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Natural products with macrocyclic structural features often display intriguing biological properties. Molec-
ular design incorporating macrocycles may lead to molecules with unique protein-ligand interactions. We
generated novel human immunodeficiency virus type 1 (HIV-1) protease inhibitors (PIs) containing a macro-
cycle and bis-tetrahydrofuranylurethane. Four such compounds exerted potent activity against HIV-1, ,, and
had 50% effective concentrations (ECs,s) of as low as 0.002 pM with minimal cytotoxicity. GRL-216 and
GRL-286 blocked the replication of HIV-1, , ; variants selected by up to 5 pM saquinavir, ritonavir, nelfi-
navir, lopinavir, or atazanavir; they had EC5.s of 0.020 to 0.046 M and potent activities against six multi-
PI-resistant clinical HIV-1 (HIV ,py) variants with EC,s of 0.027 to 0.089 M. GRL-216 and -286 also blocked
HIV-1 protease dimerization as efficiently as darunavir. When HIV-1, , ; was selected by GRL-216, it repli-
cated progressively more poorly and failed to replicate in the presence of >0.26 .M GRL-216, suggesting that
the emergence of GRL-216-resistant HIV-1 variants is substantially delayed. At passage 50 with GRL-216 (the
HIV isolate selected with GRL-216 at up to 0.16 pM [HIV,, 016 pml)s HIV-1y; 45 containing the L10L, L24I,
M46L, V82I, and I84V mutations remained relatively sensitive to PIs, including darunavir, with the EC5,s
being 3- to 8-fold-greater than the EC;, of each drug for HIV-1y; 4 ;. Interestingly, HIV, 4 4 16 ,.» had 10-fold
increased sensitivity to tipranavir. Analysis of the protein-ligand X-ray structures of GRL-216 revealed that the
macrocycle occupied a greater volume of the binding cavity of protease and formed greater van der Waals
interactions with V82 and 184 than darunavir. The present data warrant the further development of GRL-216

as a potential antiviral agent for treating individuals harboring wild-type and/or HIV  p.

Currently available combination chemotherapy for human
immunodeficiency virus type 1 (HIV-1) infection and AIDS
typically uses two reverse transcriptase (RT) inhibitors (RTIs)
and boosted protease inhibitors (PIs) or an integrase inhibitor,
also known as highly active antiretroviral therapy (HAART)
(6, 29, 30, 33), and has been shown to suppress the replication
of HIV-1 and significantly extend the life expectancy of HIV-
1-infected individuals. Indeed, several recent analyses have
revealed that the mortality rates for HIV-infected persons
have become much closer to the general mortality rates since
the introduction of HAART and that first-line HAART with
boosted PI-based regimens resulted in less resistance within
and across drug classes (2, 20, 21, 35).

However, the ability to provide effective long-term antiret-
roviral therapy for HIV-1 infection has become a complex
issue since those who initially achieved favorable viral suppres-
sion to undetectable levels have experienced treatment failure
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(10, 20, 27). In addition, it is evident that even with these
anti-HIV-1 drugs, only partial immunologic reconstitution is
attained in patients with advanced HIV-1 infection, and it is
likely that HIV-1 will eventually acquire resistance to virtually
any antiviral agent. Thus, it appears that the development of
potent and drug-resistance-deferring antiviral agents will con-
tinue to be required for successful long-term control of HIV-1
infection and AIDS (3, 11).

A number of natural-product-derived small molecules are
known to interact with human proteins, and a variety of such
molecules have been identified to fulfill significant biochemical
functions, permitting the development of a wide range of phar-
maceuticals. Macrocycles are representatives of natural-prod-
uct-derived small molecules. Of note, any molecule containing
a ring of seven or more atoms is defined to be a macrocycle (8).

In the present study, we designed and synthesized PIs con-
taining functionalities that interact with the amino acid back-
bones of the catalytic site of HIV-1 protease along with a
flexible macrocyclic group involving P1'-P2’ ligands for effec-
tive repacking of the altered PI-binding cavity of protease that
emerges upon side chain mutations in PI-resistant HIV-1 vari-
ants. We identified a group of novel potent macrocyclic PIs
(16). GRL-216, which possesses a dual anti-HIV-1 mechanism,
inhibits the catalytic activity and dimerization of HIV-1 pro-
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FIG. 1. Structures of macrocyclic PIs GRL-216, GRL-246, GRL-286, and GRL-396.

tease and exerts potent activity against wild-type HIV-1 as well
as a wide spectrum of Pl-resistant HIV-1 variants in vitro.

