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ABSTRACT

We identified three nonpeptidic HIV-1 protease inhibitors (PIs), GRL-015, -085, and -097, containing tetrahydropyrano-tetrahy-
drofuran (Tp-THF) with a C-5 hydroxyl. The three compounds were potent against a wild-type laboratory HIV-1 strain
(HIV-1WT), with 50% effective concentrations (EC50s) of 3.0 to 49 nM, and exhibited minimal cytotoxicity, with 50% cytotoxic con-
centrations (CC50) for GRL-015, -085, and -097 of 80, >100, and >100 �M, respectively. All the three compounds potently inhibited
the replication of highly PI-resistant HIV-1 variants selected with each of the currently available PIs and recombinant clinical HIV-1
isolates obtained from patients harboring multidrug-resistant HIV-1 variants (HIVMDR). Importantly, darunavir (DRV) was >1,000
times less active against a highly DRV-resistant HIV-1 variant (HIV-1DRVRP51); the three compounds remained active against HIV-
1DRVRP51 with only a 6.8- to 68-fold reduction. Moreover, the emergence of HIV-1 variants resistant to the three compounds was con-
siderably delayed compared to the case of DRV. In particular, HIV-1 variants resistant to GRL-085 and -097 did not emerge even when
two different highly DRV-resistant HIV-1 variants were used as a starting population. In the structural analyses, Tp-THF of GRL-015,
-085, and -097 showed strong hydrogen bond interactions with the backbone atoms of active-site amino acid residues (Asp29 and
Asp30) of HIV-1 protease. A strong hydrogen bonding formation between the hydroxyl moiety of Tp-THF and a carbonyl oxygen atom
of Gly48 was newly identified. The present findings indicate that the three compounds warrant further study as possible therapeutic
agents for treating individuals harboring wild-type HIV and/or HIVMDR.

IMPORTANCE

Darunavir (DRV) inhibits the replication of most existing multidrug-resistant HIV-1 strains and has a high genetic barrier.
However, the emergence of highly DRV-resistant HIV-1 strains (HIVDRVR) has recently been observed in vivo and in vitro. Here,
we identified three novel HIV-1 protease inhibitors (PIs) containing a tetrahydropyrano-tetrahydrofuran (Tp-THF) moiety with
a C-5 hydroxyl (GRL-015, -085, and -097) which potently suppress the replication of HIVDRVR. Moreover, the emergence of
HIV-1 strains resistant to the three compounds was considerably delayed compared to the case of DRV. The C-5 hydroxyl
formed a strong hydrogen bonding interaction with the carbonyl oxygen atom of Gly48 of protease as examined in the structural
analyses. Interestingly, a compound with Tp-THF lacking the hydroxyl moiety substantially decreased activity against HIVDRVR.
The three novel compounds should be further developed as potential drugs for treating individuals harboring wild-type and
multi-PI-resistant HIV variants as well as HIVDRVR.

Currently available combination antiretroviral therapy (cART)
for human immunodeficiency virus type 1 (HIV-1) infection

and AIDS potently suppresses the replication of HIV-1 and signif-
icantly extends the life expectancy of HIV-1-infected individuals
(1–4). Recent analyses have revealed that mortality rates for HIV-
1-infected persons have become close to that of general popula-
tion and that the recent first-line cART with integrase inhibitors or
boosted protease inhibitor (PI)-based regimens has made the de-
velopment of HIV-1 resistance significantly less likely over an ex-
tended period of time (5, 6). A recent study reported that 20-year-
old HIV-1-infected individuals who started cART between 2003
and 2005 are expected to live an additional 49 years, to the age of
69 (7, 8). Notably, cART has been shown to definitively reduce
sexual transmission of HIV-1 in the HIV Prevention Trials Net-
work (HPTN) 052 study, where a 96% reduction in the rate of
sexual transmission has been seen with cART (9).
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However, even the currently most frequently used antiretrovi-
ral therapeutics, such as tenofovir, reportedly increase the risks of
chronic renal diseases and bone density loss (10, 11). Moreover,
our ability to provide effective long-term cART for HIV-1 infec-
tion remains a complex issue, since many of those who initially
achieve favorable viral suppression to undetectable levels eventu-
ally suffer treatment failure (12).

Darunavir (DRV), the latest protease inhibitor approved by
the U.S. Food and Drug Administration (FDA), contains a unique
substrate sequence position 2 (P2) functional group in its struc-
ture, bis-tetrahydrofuranylurethane (bis-THF), and potently in-
hibits the replication of not only wild-type HIV-1 (HIV-1 strains
not carrying known major amino acid substitutions) but also
multidrug-resistant HIV-1 variants (13–15). It is also known that
DRV has a high genetic barrier against HIV-1 development of
resistance (referred to here as a genetic barrier) apparently be-
cause of its dual antiviral activity, enzymatic inhibition activity,
and dimerization inhibition activity of HIV-1 protease (16–20).
However, the emergence of DRV-resistant HIV-1 variants has
been reported both in vitro and in vivo, and patients with such
DRV-resistant HIV-1 variants have experienced treatment failure
(21–26). Hence, continuous efforts to develop more potent drugs
with higher genetic barriers are required to combat such DRV-
resistant HIV-1 variants.

In the present work, we evaluated three newly synthesized non-
peptidic HIV-1 protease inhibitors, GRL-015, -085, and -097,
which contain a bicyclic P2 functional group, tetrahydropyrano-
tetrahydrofuran (Tp-THF) carrying a hydroxyl moiety at its C-5
position and show highly potent antiviral activity against not only
wild-type HIV-1 but also a variety of multi-PI-resistant HIV-1
variants, including highly DRV-resistant HIV-1 variants. Interest-
ingly, it was found in this study that the removal of the hydroxyl
moiety significantly reduces the antiviral activity against drug-
resistant variants. In in vitro selection, GRL-015, -085, and -097 all
demonstrated high genetic barriers against resistance develop-
ment when four different HIV-1 populations were used as starting
populations. The X-ray crystal structural analyses revealed that
the Tp-THF moiety of the three protease inhibitors forms effective
hydrogen bond interactions with the main-chain atoms of the
protease active site amino acids, Asp29 and Asp30, as does the
bis-THF moiety of DRV (15). Moreover, the C-5 hydroxyl moiety
had a strong hydrogen bond with the backbone of Gly48 of the
protease. The bindings with protease likely play key roles in their
highly potent activity against both wild-type and drug-resistant
HIV-1 strains and their substantially high genetic barrier.

MATERIALS AND METHODS
Cells and viruses. MT-2 and MT-4 cells were grown in RPMI 1640-based
culture medium, while COS7 cells were propagated in Dulbecco’s modi-
fied Eagle’s medium. These media were supplemented with 10% fetal calf
serum (FCS; PAA Laboratories GmbH, Linz, Austria) plus 50 U of peni-
cillin and 50 �g of kanamycin per ml. For the drug susceptibility assay and
selection experiments, eleven HIV-1 clinical strains (HIV-1A, HIV-1B,
HIV-1C, HIV-1G, HIV-1TM, HIV-1MM, HIV-1JSL, HIV-1SS, HIV-1ES,
HIV-1EV, and HIV-113–52), which were originally isolated from patients
with AIDS who were enrolled in an open-labeled clinical study of ampre-
navir (APV) and abacavir (ABC) at the Clinical Center, National Insti-
tutes of Health, were randomly chosen from the enrollees, who had failed
APV-plus-ABC therapy (27, 28) or a phase I/II study of tenofovir diso-
proxil fumarate (29). Such patients had failed existing anti-HIV-1 regi-
mens after receiving 7 to 11 anti-HIV-1 drugs over the previous 24 to 83

