
Halogen Bond Interactions of Novel HIV-1 Protease Inhibitors
(PI) (GRL-001-15 and GRL-003-15) with the Flap of Protease
Are Critical for Their Potent Activity against Wild-Type HIV-1
and Multi-PI-Resistant Variants

Shin-ichiro Hattori,a Hironori Hayashi,a* Haydar Bulut,b Kalapala Venkateswara Rao,c,d Prasanth R. Nyalapatla,c,d

Kazuya Hasegawa,e Manabu Aoki,a,b Arun K. Ghosh,c,d Hiroaki Mitsuyaa,b,f

aDepartment of Refractory Viral Infections, National Center for Global Health and Medicine Research Institute, Tokyo, Japan
bExperimental Retrovirology Section, HIV and AIDS Malignancy Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USA
cDepartment of Chemistry, Purdue University, West Lafayette, Indiana, USA
dDepartment of Medicinal Chemistry, Purdue University, West Lafayette, Indiana, USA
eProtein Crystal Analysis Division, Japan Synchrotron Radiation Research Institute, Hyogo, Japan
fDepartment of Clinical Sciences, Kumamoto University Hospital, Kumamoto, Japan

ABSTRACT We generated two novel nonpeptidic HIV-1 protease inhibitors (PIs),
GRL-001-15 and GRL-003-15, which contain unique crown-like tetrahydropyranofuran
(Crn-THF) and P2=-cyclopropyl-aminobenzothiazole (Cp-Abt) moieties as P2 and P2=
ligands, respectively. GRL-001-15 and GRL-003-15 have meta-monofluorophenyl and
para-monofluorophenyl at the P1 site, respectively, exert highly potent activity
against wild-type HIV-1 with 50% effective concentrations (EC50s) of 57 and 50 pM,
respectively, and have favorable cytotoxicity profiles with 50% cytotoxic concentra-
tions (CC50s) of 38 and 11 �M, respectively. The activity of GRL-001-15 against multi-
PI-resistant HIV-1 variants was generally greater than that of GRL-003-15. The EC50 of
GRL-001-15 against an HIV-1 variant that was highly resistant to multiple PIs, includ-
ing darunavir (DRV) (HIV-1DRV

R
P30), was 0.17 nM, and that of GRL-003-15 was 3.3 nM,

while DRV was much less active, with an EC50 of 216 nM. The emergence of HIV-1
variants resistant to GRL-001-15 and GRL-003-15 was significantly delayed compared
to that of variants resistant to selected PIs, including DRV. Structural analyses of
wild-type protease (PRWT) complexed with the novel PIs revealed that GRL-001-15’s
meta-fluorine atom forms halogen bond interactions (2.9 and 3.0 Å) with Gly49 and
Ile50, respectively, of the protease flap region and with Pro81= (2.7 and 3.2 Å), which
is located close to the protease active site, and that two fluorine atoms of GRL-
142-13 form multiple halogen bond interactions with Gly49, Ile50, Pro81=, Ile82=, and
Arg8=. In contrast, GRL-003-15 forms halogen bond interactions with Pro81= alone,
suggesting that the reduced antiviral activity of GRL-003-15 is due to the loss of the
interactions with the flap region.
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Human immunodeficiency virus type 1 (HIV-1) infection and AIDS have now been
well controlled, and the expected life span of people with HIV has been signifi-

cantly extended in both developing and developed countries by presently available
combination antiretroviral therapy (cART) (1–4). Indeed, cART has been shown not only
to significantly reduce the mortality and morbidity rates for people with HIV-1 but also
to prevent sexual transmission of HIV-1 by 93 to 96% (5, 6). Yet, at the end of 2017, the
number of people living with HIV was reportedly 36.9 million, and the numbers of
people newly infected with HIV and the lives lost due to HIV/AIDS in 2017 were 1.8
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million and 0.94 million, respectively (7). Moreover, the cure of HIV-1/AIDS is still elusive
(8). In addition, our capability to provide effective long-term cART remains a complex
issue, since many of those who initially achieve favorable viral suppression to unde-
tectable levels eventually suffer treatment failure. Nevertheless, regarding to the pro-
pensity of HIV-1 to acquire resistance to antiretroviral agents, protease inhibitors (PIs)
generally have been known to have a high genetic barrier against the emergence of
drug resistance (9, 10). In particular, the latest FDA-approved PI, darunavir (DRV), which
is widely used and was recommended as one of the initial regimens in certain clinical
situations in the 2018 U.S. Department of Health and Human Services guidelines (11),
has a favorable genetic barrier, probably because of its dual mechanism of action: (i)
inhibition of protease enzymatic activity and (ii) inhibition of protease dimerization
(12–14). Yet, the emergence of DRV-resistant HIV-1 variants has been reported both in
vitro and in vivo, and people with such DRV-resistant HIV-1 variants experience treat-
ment failure (15–17). Furthermore, 12 to 21% of individuals receiving DRV-containing
regimens discontinue the treatment due to adverse events, diarrhea, and virological
failure (18–20). Dolutegravir (DTG), an integrase strand transfer inhibitor (INSTI), is also
widely used and recommended as the first-line drug in most people with HIV-1 (11).
However, serious adverse events such as gastrointestinal disorders and various central
nervous system abnormalities have been reported in people receiving DTG (21, 22).
Moreover, DTG treatment at the time of conception is highly associated with neural
tube defects in infants, and multiple warnings have been issued that women living with
HIV-1 who can become pregnant should not use DTG without effective contraception
(23). Thus, the development of novel antiretroviral agents with better features, such as
greater potency against both wild-type HIV-1 (HIVWT) and drug-resistant HIV-1 variants,
a higher genetic barrier against HIV-1’s development of drug resistance, and minimal or
no adverse effects, is still needed.

In the present work, we designed, synthesized, and characterized two novel nonpep-
tidic HIV-1 PIs, GRL-001-15 and GRL-003-15, that are analogues of GRL-142-13, which we
previously reported (24). Each compound contains a P2-crown-like tetrahydropyranofuran
(Crn-THF) functional moiety (25), a P2=-cyclopropyl-aminobenzothiazole (Cp-Abt) moiety,
and meta- or para-monofluorophenyl at the P1 site. Here, we show that the two novel
PIs exhibit highly favorable antiretroviral profiles against wild-type HIVNL4-3 and
multidrug-resistant HIV-1 variants (HIVMDRs). We also demonstrate that those PIs have
very high genetic barriers when selected using HIVDRV

R
P30, which is an in vitro-selected

highly DRV-resistant HIV-1 variant, as a starting viral population. We also demonstrate
the results of structural analyses of the atomic and molecular interactions of GRL-
001-15 and GRL-003-15 with HIV-1 protease.

