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TABIF. 1. Sensitivities of infectious HTV-1 clones with Gag mutations to various Pls

ICss" (M) ol
Infectious HIV-1 clone
AFV sQV mv RTV NFV
HIVyr 0.051 = 0.0008 0.021 = 0.002 0.032 = 0.002 0.052 = 0,0005 0.028 = 0.002
r}ﬂvmm"“ 0.031 = 0.003 0.017 = 0.003 0.032 = 0.003 0.031 = 0.0007 0.029 = 0.003
rHIVW“"'”"' 0.029 = 0.003 0.020 = 0.01 0,032 =+ 0.001 0.031 = 0.004 0.028 = 0.002
:mvwmw'm- 0.032 = 0.0001 0.023 = 0.005 0.032 = 0,003 0.032 = 0.0001 0.028 = 0.002
‘Dauﬂnmngmunnluu(wh.hlmﬁmmulm}wmmmemnluofw ducted in triplh The iCess were

g MT-4 cells 1o each HIV-1 close (50 TCIDy,) in the pruenu n( each PI, with the inht‘blﬂun de‘ Gag proteln production

as an end point. )

THIV gy, 2731939040928 affected the susceptibility of
HIV-1 to any of five PIs (APV, SQV, IDV, RTV, and NFV),
Indeed, the ICs for HlV~r were highly comparable to
those for any of the three recombinant clones carrying com-
bincd Gag mutations.

Replication rate difference is not the cause of the contrast-
ing resistance acquisition patterns. Our cbservations of the
contrasting resistance acquisition patterns, in which
THIV gypppo 71 9290M0%48  aequired resistance to APV
more rapidly than HIVy, when selected with APV (Fig. 3)
and rHI Vg :msmorﬁuwm significantly delayed the ac-
quisition of resnstancc to other Pls compared to HIVy,
(Fig. 5), prompted us to ask whether the replication rates of
THIV o 27541935014098%8 and HIVyr were differentially

allected by the presence of PIs. We therefore compared the
12/78/219/300/400gag and HIVWT

replication rates of tHI V-,

in the presence or absence of APV, SQV, IDV, RTV, or
NFV by usmg the CHRA (21). As shown in Fig. 6,
THIV gy 1271705080 qutgrew HIVyy regardless of
the absence or presence of Pls. Comparing the divergence
pattemns of the curves for THIVypy,,' 27%219/3%040%88 and
HIVyyy in the absence and presence of APV (Fig. 6A and B)
revealed that those for growth in the presence of APV
diverged more quickly than those for growth in the absence
of APV (Fig. 6B). However, similar divergence patterns
were seen with SQV, IDV, RTV, and NFV (Fig. 6C, D, E,
and F), suggesting that the replication advantage of
THIV g 27721 93%04%8%8 geen in the CHRA was not the
cause for the observed contrasting resistance acquisition
pattems.

NFY resistance-conferring protease mulations increase
HIV-1 susceptibility to APV, There have been reports that an

8 o o o

FIG. 6. Results from the CHRA for HIVyq and fHIV.

8 in the at or presence of each drug. Replication profiles of

HIVy+ (W) and rHIV, i (0)m:heabsam{ﬁ)orprmnmofﬁmpMAPV(B).0.0Z»MS{JV(C),UD:»MHJV{D},UDS
uM RTV (E), or 0.03 NEV (F) were examined by the CHRA. The cell-free supernatant was transferred (o fresh MT-4 cells every 7 duys.
Ii:gh-molwﬂa:—wmghtDNAmmedtom:nfmedunsutheendofm ge was subjected to nucleotid g and the proportions

of Arg and Lys at pesition 409 in Gag were determined.
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TARIFE 2 Phenotypic sensitivities of recomhinant HTV-1 clones

passaged with NFV*
I = 5D (change, n-fold) of
Infectious HIV-1 clons i )
APV NFV
HIV. 0.031 = 0.0008 (1 ; 0,028 = 0002 (1
:ma:mm 0.0015 = 0.0007 (0.05) 0.028 = 0.001 ;1
rm;nm,, &c%?i P noml g : 0.045 = 0.001 (1.6)
THIV:oooesmiges ™ 1P 014 = 0.0021 026 =003
fHIV, BmaNeuis (000 + 0002 (0.64) 032+ 003 Ell]
HIVysiemes, 00069 = 00024 (0.22) 025 = 0.04 (9
THIV ougrmipes = 21000 %S () 0046 = (0019 (0.15) 021 = 006 (8
* Recombinant HIV c.lom HIVigmonamipre, 8 and
tHIV ssansmpo d to have a set of four pro-
tease melations (I.IUF. D3N, Klﬂ, and AT1V) and wild-type Gag or Gag
e and

with five n-muhor:! while other clones, rHIVy,
tHIVyouam , were generated with three protesse muts-
tiops [MQ&L and VT71) a.nd wild-type Qag or Gag with five mnnmm
Bath sets of profeass mutations were seen when HIV-1 was pfupaﬁ_r
presence of NFV. The ICspt were determined by em, 4 uelll
to each bi HIV-1 clone (50 TCID,,) in l.hr. presence of
each PI, with the inhibition of p24 Gag protein production as an end point.
All values were determined in triplicate, and the dats are shown as mean
valuea %1 standard deriulon of mulls from two or three mdepcndgm ex-

ts. The inp are changes (n-fold) 4 to the
IC,, ofn:h PI for HJVW

NFV-related resistance mutation, N88S, renders HIV-1 sus-
ceplible to APV (33, 49). Since the acquisition of viral resis-
tance to Pls such as NFV was significantly delayed when HIV-1
had the Gag mutations seen in HIV ypv 33, we asked if another
NFV-related resistance mutation (D30N) would render HIV-1
more susceptible to APV. We also asked whether the presence
of multiple NI'V resistance-associated mutations (D30N,
M461, and V77I) would make HIV-1 susceptible to APV.
Moreaver, we examined the effects of the Gag mutations seen
in HIV gpygpa; on HIV-1 susceptibilities to APV and NFV.

As shown in Table 2, the N88S mutant clone
tHIV gggspre ©°F was more susceptible to APV than
HIVyr by a factor of 20, in agreement with the reports by
Ziermann et al, and Resch et al. (33 49). We found that the
D30N mutation in fHIVpiongro 28 also made HIV-1
more susceptible to APV, by a factor of 10, Interestingly,
tHIVyppausmipre 2%, with the four mutations LIOF,
D30N, K451, nnd AT71V, was more resistant to NFV than
HIVyr by a factor of 9; however, the recombinant virus
remained more susceptible to APV than HIVy (Table 2).
The introduction of the five Gag mutations (E12K, L75R,
H219Q, V390D, and R409K) into rmv}gam,mp,,“"!,
generating rHI'V;MM o VINEIDININSAE, Al Gl
change the susceptibility proﬁ.lc (Table 2). Anolhur Tecom-
binant HIV-1 clone with three protease mutations (D30N,
M461, and V77I), tHIV /057700 - 2°%, was also more resis-
tant to NFV (by a factor of 9) and more susceptible to APV
than HIVy. The introduction of the five Gag mutations,
generating tHIVagugpppre o 0RP04098% did not affect
the susceptibility of rI-ﬂ'mewoM"' to APV or NFV
(Table 2).