months in late 1990s. The clinical strains used in the present study con-
tained 8 to 16 amino acid substitutions in the protease-encoding region
(see Fig. S1 in the supplemental material), which have reportedly been
associated with HIV-1 resistance to various PIs and have been genotypi-
cally and phenotypically characterized as multiprotease inhibitor (multi-
PI)-resistant HIV-1 (30). Seven recombinant clinical HIV-1 isolates
(

rCL
HIV-1F16, rCLHIV-1F39, rCLHIV-1V42, rCLHIV-1V44, rCLHIV-1T45,

rCLHIV-1T48, and rCLHIV-1F71) were kindly provided by Robert Shafer of
Stanford University and were produced using recombinant HIVNL4-3-
based infectious molecular clones generated by ligating patient-derived
amplicons encompassing approximately 200 nucleotides of Gag (begin-
ning at the unique ApaI restriction site), the entire protease, and the first
72 nucleotides of reverse transcriptase using the expression vector pN-
LPFB (a generous gift from Tomozumi Imamichi of the National Institute
of Allergy and Infectious Diseases). The recombinant clinical HIV-1 iso-
lates were chosen from 32 isolates that had been obtained from multi-PI-
treated patients whose protease genotype contained prototypical patterns
of PI resistance. The median duration of continuous PI treatment was 7.5
years (range, 6 to 10 years). The median number of PIs such patients
received was 5 (range, 4 to 8 [excluding the use of ritonavir for pharma-
cokinetic boosting]).

Antiviral agents. The nonpeptidic PIs GRL-015, -085, and -097 (Fig.
1) (molecular weights of 592.7, 622.7, and 606.7, respectively), which
contain tetrahydropyrano-tetrahydrofuran (Tp-THF) with a hydroxyl
moiety at the C-5 position, were synthesized. The method of synthesis of
GRL-015, -085, and -097 will be published elsewhere by A. K. Ghosh et al.
The structure of GRL-012 synthesized in this study is the same as that of
TMC-310911 (31). DRV was synthesized as described previously (32).
Saquinavir (SQV) was 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 GlaxoSmith-
Kline (Research Triangle Park, NC). Lopinavir (LPV) were kindly pro-
vided by Japan Energy Inc., Tokyo, Japan. Atazanavir (ATV) was a kind
gift from Bristol Myers Squibb (New York, NY). Tipranavir (TPV) was
obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, National Institutes of Health. Azidothymidine
(AZT) and dolutegravir (DTG) were purchased from US Biological
(Swampscott, MA). Lamivudine (3TC) was purchased from Sigma-Al-
drich (St. Louis, MO). Tenofovir disoproxil fumarate (TDF) was pur-
chased from BioVision (Milpitas, CA).

Drug susceptibility assay. The susceptibility of HIV-1LAI to various
drugs was determined as previously described (28), with minor modifica-
tions. Briefly, MT-2 cells (2 � 104/ml) were exposed to 100 50% tissue
culture infective doses (TCID50s) of HIV-1LAI or HIV-2ROD in the pres-
ence or absence of various concentrations of drugs in 96-well microtiter
culture plates, followed by incubation at 37°C for 7 days. After 100 �l of
the culture medium was removed from each well, 3-(4,5-dimetylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (10 �l; 7.5
mg/ml in phosphate-buffered saline) was added to each well, followed by
incubation at 37°C for 3 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 by
using a kinetic microplate reader (VMax; Molecular Devices, Sunnyvale,
CA). All assays were performed in duplicate. To determine the drug sus-
ceptibility of infectious molecular HIV-1 clones (including HIV-1NL4-3)
and each PI-selected HIV-1 variant, MT-4 cells were used as target cells.
MT-4 cells (105/ml) were exposed to 50 TCID50s of infectious molecular
HIV-1 clones and PI-selected HIV-1 variants in the presence or absence of
various concentrations of drugs and were incubated at 37°C. On day 7 of
culture, the supernatant was harvested and the amount of p24 Gag protein
was determined by using a fully automated chemiluminescent enzyme
immunoassay system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (30).
The drug concentrations that suppressed the production of p24 Gag pro-
tein by 50% (50% effective concentration [EC50]) were determined by
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comparison with the level of p24 production in drug-free control cell
cultures. All assays were performed in triplicate.

In vitro generation of highly GRL-015-, -085-, and -097-resistant
HIV-1 variants. Variants resistant to GRL-015, -085, and -097 were gen-
erated as previously described (21, 30, 33). Briefly, 30 TCID50s of each of
11 highly multi-PI-resistant HIV-1 isolates (HIV-1A, HIV-1B, HIV-1C,
HIV-1G, HIV-1TM, HIV-1MM, HIV-1JSL, HIV-1SS, HIV-1ES, HIV-1EV,
and HIV-113–52) were mixed and propagated in a mixture of an equal
number of PHA-stimulated peripheral blood mononuclear cells (PBMCs)
(5 � 105) and MT-4 cells (5 � 105), in an attempt to adapt the mixed viral
population for replication in MT-4 cells. The cell-free supernatant was
harvested on day 7 of coculture (PHA-PBMCs and MT-4 cells), and the
supernatant obtained was designated HIV-111MIX. On the first passage,
MT-4 cells (5 � 105) were exposed to HIV-111MIX or 500 TCID50s of
HIV-1NL4-3, rCLHIV-1T48, or HIV-1DRVRP30 and cultured in the presence
of each compound at an initial concentration equivalent to the EC50. On
the last day of each passage (weeks 1 to 3), 1.5 ml of the cell-free superna-
tant was harvested and transferred to a culture of fresh uninfected MT-4
cells in the presence of increased concentrations of the drug for the fol-
lowing round of culture. In this round of culture, three drug concentra-
tions (1-, 2-, and 3-fold higher than the previous concentration) were
employed. When the replication of HIV-1 in the culture was confirmed by
substantial p24 Gag protein production (greater than 200 ng/ml), the
highest drug concentration among the three concentrations was used to
continue the selection (for the next round of culture). This protocol was
repeated until the drug concentration reached the targeted concentration.
Proviral DNA samples obtained from the lysates of infected cells at se-
lected passages were subjected to nucleotide sequencing.

Determination of nucleotide sequences. Molecular cloning and de-
termination of the nucleotide sequences of HIV-1 strains passaged in the
presence of each compound were performed as previously described (33).
In brief, high-molecular-weight DNA was extracted from HIV-1-infected
MT-4 cells by using the InstaGene matrix (Bio-Rad Laboratories, Hercu-
les, CA) and was subjected to molecular cloning, followed by nucleotide
sequence determination. The primers used for the first round of PCR with

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 1 �l of proviral DNA solution, 10 �l of Premix Taq
(Ex Taq version; TaKaRa Bio Inc., Otsu, Japan), and 10 pmol of each of the
first PCR primers in a total volume of 20 �l. The PCR conditions used
were an initial 3 min at 95°C, followed by 30 cycles of 40 s at 95°C, 20 s at
55°C, and 2 min at 72°C, with a final 10 min of 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 PCR conditions of an initial 3 min at 95°C, followed by 30 cycles
of 30 s at 95°C, 20 s at 55°C, and 2 min at 72°C, with a final 10 min of
extension at 72°C. The second-round PCR products were purified using
spin columns (MicroSpin S-400 HR columns; Amersham Biosciences
Corp., Piscataway, NJ), cloned directly, and subjected to sequencing using
a model 3130 automated DNA sequencer (Applied Biosystems, Foster
City, CA).

