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We generated a novel nonpeptidic protease inhibitor (PI), GRL-02031, by incorporating a stereochemically
defined fused cyclopentanyltetrahydrofuran (Cp-THF) which exerted potent activity against a wide spectrum of
human immunodeficiency virus type 1 (HIV-1) isolates, including multidrug-resistant HIV-1 variants. GRL-02031
was highly potent against laboratory HIV-1 strains and primary clinical isolates, including subtypes A, B, C, and E
(50% effective concentration [EC50] range, 0.015 to 0.038 �M), with minimal cytotoxicity (50% cytotoxic concen-
tration, >100 �M in CD4� MT-2 cells), although it was less active against two HIV-2 strains (HIV-2EHO and
HIV-2ROD) (EC50, �0.60 �M) than against HIV-1 strains. GRL-02031 at relatively low concentrations blocked the
infection and replication of each of the HIV-1NL4-3 variants exposed to and selected by up to 5 �M of saquinavir,
amprenavir, indinavir, nelfinavir, or ritonavir and 1 �M of lopinavir or atazanavir (EC50 range, 0.036 to 0.14 �M).
GRL-02031 was also potent against multi-PI-resistant clinical HIV-1 variants isolated from patients who had no
response to the conventional antiretroviral regimens that then existed, with EC50s ranging from 0.014 to 0.042 �M
(changes in the EC50s were less than twofold the EC50 for wild-type HIV-1). Upon selection of HIV-1NL4-3 in the
presence of GRL-02031, mutants carrying L10F, L33F, M46I, I47V, Q58E, V82I, I84V, and I85V in the protease-
encoding region and G62R (within p17), L363M (p24-p2 cleavage site), R409K (within p7), and I437T (p7-p1
cleavage site) in the gag-encoding region emerged. GRL-02031 was potent against a variety of HIV-1NL4-3-based
molecular infectious clones containing a single primary mutation reported previously or a combination of such
mutations, although it was slightly less active against HIV-1 variants containing consecutive amino acid substitu-
tions: M46I and I47V or I84V and I85V. Structural modeling analysis demonstrated a distinct bimodal binding of
GRL-02031 to protease, which may provide advantages to GRL-02031 in blocking the replication of a wide spectrum
of HIV-1 variants resistant to PIs and in delaying the development of resistance of HIV-1 to GRL-02031. The present
data warrant the further development of GRL-02031 as a potential therapeutic agent for the treatment of infections
with primary and multidrug-resistant HIV-1 variants.

The currently available combination therapy or highly active
antiretroviral therapy (HAART) with two or more reverse
transcriptase inhibitors and protease inhibitors (PIs) for hu-
man immunodeficiency virus (HIV) type 1 (HIV-1) infection
and AIDS has been shown to suppress the replication of HIV-1
and extend the life expectancy of HIV-1-infected individuals
(35, 38). However, the ability to provide effective long-term
antiretroviral therapy for HIV-1 infection has become a com-
plex issue, since those who initially achieved favorable viral
suppression to undetectable levels have experienced treatment
failure (11, 18, 28). In addition, it is evident that with these
anti-HIV drugs, only partial immunologic reconstitution is at-
tained in patients with advanced HIV-1 infection.

Nevertheless, recent analyses have revealed that the life

expectancy of HIV-infected patients treated with HAART in-
creased between 1996 and 2005, that the mortality rates for
HIV-infected persons have become much closer to general
mortality rates since the introduction of HAART, and that
first-line HAART with boosted PI-based regimens results in
less resistance within and across drug classes (2, 3, 18, 46).

In the development of new anti-HIV-1 therapeutics, we have
faced a variety of challenges different from those faced during
the design of the first-line drugs (7, 10, 39). The issue of the
emergence of drug-resistant HIV-1 variants is one of the most
formidable challenges in the era of HAART. Indeed, it is of
note that the very features that contribute to the specificities
and the efficacies of reverse transcriptase inhibitors and PIs
provide the virus with a strategy to develop resistance (15, 19,
35), and it seems inevitable that this resistance issue will re-
main problematic for many years to come, although a few
recently developed drugs, such as darunavir (DRV) and
tipranavir, have been relatively successful as treatments for
individuals carrying multidrug-resistant HIV-1 variants (5, 20).

In particular, a number of studies indicate that cross-resis-
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tance is a major obstacle to antiviral therapy with PIs (19, 24).
Obviously, the emergence of viral resistance, difficulties with
compliance with the complicated treatment protocols, and ad-
verse side effects urge the development of new classes of PIs (i)
that have potent activities against existing resistant HIV-1 vari-
ants and that do not allow or delay the emergence of resis-
tance, (ii) that have improved pharmacokinetics parameters in
humans, and (iii) that have less severe side effects (43).

The present paper represents the first demonstration of the
results of antiviral analyses of a novel PI which contains cyclo-
pentanyltetrahydrofuran (Cp-THF) and which is highly potent
against a wide spectrum of HIV isolates, including a variety of
multi-PI-resistant clinical strains, in vitro. In addition, we se-
lected GRL-02031-resistant HIV-1 variants in vitro and char-
acterized their virological properties and susceptibilities to
other PIs. We also demonstrated that the emergence of HIV-1
variants resistant to GRL-02031 requires multiply accumulated
amino acid substitutions in the protease-encoding region.
Moreover, in an attempt to explain why GRL-02031 can exert
potent activity against a wide spectrum of HIV-1 variants re-
sistant to multiple PIs, we performed structural modeling and
molecular docking and examined the interactions of GRL-
02031 with HIV-1 protease.