MATERIALS AND METHODS

Cells and viruses. Human CD4" MT-2 and MT-4 cell lines were grown in
RPMI 1640-based culture medium supplemented with 10% fetal calf serum
(PAA Laboratories GmbH, Linz, Austria) plus 50 U of penicillin and 100 pg of
kanamycin per ml. The following HIV-1 strains were used for the drug suscep-
tibility assay: HIV-1; oy, HIV-1y 4.3, HIV-2gy0, and HIV-2g6p (5, 32, 36). In
addition, we used clinical HIV-1 strains from drug-naive patients with AIDS
(HIV-1ggsi0apre) (32) and six HIV-1 clinical isolates that were originally isolated
from patients with AIDS who had received anti-HIV-1 therapy heavily (for 32 to
83 months) and that were genotypically and phenotypically characterized as
multiple-PI-resistant HIV-1 variants (36, 37). To determine whether each clinical
HIV-1 isolate used in the present study was a syncytium-inducing (SI) virus or a
non-syncytium-inducing (NSI) virus strain, MT-2 cells (10°) were exposed to an
aliquot of viral stock supernatant containing 100 50% tissue culture infectious
doses (TCIDss) of the virus and cultured in six-well culture plates. The cultures
were maintained for 4 weeks and were examined under an inverted microscope
to determine the syncytium-inducing or non-syncytium-inducing nature of the
virus, as described previously (36, 37).

Antiviral agents. In this work, 40 novel nonpeptidic PIs which contained
3(R),3a(S),6a(R)-bis-tetrahydrofuranylurethane (bis-THF) (14, 15, 24) and a
macrocyclic ring (16) were designed and synthesized. Among them, four PIs,
GRL-216, GRL-246, GRL-286, and GRL-396 (Fig. 1), with molecular weights of
630.8, 644.8, 632.8, and 616.7, respectively, were chosen for detailed analysis,
primarily on the basis of their potent antiviral activity. The method of the
synthesis of these four PIs has been described elsewhere by Ghosh and coworkers
(16). Saquinavir (SQV) and ritonavir (RTV) were kindly provided by Roche
Products, Ltd. (Welwyn Garden City, United Kingdom) and Abbott Laborato-
ries (Abbott Park, IL), respectively. Amprenavir (APV) was a kind gift from
GlaxoSmithKline (Research Triangle Park, NC). Nelfinavir (NFV) and lopinavir
(LPV) were kindly provided by Japan Energy, Inc., Tokyo, Japan. Indinavir
(IDV) was kindly provided by Merck Research Laboratories (Rahway, NJ).
Atazanavir (AZV) was a kind gift from Bristol-Myers Squibb (New York, NY).
Darunavir (DRV) was synthesized as described previously (17). Tipranavir
(TPV) was obtained through the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, NIAID, National Institutes of Health.

Drug susceptibility assay. The susceptibilities of HIV-1; o; and primary HIV-1
isolates to various drugs were determined as described previously (24), with
minor modifications. Briefly, MT-2 cells (2 X 10%ml) were exposed to 100
TCIDsgs of HIV-1; ,; in the presence or absence of various concentrations of
drugs in 96-well microculture plates, and the plates were incubated at 37°C for 7
days. After 100 pl of the medium was removed from each well, 3-(4,5-dime-
tylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (10 wl, 7.5
mg/ml in phosphate-buffered saline) was added to each well in the plate, followed

by incubation at 37°C for 3 h. After incubation to dissolve the formazan crystals,
100 wl of acidified isopropanol containing 4% (vol/vol) Triton X-100 was added
to each well, and the optical density was measured using a kinetic microplate
reader (Vmax; Molecular Devices, Sunnyvale, CA). All assays were performed in
duplicate or triplicate. To determine the susceptibilities of primary HIV-1 iso-
lates to the drugs, phytohemagglutinin-activated peripheral blood mononuclear
cells (PHA-PBMCs; 10%ml) were exposed to 50 TCIDss of each isolate. The
target cells were exposed to HIV-lgggioapre OF drug-resistant HIV-1 in the
presence or absence of various concentrations of drugs and were incubated for
7 days. Upon the conclusion of the culture, the amounts of p24 Gag protein in
the supernatants were determined using a fully automated chemiluminescent
enzyme immunoassay system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (28).