Taken together, the data suggest that, as seen in the case
of the lamivudine (3TC) resistance-associated mutation
M184V that restores zidovudine (ZDV) sensitivity (37), NFV
resistance-associated mutations paradoxically render HIV-1
more susceptible to APV,
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DISCUSSION

Certain amino acid substitutions in Gag are known to occur
in common with resistance to Pls (11, 15, 32, 36); however, no
salient features such as pattemns and orders of the occurrence
have been identified for a number of amino acid substitutions
seen in Gag in Pl-resistant HIV.1 variants. The roles and
impact of such amino acid substitutions in Gag for the repli-
cation of HIV-1 bave not been delineated, either. These lim-
itations have been worsened since the functions and tertiary
structures of entire HIV-1 Gag proteins remain to be deter-
mined, although some structures of certain parts of Gag pro-
teins have been lately elucidated (13, 34, 41).

In the present study, we attempted to determine the effects
of non-cleavage site mutations in Gag which emerged during
the in vitro selection of HIV-1 in the presence of APV on the
viral acquisition of resistance to APV and other currently ex-
isting PIs. When we selected HIV-1 in vitro in the presence of
increasing concentrations of APV, six amino acid substitutions
apparently critical for the development of APV resistance
emerged. Such substitutions included five non-cleavage site
mutations (E12K, L75R, H219Q, V390D, and R408K) and one
cleavage site mutation, L449F (Fig. 1B).

HIV-1 variants containing PI resistance-conferring amino
acid substitutions in protease plus wild-type Gag often have
highly limited replicative abilities (7, 31). Indeed, in the
present study, the recombinant HIV-1 clone containing
the protease of HIV.pypss plus a  wild-type Gag
(vaw:mwm WIE) or the LA49F cleavage sile mutation-
containing Gag (fHIV spypaspeo’ +5) failed to replicate in
MT-2 cclls (Fig. 2A), indicating that ncither of the two Gag
species supported the growth of HIV 4 pypas. However, 4 re-
combinant HIV-1 clone containing the protease of HIV ypypas
and the five Gag non-cleavage site mutations,
THIV s pvpsspro = o0 , replicated moderately under
the same conditions (Fig. 2A), an«observation in agreement
with reports by others that some PI resistance-associated mu-
tations compromise the catalytic activity of protease and/or
alter polyprotein processing, often leading to slower viral rep-
lication (29, 36, 43). Since some of the five non-cleavage site
mutations emerged before mutations in protcase developed,
we cxamined the effects of three sels of non-cleavage site
amino acid mutations upon the emergence of APV resistance.
Interestingly, HIV-1 with either of two sets of Gag mutations
(rHIVyyrpr0 219409888 and  rHIV. EMMIWWI} ac-
quired APV resistance significantly faster than HIVy (Fig. 3),
while such mutations alone did not alter the susceptibilitics of
HIV to the PIs examined (Table 1), 2 finding providing the first
report that Gag mutations expedite the emergence of PL-resis-
tant HIV-1 variants. At this time, it is apparently unknown
whether certain Gag mutations associated with viral resistance
to Pls persist when highly active antiretroviral therapy
(HAART) regimens including a PI(s) are interrupted or
changed to regimens containing no PIs. However, the non-
cleavage site mutations in Gag examined in this study did not
reduce the viral fitness (Fig. 2 and 6), suggesting that Gag
mutations may persist longer in circulation and/or in the HIV-1
reservoir in the body than mutations in protease when antiret-
roviral therapy including a PI(s) is interrupted. Such persisting
Gag mutations may enable HIV-1 to rapidly acquire resistance
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to that very PI when treatment with the PI is resumed. It is of
note that on the other hand, two sets of Gag non-cleavage site
mutations seen in HIV pvy; (H219Q and R409K and E12K,
L75R, H219Q, V390D, and R409K) significantly delayed the
emergence of resistance to other Pls such as RTV and NFV
(Fig. 5). These data suggest that if a HAART regimen includ-
ing APV is changed to an alternative regimen, the nclusion of
a different PI in the alternative regimen is likely to delay the
emergence of resistance to the different PL

It is known that the L449F cleavage site mutation renders
recombinant HIV-1 carrying a prolease mutation (I50V)
more resistant to APV (25). In the present study, a recom-
binant HIV-1 clone containing the protease of HIV ypypas
plus the L449F cleavage site mulation-conlaining Gag
(rHIV spvpsapro  ¥¥) failed to replicate (Fig. 2A). These
data strongly suggest that the L449F mutation alone pre-
vents HIV s pyy.q5 from replicating, although HIV 54 did
not contain the IS0V mutation. The observation i the
present study that the addition of ﬁ:rmon-dcavngc site
mutations 10 THIV s pupgapee . B8, generating
rmvmp,,w’mjmmw‘m’“°£'::?rem:ed the replicative
ability of the virus indicales that the presence of non-cleav-
age site Gag mutations plays an important role in the rep-
lication of APV-resistant HIV-1 variants.

Since rHIVyyry,, ! ¥73R193%0/409808 goguired resistance (o
APV more rapidly than HIVy, (Fig. 3), while
tHIV oy, o 1 275319/350140%88¢ gignificantly delayed the acqui-
sition of resistance to other Pls (Fig. 5), we examined
whether the replication rates of rHIVyypp,,'2/75/319/35040Pgag
and HIVyr were associated with the observed contrasting
resistance acquisition patterns by using the CHRA (21). We
found that tHIVyyp,, ' #75/21°R%0408% uigrew HIVyy re-
gardless of the presence or absence of Pls (Fig. 6), suggest-
ing that the difference in the replication rates of
THIV g, o1 27571PE%01400838. and HIVy, - was not the cause
for the contrasting resistance acquisition patterns. As for
the reason why rHIVyp,'#75719050i0%8s  guigrew
HIVy, it is well explained by the presence of the H219Q
mutation. His-219 is located within the cyclophilin A
(CypA) binding loop of p24 Gag protein. It is thought that
CypA plays an essential role in the HIV-1 replication cycle
(4, 35) by destabilizing the capsid (p24 Gag protein) shell
during viral entry and uncoating (12) and/or by performing
an additional chaperone function, thus facilitating correct
capsid condensation during viral maturation (17, 39). CypA
is also known to support the replication of HIV-1 by binding
lo the Rel-1 resiriclion [selor undfor TRIMSew, the human
cellular inhibitors that impart resistance to retroviral infec-
tion (18, 38). It has also been demonstrated previously that
the effect of CypA on HIV-1 replicative ability is bimodal:
both high and low CypA contents limit HIV-1 replication
(14). We have demonstrated previously that certain human
cells, such as MT-2 and H9 cells, contain large amounts of
CypA (14). We have determined more recently that MT-2
cells contain more CypA by about fivefold and that MT-4
cells contain about three times more than peripheral blood
mononuclear cells (PBMCs) (unpublished data). In fact,
HIV-1 produced in MT-4 cells contains large amounts of
CypA, presumably resulting in compromised replication of
the HIV-1. However, the H219Q mutation apparently re-