RESULTS
GRL-001-15 and GRL-003-15 are potent against wild-type HIV-1 and have

favorable cytotoxic profiles. We newly designed and synthesized two novel PIs, GRL-
001-15 and GRL-003-15, which contain unique P2-crown-THF (Crn-THF) and P2=-
cyclopropyl-aminobenzothiazole (Cp-Abt) moieties (Fig. 1). GRL-001-15 and GRL-003-15
have a fluorine atom at the meta and para positions of the P1-benzene, respectively, and
exerted highly potent activity against the wild-type HIV-1 NL4-3 strain (HIVNL4-3), with 50%
effective concentration (EC50) values of 0.057 � 0.0024 nM and 0.050 � 0.025 nM, respec-
tively (Table 1). Two other PIs, GRL-142-13 (containing two fluorine atoms at the P1-2,4-
meta position) and GRL-121-13 (containing no fluorine atoms) (Fig. 1) (24–26), which
served as reference compounds in the present study and contain P2-Crn-THF and P2=-Cp-
Abt, respectively, also exerted potent activity against HIVNL4-3, with EC50 values of
0.018 � 0.0014 and 0.17 � 0.12 nM, respectively (Table 1). When human CD4-positive MT-4
cells were exposed to GRL-001-15 and GRL-003-15 for 7 days and their cytotoxicity profiles
were determined, their 50% cytotoxic concentrations (CC50s) proved to be relatively
favorable at 38 and 11 �M, respectively, and their selectivity indexes were 666,666 and
220,000, respectively, much greater than that of DRV, whose selectivity index was 45,121
(Table 1).

Hattori et al. Antimicrobial Agents and Chemotherapy

June 2019 Volume 63 Issue 6 e02635-18 aac.asm.org 2

https://aac.asm.org


GRL-001-15 and GRL-003-15 exert potent activity against laboratory-selected
and clinically isolated PI-resistant HIV-1 variants. We next examined whether
GRL-001-15 and GRL-003-15 were active against various laboratory-selected PI-resistant
HIV variants (labHIVPI

Rs) that had been selected with the FDA-approved PIs saquinavir
(SQV), amprenavir (APV), lopinavir (LPV), indinavir (IDV), nelfinavir (NFV), atazanavir
(ATV), and tipranavir (TPV) (HIVSQV-5�M, HIVAPV-5�M, HIVLPV-5�M, HIVIDV-5�M, HIVNFV-5�M,
HIVATV-5�M, and HIVTPV-15�M, respectively) as previously reported (24, 25). They had a
variety of amino acid substitutions in protease that are reportedly associated with the
acquisition of resistance against PIs (see Fig. S1 in the supplemental material). Although
DRV exerted moderate activity against the seven labHIVPI

Rs, with 50% effective concen-
tration (EC50) values ranging from 5.1 to 346 nM, GRL-001-15 and GRL-003-15 exerted
much more potent activity against all the labHIVPI

Rs, with EC50 values of 0.00019 to
0.37 nM (Table 2). GRL-121-13 was also potent against all seven labHIVPI

Rs, with EC50

values ranging from 0.0022 to 0.087 nM (Table 2). DRV proved to be comparatively less
potent against the three HIVDRV

Rs (HIVDRV
R

P20, HIVDRV
R

P30, and HIVDRV
R

P51) (Fig. S1),
with EC50 values ranging from 81 to 2,707 nM, in line with our previous reports (16, 24).
However, GRL-001-15 and GRL-003-15 maintained their potent activity against the
three HIVDRV

Rs, with EC50 values of 0.17 to 38 nM (Table 2). GRL-121-13 was also
relatively potent against those HIVDRV

Rs but was less potent than GRL-001-15 and
GRL-003-15, with EC50 values ranging from 4.3 to 99 nM. Moreover, all three com-
pounds, GRL-001-15, GRL-003-15, and GRL-121-13, exerted greater antiviral activity
against all of the PI-resistant HIV strains examined than DRV (see Table S2 in the
supplemental material).

We further examined GRL-001-15 and GRL-003-15 against six recombinant infectious
clones derived from clinically isolated HIV variants (rCLHIVs) that contained multi-PI
resistance-associated amino acid substitutions in their proteases (24) (Fig. S1). DRV was

FIG 1 Structures of protease inhibitors examined. MW, molecular weight.

TABLE 1 In vitro antiviral activity of GRL-001-15 and GRL-003-15 against HIVNL4-3 and their
cytotoxic profiles

PI EC50 (nM)a CC50 (�M)a Selectivity indexb

DRV 4.1 � 1.3 185 � 8.4 45,121
GRL-003-15 0.050 � 0.025 11 � 0.9 220,000
GRL-001-15 0.057 � 0.0024 38 � 0.8 666,666
GRL-121-13 0.17 � 0.12 23 � 2.9 135,294
GRL-142-13 0.018 � 0.0014 32 � 1.6 1,777,777
aAll assays were conducted in duplicate, and the data shown represent mean values (�1 standard deviation)
derived from the results of at least three independent experiments.

bThe selectivity index is the ratio of the CC50 to the EC50.
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found to have greatly reduced activity against such rCLHIVs, with EC50s ranging from
190 to 2,498 nM, whereas GRL-003-15 and GRL-001-15 maintained their potent activity
against the rCLHIVs, with EC50 values of 0.00044 to 4.3 nM (Tables 2 and S2). Compared
to GRL-001-15 and GRL-003-15, GRL-121-13 was less potent against the rCLHIVs, with
EC50 values ranging from 0.61 to 17 nM (Table 2).