To determine the drug susceptibilities of certain laboratory HIV-1 strains,
MT-4 cells were used as target cells. In brief, MT-4 cells (10°/ml) were exposed
to 100 TCIDsgs of drug-resistant HIV-1 strains in the presence or absence of
various concentrations of drugs, and on day 7 of culture, the supernatant was
harvested and the amounts of p24 Gag protein were determined. The drug
concentrations that suppressed the production of p24 Gag protein by 50% (50%
effective concentrations [ECsqs]) were determined by comparison of the levels
produced by drug-treated cell cultures with the levels produced in drug-free
control cell cultures. All assays were performed in duplicate or triplicate.

Generation of Pl-resistant HIV-1 in vitro. In the experiments for selecting
drug-resistant variants, MT-4 cells were exploited as target cells, since HIV-1 in
general replicates at greater levels in MT-4 cells than in MT-2 cells. MT-4 cells
(10°/ml) were exposed to HIV-1y; 4.5 (500 TCIDs(s) and cultured in the pres-
ence of various PIs, each at an initial concentration of its ECs,. Viral replication
was monitored by determining the amount of p24 Gag produced by MT-4 cells.
The culture supernatants were harvested on day 7 and used to infect fresh MT-4
cells for the next round of culture in the presence of increasing concentrations of
each drug. When the virus began to propagate in the presence of the drug, the
drug concentration was generally increased 2- to 3-fold. Proviral DNA samples
obtained from the lysates of infected cells were subjected to nucleotide sequenc-
ing of the HIV genome.

Determination of nucleotide sequences. Molecular cloning and determination
of the nucleotide sequences of HIV-1 strains passaged in the presence of anti-
HIV-1 agents were performed as described previously (36, 37). In brief, high-
molecular-weight DNA was extracted from HIV-1-infected MT-4 cells by using
the InstaGene matrix (Bio-Rad Laboratories, Hercules, CA) and was subjected
to molecular cloning, followed by sequence determination. The first-round PCR
mixture consisted of 1 pl of proviral DNA solution, 10 pl of Premix Tag (Ex Taq
version; Takara Bio, Inc., Otsu, Japan), and 10 pmol of each of the first PCR
primers in a total volume of 20 pl. The PCR conditions used were an initial 5
cycles of 30 s at 95°C, 2 min at 55°C, and 2 min at 72°C, followed by 15 cycles of
30 s at 95°C, 20 s at 55°C, and 2 min at 72°C. The first-round PCR products were
used directly in the second round of PCR. The second-round PCR products were
purified with spin columns (MicroSpin S-400 HR columns; Amersham Bio-
sciences Corp., Piscataway, NJ), cloned directly, and subjected to sequencing
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TABLE 1. Activities of mcPIs against HIV-1, 5;, HIV-2g, and HIV-2, 4, and cytotoxicities”

ECso (nM) L.
Drug CCsp (LM) Selectivity index
HIV-1; o, HIV-2ho HIV-2x00
APV 0.024 = 0.008 0.12 = 0.03 0.42 = 0.10 >100 >4,170
LPV 0.039 = 0.006 0.035 = 0.025 0.028 = 0.004 >100 >2.560
TPV 0.17 = 0.005 0.30 = 0.15 0.33 = 0.07 54121 320
DRV 0.003 = 0.0004 0.008 = 0.007 0.010 = 0.004 >100 >33.300
GRL-216 0.002 = 0.001 0.010 = 0.007 0.017 = 0.001 488 = 1.3 24,400
GRL-246 0.022 = 0.005 ND ND 333 0.8 1,510
GRL-286 0.004 = 0.001 0.018 = 0.013 0.025 = 0.002 33.1*x25 8,280
GRL-396 0.014 = 0.001 ND ND 449 = 4.1 3,200

“ MT-2 cells (2 X 10%) were exposed to 100 TCIDss of HIV-1; 55, HIV-25146, or HIV-2gop and cultured in the presence of various concentrations of each PI. The
ECss were determined by using the MTT assay. All assays were conducted in duplicate, and the data shown represent mean values (=1 standard deviation) derived
from the results of three independent experiments. Each selectivity index denotes the ratio of the CCs, to the ECs, against HIV-1; o;. ND, not done.

with a model 3130 automated DNA sequencer (Applied Biosystems, Foster
City, CA).