242

1. ViroL.

duces the incorporation of CypA into the virions through
significantly distorting the CypA binding loop and restores
the replicative ability of virions produced in MT-4 cells (14).
Therefore, H219Q should contribute at least in part to the
replication advantage of rHIVyq,,, Y7 193904008 1y i
noteworthy that of 156 different HIV-1 strams whose se-
quences were compiled in the HIV Sequence Compendium
2008 (22), 95 and 45 strains had histidine and glutamine,
respectively, at position 219. Hence, position 219 is a poly-
morphic amino acid site, and it is thought that this polymor-
phic position is associated with the acquisition of resistance
to certam PIs. Indeed, we have observed that
tHIVyypp0 2 %% overgrew tHIVyr, .~ #* in the CHRA
using fresh phytohemagglutinin-stimulated PBMCs (14).
Since H219Q confers a replication advantage on HIV-1 in
PBMCs, it is likely that HIV-1 with H219Q may acquire
resistance more rapidly than HIV-1 without H219Q.

Two groups, Ziermann et al. and Resch el al,, have re-
ported that an NFV-related resistance mutation, N88S, ren-
ders HIV-1 susceptible to APV (33, 49), and indeed, Za-
chary et al, have reported an anecdotal finding that the
infection of an individual with HIV-1 containing N88S was
successfully managed with an ensuing APV-based regimen
(46)., Therefore, we examined the effect of another NFV
resistance-associated mutation, D30N, in addition to that of
the N88S mutation on HIV-1 susceplibility o APV. 1L was
found that the mutations (D30N and N88S) clearly in-
creased the susceptibility of HIV-1 to APV by 10- and 20-
fold, respectively. These data are reminiscent of the obser-
vation that the 3TC resistance-associated mutation M184V
in a background of mutations conferring resistance to ZDV
restores ZDV sensitivity (37) and that ZDV-3TC combina-
tion therapy has proven to be more beneficial than ZDV
monotherapy in patients harboring HIV-1 with the M184V
mutation (9, 23), although the stryctural mechanism of the
restoration of ZDV sensitivity by M184V is not clear. When
a set of four protease mutations (L10F, D30N, K451, and
AT1V), which had emerged by passage 10 when HIVy was
selected with NFV, were introduced into HIVyy, generat-
ing rl-HV,mM,m,,w”. the recombinant HIV-1 clone
was more resistant to NFV than HIV . by a factor of 9
while the clone was slightly more sensitive to APV (Table 2).
When we introduced mGag'?/75219320409828 jnto HIV-1
containing a set of three NFV resistance-associated pro-
tease mutations (D30N, M46l, and V77I), generating
tHIV guemmpre’ - 210A00/409888, the recombinant clone was
more resistant to NFV by a factor of 8 but more sensitive to
APV by a factor of 6.7 (Table 2).

There has been a report that dual PI therapy with APV plus
NFV is generally safe and well tolerated and that the combi-
nation of APV with NFV may have the most beneficial phar-
macokinetic interactions, based on the results of a phase II
clinical trial of dual PI therapies, APV in combination with
1DV, NFV, or 8QV, although this phase II trial was handi-
capped by the presence of substantial PI resistance at the
baseline and the small number of patients in the study, pre-
cluding conclusions about the relative activities or toxicities of
the dual P] combinations (10). The hypothesis that a HAART
regimen combining APV with NFV may bring about more
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favorable antiviral efficacy for HIV.l-infected individuals
should merit further study.
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We generated a novel nonpeptidic protease inhibitar (PI), GRL-02031, by incorporating a stereochemically
defined fused cyclopentanyltetrahydrofuran (Cp-THF) which exerted potent activity against a wide spectrum of
human immunodeficiency virus type 1 (HIV-1) isolates, including multidrug-resistant HIV-1 variants, GRL-02031
was highly potent against laboratory HIV-1 strains and primary clinical isolates, including subtypes A, B, C, and E
(50% effective concentration [ECy,] range, 0,015 to 0.038 pM), with minimal cytotoxicity (50% cytotoxic concen-
tration, >100 pM in CD4" MT-2 cells), although it was less active against two HIV-2 strains (HIV-2,,,,, and
HIV-256p,) (ECsq, ~0.60 ptM) than against HIV-1 strains. GRL-02031 at relatively low concentrations blocked the
infection and replication of each of the HIV-1, , , variants exposed to and selected by up to 5 M of saquinavir,
amprenavir, indinavir, nelfinavir, or ritonavir and 1 pM of lopinavir or atazanavir (EC,, range, 0.036 to 0.14 pM).
GRL~02031 was also potent against multi-PI-resistant clinical HIV-1 variants isolated from patients who had no
response to the conventional antiretroviral regimens that then existed, with ECg,s ranging from 0.014 to 0.042 pM
(changes in the EC,,s were less than twofold the EC,, for wild-type HIV-1), Upon selection of HIV-1,; ., In the
presence of GRL-02031, mutants carrying L10F, L33F, M46I, 147V, Q5SE, V821, I84V, and I85V in the
encoding region and G62R (within p17), L363M (p24-p2 cleavage site), R409K (within p7), and [437T (p7-pl
cleavage site) in the gag-encoding region emerged. GRL-02031 was potent against a variety of HIV-1,, , ,-based
molecular infectious clones containing a single primary mutation reported previously or a combination of such
mutations, although it was slightly less active against HIV-1 variants con consecutive amino acid substitu-
tions: M461I and 147V or 184V and I85V. Structural modeling analysis demoustrated a distinct bimodal binding of
GRL-02031 to protease, which may provide advantages to GRL-02031 in blocking the replication of a wide spectrum
of HIV-1 variants resistant to Pls and in delaying the development of resistance of HIV-1 to GRL-02031. The present
data warrant the further development of GRL-02031 as a potential therapeutic agent for the treatment of infections

with primary and multidrug-resistant HIV-1 variants,

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

Nevertheless, recent analyses have revealed that the life
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expectancy of HIV-infected patients treated with HAART in-
creased between 1996 and 2005, that the mortality rates for
HIV-infected persons have become much closer to general
mortality rates since the introduction of HAART, and that
first-line HAART with boosted Pl-based regimens results in
less resistance within and across drug classes (2, 3, 18, 46).
In the development of new anti-HIV-1 therapeutics, we have
faced a variety of challenges different from those faced during
the design of the first-line drugs (7, 10, 39). The issue of the
emergence of drug-resistant HIV-1 variants is one of the most
formidable challenges in the era of HAART, Indeed, it is of
note that the very features that contribute to the specificities
and the efficacies of reverse transcriptase inhibitors and Pls
provide the virus with a strategy to develop resistance (15, 19,
35), and it seems inevitable that this resistance issue will re-
main problematic for many years to come, although a few
recently developed drugs, such as darunavir (DRV) and
tipranavir, have been relatively successful as treatments for
individuals carrying multidrug-resistant HIV-1 variants (5, 20).
In particular, a number of studies indicate that cross-resis-
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FIG. 1. Structure of GRL-02031.