GRL-001-15 and GRL-003-15 tightly bind to protease as assessed by DSF. We
then examined if the two PIs, GRL-003-15 and GRL-001-15, bound to HIV-1 protease
containing the amino acid substitution D25N (PRD25N) by differential scanning fluorim-
etry (DSF) employing the dye Sypro Orange (12, 24, 27). As illustrated in Fig. 2, the
melting temperature (Tm) of PRD25N alone was 54.8 � 0.7°C, while in the presence of
DRV, the value increased to 58.2 � 0.3°C, suggesting that the thermal stability of PRD25N

increased when DRV bound to PRD25N. However, in the presence of GRL-001-15 and
GRL-003-15, the Tm values of PRD25N turned out to be substantially greater, at

TABLE 2 Antiviral effects against selected PI-resistant HIV-1 variants and recombinant clinical HIV-1 isolates

HIV straina

Mean EC50
b

DRV GRL-003-15 GRL-001-15 GRL-121-13

HIVNL4-3 3.0 � 0.3 0.049 � 0.02 0.061 � 0.008 0.30 � 0.02
HIVSQV-5�M 29 � 17 (10) 0.0032 � 0.0002 (0.06) 0.37 � 0.05 (6) 0.015 � 0.02 (0.05)
HIVAPV-5�M 98 � 83 (33) 0.0021 � 0.0001 (0.04) 0.00068 � 0.00009 (0.01) 0.068 � 0.09 (0.2)
HIVLPV-5�M 346 � 93 (115) 0.00015 � 0.00001 (0.003) 0.0040 � 0.0005 (0.07) 0.0022 � 0.0006 (0.007)
HIVIDV-5�M 22 � 2 (7) 0.00037 � 0.00002 (0.007) 0.00020 � 0.00003 (0.003) 0.0056 � 0.005 (0.02)
HIVNFV-5�M 5.1 � 3.7 (2) 0.00089 � 0.0001 (0.02) 0.00019 � 0.0001 (0.03) 0.024 � 0.03 (0.08)
HIVATV-5�M 24 � 1 (8) 0.00084 � 0.0001 (0.02) 0.0020 � 0.001 (0.03) 0.046 � 0.07 (0.2)
HIVTPV-15�M 29 � 16 (10) 0.0005 � 0.00004 (0.01) 0.057 � 0.007 (0.9) 0.087 � 0.03 (0.3)
HIVDRV

R
P20 81 � 4 (27) 2.2 � 0.1 (45) 0.37 � 0.04 (6) 4.3 � 1 (14)

HIVDRV
R

P30 216 � 9 (72) 3.3 � 0.2 (66) 0.17 � 0.02 (3) 23 � 0.4 (77)
HIVDRV

R
P51 2707 � 13 (902) 38 � 3 (771) 36 � 4 (594) 99 � 13 (330)

rCLHIVF16 2498 � 122 (833) 0.00063 � 0.00004 (0.01) 0.00044 � 0.00005 (0.01) 2.0 � 0.7 (7)
rCLHIVF39 322 � 13 (107) 3.6 � 0.2 (73) 3.6 � 0.5 (60) 4.3 � 0.7 (14)
rCLHIVV42 371 � 39 (124) 3.9 � 0.3 (79) 4.3 � 0.6 (71) 16 � 6 (53)
rCLHIVT45 190 � 20 (63) 3.6 � 0.2 (73) 3.6 � 0.5 (60) 3.3 � 0.2 (11)
rCLHIVT48 324 � 12 (108) 0.034 � 0.002 (0.7) 0.37 � 0.05 (6) 0.61 � 0.5 (2)
rCLHIVF71 332 � 45 (111) 3.9 � 0.3 (79) 4.1 � 0.5 (67) 17 � 8 (57)
aThe amino acid substitutions identified in the proteases of laboratory-selected FDA-approved HIV variants (HIVSQV-5�M, HIVAPV-5�M, HIVLPV-5�M, HIVIDV-5�M, HIVNFV-5�M,
HIVATV-5�M, and HIVTPV-15�M and the HIVDRV

Rs HIVDRV
R

P20, HIVDRV
R

P30, and HIVDRV
R

P51) and recombinant clinical HIV isolates (rCLHIVF16, rCLHIVF39, rCLHIVV42, rCLHIVT45,

rCLHIVT48, and rCLHIVF71) compared to the wild-type HIVNL4-3 are illustrated in Fig. S1 in the supplemental material.
bNumbers in parentheses represent the fold change in the EC50 for each isolate compared to the EC50 for wild-type HIVNL4-3. All assays were conducted in duplicate,
and the data shown represent mean values (� 1 standard deviation) derived from the results of three independent experiments.

FIG 2 GRL-003-15 and GRL-001-15 bind to HIV-1 PRD25N and have much greater thermal stability than DRV. The
thermal stability of PRD25N in the absence or presence of GRL-003-15, GRL-001-15, GRL-142-13, GRL-121-13, and
DRV (all at 50 �M) was determined using differential scanning fluorimetry with Sypro Orange. The Tm (50% melting
temperature) values were determined as the temperature at which the relative fluorescence intensity achieved 50%
of the maximum intensity. Note that the thermal stability curves with GRL-003-15, GRL-001-15, GRL-121-13, and
GRL-142-13 significantly shifted to a higher temperature (to the right), and the Tm values with these agents were
much higher than those without agents or with DRV.
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65.2 � 0.4°C and 63.9 � 0.4°C, respectively; the differences in Tm (ΔTm) values between
PRD25N alone and GRL-001-15-bound PRD25N and GRL-003-15-bound PRD25N reached as
high as 10.4°C and 9.1°C, respectively, suggesting that GRL-001-15 and GRL-003-15 bind
to PRD25N more strongly than DRV does. Considering that GRL-121-13 and GRL-142-13
also tightly bound to PRD25N, generating Tm values of 64.0 � 0.3°C (ΔTm � 9.2) and
65.7 � 0.6°C (ΔTm � 10.9), respectively, all three fluorine-containing PIs (GRL-001-15,
GRL-003-15, and GRL-142-13) and the nonfluorinated GRL-121-13 tightly bound to
PRD25N compared to DRV (12, 24).

GRL-001-15 and GRL-003-15 show slightly higher lipophilicity indexes than
DRV for their partition and distribution coefficients. We also determined the
partition (log P) and distribution (log D) coefficients of GRL-001-15, GRL-003-15, GRL-
121-13, and GRL-142-13 compared with those of DRV, hypothesizing that these com-
pounds might have favorable lipophilicity, since the presence of a fluorine atom(s) in
certain compounds often confers greater lipophilicity (28–30). In the assay, we em-
ployed an organic alcohol (1-octanol) and water for log P determination as well as
Tris-buffered saline (pH 7.4) (TBS) and water for log D determination. The standard
curve established was used as a reference, and drug concentrations determined for
each compartment (1-octanol, water, and TBS) were quantified on a light spectropho-
tometer as previously described (31). GRL-003-15, GRL-001-15, and GRL-142-13 showed
relatively high concentrations in the octanol lipid interface (1.6 �M, 1.5 �M, and 1.9 �M,
respectively) compared to those of the two nonfluorinated PIs, GRL-121-13 and DRV
(1.1 and 0.8 �M, respectively) (see Table S1 in the supplemental material).