Generation of FRET-based HIV-1 expression system. The intermolecular flu-
orescence resonance energy transfer (FRET)-based HIV-1 expression assay em-
ploying cyan and yellow fluorescent protein-tagged protease monomers (CFP
and YFP, respectively) was performed as described previously (23). In brief,
CFP- and YFP-tagged HIV-1 protease constructs were generated using BD
Creator DNA cloning kits (BD Biosciences, San Jose, CA). For the generation
of full-length molecular infectious clones containing CFP- or YFP-tagged pro-
tease, the PCR-mediated recombination method was used (9). A linker consist-
ing of five alanines was inserted between the protease and the fluorescent
proteins. The phenylalanine-proline site that HIV-1 protease cleaves was also
introduced between the fluorescent protein and RT sites. Thus, the DNA frag-
ments obtained were subsequently joined by using the PCR-mediated recombi-
nation reaction performed under the standard conditions for ExTaq polymerase
(Takara Bio, Inc.). The amplified PCR products were cloned into the pCR-XL-
TOPO vector, according to the manufacturer’s instructions (Gateway cloning
system; Invitrogen, Carlsbad, CA). PCR products were generated with the pCR-
XL-TOPO vector and used as templates, followed by digestion by both Apal and
Smal; and the Apal-Smal fragment was introduced into pHIV-Iy;gma (12),
generating pHIV-PRy,cFp and pHIV-PRy,YFP (Where WT indicates wild type),
respectively.

FRET procedure. COS7 cells plated on an EZ-view cover, glass bottom culture
plate (Iwaki, Tokyo) were transfected with pHIV-PRy,rcFp and pHIV-PRyyYFP
using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instruc-
tions, in the presence of various concentrations 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 described
previously (23). When the effect of each compound was analyzed by FRET, the
test compounds were added to the culture medium simultaneously with the
transfected plasmids.

The results of FRET were determined by measurement of the quenching of
the CFP (donor) fluorescence and the increase in the YFP (acceptor) fluores-
cence (sensitized emission), since part of the energy of CFP is transferred to YFP
instead of being emitted. The changes in the CFP and YFP fluorescence inten-
sities in the images of the selected regions were examined and quantified using
an FV500 Image software system (Olympus Optical Corp.). The ratios of the
intensities of the CFP fluorescence after photobleaching to the CFP fluorescence
before photobleaching (CFPA'E ratios) were determined. CFPA/® ratios less than
1 indicated that the association of the two subunits did not occur, and it was
interpreted that protease dimerization was inhibited (23).

Structural analysis of interaction of GRL-216 and darunavir. Counterions
were deleted from the crystal structures of HIV-1 protease complexed with
GRL-216 (Protein Data Bank [PDB] accession number 3160) (16) and darunavir
(PDB accession number 2IEN) (13). Bond orders were properly assigned to the
inhibitor molecules. Hydrogens were added to all the heavy atoms, and their
positions were optimized in an OPLS2005 force field with constraints on the
heavy atom positions. A cutoff distance of 3.0 A between a polar hydrogen and
an oxygen or nitrogen atom was used to determine the presence of hydrogen
bonds. The structures were analyzed using the Maestro (version 9.0) program
(Schrodinger, LLC, New York, NY, 2009).

RESULTS

Generation of mcPIs and their activities against HIV-1, ,,.
We designed and synthesized ~40 PIs containing a variety of
macrocyclic components (16). Among those, we identified
GRL-216, GRL-246, GRL-286, and GRL-396 (Fig. 1) to be
PIs with potent activities against HIV-1 in vitro. As shown in
Table 1, GRL-216 and -286 were highly potent against a lab-
oratory wild-type HIV-1 strain, HIV-1; 5;, with ECsys of
0.002 = 0.001 and 0.004 = 0.001 pM, respectively, determined
with the MTT assay using MT-2 cells. Of note, GRL-216 and
-286 were more potent against HIV-1; 4, than three represen-
tative FDA-approved PIs (APV, LPV, and TPV), although
the potencies of these two compounds were comparable to the
potency of DRV, whose ECs, was 0.003 £ 0.0004 uM. The
cytotoxicity of GRL-216 and -286 was seen only at high con-
centrations, with the 50% cytotoxic concentrations (CCs,s)
being 48.8 and 33.1 uM, respectively, resulting in reasonably
good selectivity indices of 24,400 and 8,280 for these two com-
pounds, respectively. GRL-246 and -396 were also potent and
had ECs4s of 0.022 = 0.005 and 0.014 = 0.001 wM, respec-
tively, and selectivity indices of 1,510 and 3,200, respectively.
Thus, in a further study, we primarily examined the pharma-
cological and virological profiles of the two most potent com-
pounds with greater selectivity indices, GRL-216 and -286.