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

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

MATERIALS AND METHODS

Cells and viruses, MT-2 and MT-4 cells were grown in RPMT 1640-based
culture medium supplemented with 10% fetal calf serum (JRH Biosciences,
Lencxs, MDY}, 50 U/ml penicillin, and 50 pg/ml of strepromycin. The following
HIV-1 strains were employed for the drug susceptibility assay (see below):
HIV-1y ap HIV-1poy, HIV-1ymey, HIV-lyp 0y, HIV-2g50, and HIV-2565; two
clinical HIV-1 strains 1solated from drug-naive patients with AIDS, HIV-
lppsisipes A0 HIV-1ynpw (30, 45); and seven HIV-1 clinical isalates which
were originally isolated from pati with AIDS who had reccived 9 1o 11
anti-HIV- idmpmrthepaﬂ!‘.’ to 83 months and which were genotypically
and phenotypically char ized as multi-Pl-resi HIV-1 (47, 48).
HIV-1g3u603m HIV-1yrza0om, and HIV-lgzmpe Were obtained from the NIH
AIDS Reagent Program. AllpnmuyHIV lmmmpmpdmmmm
in 3-day-old phytohemagglutinn-activated peripheral blood eells

ANTIMICROB. AGENTS CHEMOTHER.

(2 % 10%ml) were expased to 100 50% tissue culture infectious dose (TCID )
of HIV-1y 4y, HIV-1p ., HIV-2gqo, 0f HIV-255, in the presence of the ab-
sence of various concentrations of drugs in 96-well microcultare plates; and the
plates were incubated st 37°C for 7 days. After 100 pl of the medium was
removed from euch well, 3-(4,5-dimetyithiazol-2-y1)-2,5-dipheayl lium bro-
mide (MTT) solution (10 ul, 7.5 mg/ml in phosphate-buffered saling) was added
w cach well in the plate, followed by incubation at 37°C for 2 k. After incubation,
1o dissolve the fi T‘",Implaimidiﬁﬁiunwcwanmiuiqi%
{voltvol} Triton X-100 was added to each well and the optical density was
measured in & kinctic microplate reader (Vmax, Molecular Devices, Sunoyvale,
CA). All assays were perf: d in dupl or tripli

Tudsmwnetheumﬂviduoﬂkpﬂm%lmmhdmn PHA-
PBM(IO‘ml)wcupoudmsummsmmmmHI\' 1 isolate and

Itured in the p or the ab of various concentrations of drugs in
10-fold serial dilutions in 96-well microcultire plates. To determine the drug
susceptibilities of certain laboratory HIV-1 strains, MT-4 cells were employed as
tarpet cells, ag described previously (26), with minor modifications. In brief,
MT-4 cells (10%/ml) wete exposed to 100 TCID g8 of drug-resistant HIV-1 strains
in the presence or ihe absence of various concentrations of drugs and were
incubated at 37°C. On day 7 of culture, the supernatants were harvested and the
l.mmu u! the p24 Gag ptolci'n were determined by using a fully automated

enryme i y system (Lumipulse F; Fujirchio Inc.,
Tokyo, Japan) (29). The drug that supy d the prod of
p24 Gag protein by 50% (ECy;) were determined by comparison u[lhumw.nt
of p24 Gag protein produced in drug-treated cell cultures with the level of p24
Gag protein produced in a drug-free control cell culture. All assays were per-
formed in triplicate.

G lon of Pl-resk HIV-1 vari in vitro, MT-4 cells (10°/ml) were
expoed 10 HIV-1yn .4 (500 TCID ) and cultured in the presence of various
PIs at an initisl concentration of 0.01 to 0.03 uM. Viral replication was moni-
tored by determination of the nmount of p24 Gag produced by MT-4 cells. The
culture supernatants were harvested on day 7 and were used to infeet freth MT-4
eells for the next round of culture in the p of i i fons of
cmhdm;“’bmlhewbemwpmpmuhm:prmn:e of the drug, the
drug e was g two- 10 threefold Prmnral DNA
samples obtained from 1!:: Iymu of i d cells were subjected to nucl
sequencing. This drug selection pmccdm: was carried out until the drug con-
uumtioumuhed! p.M.

Ination of id Molecul cloning and determination
of the nucleotide sequences of HIV-1 lsolates pastaged in the presence of
anti-HIV-1 agents were performed as described previously (26, 47). In brief,
high-molecular-weight DNA was extracted from HIV-1-infected MT-4 cells by
using the InstaGene matrix (Bio-Rad Laboratories, Hercules, CA) and was

bjected to molecular cloning, followed by seq) determination. The prim-
ers used for the first round of PCR of the catire 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 TACTAA TGC-3').
The first-round PCR mixture consisted of § ju! of proviral DNA solution, 2.0 U
of Premix Tag (Ex Tag version; Takara Bio Inc., Otsu, Japan), and 12.5 pmol of
cach of the first-round PCR primers in 2 total volume of 50 pl The PCR
conditions employed were as follows: an initial 2 min at 94°C, followed by 35
cycles of 30 s at 94°C, 30 5 at 58°C, and 3 min at 72°C, with a final 8-min extension
at 72°C. The first-round PCR products (1 pl) 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 (§'-CCA TCC CGG GCT TTA ATT TTA CTG GTA C-3)
MMMWPCRWMBWWWIMTMW-MGPCRPM
ucts were purified lfilh #pin columns (MicroSpin $-400 HR columns; Amersham

(PH.A‘.FBM). mdlhewlm:uwmlunuwm stored at —B0*C until use,
Antiviral agents, GWI{F&;IJ.lmmnpzpudelmnmmnst-
THF, was designed and fled methods for the synthesis of

Bi ., P ay, NI, cloned directly, and subjected to sequencing
with an ABI model 377 automated DNA sequencer (Applied Biosystems, Foster
City, CA), mwmmﬂleldmthnaﬂmrnthould mntlmlm.lmhezﬂf

Gmiﬂbummﬁmh&ﬁ.ﬁm:lii -Azido-2'3"-

d:.dmxyr.bywdme(m aduwmu)mmuthu:dbm&;m(SLhmh
MO). Saqui (5QV) and ri (RTV) were kindly provided by Roche
Products Ltd. (Welwyn Garden City, United Kingdom) and Abbott Laboratories
(Abbott Park, IL), respectively, Amprenavir (APV) was & kind gi!l from Glaxo-
Welicome, Research Triangle Park, NC. Nelfinavir (NFV) and i ir (IDV)

infecti {ﬁrdﬂd}i‘iﬁmﬁdu:w domly ng amino acid
tions, which could provide misleading results if the of such
tious or dead virions were crroneously taken into account The virsl DNA
extracted from the newly infected cells in the present cell-free transmission
system represents the Infectious virlons in the previous culture.