The bis-fluorinated PI, GRL-142-13, proved to be the most lipophilic, with a log D
value of �1.01, based on the assumption that the more negative the log D value is, the
less lipophilic the substance is estimated to be (31). GRL-003-15 and GRL-001-15
showed log D values (�1.11 and �1.19, respectively) slightly lower than that of
GRL-142-13 (�1.01). GRL-121-13 was found to have a log D value (�1.37) comparable
to that of DRV (�1.48). Thus, as expected, the presence of one fluorine atom in
GRL-003-15 and GRL-001-15 apparently conferred lipophilicity greater than that of the
two nonfluorinated PIs.

Structural analysis of the molecular interactions of GRL-003-15 and GRL-
001-15 with protease. In an attempt to examine the structural mechanism(s) of the
potent activity against both wild-type HIV-1 (HIVNL4-3) and various multi-PI-resistant
HIV-1 variants, we conducted crystallographic analyses on wild-type protease (PRWT)
complexed with fluorinated GRL-003-15 or GRL-001-15 compared with nonfluorinated
GRL-121-13. As illustrated in Fig. 3A, GRL-003-15 and GRL-001-15 have two moieties,
P2-Crn-THF and P2=-Cp-Abt, that are larger than those of DRV (which has P2-bis-THF
and P2=-aminobenzene moieties), in addition to two fluorine atoms attached to the
P1-benzene ring. Thus, both GRL-003-15 and GRL-001-15 should occupy a larger space
in the hydrophobic cavity within the dimerized protease. GRL-003-15 and GRL-001-15
form 11 direct and 2 water-mediated hydrogen bonds with protease (Fig. 3B). Notably,
the majority of the hydrogen bonds seen with both compounds are formed with both
subunits via the main chains of aspartate residues D29 and D30 and the side chain of
aspartate residue D25. Additional water-mediated hydrogen bond interactions took
place with the main-chain amino groups of the flap residues I50 and I50=. The
nonfluorinated GRL-121-13 was also found to form hydrogen bond interactions as seen
in the case of GRL-003-15 and GRL-001-15. When we focused on the possible role of
fluorine atoms in GRL-003-15 and GRL-001-15, each fluorine was found to have critical
effects on the interactions of the compound with PRWT. As shown in Fig. 3C, the
P1-para-positioned fluorine atom contained in the P1 site of GRL-003-15 formed
halogen bond interactions with P81= of PRWT. GRL-001-15 also formed tight interactions
between its P1-meta-positioned fluorine atom and two amino acid residues in the flap
region of PRWT, G49 and I50. In contrast, the nonfluorinated PI, GRL-121-13, which has
the same chemical structure as in GRL-003-15 and GRL-001-15 but has no fluorine atom,
does not form significant interactions between its P1-benzene moiety and PRWT. These
structural features of GRL-003-15 and GRL-001-15 should contribute to their potency
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against both HIVNL4-3 and various PI-resistant HIV-1 variants such as labHIVPI
R and

rCLHIVs (Tables 1 and 2). It was also noted that both GRL-003-15 and GRL-001-15 formed
very tight van der Waals interactions. As seen in Fig. 3C, the Connolly surfaces of both
GRL-003-15 and GRL-001-15 were found to fairly snugly fit to the hydrophobic cavity of
PRWT. Taken together, the structural features of GRL-003-15 and GRL-001-15, forming
hydrogen bonds, halogen bonds, and highly favorable van der Waals interactions with
PRWT, should directly contribute to their potent activity against HIVWT and various
PI-resistant HIV-1 variants (Tables 1 and 2).

FIG 3 X-ray crystal structure of GRL-003-15 and GRL-001-15 in the active site of wild-type HIV-1 protease. (A) Structure
of DRV (magenta) overlaid with those of GRL-003-15 (yellow) and GRL-001-15 (green). All three compounds were
superimposed, built on the same scaffold in the central part around the sulfonyl moiety. Note that in addition to fluorine
atoms (shown as light blue-dotted spheres) attached to the P1-benzene ring, GRL-003-15 and GRL-001-15 have two
moieties, P2-Crn-THF and P2=-Cp-Abt, that are larger than those of DRV. (B) Carbon atoms of GRL-003-15 (a), GRL-001-15
(b), and GRL-121-13 (c), with substitutions of HIV-PRWT shown in brown tones. Nitrogen, oxygen, sulfur, and fluorine
atoms are shown in blue, red, yellow, and cyan, respectively. Hydrogen bond interactions of each compound with
protease residues in the active site are shown by gray dashed lines. (C) Close look at fluorine atom interactions of
GRL-121-13 (a), GRL-003-15 (b), and GRL-001-15 (c) inside the S1 subpocket of HIV-PRWT. Essential fluorine-mediated
interactions are shown with cyan dashed lines. The para-positioned fluorine from GRL-003-15, however, interacts
exclusively with the P81= ring. The meta-positioned fluorine from GRL-001-15 engages in halogen interactions with main
chain of G49 as well as the P81= ring. The P1 ring of GRL-121-13 does not form any interactions. Numbers with dashed
lines indicate the distance (Å) of the molecular interaction.
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In vitro selection of HIV-1 variants resistant to GRL-001-15 and GRL-003-15
using HIV-1DRV

R
P30 as a starting viral population. We then attempted to select

resistant HIV-1 variants against GRL-001-15 and GRL-003-15 using the method we used
in our previous studies (9, 16, 24). When we used HIVNL4-3 as a starting viral population
and propagated the virus in the presence of increasing concentrations of APV, LPV, ATV,
DRV, GRL-001-15, and GRL-003-15, HIVNL4-3 relatively quickly started to replicate despite
high concentrations (up to 5 �M) of APV, LPV, and ATV. However, we failed to
continuously propagate HIVNL4-3 in the presence of DRV, GRL-001-15, and GRL-003-15
(Fig. 4A). Thus, in the second attempt at selection, we employed the highly DRV-
resistant variant HIVDRV

R
P30 as a starting viral population, as previously described (9, 16,

24). As we expected, with the selection pressure with DRV, the variant HIVDRV
R

P30

quickly started to replicate in the presence of high concentrations of DRV (up to 5 �M)
(Fig. 4B). The variant HIVDRV

R
P30 hardly replicated in the presence of GRL-003-15 until

40 weeks of selection and then apparently started to propagate at a slightly greater
concentration of GRL-003-15 (up to 500 nM) beyond 40 weeks, but the GRL-003-15
selection curve plateaued at 0.5 �M after 45 weeks of selection. In contrast, HIVDRV

R
P30

failed to start replication throughout the 50-week period of selection with GRL-001-15,
and we concluded the selection with GRL-001-15 at 0.02 �M, suggesting that GRL-
001-15 had a greater genetic barrier than GRL-003-15 (Fig. 4B).