Activities of GRL-216 and GRL-286 against HIV-2 strains in
vitro. The activities of GRL-216 and GRL-286 against two
HIV-2 strains, HIV-2;0 and HIV-2,4p, were determined
using the MTT assay and MT-2 cells as the target cells, as
described previously (1). While the activity of APV against
HIV-2gy6 and HIV-2, 4, was slightly less potent than that of
APV against HIV-1, o; (ECsys for HIV-25 46, HIV-2,op, and
HIV-1, Ay, 0.12 M [3.53-fold less potent], 0.42 uM [12.35-fold
less potent], and 0.034 wM, respectively (Table 1), three other
PIs (LPV, TPV, and DRV) were comparably potent against
both HIV-2 strains and HIV-1, ,;. GRL-216 was relatively less
potent against HIV-25; and HIV-2; 4, than against HIV-
1pa1 (ECsos for HIV-2.6, HIV-2p6p, and HIV-1, 4;, 0.010
pM [5-fold less potent], 0.017 uM [8.5-fold less potent], and
0.002 uM, respectively) (Table 1). Similarly, GRL-286 exerted
relatively less activity against the two HIV-2 strains (Table 1)
than against HIV-1, ;.
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GRL-216 and GRL-286 are potent against PI-selected lab-
oratory HIV-1 variants. We also examined whether GRL-216
and GRL-286 were active against a variety of HIV-1 variants
that had been selected in vitro with each of five FDA-approved
PIs (SQV, NFV, APV, LPV and AZV) (Table 2). These
HIV-1 variants were obtained by propagating a wild-type lab-
oratory HIV-1 strain, HIV-1y; 4.3, in the presence of increasing
concentrations of each PI in MT-4 cells over 37 to 60 passages
in vitro, and the variants thus obtained were confirmed to have
acquired various PI resistance-associated amino acid substitu-
tions in the protease-encoding region of the viral genome (see
footnote a of Table 2). Each of the variants (HIV-155v.5 ,m»
HIV-Ixpvs wve HIV-1apys o HIV-11pys v, and HIV-
lazv.s wv [Where the subscripts indicate the drug-drug con-
centration with which the variant was selected]) (22) was highly
resistant to the corresponding PI with which the variant was
selected, with the ECs4s being >1 wM; and the fold differences
in the ECy,s compared to the ECs, of each drug against HIV-
1143 Tanged from >22 to >250. The activities of GRL-216
against all these variants except HIV-1,py.5 v Were well
maintained, with the fold differences being 4 to 8. GRL-216
was virtually inert against HIV-1,py 5 a1, With the ECs,, being
>1 uM. GRL-286 had potent activity against HIV-1gqv.s o
HIV-1xgvs pwe and HIV-1,,y 5\ but the compound was
less potent against HIV-1;py s ., and was virtually inert
against HIV-1,py 5 ,m.(24). The observation that both GRL-
216 and GRL-286 were essentially inert against HIV-1,py 5 ,m
was presumably due to the structural resemblance among
GRL-216A, GRL-286A, and APV, all of which contain a sul-
fonamide isostere (Fig. 1).