Generation of recombinant HIV-1 clones. The PCR products obtained as
described above were digested with two enzymes, Apal and Smal; and the

wm: Ith:dlypmdadbyllpm Energy Inc, Tokyo, Japan. anmnw({.PV}m
dbyp blished methods (48). A (ATV) was 2 kind

gift from Bristol-Myers Squa‘bb (New York, NY).
Drug susceptibility assay. The susceptibilities of HIV-1, ,;, HIV-15,,,, HIV-
2110 HIV-2500, 2nd the primary HIV-1 {solates to various drugs were deter-
mined as described previously (26}, with minor modifications. Briefly, MT-2 celis
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fragments obtained were introduced into pHIV-1yy g0, Gesigned to bave a Smal
site by changing two nucleotides (2550 and 2393) of pHIV-1yq . 5. 25 described
previously {l-l l'i) To generate HIV-1 clones carrying the desired mutations,
i d with & QuikChange :ih:-dn:cted mu-
tagenesis kit (Su-m;ene, La Julln, CA), and the !
fragments were introduced iato pHIV-lypgpe. D

site-di 5
1 was p

af the el ETRRRy
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TABLE 1. Antiviral activity of GRL-02031 against HIV-1, ,*

Compound ECsp (1M) CCay(uM) Selectivity index
GRL-02031 0.028 = 0.003 >100 >3,600
sQV 0.014 = 0.005 9936 710
APV 0.033 = 0.012 =100 =3,000
DV 0.044 = 0.007 69.8 = 3.1 1,600
RTV 0.038 = 0.004 213+ 09 560
NFV 0.023 = 0.006 ND ND
LrPV 0.032 = 0.007 ND ND

“ MT-2 cells (2 % 104/ml) were exposad to 100 TCID,s of HIV-1, ,; and were
cultured in the presence of various concentrations of Pls, and the ECos were
determined by using the MTT assay on day 7 of culture. All assays were con-
ducted in duplicate. The data shown represent mean values (=1 standard devi-
ation) derived from the results of three independent experiments ND, not
determined, Selectivity index, CCsy/ECs,

sequences of the plasmids confirmed that each .-Jmn Ims the desired mutations
but no uni ded jons. Each inant | i was fected into
2937 cells with Lipof; 2000 fecti (T Carlsbad,
CA), and the hfmumlmmmnmdwu:wwdshlku
transfection and stored at —80°C until use.
Structural analysis of GRL-02031 interactions with wild-type HIV-1 protease.
The mmmuf GRL-(I:!!I!! mm«m «type HTV:1 protesse were examined by
p g and molecular docking on the basis of the
published cry "_-uicdaul'ur c d with PIs. Besides ac-
[ ing for the ¢ ﬂ.-.ﬁ‘bﬂiry of the Inh:‘mtor, the polarization in-
duced in the inhibitor by the protease was taken into consideration by employing
polarizable quantum charges in the docking computations. The use of polariz-
able quantum charges has recently been shown to substantially improve the
pmﬂcdon of ptou:in li;md cumplu RrucIures (4). The quantum mechanica!
d ligand d i with the Glide (version 4.5), QSite
(vetdm 4.5), Jaguar (\'Wuu 7.0), and M (version &.5) (Schri-
dinger, ‘LLC,\IW York, NY}wuudummbedhﬂaw The crysial structures
2FDE (p piex) and 2IEN (p DRV lex) were
used ll pl in dock ioi to d the binding
mode of GRL-02031 with wild- wmmnemﬂmommuwm ob-
tained from the Protein Data Bank (httpy/wew.rcsb.org). Hydrogens were op-
timixed by placing constraints on the heavy atoms. The crystal water that medi-
ates the interaction b Pls and the § flap was retained, and all other
crystal waters were deleted. Close § tion In the p wils led, and
the docking grid was set up, Polarizable ligand charges were determined at the
B3LYP/é-31G* level. The extraprecision mode of the Glide program (12, 13),
which has a higher penalty for unphysical interactions, was used.

RESULTS

In vitro activity of GRL-02031 against laboratory and pri-
mary HIV strains and cytotoxicity of GRL-02031, We designed
and synthesized ~80 different novel nonpeptidyl PIs contain-
ing & Cp-THF moiety and examined them for their anti-HIV
activities and cytotoxicities in vitro. Among them, we found
that GRL-02031 (Fig. 1) was the most potent against a labo-
ratory HIV-1 strain, HIV-1; ,;, and had a favorable cytotoxic-
ity profile, as examined with target MT-2 cells. As shown in
Table 1, GRL-0203] showed an anti-HIV-1 activity profile
comparable to that of most of the Food and Drug Adminis-
tration (FDA)-approved Pls examined in the present study,
although its toxcity profile was apparently more favorable,
with a 50% cytotaxic concentration (CCs,) of =100 pM and a
selectivity index (CCq/ECs,) of >3,600,

GRL-02031 was further tested against two RS laboratory
HIV-1 strains (HIV-1p, ; and HIV-1,5, ), three different sub-
types of primary HIV-1 strains (HIV-1gay000 [Subtype Al,
HIV-1557 4003 [subtype C], and HIV-15,1401 [subtype E]), and
two HIV-2 strains (HIV-2;4p, and HIV-2.,.). GRL-02031

Cp-THF-CONTAINING PI POTENT AGAINST HIV 999

was found to be potent against all these HIV-1 strains and had
EC,.s that ranged from 0.015 to 0.038 uM, as tested by the use
of target PHA-PBMSs, while GRL-02031 was moderately active
against two HIV-2 strains (ECs,, ~0.60 pM), as tested by the
use of MT-2 cells (data not shown).

GRL-02031 exerts potent activity against a wide spectrum of
primary HIV-1 variants resistant to multiple PIs. We next
examined the activity of GRL-02031 against & variety of pri-
mary HIV-1 strains which were isolated from those with AIDS
who had failed a number of anti-HIV therapeutic regimens
after they had received 9 to 11 anti-HIV-1 drugs over the
previous 32 to 83 months and who proved to be highly resistant
to multiple PIs (47, 48). These primary strains contained 9 to
14 amino acid substitutions in the protease-encoding region of
the HIV-1 genome which have been reported to be associated
with HIV-1 resistance to various PIs (RTV, IDV, NFV, SQV,
APV, and LPV) (8). The substitutions identified included
Leu-10 — Tle (L10I; seven of seven isolates), M46I/L (six of
seven isolates), IS4V (five of seven isolates), L63P (seven of
seven isolates), A71V/T (six of seven isolates), VB2A or V82T
(seven of seven isolates), and L9OM (five of seven isolates) (see
footnote a of Teble 2).