FIG 4 In vitro selection of HIV-1 variants against GRL-001-15, GRL-003-15, LPV, APV, ATV, and DRV. The wild-type
HIVNL4-3 (A) and a DRV-resistant HIV-1 variant obtained from in vitro passage 30 with DRV (HIVDRV

R
P30) (B) were

propagated in the presence of increasing concentrations of each compound in MT-4 cells in a cell-free manner over
50 passages. (A) When HIVNL4-3 was employed as a starting HIV-1 population, the virus quickly started to propagate
in the presence of LPV, APV, and ATV, while DRV, GRL-001-15, and GRL-003-15 hardly allowed replication of HIVNL4-3.
(B) When HIVDRV

R
P30 was employed as a starting population, the virus became highly resistant to DRV (up to 5 �M)

by passage 22; however, neither HIVNL4-3 nor HIVDRV
R

P30 propagated well in the presence of GRL-001-15 or
GRL-003-15 throughout the 50-week selection period.
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Reversion of key amino acid substitutions associated with HIV-1’s resistance to
PIs upon HIVDRV

R
P30 selection with GRL-001-15. Finally, we determined the nucle-

otide sequences of proviral DNA isolated from MT4 cells where HIVDRV
R

P30 was selected
in the presence of three PIs (DRV, GRL-003-15, and GRL-001-15) upon the termination
of the indicated passage as described above. As shown in Fig. 4B, when selected with DRV,
HIVDRV

R
P30 continued to replicate in the presence of up to 5 �M over the 22-week selection

(Fig. 4). HIVDRV
R

P30 propagated over 1 week of selection with DRV (HIVP30
1wkDRV) contained

multiple key amino acid substitutions associated with HIV-1 resistance against DRV: V32I,
V82A, and I84V (Fig. 5A) (16). However, the variant harvested at week 22 of DRV selection
(HIVP30

22wkDRV) had acquired three additional key amino acid substitutions related to
HIV-1’s resistance to DRV: L33F, I54M, and V82I. The presence of these five key amino acid
substitutions and the acquisition of a high level of DRV resistance seen in HIVP30

22wkDRV are
in line with our previous report (16). The variant harvested upon 1 week of selection with
GRL-003-15 (HIVP30

1wk003-15) contained virtually the same set of key amino acid substitu-
tions associated with DRV resistance: V32I, V82A, and I84V. When HIVDRV

R
P30 was further

propagated in the presence of GRL-003-15 over an additional 44 weeks, the virus obtained
(HIVP30

45wk003-15) had acquired T12P, I32T, E34K, I54L, A82I, and Q92K. Two of these
substitutions (T12P and E34K) are thought to be unique to the virus selected with GRL-

FIG 5 Amino acid sequences of the protease of HIV-1DRV
R

P30 upon selection with DRV, GRL-003-15, or GRL-001-15. The amino acid sequences deduced from
the nucleotide sequences of the protease-encoding region of proviral DNA isolated from HIVDRV

R
P30 selected with DRV (weeks 1 and 22) (A), GRL-003-15 (weeks

1 and 45) (B), and GRL-001-15 (weeks 1 and 45) (C) are shown. The HIVNL4-3 and HIVDRV
R

P30 amino acid sequences are displayed at the top for reference. Sequence
identity at individual amino acid positions is indicated by a dot. The fractions shown on the right are the numbers of viruses that each clone is presumed to
have originated from over the total number of clones examined. The unique amino acid substitutions identified in GRL-003-15- and GRL-001-15-selected HIV
variants are highlighted in red.
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003-15, and the emergence of the Q92K substitution is not often seen but has been shown
to be associated with the selection of HIVDRV

R
P30 with GRL-142-13, an analogue of GRL-

003-15 (24), although whether these substitutions bring about functional and/or structural
alterations to HIVDRV

R
P30 is not known at this time. The variant obtained after 1 week of

selection of HIVDRV
R

P30 with GRL-001-15 (HIVP30
1wk001-15) also contained virtually the same

set of amino acid substitutions as seen in HIVP30
1wkDRV and HIVP30

1wk003-15. Interestingly,
the virus harvested after 45 weeks of selection of HIVDRV

R
P30 with GRL-001-15

(HIVP30
45wk001-15) had lost the two major amino acid substitutions V32I and V82A, which are

highly associated with HIV-1’s acquisition of resistance to a variety of PIs, including DRV (9,
32–34). HIVP30

45wk001-15 had acquired the A71V substitution in all 26 clones examined as
well as Q92K in 12 of 26 clones.

DISCUSSION

Although the progress in combined antiretroviral therapy (cART) for HIV-1 infection
and AIDS has been dramatic over the decades, the emergence of HIV-1 variants that are
resistant to a number of drugs in the cART regimens still limits the therapeutic options
for individuals harboring such variants and remains one of the challenging issues in the
long-term therapy of HIV-1/AIDS. We recently reported a novel PI, GRL-142-13, that
contains a P1-2,4-bis-fluorophenyl moiety, P2-crown-like tetrahydropyranofuran (Crn-
THF), and P2=-cyclopropyl-aminobenzothiazole and exerts highly potent activity against
both HIVWT and HIVMDR variants (24, 26). Here we demonstrated that two newly
designed and synthesized analogues of GRL-142-13, GRL-003-15 and GRL-001-15,
which contain a fluorine atom at the meta and para positions of the P1-benzene
moiety, respectively, instead of GRL-142-13’s P1-2,4-bis-fluorophenyl moiety also ex-
erted highly potent activity against HIVWT (EC50 values of 0.057 and 0.050 nM) (Table 1).
Both GRL-003-15 and GRL-001-15 also exerted potent antiviral activity against
laboratory-selected multi-PI-resistant HIV-1 variants (labHIVPI

Rs) and a variety of recom-
binant infectious clones derived from multidrug-resistant clinical HIV-1 isolates (rCLHIVs)
(Table 2). We have previously reported that the P2 Crn-THF and cyclopropyl-
aminobenzothiazole (Cp-Abt) moieties of GRL-142-13 form additional van der Waals
interactions with both PRWT and various mutated PR species associated with high-level
resistance to PIs (PRPI

R), contributing to its unprecedentedly potent activity against
various HIVWT and HIVPI

R strains (24, 35). It is most likely that the potent activity of
GRL-001-15 and GRL-003-15 also stems from the presence of the P2-Crn-THF and
P2=-Cp-Abt moieties in GRL-001-15 and GRL-003-15. It is of note that the positions of
halogen substitutions such as fluorine atoms often affect the gain of affinity of
compounds to their target(s). In general, halogen atoms larger than fluorine, such as
chlorine, bromine, and iodine, require negative charges in the direction of sigma hole,
while fluorine atoms are capable of interacting with other atoms, such as hydrogen
atoms, with broader angles (36, 37). For this reason, whether or not the fluorine is in the
meta or para position of the P1-benzene moiety in GRL-003-15 and GRL-001-15 as seen
in the present study, the fluorine atom is thought to be capable of comparably forming
strong halogen bond interactions.