Protein preparation and crystallization. Protein preparation and
crystallization were carried out as previously described (20). Briefly, the
wild-type (D25N) HIV-1 protease (WTPRD25N) expression vector was
transformed to the Rosetta(DE3)(pLysS) strain (Novagen) by heat shock
transformation. The culture was grown in a shake flask containing 30 ml
of Luria broth plus kanamycin and chloramphenicol at 37°C overnight.
The Luria broth culture was grown in flasks to an optical density of 0.5 at
600 nm at 37°C, and expression was induced by addition of 1 mM isopro-
pyl �-D-thiogalactopyranoside for 3 h. After examination, the culture was
spun down for pellet collection, and the pellets were stored at �80°C until
use. For purification of WTPRD25N, each pellet was resuspended in buffer
A (20 mM Tris, 1 mM EDTA, and 1 mM dithiothreitol [DTT]) and lysed
by sonication. The cell lysates were separated into a supernatant fraction
and inclusion body fraction by centrifugation. WTPRD25N was confirmed
to be present in the inclusion body fraction, which was washed five times
with buffer A containing 2 M urea and then was washed with buffer A
without urea. The twice-washed pellet was solubilized with 50 mM formic

FIG 1 Structures of GRL-015, -085, and -097. The structures of compounds used in this study, containing Tp-THF (A) or bis-THF (B) at the P2 site, are shown.
The structure of GRL-012 (C) is also shown.
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acid (pH 2.8). WTPRD25N was unfolded in pH 2.8 (34). The unfolded PR
was refolded with the addition of a neutralizing buffer (100 mM ammo-
nium acetate [pH 6.0], 0.005% Tween 20), shifting the final pH from 5.0
to 5.2. WTPRD25N was buffer exchanged and concentrated to 2 mg/ml in 10
mM ammonium acetate (pH 5.0) and 0.005% Tween 20 using Amicon
Ultra-15 10K centrifugal filter units (Millipore). WTPRD25N was crystal-
lized with a 5-fold molar excess of drugs using the hanging-drop vapor
diffusion method. Equal volumes of WTPRD25N-drug complex and well
solution were mixed to a final volume of 4 �l per drop. WTPRD25N–GRL-
0476 complexes were crystalized in 0.6 M sodium/potassium phosphate
(pH 6.5). WTPRD25N–GRL-097 complexes were crystalized in 0.1 M so-
dium dihydrogen phosphate (pH 6.5), 12% (wt/vol) polyethylene glycol.

WTPRD25N–GRL-015 complexes were crystalized in 0.6 M sodium/potas-
sium phosphate (pH 6.3). WTPRD25N–GRL-085 complexes were crystal-
ized in 0.6 M sodium/potassium phosphate (pH 6.1). Crystals of

WTPRD25N-drug complex were flash-frozen with liquid nitrogen after im-
mersing the crystal into a cryoprotective solution containing well solution
plus glycerol.

X-ray diffraction data collection and processing. X-ray diffraction
data were collected at the beamlines BL44XU (BeamLine 44 X-ray Undu-
lator, insertion device) and BL41XU (BeamLine 41 X-ray Undulator, in-
sertion device) equipped with Rayonix MX225HE-CCD detectors at the
SPring-8 (Super Photon ring, 8 GeV [the power output of the ring]),
Japan. Data for WTPRD25N–GRL-0476, WTPRD25N–GRL-015, and

WTPRD25N–GRL-085 complexes were collected at BL44XU (source wave-
length, 0.9 Å) with a frame width of 1.00° and a 1-s exposure per frame.
The crystal-to-detector distances for WTPRD25N–GRL-0476, WTPRD25N–
GRL-015, and WTPRD25N–GRL-085 complexes were 189 mm, 175 mm,
and 189 mm, respectively. Data for the WTPRD25N–GRL-097 complex
were collected at a BL41XU (source wavelength, 1.0 Å) with a frame width
of 1.00° and a 1-s exposure per frame. The crystal-to-detector distance for
the WTPRD25N–GRL-097 complex was 175 mm. Diffraction data were
processed and scaled using HKL2000 (35). X-ray diffraction data process-
ing details are given in Table S1 in the supplemental material.

Structure solutions and refinement. Structure solutions were ob-
tained using the molecular replacement (MR) method as described pre-
viously (36, 37). Briefly, MR was performed using MOLREP (38) through
the CCP4 (39, 40) interface with WTPR taken from PDB ID 4HLA as a
search model. Structure solutions were directly refined using REFMAC5
(41) through the CCP4 interface. The initial coordinates for GRL-0476,
GRL-015, GRL-085, and GRL-097 were prepared by modifying the struc-
ture of TMC-126 taken from the crystal structure, PDB ID 2I4U. The PIs
were fitted into the electron density using the automated refinement and
weighted automated refinement procedures (ARP/wARP) through the
CCP4 interface (42, 43). Initial refinement libraries for GRL-0476, GRL-
015, GRL-085, and GRL-097 were obtained from REFMAC. Solvent mol-
ecules were built using ARP/wARP solvent building module through the
CCP4 interface. After water molecules had been built, the final models
were refined using the simulated annealing method from phenix.refine
(PHENIX, version 1.9-1692) (44) on the NIH-Biowulf Linux cluster. The
root mean square deviation in bond lengths and bond angles of ligands
was significantly improved by employing geometry-optimized libraries
using the semiempirical quantum mechanical method of refinement, eL-
BOW-AM1 (45), during refinement in phenix.refine. Details of the refine-
ment statistics are given in Table S2 in the supplemental material.

Structural analysis. The final refined structures were used for struc-
tural analysis. Hydrogen bonds were calculated by using cutoff values for
distance (the maximum distance between the donor and acceptor heavy
atoms is 3.0 Å) and angles (minimum donor, 90°; minimum acceptor,
60°). Hydrogen bonds with a distance of �3.0 Å were considered weak
interactions. Hydrophobic contacts were calculated between two carbon
atoms (one from PI and one from WTPRD25N) with a maximum 4-Å
distance cutoff.

Generation of FRET-based HIV-1 expression system. The intermo-
lecular fluorescence resonance energy transfer (FRET)-based HIV-1-ex-

pression assay employing cyan and yellow fluorescent protein-tagged pro-
tease monomers (CFP and YFP, respectively) was carried out as
previously described (18). In brief, CFP- and YFP-tagged HIV-1 protease
constructs were generated using BD Creator DNA cloning kits (BD Bio-
sciences, San Jose, CA). For the generation of full-length molecular infec-
tious clones containing CFP- or YFP-tagged protease, the PCR-mediated
recombination method was used (46). A linker consisting of five alanines
was inserted between protease and fluorescent proteins. The phenylala-
nine-proline site that HIV-1 protease cleaves was also introduced between
the fluorescent protein and reverse transcriptase. Thus, the DNA frag-
ments obtained were subsequently joined by using the PCR-mediated
recombination reaction performed under the standard condition for Ex-
Taq polymerase (TaKaRa Bio Inc., Otsu, Japan). The amplified PCR prod-
ucts were cloned into pCR-XL-TOPO vector according to the manufac-
turer’s instructions (Gateway cloning system; Invitrogen, Carlsbad, CA).
PCR products were generated with pCR-XL-TOPO vector as the tem-
plate, followed by digestion by both ApaI and XmaI, and the ApaI-XmaI
fragment was introduced into pHIV-1NLSma, generating pHIV-PRWT

CFP

and pHIV-PRWT
YFP.

