild-type protease. The polar interactions of GRL-044 and DRV
with wild-type protease are shown in Panels-a and -b, respectively. The protease dimer is shown in a ribbon representation,
with the monomers shown in purple and orange. The residues in the immediate vicinity of the inhibitors (< 3 A) are shown. The
hydrogen bond interactions are shown by yellow dotted lines. GRL-044 and DRV are in green carbons, and thick sticks, the

protease residues are in gray carbons.

The polar interactions of GRL-044 with PR™" are
shown in Figure 6a. The Tp-THF moiety of GRL-044
has hydrogen bond interactions with D29 and D30. The
carbonyl and sulfonyl oxygens form polar interactions
with I50 and I50' present in the protease flap through
a bridging water molecule. This interaction with the
protease flap is seen for various Pls (8,74,19). An
amine group of the inhibitor makes a hydrogen bond
interaction with G27 and the hydroxyl group of the
inhibitor makes hydrogen bond interactions with the
catalytic aspartates. The amine from the benzothiazole
in the P2' group makes a hydrogen bond interaction
with the side chain of D30'. DRV has many of these
polar interactions with PR"". The residues identified
within 3A distance from the inhibitors are shown in
panels a and b. Because of the slightly larger size of
GRL-044 over DRV, there are a few additional residues
of PR™" that are closer to the former.

We then focused on the moieties that are different
between GRL-044 and DRV and examined how
the identified differences impact the van der Waals
interactions with PR"". GRL-044 has an Ip-Abt as P2'
ligand compared to the aminobenzene of DRV. The P2'-
Ip-Abt has a better van der Waals interaction with D30/
K45' than the aminobenzene of DRV (Figure 7a, b). The
P2' moiety of GRL-044 is also closer to R8, forming
weak van der Waals interactions, whereas the R8 group
is much further away from the aminobenzene of DRV
(Figure 7c, d). While both P2-Tp-THF of GRL-044 and
P2-bis-THF of DRV have van der Waals surface contact
with 147, the P2'-Ip-Abt of GRL-044 has a better van der
Waals contact with 147" than does the P2'-aminobenzene
of DRV (Figure 7e, f). GRL-044 also makes better
contact with G48 than does DRV (Figure 7g, h). The
P1-paramethoxyphenyl substituent of GRL-044 makes
better contact with G49 than the phenyl substituent alone
of DRV (Figure 7i, j). Of note, residues 47-49 are in the
flap region of the protease. Interactions of an inhibitor
with the flap region probably help keep the region in a

(44)

closed conformation resulting in stronger binding (1 1,30).

A28 is seen present in the active site cavity. The P2-
bis-THF of DRV and P2-Tp-THF of GRL-044 have van
der Waals contacts with A28. Interestingly, both P2'-Ip-
Abt of GRL-044 and P2'-aminobenzene of DRV also
have van der Waals contacts with A28'. The van der
Waals surface contact of P2'-Ip-Abt of GRL-044 with
A28' appears to be better compared to aminobenzene
of DRV because of the larger surface of Ip-Abt (Figure
7k, 1). Whether these interactions are wholly or partially
responsible for the emergence of A28S substitution is not
known at this time and needs to be explored.

Overall, the improved van der Waals interactions
of GRL-044 with multiple PR"" residues located in
different protease domain should explain at least in part
why GRL-044 has the significantly stronger binding to
PR"" and greater antiviral potency over DRV (Table 1).

Discussion

In the present work, we designed, synthesized, and
identified two novel nonpeptidic PIs, GRL-037 and
GRL-044, containing (i) P2-Tp-THF, (ii) P1-benzene
and P1-methoxybenzene, respectively, and (ii7) P2'-Ip-
Abt (Figure 1). GRL-044 that contains (i) P2-Tp-THF,
(ii) P1- methoxybenzene, and (iii) P2'-Ip-Abt proved
to be most potent against HIV-1y,,; with ICy, values
of 0.0028-0.0033 nM (Tables 1 and 2). The IC;, values
against various Pl-resistant HIV-1 variants also proved
to be highly favorable ranging from 0.065 to 19 nM
(Table 1). We have previously described that GRL-077
and GRL-058, both of which contain P2-C5-modified
Tp-THF, P1-methoxybenzene, and P2'-Ip-Abt were
potent against HIV-1,,; and various Pl-resistant HIV-
1 variants (30). But the IC;, value of GRL-077 and
GRL-058 were 21 and 3.5 nM, less potent by 6,364-
and 1,061-fold, respectively than GRL-044. There is
only one difference: both GRL-077 and GRL-058 have
C5-modified Tp-THF, while GRL-044 has unmodified
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Figure 7. van der Waals surface interactions of GRL-044 and DRV with wild-type protease. The van der Waals surface
interactions of GRL-044 and DRV with important residues are shown in panels a-1. The inhibitor surfaces are shown in gray, D30'
is in orange, K45' in blue, R8 in red, 147 and 147" in plum, G48 and G48' in yellow, G49 and G49' in yellowish green, A28 and
A28'in orange.
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Tp-THF, strongly suggesting that the C5-modification
significantly weakens the potency against HIV-1y,.;,
although the potency of GRL-077 and GRL-058 against
various Pl-resistant variants including HIV yzyRp,, and
HIVpryRps 1s comparable with that of GRL-044.