As expected, when GRL-003-15 and GRL-001-15 were examined by differential
scanning fluorimetry (DSF) using PRD25N (38), the thermal stability of both compounds
proved to be much greater than that of DRV, strongly suggesting that both PIs tightly
bind to their target protease (PRD25N), and this tight binding of GRL-003-15 and
GRL-001-15 should explain why these compounds exert much greater activity against
various HIV-1 strains than DRV. GRL-121-13, whose antiviral activity was much greater
than that of DRV, showed very high thermal stability compared to other three PIs,
GRL-142-13, GRL-003-15, and GRL-001-15 (Fig. 2). These observations suggest that
although the thermal stability of PIs can be very roughly proportionate to their anti-HIV
activity, the thermal stability determined by DSF does not always exactly reflect the
multitude of anti-HIV activity.

As shown in Table S1, the log P values of GRL-003-15, GRL-001-15, and GRL-142-13
were higher in the octanol (lipidic) interface than those of the two nonfluorinated PIs,
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GRL-121-13 and DRV. The estimated values for the ionized form of the compounds (log
D) using Tris-buffered saline (pH 7.4) were also determined. In both examinations, the
values proved that the all three tested compounds were within the acceptable range
for optimal lipophilicity as drug candidates (39, 40).

As depicted in Fig. 3A, superimposing the three compounds GRL-001-15, GRL-003-
15, and DRV, all the compounds similarly form strong hydrogen bonds (2.7 to 3.4Å) with
the protease’s active-site amino acid backbones of D29 and D30. Moreover, GRL-003-15
and GRL-001-15 have two larger moieties, P2-Crn-THF and P2=-Cp-Abt, than DRV (with
P2-bis-THF and P2=-aminobenzene moieties), in addition to two fluorine atoms at-
tached to the P1-benzene ring. Thus, both GRL-003-15 and GRL-001-15 should occupy
a larger space in the hydrophobic cavity within the protease dimer. These interactions
of GRL-001-15 and GRL-003-15 with protease should well explain why these two
compounds exert greater antiviral activity than DRV against HIV-1.

As mentioned above, the two PIs GRL-003-15 and GRL-001-15 exerted very compa-
rable antiretroviral activity against HIVWT as well as labHIVPI

Rs and had comparable DSF
features. When HIVNL4-3 was selected in the presence of either of these PIs, the virus
failed to begin propagation over 50 passages of selection (Fig. 4A), suggesting that
GRL-003-15 and GRL-001-15 had a comparable genetic barrier to the emergence of
HIV-1 variants. In contrast, when HIVDRV

R
P30 was selected in the presence of GRL-003-15

or GRL-001-15, the virus selected with GRL-003-15 gradually but progressively repli-
cated more when selected with GRL-003-15 than when selected with GRL-001-15 (Fig.
4B). The reason why we employed HIVDRV

R
P30 as a starting HIV-1 population in this

additional selection experiment is that HIVDRV
R

P30 contains two substitutions (V32I and
I84V) of the five key amino acid substitutions (V32I, L33F, I54M, V82I, and I84V) which
are directly responsible for HIV-1’s acquisition of high-level resistance to most of the
currently available PIs, including DRV (16), and has a very high propensity to acquire the
five amino acid substitutions and broad spectrum of resistance to PIs. Indeed, when
HIVDRV

R
P30 was selected with DRV, this starting virus acquired these five amino acid

substitutions by 22 weeks of selection in the present study (Fig. 5A). GRL-142-13, the
prototype for GRL-003-15 and GRL-001-15, contains two fluorine atoms in the 2= and 4=
positions of the P1-benzene moiety and forms very strong halogen interactions with
the amino acid residues (G49 and I50) of the flap region of protease as well as P81=,
which is in the center of the hydrophobic cavity, which most likely appear to be
responsible for the very high genetic barrier that GRL-142-13 retains against the
emergence of resistance to GRL-142-13 (24). Our structural analyses revealed that the
meta-positioned fluorine atom of GRL-001-15 forms bidirectional halogen bond inter-
actions with both the G49 and P81= residues, but GRL-003-15 completely lacks such
tight binding with the flap region. GRL-142-13 also forms halogen bond interactions
between another meta-positioned fluorine atom and the positively charged guanidium
group of the R8= residue (24). The absence of this second fluorine atom in GRL-001-15
seems to be the cause of its relatively less potent activity against various multi-PI
resistant HIV-1 variants than GRL-142-13. Taken together, a structural feature of GRL-
001-15, i.e., its possession of the P1-meta-fluorine atom, seems to confer on GRL-001-15
a more favorable genetic barrier than that of GRL-003-15.

Interestingly, when HIVDRV
R

P30 was selected with GRL-001-15, two major amino acid
substitutions (V32I and V82A) associated with high-level HIV-1 resistance to various PIs
(9, 33, 41) reverted to wild-type amino acid residues, I32 and A82 (Fig. 5). The same
reversion in the two amino acid substitutions had been seen when HIVDRV

R
P30 was

selected with GRL-142-13 (see Fig. S5 in reference 24. However, this reversion did not
occur when HIVDRV

R
P30 was selected with GRL-003-15, and HIVDRV

R
P30 further acquired

V82I, one of the major substitution associated with high-level resistance to multiple PIs
(42, 43). Thus, it is possible that the lack of the reversion of the two major substitutions
(I32 and A82) is associated with the high genetic barrier of GRL-001-15 and GRL-142-13.
Moreover, the HIVDRV