FRET procedure. COS7 cells plated on EZ View cover, glass-bottom
culture plates (Iwaki, Tokyo) were transfected with pHIV-PRWT

CFP and
pHIV-PRWT

YFP using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions in the presence of various con-
centrations of each compound, cultured for 72 h, and analyzed under a
Fluoview FV500 confocal laser scanning microscope (Olympus Optical
Corp., Tokyo, Japan) at room temperature as previously described (18).
When the effect of each compound was analyzed with FRET, test com-
pounds were added to the culture medium simultaneously with plasmid
transfection. Results of FRET were determined by quenching of CFP (do-
nor) fluorescence and an increase in YFP (acceptor) fluorescence (sensi-
tized emission), since a part of the energy of CFP is transferred to YFP
instead of being emitted. The changes in the CFP and YFP fluorescence
intensity in the images of selected regions were examined and quantified
using Olympus FV500 Image software system (Olympus Optical Corp.).
Background values were obtained from the regions where no cells were
present and were subtracted from the values for the cells examined in all
calculations. Ratios of intensities of CFP fluorescence after photobleach-
ing to CFP fluorescence prior to photobleaching (CFPA/B ratios [18]) were
determined. It is well established that CFPA/B ratios greater than 1.0 indi-
cate that association of CFP- and YFP-tagged proteins occurred, and it
was inferred that the dimerization of protease subunits occurred. A
CFPA/B ratio less than 1 indicated that the association of the two subunits
did not occur, and it was inferred that protease dimerization was inhibited
(18).

Protein structure accession numbers. The final refined coordinates
for the crystal structures of WTPRD25N–GRL-0476, WTPRD25N–GRL-015,

WTPRD25N–GRL-085, and WTPRD25N–GRL-097 complexes were depos-
ited in the worldwide Protein Data Bank (wwPDB) under accession IDs
5COK, 5CON, 5COO and 5COP, respectively.

RESULTS
GRL-015, -085, and -097 exert potent activity against wild-type
HIV-1LAI and HIV-2ROD. We designed, synthesized, and identi-
fied three novel protease inhibitors (PIs), GRL-015, -085, and
-097, which exert potent anti-HIV activity against various HIV-1
strains. These three PIs have in common a tetrahydropyrano-tet-
rahydrofuran (Tp-THF) moiety with a hydroxyl at the C-5 posi-
tion of the Tp-THF (Fig. 1A). In addition, GRL-085 and -097 carry
a methoxy moiety in their P1 benzene ring. Of note, DRV does not
contain a hydroxyl in its bis-THF moiety at the P2 site or a me-
thoxy in its P1 benzene ring (Fig. 1B). Also, GRL-015 and -085
have a methoxybenzene moiety at their P2= site, while GRL-097
and DRV contain an aminobenzene at the P2= site.

As shown in Table 1, all three PIs (GRL-015, GRL-085, and
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GRL-097) showed potent antiviral activity against wild-type HIV-
1LAI, with EC50s of 3.2 � 1.5, 3.0 � 1.3, and 49 � 21 nM, and
against HIV-2ROD, with EC50s of 1.6 � 0.6, 2.4 � 0.6, and 42 � 19
nM, respectively, as examined in the MTT assay using CD4�

MT-2 cells as target cells. Notably, the 3 PIs were more potent than
four FDA-approved PIs—APV, LPV, ATV, and TPV—and as po-
tent as DRV (Table 1). Moreover, all three PIs had favorable cyto-
toxicity profiles. GRL-015 had a CC50 of 80 �M, and GRL-085 and
-097 had CC50s of �100 �M (Table 1), giving selectivity index (SI)
values of 25,000, �33,333, and �2,040, respectively (Table 1). On
the other hand, GRL-012, whose structure is equivalent to that of
TMC310911 (31) (Fig. 1C), was potent against HIV-1LAI and
HIV-2ROD but turned out to be more toxic to the cells, with an SI
value of 1,636 (Table 1).

GRL-015, -085, and -097 exert potent antiviral activity
against various in vitro PI-selected HIV-1 variants and multi-
drug-resistant clinical HIV-1 isolates. We next examined
whether GRL-015, -085, and -097 were active against a variety of
HIV-1 variants that had been selected in vitro with each of six
FDA-approved PIs: APV, LPV, ATV, SQV, TPV, and DRV (Table
2). Each HIV-1 variant was selected in vitro by increasing concen-
trations of each PI and propagating a wild-type HIV-1NL4-3 for
APV, LPV, ATV, and SQV (21, 33) and a mixture of eight or 11
highly multiple-PI-resistant HIV-1 variants for TPV and DRV
(21, 30). Those variants were confirmed to have acquired multiple
amino acid substitutions in their protease region, which have re-
portedly been associated with viral resistance to PIs (Table 2,
footnote b). Each of the PI-selected variants (HIV-1APV-5�M, HIV-
1LPV-5�M, HIV-1ATV-5�M, HIV-1DRVRP30, HIV-1DRVRP40, and HIV-
1DRVRP51) was highly resistant to the corresponding PI, which the
variant was selected against, and the differences in the EC50s rela-
tive to the EC50 of each drug against HIV-1NL4-3 ranged from �41-
to 1,022-fold (Table 2). Both HIV-1SQV-5�M and HIV-1TPV-15�M

were also significantly resistant to the FDA-approved PIs exam-
ined in the present study (Table 2). Although the three nucleoside/
nucleotide reverse transcriptase inhibitors (NRTIs) (AZT, 3TC,
and TDF) were active against HIV-1NL4-3, they had greatly re-
duced activity for HIV-1DRVRP30 and HIV-1DRVRP51, since both
HIV-1DRVRP30 and HIV-1DRVRp51P were derived from a mixed
population of clinical HIV-1 strains isolated from heavily NRTI-

TABLE 1 Antiviral activity of GRL-015, -085, and -097 against
HIV-1LAI and HIV-2ROD and their cytotoxicities in vitroa

Drug

Mean EC50 (�M) � SD
CC50

(�M)b

Selectivity
indexcHIV-1LAI HIV-2ROD

APV 35 � 12 180 � 30 �100 �2,857
LPV 18 � 8 16 � 5 28 1,555
ATV 4.8 � 2.3 14 � 6 29 6,041
TPV 330 � 30 1,300 � 200 57 172
DRV 2.8 � 10 3.7 � 1.6 90 32,142
GRL-012 2.2 � 0.1 1.6 � 0.8 3.6 1,636
GRL-015 3.2 � 1.5 1.6 � 0.6 80 25,000
GRL-085 3.0 � 1.3 2.4 � 0.6 �100 �33,333
GRL-097 49 � 21 42 � 19 �100 �2,040
a All assays were conducted in duplicate, and the data are means � 1 standard
deviation, derived from the results of three independent experiments.
b The concentration required to reduce the number of the cells by 50% compared to
that of drug-unexposed controls.
c Ratio of CC50 to EC50 against HIV-1LAI.
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experienced AIDS patients. As expected, an integrase inhibitor,
DTG, showed highly potent activity against HIV-1NL4-3, HIV-
1DRVRP30, and HIV-1DRVRp51P, since none of such patients had re-
ceived DTG. However, all four novel PIs (GRL-012, -015, -085,
and -097) were active against all the five in vitro-selected HIV-1
variants except DRV-selected resistant viruses, with differences in
EC50s ranging from 0.4- to 11-fold (Table 2). It was noted that
GRL-012 and -015 had less activity against the two in vitro DRV-
selected variants (HIV-1DRVRP40 and HIV-1DRVRP51), with the dif-
ferences in EC50s ranging from 30- to 69-fold. However, GRL-085
and -097 remained substantially active against HIV-1DRVRP40 and
HIV-1DRVRP51, with the differences in EC50s ranging from only 6-
to 13-fold (Table 2).