MATERIALS AND METHODS

Cells and viruses. MT-2 and MT-4 cells were grown in RPMI 1640-based
culture medium supplemented with 10% fetal calf serum (JRH Biosciences,
Lenexa, MD), 50 U/ml penicillin, and 50 �g/ml of streptomycin. The following
HIV-1 strains were employed for the drug susceptibility assay (see below):
HIV-1LAI, HIV-1Ba-L, HIV-1JRFL, HIV-1NL4-3, HIV-2EHO, and HIV-2ROD; two
clinical HIV-1 strains isolated from drug-naive patients with AIDS, HIV-
1ERS104pre and HIV-1MOKW (30, 45); and seven HIV-1 clinical isolates which
were originally isolated from patients with AIDS who had received 9 to 11
anti-HIV-1 drugs over the past 32 to 83 months and which were genotypically
and phenotypically characterized as multi-PI-resistant HIV-1 variants (47, 48).
HIV-192UG037, HIV-197ZA003, and HIV-192TH019 were obtained from the NIH
AIDS Reagent Program. All primary HIV-1 strains were passaged once or twice
in 3-day-old phytohemagglutinin-activated peripheral blood mononuclear cells
(PHA-PBMs), and the culture supernatants were stored at �80°C until use.

Antiviral agents. GRL-02031 (Fig. 1), a novel nonpeptidic PI containing Cp-
THF, was designed and synthesized. Detailed methods for the synthesis of
GRL-02031 will be described elsewhere by A. K. Ghosh et al. 3�-Azido-2�,3�-
dideoxythymidine (AZT; zidovudine) was purchased from Sigma (St. Louis,
MO). Saquinavir (SQV) and ritonavir (RTV) were kindly provided by Roche
Products Ltd. (Welwyn Garden City, United Kingdom) and Abbott Laboratories
(Abbott Park, IL), respectively. Amprenavir (APV) was a kind gift from Glaxo-
Wellcome, Research Triangle Park, NC. Nelfinavir (NFV) and indinavir (IDV)
were kindly provided by Japan Energy Inc, Tokyo, Japan. Lopinavir (LPV) was
synthesized by previously published methods (48). Atazanavir (ATV) was a kind
gift from Bristol-Myers Squibb (New York, NY).

Drug susceptibility assay. The susceptibilities of HIV-1LAI, HIV-1Ba-L, HIV-
2EHO, HIV-2ROD, and the primary HIV-1 isolates to various drugs were deter-
mined as described previously (26), with minor modifications. Briefly, MT-2 cells

(2 � 104/ml) were exposed to 100 50% tissue culture infectious dose (TCID50s)
of HIV-1LAI, HIV-1Ba-L, HIV-2EHO, or HIV-2ROD in the presence or the ab-
sence of various concentrations of drugs in 96-well microculture plates; and the
plates were incubated at 37°C for 7 days. After 100 �l of the medium was
removed from each well, 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (10 �l, 7.5 mg/ml in phosphate-buffered saline) was added
to each well in the plate, followed by incubation at 37°C for 2 h. After incubation,
to dissolve the formazan crystals, 100 �l of acidified isopropanol containing 4%
(vol/vol) Triton X-100 was added to each well and the optical density was
measured in a kinetic microplate reader (Vmax; Molecular Devices, Sunnyvale,
CA). All assays were performed in duplicate or triplicate.

To determine the sensitivities of the primary HIV-1 isolates to drugs, PHA-
PBMs (106/ml) were exposed to 50 TCID50s of each primary HIV-1 isolate and
cultured in the presence or the absence of various concentrations of drugs in
10-fold serial dilutions in 96-well microculture plates. To determine the drug
susceptibilities of certain laboratory HIV-1 strains, MT-4 cells were employed as
target cells, as described previously (26), with minor modifications. In brief,
MT-4 cells (105/ml) were exposed to 100 TCID50s of drug-resistant HIV-1 strains
in the presence or the absence of various concentrations of drugs and were
incubated at 37°C. On day 7 of culture, the supernatants were harvested and the
amounts of the p24 Gag protein were determined by using a fully automated
chemiluminescent enzyme immunoassay system (Lumipulse F; Fujirebio Inc.,
Tokyo, Japan) (29). The drug concentrations that suppressed the production of
p24 Gag protein by 50% (EC50) were determined by comparison of the amount
of p24 Gag protein produced in drug-treated cell cultures with the level of p24
Gag protein produced in a drug-free control cell culture. All assays were per-
formed in triplicate.

Generation of PI-resistant HIV-1 variants in vitro. MT-4 cells (105/ml) were
exposed to HIV-1NL4-3 (500 TCID50s) and cultured in the presence of various
PIs at an initial concentration of 0.01 to 0.03 �M. Viral replication was moni-
tored by determination of the amount of p24 Gag produced by MT-4 cells. The
culture supernatants were harvested on day 7 and were used to infect fresh MT-4
cells for the next round of culture in the presence of increasing concentrations of
each drug. When the virus began to propagate in the presence of the drug, the
drug concentration was generally increased two- to threefold. Proviral DNA
samples obtained from the lysates of infected cells were subjected to nucleotide
sequencing. This drug selection procedure was carried out until the drug con-
centration reached 5 �M.