GRL-216 and GRL-286 exert potent activities against highly
MDR clinical HIV-1 strains. In our previous work, we isolated
highly multiple-drug (PI)-resistant (MDR) clinical HIV-1
strains (HIV-1ypg), including HIV-1ypr/p HIV-1ypr.c
HIV-1yipr/6: HIV-lyprve HIV-lyprmaae and  HIV-
Impryst, from patients with AIDS who had failed the then-
existing anti-HIV regimens after receiving 9 to 11 anti-HIV-1
drugs over 32 to 83 months (36, 37). These clinical strains
contained 9 to 14 amino acid substitutions in the protease-
encoding region which have reportedly been associated with
HIV-1 resistance to various PIs (see footnote a of Table 3).
The ECsys of IDV and LPV for these multidrug-resistant clin-
ical HIV-1 isolates were mostly >1 wM, and the activities of
the other three PIs (SQV, APV, and AZV) were also found to
be significantly compromised, determined using PHA-PBMCs
as the target cells and p24 production inhibition as the end
point (Table 3). Both TPV and DRV well maintained their
activities, and the fold differences between their ECs,s against
HIV-lggsigapre (Wild-type isolate) and their ECsqs against
multidrug-resistant clinical isolates ranged from 1 to 9, while it
was noteworthy that the highest EC5, of DRV was much lower
(0.027 pM) than that of TPV (0.38 uM). GRL-216 and -286
exerted potent activities against HIV-1gggioapres With the
ECs,s being as low as 0.005 and 0.007 uM, respectively (Table
3). The potencies of GRL-216 and -286 against five PI-resistant
variants (HIV-1yprs HIV-lypre HIV-lyprg HIV-
Iymprrvs and HIV-15e vmn) Were well maintained, with the
fold differences in the ECsys compared to their ECs,s against
HIV-1ggsi04pre Tanging from 4 to 13. However, both GRL-216
and -286 were less potent against HIV-1y,5r/s1, With the
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FIG. 2. GRL-216 and GRL-286 potently block the dimerization of HIV-1 protease. To examine whether GRL-216 and GRL-286 inhibited
HIV-1 protease dimerization, the FRET-based HIV-1 expression system was employed (23). COS7 cells were transfected with pHIV-PRy,rcrr and
pHIV-PRy,vre and exposed to various concentrations of either of the drugs, and the CFP*® ratios (y axis) were determined at the end of a 72-h
culture. All average CFP/® ratios were less than 1.0 in the presence of >0.1 uM GRL-216 and GRL-286, indicating that both compounds

effectively blocked HIV-1 protease dimerization.

several passages with GRL-216 selection. It was found that by
passage 10, the virus had acquired the E107D substitution. By
passage 25 and beyond, V351, R275K, and the p1/p6 cleavage
site substitution L449F had emerged. By passage 50, V390D
emerged and persisted (data not shown).

We also determined the amino acid sequences of the gag
regions of each of the selected HIV variants by direct base
sequencing. Two amino acid substitutions were seen in com-
mon: the V35I substitution was identified in GRL-216-, GRL-
246-, and GRL-286-selected variants (by 25, 10, and 20 pas-
sages, respectively); and the L449F substitution, reported by
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FIG. 3. In vitro selection of HIV-1 variants resistant to GRL-216,
GRL-246, GRL-286, and GRL-396. HIV-1; 4.5 was propagated in
MT-4 cells in the presence of increasing concentrations of APV (e),
GRL-216 (A), GRL-246 (M), GRL-286 ([]), or GRL-396 (O). Each
passage of HIV-1 was conducted in a cell-free fashion. APV was
employed as a reference compound.

Doyon et al. (7), was identified in GRL-216- and GRL-286-
selected variants (by 25 and 20 passages, respectively). Other
than these two amino acid substitutions, only sporadic substi-
tutions were identified in the gag region of the four variants
(data not shown).

Susceptibilities of mcPI-selected HIV-1 variants to various
PIs. We finally examined the susceptibilities of the four PI-
selected HIV-1 variants to six FDA-approved PIs along with
the four mcPIs using MT-4 cells (24) as target cells (Table 4),
as described previously. HIV,,4.ps, Was substantially resistant
to GRL-216, with a 24-fold-greater ECs,, (0.094 uM) than the
ECs, of GRL-216 against HIV-1y 4.5. HIV,;4.ps, Was more
resistant to the other three mcPIs examined, with the fold
differences in ECsys against HIV selected with GRL-246 at 1
M (HIV,46 1 um)> HIVage g ums and HIVige o being 75,
>250, and 18, respectively. However, HIV,,4_ps, Was still sus-
ceptible to DRV, with the difference in the ECs, for HIV,,4.
pso relative to that for HIV-1, 4,5 being 3-fold. Interestingly,
all four PI-selected HIV-1 variants, including HIV,,4_ps, Were,
paradoxically, more susceptible to TPV by factors of 3.3 to 10
relative to the susceptibility of HIV-1y; 4.5 to TPV (Table 4),
suggesting that the combination of GRL-216 (and the other
three PIs as well) and TPV could exert complementarily aug-
mented activity against mcPI-resistant HIV-1 variants. It is not
clear at this time how the increased sensitivity to TPV was
brought about in those variants. The replication fitness of the
GRL-286-resistant variant was examined, and the variant was
found to be almost as replication competent as wild-type iso-
late HIV-1, 4.5 (Fig. 5), suggesting that the possibly compro-
mised replication fitness of the GRL-286-resistant variant was
well compensated for by other amino acid substitutions.