We also determined the activities of GRL-012, -015, -085, and
-097 against seven recombinant clinical HIV-1 isolates (rCLHIV-
1F16, rCLHIV-1F39, rCLHIV-1V42, rCLHIV-1V44, rCLHIV-1T45,

rCLHIV-1T48, and rCLHIV-1F71), which contained 16 to 23 PI resis-
tance-associated amino acid substitutions in their protease re-
gions (Table 3, footnote a). The changes in the EC50s of APV and
LPV against the rCLHIV-1 isolates were mostly �41-fold and �83-
fold, respectively, and the activities of other two PIs, ATV and
DRV, had also been significantly compromised, with changes of
EC50s of 62- to 249-fold (Table 3). However, GRL-015, -085, and
-097 still remained active against all of the multidrug-resistant
HIV-1 variants examined, and the changes were as low as 0.7- to
10-fold (Table 3).

The C-5 hydroxyl moiety of Tp-THF is critical for the potent
antiviral activity of GRL-015, -085, and -097 against multi-PI-
resistant HIV-1 variants. In order to examine the potent activity
of GRL-015, -085, and -097 against multidrug-resistant HIV-1
variants, we employed a compound, GRL-0476, which has a struc-
ture identical to that of GRL-015 but lacks the hydroxyl moiety at
the C-5 position in its Tp-THF (Fig. 1A). Interestingly, the anti-
viral activities of GRL-0476 against HIV-1DRVRP20 and HIV-
1DRVRP30 were significantly reduced, with changes of 64-fold and
98-fold, respectively (Table 4). Moreover, two PIs (GRL-034 and
-087) carrying bis-THF with a hydroxyl moiety at the C-4 position
(Fig. 1B), also potently inhibited the replication of HIV-1DRVRP20

and HIV-1DRVRP30, with changes ranging from 0.7- to 1.1-fold,
although DRV and TMC126, lacking a C-4 hydroxyl in their bis-
THF, had less activity against the two variants (Fig. 1B and Table
4), strongly suggesting that the presence of the hydroxyl moiety at
C-5 in Tp-THF and C4 in bis-THF is critical for inhibiting the
replication of multidrug-resistant HIV-1 variants.

The C-5 hydroxyl moiety in Tp-THF forms a hydrogen bond
with the backbone carbonyl oxygen atom of Gly48. The X-ray
crystal structures of wild-type (D25N) HIV-1 protease in complex
with GRL-0476, -015, -085, and -097 were solved in the space
group P61 with one protease dimer per asymmetric unit (Fig. 2
and 3). The Tp-THF moiety of all four inhibitors showed strong H
bonds, with the polar hydrogen atoms associated with the back-
bone amide nitrogen atoms of D29 and D30 in a fashion similar to

TABLE 3 Antiviral activity of GRL-015, -085, and -097 against recombinant multidrug-resistant infectious HIV-1 clonesa

Virus

Mean EC50 (nM)

GRL-015 GRL-085 GRL-097 GRL-012 APV LPV ATV DRV

HIV-1NL4-3 3.3 � 0.4 3.2 � 0.3 46 � 21 3.2 � 0.3 25 � 2 12 � 1 2.6 � 0.6 2.8 � 0.4

rCLHIV-1F16 16 � 8 (4.8) 12 � 9 (3.9) 34 � 2 (0.7) 29 � 17 (9.2) �1,000 (�41) �1,000 (�83) 180 � 18 (69) 308 � 84 (111)

rCLHIV-1F39 16 � 7 (4.8) 4.0 � 0.5 (1.2) 32 � 9 (0.7) 13 � 4 (4.2) �1,000 (�41) �1,000 (�83) 270 � 3 0 (105) 323 � 62 (116)

rCLHIV-1V42 19 � 8 (5.7) 3.7 � 0.4 (1.2) 320 � 20 (7.0) 32 � 2 (10) �1,000 (�41) �1,000 (�83) 270 � 20 (105) 305 � 20 (110)

rCLHIV-1T44 29 � 6 (8.8) 29 � 4 (9.0) 340 � 40 (7.3) 140 � 40 (44) 350 � 30 (14) �1,000 (�83) 650 � 110 (249) 210 � 90 (75)

rCLHIV-1M45 33 � 8 (10) 32 � 8 (10) 280 � 60 (6.0) 32 � 7 (10) �1,000 (�41) �1,000 (�83) 520 � 19 (200) 327 � 71 (117)

rCLHIV-1T48 6.7 � 4.3 (2.0) 3.6 � 0.5 (1.1) 28 � 1 (0.6) 2.0 � 0.8 (0.6) �1,000 (�41) �1,000 (�83) 440 � 20 (169) 170 � 10 (62)

rCLHIV-1F71 12 � 14 (3.6) 16 � 11 (4.9) 40 � 4 (0.9) 17 � 3 (5.3) �1,000 (�41) �1,000 (�83) 530 � 20 (204) 300 � 120 (109)
a The amino acid substitutions identified in protease of rCLHIV-1F16, rCLHIV-1F39, rCLHIV-1V42, rCLHIV-1T44, rCLHIV-1M45, rCLHIV-1T48, and rCLHIV-1F71 compared to the wild-
type HIV-1NL4-3 include L10F/V11I/I13V/L19Q/K20M/V32I/L33V/E35A/M36I/M46I/I47V/I54M/R57K/I62V/L63P/I64V/G73T/T74A/I84V/L89V/L90M, L10V/V11I/I13V/K14R/
I15V/K20T/V32I/L33F/M36I/R41K/M46L/I54L/R57K/D60E/L63P/G68E/K70T/A71I/I72M/G73S/I84V/L89V/L90M/I93I, L10V/T12V/I13V/I15V/K20M/V32I/L33F/
K43T/M46I/I47V/I54M/D60E/Q61N/I62V/L63P/C67Y/H69K/A71I/I72LG73S/V77I/V82A/L89V/L90M, L10F/I13V/G16A/L19V/L33F/E34Q/K43I/M46L/G51A/I54M/L63P/I64M/
A71V/I72M/G73A/I84V/L90M, L10F/V11I/T12P/I13V/I15V/L19P/K20T/V32I/L33F/E35G/M36I/I54V/I62V/L63P/K70T/A71V/G73S/P79A/I84VL89V//L90M, L10I/I13V/I15V/
L19V/L24I/V32I/L33F/K43E/M46L/I54L/D60E/L63P/A71V/I72V/V82A/I84V, and L10I/V11I/T12K/I13V/K20V/V32I/L33F/E35G/M36I/N37D/M46L/I47V/I54M/R57K/Q58E/
L63P/I64V/I66V/A71V/G73S/I84V/L89M/L90M, respectively. Numbers in parentheses are fold changes in IC50s for each isolate compared to the EC50s for wild-type HIV-1NL4-3. All assays
were conducted in triplicate, and the data are means � 1 standard deviation derived from the results of three independent experiments.