Determination of nucleotide sequences. Molecular cloning and determination
of the nucleotide sequences of HIV-1 isolates passaged in the presence of
anti-HIV-1 agents were performed as described previously (26, 47). 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 sequence determination. The prim-
ers used for the first round of PCR of the entire Gag- and protease-encoding
regions of the HIV-1 genome were LTR-F1 (5�-GAT GCT ACA TAT AAG
CAG CTG C-3�) and PR12 (5�-CTC GTG ACA AAT TTC TAC TAA TGC-3�).
The first-round PCR mixture consisted of 5 �l of proviral DNA solution, 2.0 U
of Premix Taq (Ex Taq version; Takara Bio Inc., Otsu, Japan), and 12.5 pmol of
each of the first-round PCR primers in a total volume of 50 �l. The PCR
conditions employed were as follows: an initial 2 min at 94°C, followed by 35
cycles of 30 s at 94°C, 30 s at 58°C, and 3 min at 72°C, with a final 8-min extension
at 72°C. The first-round PCR products (1 �l) were used directly in the second
round of PCR with primers LTR-F2 (5�-GAG ACT CTG GTA ACT AGA GAT
C-3�) and Ksma2.1 (5�-CCA TCC CGG GCT TTA ATT TTA CTG GTA C-3�)
under the same PCR conditions described above. The second-round PCR prod-
ucts were purified with spin columns (MicroSpin S-400 HR columns; Amersham
Biosciences Corp., Piscataway, NJ), cloned directly, and subjected to sequencing
with an ABI model 377 automated DNA sequencer (Applied Biosystems, Foster
City, CA). The viral RNA in the selection culture should contain a number of
noninfectious (or dead) virions due to randomly occurring amino acid substitu-
tions, which could provide misleading results if the sequences of such noninfec-
tious or dead virions were erroneously taken into account. The viral DNA
extracted from the newly infected cells in the present cell-free transmission
system represents the infectious virions in the previous culture.

Generation of recombinant HIV-1 clones. The PCR products obtained as
described above were digested with two enzymes, ApaI and SmaI; and the
fragments obtained were introduced into pHIV-1NLSma, designed to have a SmaI
site by changing two nucleotides (2590 and 2593) of pHIV-1NL4-3, as described
previously (14, 25). To generate HIV-1 clones carrying the desired mutations,
site-directed mutagenesis was performed with a QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA), and the mutation-containing genomic
fragments were introduced into pHIV-1NLSma. Determination of the nucleotide

FIG. 1. Structure of GRL-02031.
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sequences of the plasmids confirmed that each clone had the desired mutations
but no unintended mutations. Each recombinant plasmid was transfected into
293T cells with Lipofectoamine 2000 transfection reagent (Invitrogen, Carlsbad,
CA), and the infectious virions thus generated were harvested for 48 h after
transfection and stored at �80°C until use.

Structural analysis of GRL-02031 interactions with wild-type HIV-1 protease.
The interactions of GRL-02031 with wild-type HIV-1 protease were examined by
computational structural modeling and molecular docking on the basis of the
published crystallographic data for protease complexed with PIs. Besides ac-
counting for the conformational flexibility of the inhibitor, the polarization in-
duced in the inhibitor by the protease was taken into consideration by employing
polarizable quantum charges in the docking computations. The use of polariz-
able quantum charges has recently been shown to substantially improve the
prediction of protein-ligand complex structures (4). The quantum mechanical
polarized ligand docking protocol provided with the Glide (version 4.5), QSite
(version 4.5), Jaguar (version 7.0), and Maestro (version 8.5) software (Schrö-
dinger, LLC, New York, NY) was used as described below. The crystal structures
2FDE (protease-brecanavir complex) and 2IEN (protease-DRV complex) were
used as templates in separate docking calculations to determine the binding
mode of GRL-02031 with wild-type protease. The crystal coordinates were ob-
tained from the Protein Data Bank (http://www.rcsb.org/). Hydrogens were op-
timized by placing constraints on the heavy atoms. The crystal water that medi-
ates the interaction between PIs and the protease flap was retained, and all other
crystal waters were deleted. Close interaction in the protease was annealed, and
the docking grid was set up. Polarizable ligand charges were determined at the
B3LYP/6-31G* level. The extraprecision mode of the Glide program (12, 13),
which has a higher penalty for unphysical interactions, was used.

RESULTS

In vitro activity of GRL-02031 against laboratory and pri-
mary HIV strains and cytotoxicity of GRL-02031. We designed
and synthesized �80 different novel nonpeptidyl PIs contain-
ing a Cp-THF moiety and examined them for their anti-HIV
activities and cytotoxicities in vitro. Among them, we found
that GRL-02031 (Fig. 1) was the most potent against a labo-
ratory HIV-1 strain, HIV-1LAI, and had a favorable cytotoxic-
ity profile, as examined with target MT-2 cells. As shown in
Table 1, GRL-02031 showed an anti-HIV-1 activity profile
comparable to that of most of the Food and Drug Adminis-
tration (FDA)-approved PIs examined in the present study,
although its toxicity profile was apparently more favorable,
with a 50% cytotoxic concentration (CC50) of �100 �M and a
selectivity index (CC50/EC50) of �3,600.