All drugs examined showed potent activity against two ref-
erence wild-type primary strains (X4 HIV-1gpg)04pe. [45] and
RS HIV-1,,5xw [30]), with the EC ;s ranging 0.004 to 0.036
pM (Table 2). However, all the primary strains examined were
highly resistant to AZT, with the ECss being from 24- to
>200-fold greater than the ECs, against HIV-1ggsipspee: It
was noted that SQV and LPV were still active against one or
two of the seven strains and had EC,s that differed 3- to 4-fold
from those for HIV-1gggipsg..: however, all the other FDA-
approved Pls examined in this study except DRV failed to
exert activity and had EC,ys 6- to >63-fold greater than the
EC,, for HIV-1ggsp4p In contrast, GRL-02031, like DRV,
potently blocked all seven primary strains and had ECys that
ranged from 0.014 to 0.043 pM. It should be noted that the
change in the ECy, of GRL-02031 for all seven multi-PI-resis-
tant isolates tested was less than twofold compared with the
EC,, for a wild-type primary strain, HIV-1gpgipaprer

Selection of HIV-1y,,, with GRL-02031. We then at-
tempted to select a laboratory X4 HIV-1 strain (HIV-1y44)
by propagating it in MT-4 cells in the presence of increasing
concentrations of APV, IDV, or GRL-02031, as described
previously (47). The virus was initially exposed to 0.03 pM
APV, 0.02 uM IDV, or 0.02 pM GRI-02031. At passages 21
and 27, HIV-1,, . 5 was capable of propagating in the presence
of 167- and 250-fold greater concentrations of APV and IDV,
respectively. At passage 26, HIV-1y; . 4 Was capable of prop-
agating in the presence of a 250-fold greater concentration of
IDV; however, 37 passages were required until the virus be-
came similarly resistant to GRL-02031 and capable of propa-
gating in the presence of 5 pM (Fig. 2).

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

proteases deduced

from the nucleotide sequences of the protease-encoding region of HIV clones determined at five different passages are

illustrated, The identity of each amino acid with that from pNL4-3 (top row) at each individual amino acid position is indicated by a dot.

Isav.s um) (a sixfold increase in the ECs, of SQV compared
with that of GRL-02031).

When the virus was selected with up to 5 uM GRL-02031
(HIV-16g1 020315 uae) Was examined in MT-4 cells, the ECy,
of GRL-02031 turned out to be >1 puM although HIV-
lgre o315 v Temained susceptible to other Pls, in particu-
lar, SQV, IDV, and NFV. The HIV-1, 5y .\ Variant was
substantially resistant to APV, IDV, NFV, RTV, LPV, and
ATV; however, this variant was highly susceptible to GRL-
02031 and had an ECs, of 0.038 uM (Table 3). HIV-1 vy o
variant was also substantially resistant to IDV, NFV, and ATV;
however, this variant was susceptible to LPV and GRL-02031.
Of note, LPV, which has currently been widely used as a
first-line therapentic among HAART regimens, was not active
against three HIV-1 varants (HIV-1gqv.s . @ Variant se-
lected with 5 pM IDV [HIV-1,5y.5 ], 20d & variant selected
with 5 pM NFV [HIV-1,5.5 a]), With the differences in the
EC.qs being more than 16-fold compared to the value for

wild-type strain HIV-1,; ;. This anti-HIV-1 profile of LPV
greatly contrasted with that of GRL-02031. GRL-02031 was
highly potent against all the variants examined except HIV-
lsqv.s um (sixfold change in the EC,, compared to that for
HIV-1y1.4.4)- It is also noteworthy that SQV, IDV, and NFV
remained potent against HIV-145; gon11.5 v, SUggesting that
the combination of GRL-02031 and SQV, IDV, or NFV could
exert complementarily augmented activity against multi-PI-re-
sistant HIV-1 variants.

Sensitivities of infections molecular HIV-1 clones carrying
various amino acid substitutions to GRL-02031. Finally, we
attempted to determine ‘the profile of the activity of GRL-
02031 against a variety of HIV-1y, ,.,-based molecular infec-
tious clones containing a single primary mutation previously
reported or a combination of such mutations (Table 4) (21, 31,
40-42). Interestingly, no significant changes in ECgs were
observed when HIV-1 clones containing only one of the amino
acid substitutions (L10F, L33F, M46I, 147V, QS8E, V82I,
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GRL-02031

0.023 = D.008

RTV
0.021 + 0,009

ECsy (1M)

DV

ATV
0.014 + 0.004

TABLE 3. Antiviral activities of GRL-02031 against laboratory Pl-resistant HIV-1 variants®
NFV

sQv
0,008 = 0.004

Virus

0.002 (2)
0,031 (3)
0.004 (2)
0.002 (1)

.
+
N

>I—(>43]

HIV-1 andd HIV-1
i ATV ubie BRI
V. LIOFAAI/MABILEIPIATIV/GTAS VR

BSV, respectively,
the fold ch
ducted in triplicate.

0.14 = 0.06 (6)
0.037 = 0.004 (2)

0.047
0.036 + 0.002(2)

0077
0.038

0.033

1
5)

o
15}

0.041 = 0,002 (10)

0.005 (8)

0.007

_,_
=
+

0.0004
032+ 0.02 (74

0.0032 + 0.012

031 = 0.05(72)

0063 + 0,022
0036

0.024 = 0.005

0.0043
0.021

= (.001
+0.22(39)
0.14 + 0,05 (8)
=1 (>56)
0.29 = 0,03 (16)
0.11 * 0,08 (6)
030 + 0,04 (17)
0.025 = 0,011 (1)
0.14 + 0,09 (B)

0.70

0.018

=1 (>48)
>1(>48)
>1(>48)
0.08 + 0.05 (4)
>1(>48)
>1(>48)

0.14 = 0,02 (7)

0.26 = 0.10 (12)

)

0.21 x 0.03 (12

28
0,011 + 0,004 (1)

0.16 (36)

:-l: (>56)

0.32=0.04 (18)
0,17 = 010 (10)
024+ 0,10 (13)
051+ 0.06(

0.65

N.018 = 0.009

eh
0.10 (24)

0.044 = 0015 (3)

9

>1(>71)
0.22 + 0.15 (16)

>1{>7)

>1(>T1)

033

030 = 0.07

0026(3) 027 +0.06

>1(>36)

0.21 = 0.09 (8)
0.26 * 0.14 (9)
0.43 + 027 (15)
032+ 0.02(11)
0.18 = 0.06 (6)
021 + 0,02 (8)

0.028 = 0,009

>1(>125)

0.016 = 0.010 (2)
0.022 = 0.009 (3)
0.028 = 0.009 (4)  0.078
0.010 = 0,008 (1)
0.033 = 0.003 (4)

= 0.006 (4)

= 0.001 (1)

0.034
0.008
* The amino neid substitutions identified in the protease-encoding region nI_l-ll\-_'-lm,; v H_‘l\l'-_lm., watr ATV=-Uinves e ATV lygpvs wate HTV-Tpys
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184V, or I85V) which emerged in the selection process in the
present work (Fig. 3) were tested with GRL-02031. We tested
cach of these one-mutation-containing infectious clones
against a sclected PI and again, no significant changes in
EC,,s were seen (Table 4).