TABLE 4 Antiviral activity of compounds with or without the OH moiety at C-5 of Tp-THF or C-4 of bis-THF against DRV-resistant HIV-1
variantsa

Virus

Mean EC50 (nM)

Tp-THF bis-THF

GRL-0476 GRL-015 DRV TMC126 GRL-034 GRL-087

HIV-1NL4-3 4.3 � 1.3 3.3 � 0.4 2.8 � 0.4 0.27 � 0.06 260 � 70 27 � 4
HIV-1DRVRP20 270 � 120 (64) 3.3 � 0.3 (1.0) 36 � 1 (13) 19 � 5 (70) 269 � 7 (1.1) 30 � 2 (1.1)
HIV-1DRVRP30 420 � 60 (98) 16 � 3 (4.7) 222 � 31 (80) 176 � 62 (645) 197 � 37 (0.8) 20 � 3 (0.7)
a The amino acid substitutions identified in protease of HIV-1DRVRP20 compared to the wild-type HIV-1NL4-3 include L10I/I15V/K20R/L24I/V32I/M36I/M46L/L63P/A71T/
V82A/L89M. Numbers in parentheses are fold changes in EC50s for each isolate compared to the EC50s for wild-type HIV-1NL4-3. All assays to determine the EC50s were conducted
in duplicate or triplicate, and the data are means � 1 standard deviation derived from the results of three independent assays.
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that of the bis-THF moiety of DRV (37) (PDB ID 4HLA) (Fig. 2).
The average distance between the oxygen atom of the tetrahydro-
pyran ring from the inhibitors’ Tp-THF moiety and the polar
hydrogen atom associated with the backbone amide nitrogen
atom of D30 was found to be 2.2 Å, while the distance between the
oxygen atom of the furan ring from the inhibitors’ Tp-THF moi-
ety and the polar hydrogen atom associated with the backbone
amide nitrogen atom of D29 was found to be 1.8 Å. Additionally,
the C-5 hydroxyl group from the Tp-THF moiety of GRL-015,
-085, and -097 showed one strong H bond with the carbonyl ox-
ygen atom of G48, in the corresponding crystal structures, with an
average interatomic distance of 2.5 Å. The crystal structure of

GRL-097 with protease shows an additional water molecule which
is stabilized by a polar contact from the hydroxyl group attached
to the C-5 atom of the Tp-THF moiety (Fig. 2D). In the case of
GRL-0476, the hydrogen atom associated with the C-5 atom
of Tp-THF was found to be 2.7 Å from the carbonyl oxygen atom
of G48 (Fig. 2A). Similarly, the hydrogen atom attached to the C-5
atom of bis-THF (the P2-moiety of DRV; PDB ID 4HLA) was
found to be 2.5 Å from the carbonyl oxygen atom of G48. The P2=
moieties (methoxybenzene) of GRL-0476, -015, and -085 show
one strong H bond each with the polar hydrogen atom associated
with the backbone amide nitrogen atom of D30=, with an average
interatomic distance of 2.9 Å. In the case of GRL-097, the P2=

FIG 2 X-ray crystal structures of HIV-1 protease complexed with GRL-0476, -015, -085, or -097. The profiles of polar contacts made by GRL-0476 (A), -015 (B),
-085 (C), and -097 (D) with WTPRD25N are shown. In each structure, the inhibitor is bound in two alternate orientations with average occupancies of 0.49 and
0.51. In order to analyze the hydrogen bonds (H bonds), hydrogen atoms were added and their orientations were optimized sampling the crystallographic water
molecules through the protein preparation wizard in Maestro (v9.0 Schrodinger LLC.). In each panel, the carbon atoms for the protease inhibitors are in white,
while the carbon atoms of WTPRD25N are in green. Nitrogen, oxygen, and sulfur atoms are in blue, red, and yellow, respectively. Crystallographic water molecules
are shown as red spheres.

FIG 3 The P1 methoxybenzene moiety of GRL-085 shows improved nonbonded interactions. The P1 phenyl moiety of GRL-015 (A) and P1 methoxybenzene
moiety of GRL-085 (B) are shown (thick-stick representation). In both panels, the carbon atoms of the PIs are in light blue, hydrogens are in white, and oxygen
is in red. The carbon atoms of the corresponding protease amino acid residues (thin-stick representation) are in green, nitrogen atoms are in blue, oxygen atoms
are in red, and hydrogen atoms are in white.
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aniline moiety showed a strong H bond with the 
-oxygen atom
from the side chain of D30=, with an interatomic distance of 2.1 Å,
while the P2= aniline moiety of DRV was found to be at an average
distance of 2.5 Å from either the backbone carbonyl oxygen atom
of D30= or the 
-oxygen atom from the side chain of D30=. All four
inhibitors showed a strong H bond with the backbone carbonyl
oxygen atom of G27, with an average interatomic distance of 2.5
Å, while in the case of DRV, this distance was found to be 2.3 Å. At
least one H bond each with the side chains of N25 and N25= was
seen for all four inhibitors originating from the transition state
mimic hydroxyl group, as was seen in the case of DRV. A con-
served crystallographic water molecule was seen in all four crystal
structures, with bridging H bonds between each inhibitor and the
backbone amide nitrogen atoms of I50 and I50=. The methoxy
group at the P1 site of GRL-085 has improved nonbonded inter-
actions with G48, P81, and V82 (Fig. 3).

GRL-015, -085, and -097 disrupt the dimerization of HIV-1
protease. We previously reported that DRV effectively disrupts
the dimerization of HIV-1 protease monomer subunits, as deter-
mined by the FRET-based HIV-1 expression assay (18, 19). We
therefore sought to determine whether GRL-015, -085, and -097
exerted protease dimerization inhibition activity. In the absence of
drug, the mean CFPA/B ratio obtained was 1.11, indicating that
protease dimerization clearly occurred (Fig. 4). However, the ratio
decreased to 0.83 in the presence of 0.1 �M DRV, indicating that
DRV blocked the dimerization of the protease subunit (Fig. 4). In
the presence of 0.1 �M GRL-015, -085, and -097, the mean CFPA/B

ratios were 1.22, 1.18, and 1.13, respectively, showing that these
PIs failed to block the protease dimerization. However, the mean
CFPA/B ratios obtained in the presence of 1 and 10 �M GRL-015,
-085, and -097 were all less than 1.0, indicating that these three PIs
blocked dimerization (Fig. 4). Of note, GRL-012, on the other
hand, was not capable of inhibiting protease dimerization even at
concentrations up to 10 �M (Fig. 4).

Failure of in vitro selection of HIV-1 variants resistant to
GRL-015, -085, and -097 using HIV-1NL4-3 as a starting HIV-1
population. We attempted to select HIV-1 variants resistant to
GRL-015, -085, and -097 by propagating HIV-1NL4-3 in MT-4 cells
in the presence of increasing concentrations of each PI (Fig. 5A).
When selected in the presence of APV, the virus quickly became
resistant to the drug and started replicating in the presence of 5
�M by 20 weeks (HIVNL4-3

APV-WK20) (Fig. 5A). The protease-en-
coding region of the virus obtained from the culture concluding at
week 20 contained seven amino acid substitutions, which were
thought to be associated with the acquisition of HIV-1 resistance
against APV (Fig. 6A). However, the development of DRV-resis-
tant HIV-1 variants was significantly delayed, and the concentra-
tion of DRV that allowed the virus to replicate was as low as 0.07
�M by 50 weeks. HIVNL4-3

DRV-WK50 had accumulated only two
amino acid substitutions, K45I and V82I, in the protease-encod-
ing region (Fig. 5A and 6A). Of note, HIV-1NL4-3 failed to propa-
gate in the presence of more than 0.05 �M GRL-015, �0.07 �M
GRL-085, and �0.55 �M GRL-097 until 50 weeks of selection, as
has been seen in the case of DRV (21) (Fig. 5A).

In vitro selection of HIV-1 variants resistant to GRL-015,
-085, and -097 using HIV-111MIX, HIV-1DRVRP30, and rCLHIV-
1T48 as a starting HIV-1 population. We previously reported that
the use of a mixture of 8 or 11 mult-PI-resistant clinical HIV-1
isolates, HIV-18MIX or HIV-111MIX, as a starting HIV-1 population
makes it possible to rapidly obtain highly DRV- or TPV-resistant
HIV-1 variants (21, 30). We therefore employed HIV-111MIX to
possibly obtain resistant HIV-1 variants against GRL-015, -085,
and -097 (Fig. 5B). The concentrations of DRV and GRL-015 that
allowed HIV-111MIX to propagate reached 2 and 4 �M by 50 and
48 weeks of selection, respectively (Fig. 5B). In HIV11MIX

DRV-WK50

and HIV11MIX
015-WK48, HIVB and HIVEV, which constituted a part

of HIV11MIX, were found to have apparently dominated at the
conclusion of 50 and 48 weeks of selection, respectively (Fig. 6B).