R
P30 selected with GRL-003-15 acquired four amino acid substi-

tutions (T12P, V32T, E34K, and Q92K) by 45 weeks of selection (Fig. 5B). The role of each
of these four unique substitutions is not known at this time (44, 45). In our previous
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study reporting the generation of HIVDRV
R

P30, we determined all of the Gag-encoding
regions of HIVDRV

R
P30 and other variants (16). However, a variety of amino acid

substitutions were present at the outset as in the mixture of 8 highly drug-resistant
clinical isolates, and more amino acid substitutions emerged under selection; therefore,
we had to choose not to pursue determination of the role of each amino acid
substitution in the emergence of resistance to DRV. For the same reason, we did not
pursue determination of the role of each amino acid substitution in the Gag region in
the present study. Pharmacokinetics studies of TMC-126, a prototype of TMC-114 (also
known as DRV), with rats and dogs showed that oral bioavailability of TMC-126 was too
low to warrant further clinical development (46). Further optimization of the series
resulted in the selection of TMC-114 due to its superior pharmacokinetics and antiviral
profile in comparison with all the other compounds of the series, such as TMC-126 (46).
The aforementioned features of GRL-001-15 strongly suggest that the compound is a
promising candidate as a novel anti-HIV therapeutic and that GRL-001-15 should be
investigated further for potential clinical development.

MATERIALS AND METHODS
Cell culture and viruses. MT-4 cells were maintained in RPMI 1640 medium containing 10% fetal calf

serum (FCS), 50 U/ml penicillin, and 50 �g/ml kanamycin. The following HIV-1 strains were used for the
drug susceptibility assay and selection experiments as described below: HIVNL4-3, laboratory-selected PI-
resistant HIV-1 variants (labHIVPI

Rs) (HIVSQV-5�M, HIVAPV-5�M, HIVLPV-5�M, HIVIDV-5�M, HIVNFV-5�M, HIVATV-5�M, and
HIVTPV-15�M), in vitro-selected DRV-resistant HIV-1 variants (HIVDRV

Rs) (HIVDRV
R

P20, HIVDRV
R

P30, and HIVDRV
R

P51),
and recombinant infectious clones derived from clinically isolated multidrug-resistant HIV-1 variants (rCLHIVs)
(rCLHIVF16, rCLHIVF39, rCLHIVV42, rCLHIVT45, rCLHIVT48, and rCLHIVF71). The amino acid sequences of the PI-resistant
HIV-1 variants used in this study are shown in Fig. S1 in the supplemental material.

Antiviral agents. The nonpeptidic PIs GRL-001-15 and GRL-003-15, which contain monofluorine at
the P1-phenyl moiety at the meta and para positions, respectively, were newly synthesized. The method
of synthesis of these PIs will be published elsewhere. GRL-121-13 and GRL-142-13 were described
previously (24, 26). Darunavir was purchased from Sigma-Aldrich.

Drug susceptibility assay. The susceptibility of HIV-1 to various drugs was determined as described
previously (41) with minor modifications. In brief, MT-4 cells (2 � 104 cells/ml) were exposed to various
HIV-1 strains (20 ng/ml of p24) and incubated for 6 to 7 days in the presence or absence of various
concentrations of drugs in 10-fold serial dilutions. Assays were performed using the Cell Counting Kit-8
(Dojindo, Japan) or the Lumipulse G1200 system with the HIV-1 p24 antigen detection kit (Fujirebio,
Japan) according to the manufacturer’s instructions.

Thermal stability analysis using DSF. A PRD25N solution (pH 2.8), which did not have catalytic
activity, was refolded by adding 100 mM ammonium acetate (pH 6.0), which resulted in a final pH of 5.0
to 5.2. Tween 20 (0.01%) was then added to the refolded PR solution, and the solution was concentrated
using Amicon Ultra-15 10K centrifugal filter units (Millipore, Darmstadt, Germany). In conducting differ-
ential scanning fluorimetry (DSF) analysis, the final concentration of each PR used was 10 �M (dimer), and
the final compound concentration used was 50 �M. In the experiments, 20 mM compound solutions in
dimethyl sulfoxide (DMSO) were used as stock solutions. The final buffer used contained 100 mM
ammonium acetate (pH 5.0), 0.01% Tween 20, Sypro Orange (5�) (Life Technologies), 2.5% DMSO, 5 �M
human renin (ProSpec-Tany TechnoGene, Ness-Ziona, Israel), and 5 �M lysozyme (Affymetrix, Santa Clara,
CA). Thirty microliters of solution was successively heated from 15 to 95°C, and the changes of
fluorescence intensity were documented using the 7500 Fast real-time PCR system (Applied Biosystems,
Foster City, CA).

Determination of partition and distribution coefficients of GRL-001-15 and GRL-003-15 using
the shake flask method. On day 0 of the experiment, saturation of 1-octanol [CH3(CH2)7OH] (Nacalai
Tesque, Kyoto, Japan) with distilled water and Tris-buffered saline (TBS) (10� working solution; 20 mM
Tris [pH 7.4]– 0.9% NaCl [Sigma-Aldrich, St. Louis, MO]) took place. Four different flasks were used. One
contained 50 ml of water plus 100 ml of 1-octanol, and another contained n-octanol saturated with water
by the addition of 50 ml of 1-octanol and 100 ml of water. For the other two flasks, the same ratios and
volumes were kept for 1-octanol saturated with TBS and TBS saturated with 1-octanol. The flasks were
sealed and placed in a Bioshaker at room temperature for at least 24 h at 90 rpm. Simultaneously,
dilutions of GRL-001-15, GRL-003-15, GRL-121-13, GRL-142-13, and DRV were performed from a 20 mM
DMSO stock solution to a final concentration of 10 �M using H2O, TBS, and 1-octanol as solvents.
Successive dilutions were made to obtain concentrations of 0.1, 0.05, 0.025, and 0.0125 �M. A standard
curve was generated on a light spectrophotometer (Ultrospec 2100 pro; Amersham, Buckinghamshire,
UK) at an absorbance of 230 nm. On day 1 of the experiment, the lipid and liquid interfaces were
separated, and compounds were diluted again from 20 mM to 10 �M DMSO using 1-octanol, water, and
TBS obtained from the shake flask assay. The resulting diluted compounds were then added to separate
serum tubes containing equal proportions of 1-octanol and water and of 1-octanol and TBS. The solution
was shaken for 5 min at 20 rpm using a tube rotator and then centrifuged at 3,500 rpm and at room
temperature for 20 min. Finally, the compounds were recovered from the 1-octanol, TBS, and water
interfaces and then measured on a light spectrophotometer. The values for log P and log D were
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obtained according to the formulas log Poctanol/water � log ([compound]1-octanol/[compound]water) and
log Doctanol/water � log ([compound]1-octanol/[compound]ionized �/[compound]neutral), where
[compound]1-octanol, [compound]water, [compound]ionized, and [compound]neutral represent the con-
centrations of the compound in 1-octanol, water, ionized water, and neutral water, respectively.
Assays were performed following the OECD guidelines for testing of chemicals (47).