It was noted that increases in the EC5,s of GRL-02031 were
seen only when more than two amino acid substitutions were
introduced into HIV-1, . ;. A substantial reduction in suscep-
tibility (differences in ECy,s of more than threefold) was seen
when the virus had two mutations (M46L147V or I84V/IR5V).
Further increases in the ECys were seen when four substitu-
tions (LIOF/I47V/V82I/I85V) or five substitutions (L10F/
MA481/147V/VB2I/185V) were introduced. Moreover, we gener-
ated molecular clones containing & primary mutation with
which HIV-1 is known to acquire substantial resistance to a
PI(s) (such as D30N, G48V, 150V, and 1.90M) and determined
the ECs of GRL-02031 (Table 4). We found that GRL-02031
was potent against all such molecular clones with a primary
mutation, with the differences in the ECgs being 0.7- to 1.7-
fold in comparison with the EC,, for HIV-1,;, ., although
HIV-1p4y and HIV-1,4,,, showed moderate to substantial
levels of resistance to NFV (5.6-fold change) and SQV (5.1-
fold change) (Table 4). These data suggest that HIV-1 can
acquire substantial resistance to GRL-02031 only when it gains
multiple mutations in the protease, a potentially advantageous
property of GRL-02031.

Structural analysis of GRL-02031 interactions with wild-
type protease. Finally, we conducted molecular and structural
analyses of the interactions of GRL-02031 with protease (Fig.
4). By refined structural modeling based on the previously
published crystal structures 2FDE (protease-brecanavir com-
plex) and 2IEN (protease-DRV complex), we found that the
oxygen atom of Cp-THF has a hydrogen bond interaction with
Asp29 in the §5-2 pocket of the protease. The hydrogen bond
interactions of GRL-02031 with Asp25 and Gly27, which have
been observed for various Pls, were also predicted to be
present, In addition, GRL-02031 has hydrogen bond interac-
tions mediated through a water molecule with flap residues
1le50 and Ile50’. Of note, GRL-02031 has an R configuration at
the pyrrolidone stereocenter. Interestingly, the structural mod-
¢ls demonstrated that for the R-stereochemical configuration,
two distinct binding modes of GRL-02031 were found in the
§-2' pocket. The 2-pyrrolidone group and the methoxybenzene
moiety can orient toward Asp29' and Asp30' for configuration
1 and configuration 2, respectively (Fig. 4A and B). In config-
uration 1, the 2-pyrrolidone axygen has hydrogen bond inter-
actions with Asp29’ in the §-2' pocket. In configuration 2, the
methoxybenzene orients toward the $-2° pocket and forms
tight hydrogen bonds with Asp30', The interactions of Pls (48)
with Asp29’ and/or Asp30° have been reported to be mediated
by water molecules. It is likely that the presence of water
molecules may influence the relative abundance of configura-
tions 1 and 2. The alternate bimodal binding feature observed
in this molecular analysis should provide advantages to the P1
in maintaining its antiviral potency when the HIV-1 protease
either has a polymorphism or develops amino acid substitu-
tions under drug pressure.

‘We also examined the lipophilic potential of the computa-
tionally defined cavity for the binding of GRL-02031 within the
HIV protease (Fig. 4C). It was revealed that GRL-02031 fits
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TABLE 4. Sensitivities of infectious molecular HIV clones carrying various amino acid substitutions to GRL-02031¢
Fold change in E Fold change in of
Recombinant HIV-1 clone w0 ot F"ifgé‘:“ Al other Fls repuEf:a
of other Pls previously (reference)

pNLA-3 (wild-type) 0.023 + 0.008 1.0
L10F 0.037 = 0.001 1.6 14 (APV) 1.5 (IDV) (42)
L33F 0.028 + 0.005 12 1.0 (RTV) 14 (APV) (31
M4sI 0,028 = 0.009 12 12 (RTV) 1.0 (APV) (40}
H¥v 0.037 = 0.006 1.6 1.2 (APV) 22 (AFV) (31)
QSEE 0.033 = 0.007 14 1.0 (AFV) Not previously reported
VE21 0.035 = 0,001 1.5 1.5 (RTV) 1.9 (APV) (31)
184V 0.030 + 0.0001 13 22 (IDV) 10.6 (TDV) (41)
185V 0.024 = 0.011 1.0 2.1 (RTV) Not previously reported
M4SII4TV 0.073 = 0.009 32 13 (APV) 1.0 (APV) (40)
VBI85V 0.035 = 0.002 15 1.6 (RTV) Not previously reported
184V/185V 0.097 = 0.010 4.2 14.8 (RTV) Not previously reported
L10F/147V/VB2L1B5V 0.43 = 0.06 18.7 1.9 (RTV) Not previously reported
LI0F/M46LI4TV/VE2I185V >1 >43 10.0 (APV) (ot previously reported
D3N 0,020 = 0.009 0.9 5.6 (NFV) 6.0 (NFV) (41)
G48vV 0.040 = 0.0008 1.7 5.1 (sQ 7.0 (SQV) (21
150V 0.015 = 0,008 0.7 12 ( 35( (31
L90M 0.032 = 0.001 14 1.0 (SQV) 3.0 (SQV) (21

" MT-4 cells (1 % 10%m]) were exposed to 100 TCID .8 of each infectious molecular HIV clone, and the inhibition of

P24 Guag protein production by the drug was

uszd us the endpoint on day 7 in culture. The fold change represents the ratio of the ECyg, for each mutant close to the ECq, for wild-type HIV-1,,.5. All assays were
performed in triplicate, and the values shown are mean values (=1 standard deviation) derived from the results of three independent experiments.

tightly in the binding cavity and has favorable polar and non-
polar interactions with the active-site residues of the HIV-1
protease. The van der Waals surfaces of lle47 and Ile47’ and of
Ile84’ demonstrate that they form tight nonpolar interactions
with GRL-02031. Our antiviral data showing that the 147V
substitution is associated with HIV-1 resistance to GRL-02031
(Tables 3 and 4) are in agreement with this structural finding,
in that the substitution should reduce GRL-02031's interaction
with protease and helps develop HIV-1 resistance to the in-
hibitor,