FIG 4 Inhibition of HIV-1 protease dimerization. COS7 cells were exposed to each of the agents (GRL-015, -085, -097, and -012 and DRV) at various
concentrations (0.01, 0.1, 1, and 10 �M) and subsequently cotransfected with plasmids encoding full-length molecular infectious HIV-1 (HIVNL4-3) clones,
producing CFP- or YFP-tagged protease. After 72 h, cultured cells were examined in the FRET-based HIV-1 expression assay, and the CFPA/B ratios (y axis) were
determined. The mean values of the ratios obtained are shown as horizontal bars. A CFPA/B ratio greater than 1 signifies that protease dimerization occurred,
whereas a ratio less than 1 signifies the disruption of protease dimerization. All the experiments were conducted in a blinded fashion. Statistical differences were
as follows: for the CFPA/B ratios in the absence of drug (CFPA/B

No Drug) versus the CFPA/B ratios in the presence of 0.01 �M DRV (CFPA/B
0.01 DRV), P � 0.5846;

for CFPA/B
No Drug versus CFPA/B

0.1 DRV, P � 0.0002; for CFPA/B
No Drug versus CFPA/B

0.1 GRL-015, P � 0.1784; for CFPA/B
No Drug versus CFPA/B

1 GRL-015, P � 0.0021;
for CFPA/B

No Drug versus CFPA/B
0.1 GRL-085, P � 0.2006; for CFPA/B

No Drug versus CFPA/B
1 GRL-085, P � 0.0033; for CFPA/B

No Drug versus CFPA/B
0.1 GRL-097,

P � 0.4482; for CFPA/B
No Drug versus CFPA/B

1 GRL-097, P � 0.0006; for CFPA/B
No Drug versus CFPA/B

1 GRL-012, P � 0.1189; and for CFPA/B
No Drug versus CFPA/B

10

GRL-012, P � 0.0007.
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In fact, HIV11MIX
DRV-WK50 contained almost all the amino acid

substitutions that HIVB originally had and an additional three
amino acid substitutions, K14R, V32I, and I47V, in its protease-
encoding region (Fig. 6B; also, see Fig. S1 in the supplemental
material). HIV11MIX

015-WK48 contained almost all the amino acid
substitutions that HIVEV originally had and an additional 10
amino acid substitutions, L23I, E34K, N37S, I47V, V54I, E60D,
K70Q, V71A, N88D, and Q92R, in its protease-encoding region
(Fig. 6B; also, see Fig. S1 in the supplemental material).

In contrast, the development of viral resistance to GRL-085
and -097 was significantly delayed even when HIV-111MIX was
used as a starting HIV-1 population. The concentrations of GRL-
085 and GRL-097 were as low as 0.055 �M and 0.55 �M even at
the conclusion of 50 weeks of selection (Fig. 5B). The develop-
ment of resistance to GRL-012 was also significantly delayed. The
apparently dominant viral populations in HIV11MIX

085-WK50,
HIV11MIX

097-WK50, and HIV11MIX
012-WK50 were HIVC, HIVTM, and

HIVB, respectively (Fig. 6B); however, the virological significance
of these findings is not known.

Finally, we employed HIV-1DRVRP30 and rCLHIV-1T48 as a start-
ing virus population for the selection of HIV-1 resistant against
GRL-012, -085, and -097 (Fig. 5C and D). By 35 weeks of selection,
HIV-1DRVRP30 was propagating in the presence of 2 �M GRL-012
and had acquired additional five amino acid substitutions, I47V,
I50V, I64V, A82V, and V84A, in its protease-encoding region (Fig.
5C and 6C). By 50 weeks of selection, rCLHIV-1T48 was propagat-
ing in the presence of 1 �M GRL-012 and contained two addi-
tional amino acid substitutions, K45R and G73S (Fig. 5D and 6D).

In contrast, HIV-1DRVRP30 did not propagate well in the presence
of increasing concentrations of GRL-085 and -097, which reached
only 0.35 and 0.6 �M, respectively, at 50 weeks of selection.
HIVDRVRP30

085-WK50 had acquired only three additional amino
acid substitutions, K45T, V82F, and Q92K, while HIVDRVRP30

097-

WK50 had acquired four additional 4 substitutions, V15I, I32V,
N37D, and A82V (Fig. 6C). The recombinant virus rCLHIV-1T48

also failed to propagate well in the presence of GRL-085 and -097,
which reached concentrations as low as 0.3 �M and 0.55 �M,
respectively, at the end of 50 weeks of selection (Fig. 5D). The
variants rCLHIVT48

085-WK50 and rCLHIVT48
097-WK50 had acquired

only a few substitutions, G73S and Q92A for the former and T4A,
K45R, and G73S for the latter (Fig. 6D).

DISCUSSION

In the present study, we designed, synthesized and identified three
novel PIs, GRL-015, -085, and -097, containing a Tp-THF moiety
with a hydroxyl at the C-5 position (Fig. 1) which exhibit compa-
rable or more potent antiviral activity against wild-type HIV-1LAI

as well as favorable cytotoxicity in vitro compared to four repre-
sentative FDA-approved PIs, APV, LPV, ATV, and DRV (Table 1).
Furthermore, the three compounds also potently inhibited the
replication of HIV-2ROD, despite the fact that HIV-2 originally has
various PI-related resistance mutations, such as V32I and I47V, as
polymorphisms (47).

The latest FDA-approved protease inhibitor, DRV, potently
inhibits the replication of multidrug-resistant HIV-1 variants
(13–15) and has a high genetic barrier against HIV’s development

FIG 5 In vitro selection of HIV-1 variants against GRL-015, -085, and -097. HIV-1NL4-3 (A), a mixture of 11 multi-PI-resistant HIV-1 isolates (HIV-111MIX) (B),
a DRV-resistant HIV-1 variant obtained from in vitro passage 30 with DRV (HIV-1DRVRP30) (C), and an infectious molecular HIV-1 clone derived from heavily
treated HIV-1-infected patient (rCLHIV-1T48) (D) were propagated in the presence of increasing concentrations of each agent in MT-4 cells. The selection was
carried out in a cell-free manner by 50 weeks escalating from the EC50 of the compounds for each virus.
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FIG 6 Amino acid sequences of the protease-encoding regions of HIV-1NL4-3, HIV-111MIX, HIV-1DRVRP30, and rCLHIV-1T48 in vitro, selected with various agents.
Shown are the amino acid sequences deduced from the nucleotide sequences of the protease-encoding region of proviral DNA isolated from HIV-1NL4-3 at week
20 with APV and at week 50 with DRV or GRL-015, -085, or -097 (A); HIV-111MIX at week 0 and week 50 with DRV or GRL-015, -085, -097, or -012 (B);
HIV-1DRVRP30 at week 0 and week 35 with GRL-012 and at week 50 with GRL-085 or -097 (C); and rCLHIV-1T48 at week 0 and week 50 with GRL-085, -097, or
-012 (D). The consensus sequence of HIV-1NL4-3 is at the top as a reference. Identity with sequence at individual amino acid positions is indicated by dots. The
fractions on the right are the number of viruses which each clone is presumed to have originated from over the number of clones examined.
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of drug resistance (16–19). However, the emergence of DRV-re-
sistant HIV-1 variants has been reported in in vitro and in vivo
(21–26); hence, more potent PIs are needed to intercept the
replication of such DRV-resistant HIV-1 variants. In regard to in
vitro DRV-selected HIV-1 variants, we previously selected highly
DRV-resistant HIV-1 variants using a mixture of 8 multidrug-
resistant HIV-1 strains in vitro (21), which had significantly re-
duced sensitivity against all of four FDA-approved PIs, DRV as
well as APV, LPV, and ATV, as illustrated in Table 2. In the present
study, we also employed three highly DRV-resistant HIV-1 vari-
ants (HIV-1DRVRP30, HIV-1DRVRP40, and HIV-1DRVRP51) (21). As
previously described (21), all of these variants were significantly
less susceptible to DRV (Table 2). In particular, HIV-1DRVRP51,
which contains a unique combination of amino acid substitutions
(V32I, L33F, I54M, and I84V) in its protease region that is respon-
sible for HIV-1’s DRV resistance (21), was 1,022 times less suscep-
tible to DRV than wild-type HIV-1NL4-3 (Table 2). Although V82I
is present in HIV-1DRVRP51 and emerged in HIVNL4-3