In vitro selection of GRL-001-15- and GRL-003-15-resistant HIV-1 variants. We attempted to
select HIV-1 variants that were resistant against GRL-003-15 and GRL-001-15 as previously described with
minor modifications (16, 24). Briefly, MT-4 cells were exposed to the 50 ng/ml of p24 of HIVNL4-3 or
HIVDRV

R
P30 and cultured in the presence of each compound at an initial concentration equal to the EC50.

On the last day of each passage, 1 ml of the cell-free supernatant was harvested and transferred to 4 ml
of culture medium containing fresh uninfected MT-4 cells in the presence of increased concentrations of
the drug for the next round of culture. In this culture round, three drug concentrations (1-, 2-, and 3-fold
higher than the previous drug concentration) were employed. When the replication of HIV-1 in the
culture was confirmed by substantial p24 Gag protein production (increment of greater than 200 ng/ml),
the highest drug concentration among the three concentrations was used to continue for the next round
of culture.

Determination of nucleotide sequences. Molecular cloning and determination of the nucleotide
sequences of HIV-1 strains passaged in the presence of each compound were performed as previously
described (24) with slight modifications. In brief, DNA was extracted from HIV-1-infected MT-4 cells by
using DNAzol Direct (Molecular Research Center, Cincinnati, OH) and was subjected to molecular cloning,
followed by nucleotide sequence determination. Primers used for the first round of PCR with the entire
Gag-PR-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 PCR mixture consisted of 1 �l proviral DNA
solution, 10 �l Premix Taq polymerase (Premix Ex Taq version 2; TaKaRa Bio Inc., Shiga, Japan), and
10 pmol of each PCR primer in a total volume of 20 �l. The PCR conditions used were an initial 1 min at
95°C, followed by 25 cycles of 30 s at 95°C, 30 s at 55°C, and 3 min at 72°C, with a final 7 min of extension
at 72°C. The first-round PCR products were used directly in the second round of PCR. The second-round
PCR primers used for the PR-encoding region were KAPA-1 (5=-GCA GGG CCC CTA GGA AAA AGG GCT
GTT GG-3=) and Ksma2.1 (5=-CCA TCC CGG GCT TTA ATT TTA CTG GTA C-3=) under the PCR conditions of
an initial 1 min at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, and 1 min at 72°C, with a final
7 min of extension at 72°C. The PCR products were purified using spin columns (MicroSpin S-400 HR
columns; GE Healthcare Life Science, Pittsburgh, PA), cloned directly using the pGEM-T Easy vector
cloning system (Promega, Madison, WI), and subjected to sequencing using a model 3500 Genetic
Analyzer (Applied Biosystems). The nucleotide and amino acid sequences of the protease-encoding

TABLE 3 Data collection and refinement statistics using molecular replacement

Parameter

Valuea for:

GRL-003-15_WT (PDB
no. 6MCS)

GRL-001-15_WT (PDB
no. 6MCR)

Data collection statistics
Space group P 61 2 2 P 61 2 2
Cell dimensions

a, b, c (Å) 62.51, 62.51, 82.94 62.78, 62.78, 82.12
�, �, � (°) 90.00, 90.00, 120.00 90.00, 90.00, 120.00

Resolution range (Å) 32.9–21.52 (1.574–1.52) 54.37–1.48 (1.533–1.48)
Rsym or Rmerge (%) 0.1705 (1.492) 0.09024 (2.661)
I/�I 9.16 (1.02) 16.71 (1.49)
Completeness (%) 99.05 (98.19) 99.79 (99.26)
Redundancy (%) 17.7 (17.8) 18.5 (18.9)

Refinement statistics
Resolution range (Å) 32.92–1.52 54.37–1.48
No. of reflections 15,190 (1,466) 16,513 (1,604)
Rwork/Rfree 0.2063/0.2421 0.1782/0.1782
No. of atoms

Total 881 870
Protein 787 783
Ligand/ion 47 59
Water 47 28

B factors 28.2 28.88
Protein 27.66 28.98
Ligand/ion 31.98 24.39
Water 33.44 35.61

Root mean square deviations
Bond length (Å) 0.014 0.025
Bond angle (°) 1.86 2.11

aValues for the highest-resolution shell are shown in parentheses.
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region of HIV variants obtained from selection of HIVDRV
R

P30 in the presence of DRV, GRL-003-15, or
GRL-001-15 are shown in Fig. S2 in the supplemental material.

Crystallization and X-ray data collection. Purification and crystallization of HIV-1 protease were
carried out as previously described (12). Crystals of PRWT-GRL-003-15 or -GRL-001-15 complexes were
formed in 0.1 M HEPES (pH 7.5)–20% (wt/vol) polyethylene glycol 4000 – 0.2 M sodium chloride. Crystals
of PRWT-GRL-003-15 complexes were formed in 0.1 M MES (morpholineethanesulfonic acid) (pH 6.2)–15%
(wt/vol) polyethylene glycol 4000 – 0.2 M lithium sulfate. X-ray data were collected at � � 1.0 Å and 100 K
at SPring-8 (Hyo�go, Japan) and processed in HKL2000 (48). Data collection statistics are shown in Table
3. The phase problem was solved by molecular replacement using Phaser (49) with the 2.0-Å structure
of HIV-1 protease (PDB accession no. 5TYS) as a model. All water molecules and ligand atoms were
omitted from the starting model for clarity. Subsequent cycles of refinements were performed in PHENIX
(50). Coordinates and topology files for GRL-003-15 and GRL001-15 were generated using the Dundee
PRODRG2 server (51) and manually fitted to the electron density. All structural figures were produced
with PyMOL (version 1.3).

Accession number(s). X-ray crystal structures of wild-type HIV-1 protease complexed with GRL-
001-15 and GRL-003-15 are available in the PDB under accession no. 6MCR and 6MCS, respectively. The
nucleotide sequence data of HIVP30

45wk001-15, HIVP30
45wk003-15, and HIVP30

22wkDRV have been deposited in
GenBank under accession no. MK694731, MK694732, and MK694733, respectively.
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