Substitutions V82I and 184V prevent GRL-216 from block-
ing protease dimerization and play a role in HIV-1 resistance
to GRL-216. Our observation that the GRL-216- and GRL-
396-selected HIV-1 variants had acquired various amino acid
substitutions prompted us to examine whether such amino acid
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FIG. 4. Amino acid sequences of protease-encoding regions of HIV-1y; 45 variants selected in the presence of GRL-216, GRL-246, GRL-286,
or GRL-396. The amino acid sequence of protease, deduced from the nucleotide sequence of the protease-encoding region of each proviral DNA
isolated at each time indicated, is shown. The amino acid sequence of wild-type HIV-1y; 4.5 protease is illustrated at the top as a reference.

substitutions affected the protease dimerization inhibition of
GRL-216. We generated in the setting of the FRET-based
HIV-1 expression assay (23) a pair of recombinant clones (one
with CFP and the other with YFP) containing one of the
following mutations: 1241, V82I, 184V, V82I/184V, or L10I/
L241/M46L/L63P/V821/I84V. With 1241, V82I, or 184V alone,
the protease dimerization-blocking activity of 0.1 uM GRL-
216 was not affected; however, with either set of the V821/I84V
or L10I/L241/M46L/L63P/V82I/I84V substitutions, GRL-216
failed to block the dimerization (Fig. 6). Thus, the V82I and
184V substitutions prevented GRL-216 from blocking protease
dimerization and played a role in the emergence of HIV-1
resistance to GRL-216.

Structural analysis of interactions with GRL-216 with
HIV-1 protease. The crystal structures of GRL-216 (PDB ac-
cession number 3160) and DRV (PDB accession number
2IEN) (34) were analyzed to gain insight into the similarities
and differences in their interactions with HIV-1 protease (Fig.
7). Hydrogens were added to the coordinates obtained from
PDB and minimized with constraints on the heavy atoms in an
OPLS2005 force field using the Maestro (version 9.0) program
(Schrodinger, LLC).

The bis-THF component of GRL-216 forms a hydrogen-
bonding interaction with D29 and D30 of the protease. Hydro-
gen bond interactions with D25 and D25" and water molecule-
mediated hydrogen bond interactions with 150 and 150" were
also observed (Fig. 7A). These hydrogen bond interactions
were also observed for DRV (Fig. 7-B). The P2’ ligands of
DRV and GRL-216 were different, and both of them formed
hydrogen bond interactions with different backbone atoms of
D30'. The oxygen atom in the methoxybenzene of GRL-216
formed a hydrogen bond with the backbone NH of D30’, while
the aniline nitrogen of darunavir forms a hydrogen bond with
the oxygen of the backbone carbonyl. While the polar interac-

tions of these molecules were similar, there appeared to be
subtle differences in the nonpolar interaction due to the pres-
ence of the macrocyclic ring in GRL-216.

The macrocyclic ring occupied more volume at the S1'-S2’
binding cavity of the protease and formed more van der Waals
interactions with V82 and 184 than the corresponding isopro-
pyl group of the structurally related bis-THF-containing com-
pound DRV (Fig. 7C and D), strongly suggesting that the
binding of GRL-216 to V82 and V84 along with the polar
interactions described earlier significantly contribute to its ac-
tivity against HIV-1 protease. This finding should explain well
why the V82I and I84V substitutions emerged during the in
vitro selection process (Fig. 4). However, the observation that
the V82I and I84V substitutions prevented GRL-216 from
blocking protease dimerization cannot be explained by struc-
tural analysis of the interactions of GRL-216 with the mature
and dimerized protease discussed above. Elucidation of the
mechanism by which the V82I and 184V substitutions results in
the loss of the dimerization blockade of GRL-216 requires
detailed structural data on the interactions of GRL-216 and
the monomer protease subunit.

DISCUSSION

Macrocycles represent a group of functional moieties inher-
ent to a number of bioactive natural products.