GRL-02031 was further tested against two R5 laboratory
HIV-1 strains (HIV-1Ba-L and HIV-1JRFL), three different sub-
types of primary HIV-1 strains (HIV-192UG037 [subtype A],
HIV-197ZA003 [subtype C], and HIV-192TH019 [subtype E]), and
two HIV-2 strains (HIV-2ROD and HIV-2EHO). GRL-02031

was found to be potent against all these HIV-1 strains and had
EC50s that ranged from 0.015 to 0.038 �M, as tested by the use
of target PHA-PBMs, while GRL-02031 was moderately active
against two HIV-2 strains (EC50, �0.60 �M), as tested by the
use of MT-2 cells (data not shown).

GRL-02031 exerts potent activity against a wide spectrum of
primary HIV-1 variants resistant to multiple PIs. We next
examined the activity of GRL-02031 against a variety of pri-
mary HIV-1 strains which were isolated from those with AIDS
who had failed a number of anti-HIV therapeutic regimens
after they had received 9 to 11 anti-HIV-1 drugs over the
previous 32 to 83 months and who proved to be highly resistant
to multiple PIs (47, 48). These primary strains contained 9 to
14 amino acid substitutions in the protease-encoding region of
the HIV-1 genome which have been reported to be associated
with HIV-1 resistance to various PIs (RTV, IDV, NFV, SQV,
APV, and LPV) (8). The substitutions identified included
Leu-10 3 Ile (L10I; seven of seven isolates), M46I/L (six of
seven isolates), I54V (five of seven isolates), L63P (seven of
seven isolates), A71V/T (six of seven isolates), V82A or V82T
(seven of seven isolates), and L90M (five of seven isolates) (see
footnote a of Table 2).

All drugs examined showed potent activity against two ref-
erence wild-type primary strains (X4 HIV-1ERS104pre [45] and
R5 HIV-1MOKW [30]), with the EC50s ranging 0.004 to 0.036
�M (Table 2). However, all the primary strains examined were
highly resistant to AZT, with the EC50s being from 24- to
�200-fold greater than the EC50 against HIV-1ERS104pre. It
was noted that SQV and LPV were still active against one or
two of the seven strains and had EC50s that differed 3- to 4-fold
from those for HIV-1ERS104pre; however, all the other FDA-
approved PIs examined in this study except DRV failed to
exert activity and had EC50s 6- to �63-fold greater than the
EC50 for HIV-1ERS104pre. In contrast, GRL-02031, like DRV,
potently blocked all seven primary strains and had EC50s that
ranged from 0.014 to 0.043 �M. It should be noted that the
change in the EC50 of GRL-02031 for all seven multi-PI-resis-
tant isolates tested was less than twofold compared with the
EC50 for a wild-type primary strain, HIV-1ERS104pre.

Selection of HIV-1NL4-3 with GRL-02031. We then at-
tempted to select a laboratory X4 HIV-1 strain (HIV-1NL4-3)
by propagating it in MT-4 cells in the presence of increasing
concentrations of APV, IDV, or GRL-02031, as described
previously (47). The virus was initially exposed to 0.03 �M
APV, 0.02 �M IDV, or 0.02 �M GRL-02031. At passages 21
and 27, HIV-1NL4-3 was capable of propagating in the presence
of 167- and 250-fold greater concentrations of APV and IDV,
respectively. At passage 26, HIV-1NL4-3 was capable of prop-
agating in the presence of a 250-fold greater concentration of
IDV; however, 37 passages were required until the virus be-
came similarly resistant to GRL-02031 and capable of propa-
gating in the presence of 5 �M (Fig. 2).

We also determined the nucleic acid sequences of the pro-
tease-encoding region of the proviral DNA isolated from the
cells exposed to GRL-02031 at passages 5, 15, 22, 30, and 37
(Fig. 3). At passage 5, no significant amino acid substitutions
were identified; however, by passage 15, the virus had acquired
the L10F substitution, which has been reported to be associ-
ated with PI resistance (6, 32). By passage 22, all eight clones
of the virus examined had additionally acquired a flap muta-

TABLE 1. Antiviral activity of GRL-02031 against HIV-1LAI
a

Compound EC50 (�M) CC50(�M) Selectivity index

GRL-02031 0.028 � 0.003 �100 �3,600
SQV 0.014 � 0.005 9.9 � 3.6 710
APV 0.033 � 0.012 �100 �3,000
IDV 0.044 � 0.007 69.8 � 3.1 1,600
RTV 0.038 � 0.004 21.3 � 0.9 560
NFV 0.023 � 0.006 ND ND
LPV 0.032 � 0.007 ND ND

a MT-2 cells (2 � 104/ml) were exposed to 100 TCID50s of HIV-1LAI and were
cultured in the presence of various concentrations of PIs, and the EC50s were
determined by using the MTT assay on day 7 of culture. All assays were con-
ducted in duplicate. The data shown represent mean values (�1 standard devi-
ation) derived from the results of three independent experiments. ND, not
determined. Selectivity index, CC50/EC50.
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tion (I47V) and the primary substitution (V82I). By passage
30, in addition to L10F, I47V, and V82I, the virus had acquired
L33F, M46I, and I85V. By passage 37, the virus had gained
I84V and another Q58E substitution, an unusual mutation not
associated with resistance to other HIV PIs. Genetic charac-
terization of the protease-encoding gene of the HIV-1 variants
selected with APV and IDV revealed that those variants had
acquired previously reported mutations, such as L10F, V32I,
M46I, and I84V in APV-selected HIV-1 (HIV-1APV