DRV-WK50

(Fig. 6A), HIV-1NL4-3 carrying V82I was still sensitive to DRV,
with an EC50 of 4 nM (data not shown). However, GRL-085, and
-097 potently inhibited the replication of HIV-1DRVRP51, with 13-
and 6.8-fold differences (Table 2). Moreover, GRL-015, -085, and
-097 showed potent antiviral activity against all seven recombi-
nant multidrug-resistant clinical HIV-1 variants, exhibiting 0.7-
to 10-fold differences, compared to DRV, which exhibited 62- to
117-fold differences (Table 3). Of note, GRL-085 mostly showed
more potent antiviral activity against HIV-1DRVRP40, HIV-
1DRVRP51, and the recombinant HIV-1 clones than GRL-012,
which is identical to TMC310911 (31) (Tables 2 and 3), indicating
that the novel PIs, especially GRL-085, should be further investi-
gated as potential therapeutics for treating individuals harboring
DRV-resistant HIV-1 variants.

X-ray crystal structure analyses suggest that GRL-015, -085,
and -097 have strong binding interactions with HIV-1 protease
(Fig. 2). The tetrahydropyran ring of the Tp-THF moiety showed
a “chair” conformation in all four crystal structures, while the
conformation of the THF ring remains the same as that seen for
the bis-THF moiety of DRV (PDB ID 4HLA). Notably, the C-5
hydroxyl group substitution on the Tp-THF moiety gained an
additional strong H bond with the carbonyl oxygen atom of G48
(located on the flap region of the protease) that should contribute
to the enhanced antiviral activity of GRL-015, -085, and -097,
especially against drug-resistant HIV-1 variants, compared to
those of GRL-0476 and DRV (Tables 2 to 4). It has been reported
that the HIV-1 protease (PR) flaps are highly flexible and can
adopt a range of conformations (closed, semiopen, and open)
(48–50), and the flap dynamics are altered by acquiring drug re-
sistance-related amino acid substitutions in PR (51–53). Galiano
et al. showed that the flaps of PR carrying multiple drug resis-
tance-related mutations (at positions 10, 36, 46, 54, 62, 63, 71, 82,
84, and 90) adopt a more open conformation than those of wild-
type PR, as assessed using molecular dynamics (MD) simulations
and distance measurements with pulsed electron paramagnetic
resonance (EPR) spectroscopy (54). The C-5 hydroxyl group has
additional polar interactions with G48, located in the flap region
of the protease, and this explains the improved antiviral potencies
of GRL-015, -085, and -097 compared to those of GRL-0476 and
DRV (Tables 2 to 4). In addition to the C-5 hydroxyl substitution,
the P1 methoxybenzene moieties of GRL-085 and -097 provide
improved interactions in the S2/S1 binding pockets of the protease

compared to the P1 phenyl moieties of GRL-0476 and -015 (Fig. 3).
In in vitro selection of resistant HIV-1 variants against GRL-085, the
alanine at amino acid position 82 was changed to a valine in
HIV11MIX

085-WK50 and a phenylalanine in HIVDRVRP30
085-WK50 (Fig.

6B and C), while none of the changes were seen in the selection
against GRL-015 (Fig. 6B). The terminal methyl group of the P1
methoxybenzene moiety may alternate between the side chain of
P81 and the backbone of G48, thus stabilizing the 80s loop (resi-
dues G78 to I85) (55) as well as the protease flap (residues I47 to
I54). However, as shown in Fig. 3, the binding orientation of the
terminal methyl group is pointed toward G48 (flap residue) rather
than the 80s loop, suggesting that there may be improved non-
bonded interaction between the methyl group of P1 methoxyben-
zene and the carbonyl oxygen atom of G48. Thus, the combina-
tion of the P-2 Tp-THF plus C-5 hydroxyl substitution and the P1
methoxybenzene moiety in GRL-085 and -097 may explain the
increased antiviral activity of GRL-085 and -097 against drug-
resistant HIV-1 variants and the higher genetic barrier to the de-
velopment of resistance compared to the cases of GRL-0476 and
-015.

Dimerization of PR subunits is an essential process for the
acquisition of proteolytic activity of PR, which plays a critical role
in viral maturation in the replication cycle of HIV-1 (56). Previ-
ously, we determined that DRV effectively blocks the dimerization
of HIV-1 protease monomer subunits, as examined with the in-
termolecular FRET-based HIV expression assay. In addition,
DRV binds to the active site of dimerized protease (19). More
recently, we showed that DRV directly binds to the protease
monomer subunit and inhibits PR dimerization (20). Thus,
DRV’s two protease inhibition modalities should explain the
highly favorable clinical efficacy and high-level genetic barrier
against HIV-1 acquisition of resistance to DRV in clinical settings
(16, 17). In the present study, a high level of DRV-resistant viruses
using wild-type HIV-1NL4-3 did not develop until 50 weeks in in
vitro selection, while APV-resistant HIV-1 variants rapidly devel-
oped (Fig. 5A). In fact, DRV/RTV (DRV/r) monotherapy has been
examined in HIV-1-infected patients (57–60), and the mono-
therapy regimen proved to be a potential long-term strategy to
avoid nucleoside/nucleotide analogue toxicities and to reduce
costs. Even though the protease dimerization inhibition activity of
GRL-015, -085, and -097 was moderate compared to that of DRV
(Fig. 4), no HIV-1 variants highly resistant to GRL-015, -085, or
-097 were seen until 50 weeks using HIV-1NL4-3 (Fig. 5A). Most
notably, GRL-085 and -097 did not allow the three HIV-1 popu-
lations (HIV-111MIX, HIV-1DRVRP30, and rCLHIV-1T48) to acquire
significant resistance to either of the PIs throughout the 50 weeks’
selection (Fig. 5B, C, and D). Amino acid sequence determination
confirmed that no significant amino acid substitutions had oc-
curred in HIV-111MIX, HIV-1DRVRP30, or rCLHIV-1T48.

In conclusion, the data obtained in the present study show that
GRL-015, -085, and -097 exert potent activity against a wide spec-
trum of multidrug-resistant HIV-1 variants, which may stem
from the addition of the C-5-hydroxyl group to the Tp-THF moi-
ety, delivering increased anti-HIV-1 potency compared to that of
the structurally related, bis-THF-containing compound DRV.
Furthermore, the P1 methoxybenzene moiety in GRL-085 and
-097 should also be conducive to the observed high genetic bar-
rier. The present data suggest that a component that strongly in-
teracts with G48 of PR, such as the C-5-hydroxyl group of the
Tp-THF moiety, may play a role in improving the anti-HIV-1
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profile of PIs and may contribute to the design of more potent
anti-HIV-1 compounds that are less likely to exhibit drug resis-
tance.
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