Determination of thermal stability using the
differential scanning fluorimetry employing SYPRO"
orange helps understand the specificity and binding force
of protein and its ligand (/9,29,31). The T,, values of
DRV and SQV, which were greater than those without
agent and with AZT, were the lowest and those with
GRL-037 and GRL-044 were further greater (Figure 3).
However, in the present study, the mean 7, values of
GRL-037 and the most potent GRL-044 were virtually
identical, while GRL-044 was more potent by ~12-folds
than GRL-037, showing that the 7, values in the DSF
assay are not always proportionate to the biological
activity of compounds such as antiretroviral potency.

It has been demonstrated that upon reverse
transcription, reverse transcriptase (RT) frequently
switches a template from one viral genomic strand
to another, producing recombinant proviral DNA or
a mosaic proviral DNA containing multiple parent
genomic pieces. In fact, a single CD4" target cell can be
infected with multiple HIV-1 virions (32,33). If newly
produced proviral DNA has mutations in one spot
conferring HIV-1 resistance to one drug and mutations
in the other spot that are associated with resistance to
the other drug, the daughter virions acquire resistance to
both drugs, a process called homologous recombination
(34-36). Thus, homologous recombination is likely to
accelerate the development of multi-drug and multi-
class drug resistance in the setting of HIV-1 infection.
As we previously demonstrated, when the selection of
HIV-1 variants with DRV was attempted using a single
viral strain as the starting virus population, no DRV-
resistant variants emerged; however, when a mixture of
eight multi-drug-resistant (as well as multi-Pl-resistant)
clinical HIV-1 strains (HIVy,x) was employed as the
starting virus population, highly DRV-resistant HIV-
1 variants such as HIV jzyRp o and HIV ppyRps, Were
relatively quickly obtained, highly likely through the
homologous recombination (/7,23). In the current
homologous recombination-based selection assay,
HIV, wix exposed to APV and DRV over 13 and 29
weeks, resulting in HIV xAPV-1-WK13 and HIV PRV
1-WK29_ respectively, had acquired V32I substitution
(highlighted in green in Figure 5). The V32I substitution
does not appear alone when wild-type HIV-1 (HIV"") as
a starting virus population is selected with DRV, since
V321 confers on HIV"" greater susceptibility (~14-fold)
to DRV as well as a highly compromised replication
fitness (22). The V321 substitution is, therefore, thought
to be a key substitution, which hardly emerges when
selected in test tube and in the clinical setting; but
once V32I substitution emerges with other amino acid
substitutions, the V32I substitution predisposes HIV-

(46)

1 to quickly develop high-level DRV-resistance. It is
thought that the emergence of V32I took place relatively
quickly because of the use of HIV | x as a starting virus
population, which led to the homologous recombination
occurring from one isolate to another in the presence of
escalating doses of DRV, expediting the emergence of
highly DRV-resistant HIV-1 variants (22).

It is noteworthy that, when HIV,,,x was selected
with GRL-037 or GRL-044, the A28S substitution,
known to lead to a ~1,500-fold reduction in kcat/Km in
protease activity (24) and the poor viral fitness (25), had
been acquired by passage 40 (Figure 5), although both
resultant variants HIV ;037 1-Wk40 and HIV, 0441
WK40 were not much resistant to either of the compounds
(Figure 3). The reason why both HIV;x%37-1-Wk40 and
HIV, x4 1-Wk40 were not sufficiently replicative in the
homologous recombination-based selection assay could
be due to the acquisition of A28S substitution. The A28S
substitution has been seen in the selection assay of HIV-1
with a few Pls, such as TMC-126 (26), GRL-98065 (27),
brecanavir (25), and GRL-1398 (/2), and not with any
of the currently available FDA-approved PIs except only
in a few cases (28, 29). Of note, however, the population
size of HIV-1 in the present homologous recombination-
based selection assay is assumed to be significantly
smaller than the size of HIV-1 variants such as
polymorphic amino acid substitution-containing variants
that reside in HIV-1-infected individuals, the appearance
of mutations is affected by stochastic phenomena.
Therefore, the rates of mutation appearance in culture
may not be reliable. Moreover, in the initial selection, we
observed the appearance of the rare A28S substitution
in both HIV ,x%7-1-Wké0 and HIV |, x04-1-Wké0, Thus, we
repeated the selection assay with GRL-044. As shown
in the bottom line of Figure 5, the A28S substitution
was reproducibly identified through direct sequencing.
Structurally, the P2-bis-THF of DRV and P2-Tp-THF of
GRL-044 have van der Waals contacts with A28. Both
P2'-Ip-Abt of GRL-044 and P2'-aminobenzene of DRV
also have the contacts with A28'. However, apparently
the van der Waals surface contact of P2'-Ip-Abt of
GRL-044 with A28' appears to be better compared to
aminobenzene of DRV because of the larger surface of
Ip-Abt. Whether these interactions are wholly or partially
responsible for the emergence of A28S substitution is not
known at this time and needs to be explored.

Taken together, in our efforts to maximize the
antiviral potency of the prototypic protease inhibitor,
DRV (Figure 1), which has potent activity against
various wild-type and drug-resistant HIV-1 species (8)
and a reasonably high genetic barrier to the emergence
of HIV-1 variants resistant to DRV (/7,18,37,38), we
successfully designed and identified GRL-044, which
has much greater potency and shows greater genetic
barrier compared to the prototypic DRV. The structural
mechanisms by which GRL-044 acquired the much
greater potency than the potency of DRV appear to stem
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from the design of GRL-044 that the three moieties were
substituted: (i) P2-Tp-THF, (ii) P1-methoxybenzene, and
(iii) P2'-Ip-Abt, starting from the chemical structure of
DRYV. The present antiviral data and structural features
of GRL-044 should shed lights in the further design and
development of potent and "resistance-repellant” novel
PIs.
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