r) and
L10F, V32I, K43T, M46I, L63P, G73C, and V82A in
HIV-1IDV

r.
Amino acid substitutions in Gag protein of HIV-1 exposed to

GRL-02031. We also determined the amino acid sequences of
the Gag proteins of HIV-1NL4-3 exposed to GRL-02031. By
passage 15, an unusual amino acid substitution, L363M, lo-
cated at the p24-p2 cleavage site, had emerged. By passage 22,
the virus had acquired another amino acid substitution, I437T,
located close to the p7-p1 cleavage site. By passage 30 and
beyond, G62R (within p17) and R409K (within p7) were seen
in addition to L363M and I437T (data not shown).

Anti-HIV-1 profile of a GRL-02031-resistant HIV-1 variant.
We then examined the anti-HIV-1 profile of a GRL-02031-
resistant HIV-1 variant. In this experiment, we employed eight
HIV-1 variants which were selected in the presence of up to 1
or 5 �M of each of seven FDA-approved PIs and GRL-02031.
Each of these eight variants contained a variety of previously
known PI resistance-associated amino acid substitutions (see
footnote a of Table 3). As shown in Table 3, when each HIV-1
variant was examined in target MT-4 cells, each HIV-1 variant
except the variant selected with 1 �M LPV in vitro (HIV-
1LPV-1 �M) and the variant selected with 1 �M ATV in vitro
(HIV-1ATV-1 �M), proved to be highly resistant to the PI with
which the virus was selected, with EC50s exceeding 1 �M.
However, GRL-02031 was potent against all the PI-resistant
variants, although the compound was relatively less potent
against the variant selected with 5 �M SQV in vitro (HIV-
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FIG. 2. In vitro selection of HIV-1 variants resistant to
GRL-02031. HIV-1NL4-3 was passaged in the presence of increasing
concentrations of APV (open circles), IDV (solid circles), or GRL-
02031 (open triangles) in MT-4 cells. The selection was carried out in
a cell-free manner for a total of 21 to 37 passages with drug concen-
trations escalating from 0.02 to 5 �M. The nucleotide sequences of the
proviral DNAs were determined by using cell lysates of HIV-1-infected
MT-4 cells at the termination of each indicated passage.
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1SQV-5 �M) (a sixfold increase in the EC50 of SQV compared
with that of GRL-02031).

When the virus was selected with up to 5 �M GRL-02031
(HIV-1GRL-02031-5 �M) was examined in MT-4 cells, the EC50

of GRL-02031 turned out to be �1 �M although HIV-
1GRL-02031-5 �M remained susceptible to other PIs, in particu-
lar, SQV, IDV, and NFV. The HIV-1LPV-1 �M variant was
substantially resistant to APV, IDV, NFV, RTV, LPV, and
ATV; however, this variant was highly susceptible to GRL-
02031 and had an EC50 of 0.038 �M (Table 3). HIV-1ATV-1 �M

variant was also substantially resistant to IDV, NFV, and ATV;
however, this variant was susceptible to LPV and GRL-02031.
Of note, LPV, which has currently been widely used as a
first-line therapeutic among HAART regimens, was not active
against three HIV-1 variants (HIV-1SQV-5 �M, a variant se-
lected with 5 �M IDV [HIV-1IDV-5 �M], and a variant selected
with 5 �M NFV [HIV-1NFV-5 �M]), with the differences in the
EC50s being more than 16-fold compared to the value for

wild-type strain HIV-1NL4-3. This anti-HIV-1 profile of LPV
greatly contrasted with that of GRL-02031. GRL-02031 was
highly potent against all the variants examined except HIV-
1SQV-5 �M (sixfold change in the EC50 compared to that for
HIV-1NL4-3). It is also noteworthy that SQV, IDV, and NFV
remained potent against HIV-1GRL-02031-5 �M, suggesting that
the combination of GRL-02031 and SQV, IDV, or NFV could
exert complementarily augmented activity against multi-PI-re-
sistant HIV-1 variants.

Sensitivities of infectious molecular HIV-1 clones carrying
various amino acid substitutions to GRL-02031. Finally, we
attempted to determine the profile of the activity of GRL-
02031 against a variety of HIV-1NL4-3-based molecular infec-
tious clones containing a single primary mutation previously
reported or a combination of such mutations (Table 4) (21, 31,
40–42). Interestingly, no significant changes in EC50s were
observed when HIV-1 clones containing only one of the amino
acid substitutions (L10F, L33F, M46I, I47V, Q58E, V82I,

FIG. 3. Sequence analysis of the protease-encoding region of HIV passaged in the presence of GRL-02031. The amino acid sequences of the
proteases deduced from the nucleotide sequences of the protease-encoding region of HIV clones determined at five different passages are
illustrated. The identity of each amino acid with that from pNL4-3 (top row) at each individual amino acid position is indicated by a dot.
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I84V, or I85V) which emerged in the selection process in the
present work (Fig. 3) were tested with GRL-02031. We tested
each of these one-mutation-containing infectious clones
against a selected PI, and again, no significant changes in
EC50s were seen (Table 4).