We have designed and synthesized a series of PIs containing
functionalities (such as bis-THF) that interact with the amino
acid backbones of the catalytic site of the HIV-1 protease
along with flexible macrocyclic groups involving P1'-P2" li-
gands for effective repacking of the altered PI-binding cavity of
protease that emerges upon side chain mutations in PI-resis-
tant HIV-1 variants (16). Here, we report on a novel potent PI,
GRL-216, which exerted potent activity against wild-type
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FIG. 5. Replication kinetics of GRL-286-resistant HIV-1. MT-4 cells (2.4 X 10°) were exposed to an HIV-1,44 wm Or a wild-type HIV-1yy.4.5
preparation containing 30 ng p24 in six-well culture plates for 3 h, and the MT-4 cells were divided into three fractions, each of which was cultured
with or without GRL-286 (10* MT-4 cells/ml and drug concentrations of 0, 0.01, and 0.1 wM). The amounts of p24 were measured every 2 days

for up to 9 days.

inhibitors of protease, including DRV (23). We therefore
asked in the present study whether GRL-216 and GRL-286,
both of which contain the bis-THF moiety, like DRV does,
could block the dimerization of the HIV-1 protease in the
system. All average CFP*'® ratios proved to be less than 1.0 in
the presence of certain concentrations of GRL-216 and
GRL-286, indicating that both compounds effectively
blocked HIV-1 protease dimerization. It is thought that this
protease dimerization activity, along with protease catalysis-
inhibitory activity, should render GRL-216 and GRL-286
potent against diverse HIV-1 variants and cause a substan-
tial delay in the time to the emergence of resistance to the
compounds (Fig. 3).

The crystal structure of GRL-216 revealed that, as in the
case of DRV (16, 25), the bis-THF moiety of GRL-216 forms
strong hydrogen-bonding interactions with the backbones of
D29 and D30 of protease and the compound has good inter-

actions with D25 and 150, which should give GRL-216 signif-
icantly potent activity against diverse wild-type and multidrug-
resistant HIV-1 strains. However, the macrocyclic ring was
found to occupy more of the binding cavity of protease and
form more van der Waals interactions with V82 and 184 than
the corresponding isopropyl group of DRV (Fig. 7C and D).
This observation should explain why HIV-1 selected with
GRL-216 acquired V82I and 184V substitutions early in the
selection, although GRL-216 remained fairly potent against
HIV-1 variants containing these two substitutions (Table 4)
(34).

Of note, if GRL-216 and GRL-286 are directly compared
with DRV on the basis of the EC,s alone, the compounds do
not appear to possess significant advantages over DRV. How-
ever, HIV selected with the PIs examined in the present study
had increased susceptibility to TPV, suggesting that combina-
tion of such mcPIs and TPV may achieve synergism. Further-
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FIG. 6. GRL-216 fails to block protease dimerization with V82I and 184V substitutions. To examine whether an amino acid substitution(s)
emerged upon selection of HIV-1y, 5 with GRL-216, recombinant clones containing the L1241, V82I, 184V, V82I/I84V, or L10I/L24I/M46L/
L63P/V82I/184V mutation(s) were generated in the setting of the FRET-based HIV-1 expression assay (23). With L1241, V82I, or 184V alone, the
protease dimerization-blocking activity of 0.1 uM GRL-216 was not affected; however, with either set of the V82I/I84V or L10I/L241/M46L/
L63P/V821/184V substitutions, GRL-216 failed to block the dimerization.
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FIG. 7. Interactions of GRL-216 with HIV-1 protease compared to those of DRV. (A and B) Selected hydrogen bond interactions of GRL-216
and DRV. Both inhibitors have hydrogen bond interactions with Asp29, Asp30, Asp25, and Asp25' and water-mediated hydrogen bond
interactions with Ile50 and I1e50" in the flap. Both inhibitors form hydrogen bond interactions with different backbone atoms of Asp30’; GRL-216
forms a hydrogen bond with the NH, while DRV forms hydrogen bonds with the oxygen of the carbonyl. (C and D) The van der Waals surfaces
of GRL-216, DRV, and protease residues V82 and 184 are shown. The macrocyclic ring of GRL-216 appears to have greater van der Waals contact
with V82 and 184 than the corresponding isopropyl of darunavir. All figures were generated using the Maestro (version 9.0) program (Schrodinger,

LLC).

more, macrocycles represent a group of functional moieties
derived from natural products, and PIs might have advantages
over other PIs, including DRV.

In conclusion, the data obtained in the present study showed
that GRL-216, which has dual anti-HIV-1 activity, inhibition of
protease dimerization and the catalytic activity of HIV-1 pro-
tease, exerts potent activity against a wide spectrum of multi-
drug-resistant HIV-1 variants and that its macrocyclic moiety
contributes to its increased anti-HIV-1 potency compared to
that of its structurally related, bis-THF-containing PI DRV.
The present data suggest that macrocyclic moieties may play a
role in improving the anti-HIV-1 profile of PIs and in the
future may contribute to the design of anti-HIV-1 compounds.
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