It was noted that increases in the EC50s of GRL-02031 were
seen only when more than two amino acid substitutions were
introduced into HIV-1NL4-3. A substantial reduction in suscep-
tibility (differences in EC50s of more than threefold) was seen
when the virus had two mutations (M46I/I47V or I84V/I85V).
Further increases in the EC50s were seen when four substitu-
tions (L10F/I47V/V82I/I85V) or five substitutions (L10F/
M46I/I47V/V82I/I85V) were introduced. Moreover, we gener-
ated molecular clones containing a primary mutation with
which HIV-1 is known to acquire substantial resistance to a
PI(s) (such as D30N, G48V, I50V, and L90M) and determined
the EC50s of GRL-02031 (Table 4). We found that GRL-02031
was potent against all such molecular clones with a primary
mutation, with the differences in the EC50s being 0.7- to 1.7-
fold in comparison with the EC50 for HIV-1NL4-3, although
HIV-1D30N and HIV-1G48V showed moderate to substantial
levels of resistance to NFV (5.6-fold change) and SQV (5.1-
fold change) (Table 4). These data suggest that HIV-1 can
acquire substantial resistance to GRL-02031 only when it gains
multiple mutations in the protease, a potentially advantageous
property of GRL-02031.

Structural analysis of GRL-02031 interactions with wild-
type protease. Finally, we conducted molecular and structural
analyses of the interactions of GRL-02031 with protease (Fig.
4). By refined structural modeling based on the previously
published crystal structures 2FDE (protease-brecanavir com-
plex) and 2IEN (protease-DRV complex), we found that the
oxygen atom of Cp-THF has a hydrogen bond interaction with
Asp29 in the S-2 pocket of the protease. The hydrogen bond
interactions of GRL-02031 with Asp25 and Gly27, which have
been observed for various PIs, were also predicted to be
present. In addition, GRL-02031 has hydrogen bond interac-
tions mediated through a water molecule with flap residues
Ile50 and Ile50�. Of note, GRL-02031 has an R configuration at
the pyrrolidone stereocenter. Interestingly, the structural mod-
els demonstrated that for the R-stereochemical configuration,
two distinct binding modes of GRL-02031 were found in the
S-2� pocket. The 2-pyrrolidone group and the methoxybenzene
moiety can orient toward Asp29� and Asp30� for configuration
1 and configuration 2, respectively (Fig. 4A and B). In config-
uration 1, the 2-pyrrolidone oxygen has hydrogen bond inter-
actions with Asp29� in the S-2� pocket. In configuration 2, the
methoxybenzene orients toward the S-2� pocket and forms
tight hydrogen bonds with Asp30�. The interactions of PIs (48)
with Asp29� and/or Asp30� have been reported to be mediated
by water molecules. It is likely that the presence of water
molecules may influence the relative abundance of configura-
tions 1 and 2. The alternate bimodal binding feature observed
in this molecular analysis should provide advantages to the PI
in maintaining its antiviral potency when the HIV-1 protease
either has a polymorphism or develops amino acid substitu-
tions under drug pressure.

We also examined the lipophilic potential of the computa-
tionally defined cavity for the binding of GRL-02031 within the
HIV protease (Fig. 4C). It was revealed that GRL-02031 fits
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tightly in the binding cavity and has favorable polar and non-
polar interactions with the active-site residues of the HIV-1
protease. The van der Waals surfaces of Ile47 and Ile47� and of
Ile84� demonstrate that they form tight nonpolar interactions
with GRL-02031. Our antiviral data showing that the I47V
substitution is associated with HIV-1 resistance to GRL-02031
(Tables 3 and 4) are in agreement with this structural finding,
in that the substitution should reduce GRL-02031’s interaction
with protease and helps develop HIV-1 resistance to the in-
hibitor.

DISCUSSION

In the present work, we demonstrated that GRL-02031 sup-
presses the replication of a wide spectrum of HIV-1 isolates
and is potent against a variety of HIV-1 variants highly resis-
tant to multiple PIs, with the differences in the EC50s being less
than twofold in comparison with the EC50 for wild-type strain
HIV-1ERS104pre (Table 2). Additionally, when HIV-1NL4-3 was
propagated in the presence of increasing concentrations of
IDV, APV, or GRL-02031, the time of emergence of HIV-1
variants highly resistant to GRL-02031 was substantially de-
layed compared to that of IDV- or APV-resistant HIV-1 vari-
ants (Fig. 2). Indeed, 21, 27, and 37 passages were required for
HIV-1 to acquire the ability to propagate in the presence of
APV, IDV, and GRL-02031 at 5 �M, respectively. In this
regard, when we generated a variety of PI-resistant HIV-1
variants by propagating laboratory strain HIV-1NL4-3 in the
presence of increasing concentrations of a PI in MT-4 cells
using the same procedure as that used in the present study, it
required 27, 23, 22, 21, and 14 passages for the virus to prop-
agate in the presence of 5 �M of SQV, APV, IDV, NFV, and
RTV, respectively (26). However, it should be noted that the
population size of HIV-1 in a culture is relatively small and
that the viral acquisition of mutations can be affected by sto-
chastic phenomena. For example, mutations take place at ran-

dom and the rates of mutations in the HIV-1 genome may not
be reproducible, although certain mutations that severely com-
promise viral replication would not remain in culture.

During the selection of HIV-1NL4-3 with GRL-02031, the
L10F substitution, one of the secondary substitutions, first ap-
peared. The L10F mutation occurs distal to the active site of
the enzyme and is thought to act in concert with active-site
mutations and compensate for a possible functional deficit
caused by the latter (6, 32). Mutations at Leu-10 reportedly
occur in 5 to 10% of HIV-1 isolates recovered from untreated
HIV-1-infected individuals but increase in prevalence by 60 to
80% in heavily treated patients (19, 22). However, the virolog-
ical and structural significance of the L10F substitution in
HIV-1 resistance to GRL-02031 is presently unknown.

By passage 37, two active-site mutations (V82I and I84V)
emerged. These V82 and I84 residues represent active-site
residues whose side chains are involved in the formation of the
protease substrate cleft and that make direct contact with cer-
tain PIs (48), and the V82I substitution has been shown to be
effective in conferring resistance when it is combined with a
second active-site mutation, such as V32I (23). Another active-
site mutation (I85V) and two flap mutations (M46I and I47V)
also emerged by passage 30. Both Met46 and Ile47 are located
in the flap region of the enzyme; the I47V substitution is
reported to be associated with viral resistance to APV and
JE-2147 (40, 48). The lipophilic potential of the computation-
ally defined cavity for the binding of GRL-02031 within the
HIV protease seems to be related to a finding that the van der
Waals surfaces of Ile47 and Ile47� and of Ile84� form tight
nonpolar interactions with GRL-02031 (Fig. 4C). Our antiviral
data showing that the I47V substitution is associated with
HIV-1 resistance to GRL-02031 (Table 3) are in agreement
with this structural finding. However, it is also of note that
HIV-1 acquires substantial resistance to GRL-02031 when the
virus gains multiple mutations in the protease (Table 4), as

TABLE 4. Sensitivities of infectious molecular HIV clones carrying various amino acid substitutions to GRL-02031a

Recombinant HIV-1 clone EC50 (�M) of
GRL-02031

Fold change
in EC50

Fold change in EC50
compared with that

of other PIs

Fold change in EC50 of
other PIs reported

previously (reference)

pNL4-3 (wild-type) 0.023 � 0.008 1.0
L10F 0.037 � 0.001 1.6 1.4 (APV) 1.5 (IDV) (42)
L33F 0.028 � 0.005 1.2 1.0 (RTV) 1.4 (APV) (31)
M46I 0.028 � 0.009 1.2 1.2 (RTV) 1.0 (APV) (40)
I47V 0.037 � 0.006 1.6 1.2 (APV) 2.2 (APV) (31)
Q58E 0.033 � 0.007 1.4 1.0 (APV) Not previously reported
V82I 0.035 � 0.001 1.5 1.5 (RTV) 1.9 (APV) (31)
I84V 0.030 � 0.0001 1.3 2.2 (IDV) 10.6 (IDV) (41)
I85V 0.024 � 0.011 1.0 2.1 (RTV) Not previously reported
M46I/I47V 0.073 � 0.009 3.2 1.3 (APV) 1.0 (APV) (40)
V82I/I85V 0.035 � 0.002 1.5 1.6 (RTV) Not previously reported
I84V/I85V 0.097 � 0.010 4.2 14.8 (RTV) Not previously reported
L10F/I47V/V82I/I85V 0.43 � 0.06 18.7 1.9 (RTV) Not previously reported
L10F/M46I/I47V/V82I/I85V �1 �43 10.0 (APV) Not previously reported
D30N 0.020 � 0.009 0.9 5.6 (NFV) 6.0 (NFV) (41)
G48V 0.040 � 0.0008 1.7 5.1 (SQV) 7.0 (SQV) (21)
I50V 0.015 � 0.008 0.7 1.2 (APV) 3.5 (APV) (31)
L90M 0.032 � 0.001 1.4 1.0 (SQV) 3.0 (SQV) (21)

a MT-4 cells (1 � 104/ml) were exposed to 100 TCID50s of each infectious molecular HIV clone, and the inhibition of p24 Gag protein production by the drug was
used as the endpoint on day 7 in culture. The fold change represents the ratio of the EC50 for each mutant clone to the EC50 for wild-type HIV-1NL4-3. All assays were
performed in triplicate, and the values shown are mean values (�1 standard deviation) derived from the results of three independent experiments.
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seen in the case of DRV (9). This resistance profile (i.e., the
requirement of multiple mutations) of GRL-02031 may also
confer certain advantage in the resistance profile of GRL-
02031.

Two mutations at conserved residues, L33F and Q58E, also
emerged by passage 37 and were present in 10 and 9 of 10
clones, respectively. L33F has primarily been reported in pa-
tients treated with RTV or APV (37). The L33F substitution
alone did not change the susceptibility of HIV-1 to GRL-02031
(Table 4), although it has recently gained attention because of
its association with resistance to the FDA-approved PI, ti-
pranavir (33).

In the HIV-1 variants selected with GRL-02031, four amino
acid substitutions in the Gag proteins (G62R, R409K, L363M,
and I437T) were seen by passage 37. R409K within the p7 Gag
seems to be associated with viral resistance to APV (14), al-
though the significance of G62R within p17 is as yet unknown.
The p7-p1 cleavage-site mutation I437T has been reported to
be associated with ATV resistance (17). It is of note that by
passage 15, an unusual amino acid substitution, L363M,
emerged; this substitution has not previously been reported in
relation to PI resistance. This L363M is located at the p24-p2
cleavage site, which represents the C terminus of the capsid
(CA) p24 protein that is highly conserved and that is involved

in virion assembly. The deletion of this cluster or the introduc-
tion of mutations such as L363A is known to cause significant
impairment of particle formation and infectivity (34). It is
noteworthy that L363M appears in HIV-1 variants resistant to
a maturation inhibitor, PA-457 [3-O-(3�,3�-dimethylsuccinyl)
betulinic acid], which binds to the CA-p2 cleavage site or its
proximity, blocks the cleavage by protease during virion mat-
uration, and exerts activity against HIV-1 (27, 44, 49).

It was noted that GRL-02031 and SQV remained active
against most of the PI-selected HIV-1 variants and that SQV,
IDV, and NFV remained potent against HIV-1GRL-02031-5 �M

(Table 3), suggesting that the combination of GRL-02031,
SQV, IDV, and NFV can exert complementarily augmented
activity against multi-PI-resistant HIV-1 variants. Such a dif-
ference in the resistance profile of GRL-02031 when it is used
with SQV and NFV may be due to the differences in binding
and antiviral potency associated with the D30N and G48V
mutations (Table 4).

In an attempt to explain why GRL-02031 can exert potent
activity against a wide spectrum of HIV-1 variants resistant to
multiple PIs, we performed structural modeling and molecular
docking of the interactions of GRL-02031 with protease (Fig.
4). Interestingly, our structural modeling analysis demon-
strated that there are two distinct binding modes of GRL-

FIG. 4. Molecular interactions of GRL-02031 with HIV-1 protease. (A) A model of the interaction of GRL-02031 with HIV protease. The
bird’s-eye view of the docked pose (inset) is presented along with a blown-up figure highlighting the important hydrogen bond interactions. The
inhibitor is predicted to have hydrogen bond interactions with Asp25, Gly27, Asp29, Ile50, Asp29�, and Ile50�. Note that the pyrrolidone oxygen
(red stick) interacts with the S-2� subpocket and forms a hydrogen bond interaction with Asp29�. (B) Superimposed binding configurations of
GRL-02031 with the HIV-1 protease. The carbons are shown in gray in configuration 1 and in green in configuration 2. Selected hydrogen bond
interactions of configuration 2 are shown. In configuration 2, the methoxybenzene interacts with the S-2� site and forms a hydrogen bond
interaction with Asp30�. The interaction of the P-2 ligand Cp-THF is the same in both configurations. (C) The binding cavity of HIV protease with
lipophilic potential is shown. GRL-02031 fits tightly in the binding cavity and has favorable polar and nonpolar interactions with the active-site
residues of the HIV-1 protease. The van der Waals surfaces of Ile47 and Ile47� (both in magenta) and of Ile84� (in purple) demonstrate that they
form tight nonpolar interactions with GRL-02031. The protease residues are shown in stick representation. The following atoms are indicated by
designated colors: C, gray; O, red; N, blue; S, yellow; H, cyan. Both protease chains are shown in green. The figure was generated with the
MOLCAD program (Sybyl, version 8.0; Tripos, L.P, St. Louis, MO).
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02031 in the S-2� pocket of the protease. Either the 2-pyrroli-
done group or the methoxybenzene moiety can orient toward
Asp29� and Asp30� (configuration 1 and configuration 2, re-
spectively) (Fig. 4B). It is presumed that such alternate binding
modes provide distinct advantages to GRL-02031 in maintain-
ing its antiviral activity against a wide spectrum of HIV-1
variants resistant to other currently available PIs. The alternate
binding modes could explain the reason why the development
of resistance to GRL-02031 is substantially delayed compared
to the time to the development of resistance to APV or IDV
(Fig. 2). In addition, the models of GRL-02031 indicated that
it is capable of forming hydrogen bond interactions with the
backbone atoms of Asp29, Asp29�, and/or Asp30�. Such back-
bone interactions have been shown to be important in main-
taining potency not only against wild-type protease but also
against drug-resistant mutant proteases (1, 15, 16, 36). This
may also explain why GRL-02031 maintains its potency against
a wide variety of drug-resistant mutant proteases.

It is of note that the difference seen with GRL-02031 (one-
to twofold) seems substantially less than that seen with DRV
(one- to sevenfold) (Table 2). Although this difference may not
be translated into an actual difference in the clinical setting, it
is worth noting that GRL-02031 may have certain advantages
in its activity against highly drug-resistant HIV-1 variants. Con-
sidering that the acquisition of multiple amino acid substitu-
tions is required for the emergence of HIV-1 resistance to
GRL-02031, the profile of HIV-1 resistance to GRL-02031,
which is apparently different from the profiles for the other
PIs, might result in an advantage for GRL-02031, although
further evaluations, including testing of the compound in the
clinical setting, are required.

Taken together, GRL-02031 exerts potent activity against a
wide spectrum of laboratory and clinical wild-type and multi-
drug-resistant HIV-1 strains without significant cytotoxicity in
vitro and substantially delays the emergence of HIV-1 variants
resistant to GRL-02031. These data warrant further consider-
ation of GRL-02031 as a candidate as a novel PI for the
treatment of AIDS.
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