DISCUSSION

In the present work, we demonstrated that GRL-02031 sup-
presses the replication of a wide spectrum of HIV-1 isolates
and is potent against a variety of HIV-1 variants highly resis-
tant to multiple PIs, with the differences in the EC,s being less
than twofold in comparison with the EC,, for wild-type strain
HIV-1ggg1p4pee (Table 2). Additionally, when HIV-1,q , y was
propagated in the presence of increasing concentrations of
IDV, APV, or GRL-02031, the time of emergence of HIV-1
variants highly resistant to GRL-02031 was substantially de-
layed compared to that of [DV- or APV-resistant HIV-1 vari-
ants (Fig. 2). Indeed, 21, 27, and 37 passages were required for
HIV-1 to acquire the ability to propagate in the presence of
APV, IDV, and GRL-02031 at 5 pM, respectively. In this
regard, when we generated a variety of Pl-resistant HIV-1
variants by propagating laboratory strain HIV-1y; .4 in the
presence of increasing concentrations of & PI in MT-4 cells
using the same procedure as that used in the present study, it
required 27, 23, 22, 21, and 14 passages for the virus to prop-
agate in the presence of 5 pM of SQV, APV, IDV, NFV, and
RTV, respectively (26). However, it should be noted that the
population size of HIV-1 in a culture is relatively small and
that the viral acquisition of mutations can be affected by sto-
chastic phenomena. For example, mutations take place at ran-

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

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

By passage 37, two active-site mutations (V82I and 184V)
emerged, These VB2 and 184 residues represent active-site
residues whose side chains are involved in the formation of the
protease substrate cleft and that make direct contact with cer-
tain PIs (48), and the V82I substitution has been shown to be
effective in conferring resistance when it is combined with a
second active-site mutation, such as V321 (23). Another active-
site mutation (I85V) and two flap mutations (M461 and 147V)
also emerged by passage 30. Both Mct46 and Ile47 are located
in the flap region of the enzyme; the I47V substitution is
reported to be associated with viral resistance to APV and
JE-2147 (40, 48). The lipophilic potential of the computation-
ally defined cavity for the binding of GRL-02031 within the
HIV protease seems to be related to a finding that the van der
Waals surfaces of Ile47 and Ile47' and of Ile84' form tight
nonpolar interactions with GRL-02031 (Fig. 4C). Our antiviral
data showing that the 147V substitution is associated with
HIV-1 resistance to GRL-02031 (Table 3) are in agreement
with this structural finding. However, it is also of note that
HIV-1 acquires substantial resistance to GRL-02031 when the
virus gains multiple mutations in the protease (Table 4), as
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FIG. 4. Molecular interactions of GRL-02031 with HIV-1 protease, (A) A model of the interaction of GRL-02031 with HIV protease. The
bird's-eye view of the docked pose (inset) is presented along with a blown-up figure highlighting the important hydrogen bond interactions. The
inhibitar is predicted to have hydrogen bond interactions with Asp25, Gly27, Asp29, TleS0, Aspl9', and lle50'. Note that the pyrrolidone coxygen
(red stick) interacts with the 8-2' subpocket and forms a hydrogen bond interaction with Asp29'. (B) Superimposed hinding configurations of
GRI-02031 with the HIV-1 protease. The carbons are shown in gray in configuration 1 and in green in configuration 2. Selected hydrogen bond
interactions of configuration 2 are shown. In configuration 2, the methoxybenzene interacts with the S-2° site and forms a hydrogen bond
interaction with Asp30°. The interaction of the P-2 ligand Cp-THF is the same in both configurations, (C) The binding cavity of HIV protease with
lipophilic potential is shown. GRL-02031 fits tightly in the binding cavity and has favorable polar and nonpolar interactions with the active-site
residues of the HIV-1 protease. The van der Waals surfaces of Tled47 and Tle47' (both in magenta) and of [leB4’ (in purple) demonstrate that they
form tight nonpolar interactions with GRL-02031. The protease residues are shown in stick representation. The following atoms are indicated by

designated colors: C, gray; O, red; N, blue; §, yellow; H, cyan. Both protease chains are shown in green. The figure was generated with the

MOLCAD program (Sybyl, version 8.0; Tripos, LP, St. Louis, MO).

seen in the case of DRV (9). This resistance profile (i.e., the
requirement of multiple mutations) of GRL-02031 may also
confer certain advantage in the resistance profile of GRL-
02031.

Two mutations at conserved residues, L33F and QS8E, also
emerged by passage 37 and were present in 10 and 9 of 10
clones, respectively. [L33F has primarily been reported in pa-
tients treated with RTV or APV (37). The L33F substitution
alone did not change the susceptibility of HIV-1 to GRL-02031
(Table 4), although it has recently gained attention because of
its association with resistance to the FDA-approved PI, ti-
pranavir (33).

In the HIV-1 variants selected with GRL-02031, four amino
acid substitutions in the Gag proteins (G62R, R409K, L363M,
and 1437T) were seen by passage 37. R409K within the p7 Gag
seems to be associated with viral resistance to APV (14), al-
though the significance of G62R within p17 is as yet unknown
The p7-pl cleavage-site mutation 1437T has been reported to
be associated with ATV resistance (17). It is of note that by
passage 15, an unusual amino acid substitution, [363M,
emerged; this substitution has not previously been reported in
relation to PI resistance. This [363M is located at the p24-p2
cleavage site, which represents the C terminus of the capsid
(CA) p24 protein that is highly conserved and that is involved

in virion assembly. The deletion of this cluster or the introduc-
tion of mutations such as 1.363A is known to cause significant
impairment of particle formation and infectivity (34). It is
noteworthy that L.363M appears in HIV-1 variants resistant to
@ maturation inhibitor, PA-457 [3-0-(3',3'-dimethylsuccinyl)
betulinic acid], which binds to the CA-p2 cleavage site or its
proximity, blocks the cleavage by protease during virion mat-
uration, and exerts activity against HIV-1 (27, 44, 49),

It was noted that GRL-02031 and SQV remained active
against most of the Pl-selected HIV-1 variants and that SQV,
IDV, and NFV remained potent against HIV-1g5; g2031.5
(Table 3), suggesting that the combination of GRL-02031,
5QV, IDV, and NFV can exert complementarily augmented
activity against multi-Pl-resistant HIV-1 variants, Such a dif-
ference in the resistance profile of GRL-02031 when it is used
with SQV and NFV may be due to the differences in binding
and antiviral potency associated with the D30N and G48V
mutations (Table 4).

In an attempt to explain why GRL-02031 can exert potent
activity against a wide spectrum of HIV-1 variants resistant to
multiple PIs, we performed structural modeling and molecular
docking of the interactions of GRL-02031 with protease (Fig.
4). Interestingly, our structural modeling analysis demon-
strated that there are two distinct binding modes of GRL-
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02031 in the S-2' pocket of the protease. Either the 2-pyrroli- 3. Bbaskaran, K., O, Hamouds, M, Sannes, F, Boufassa, A. M. Johnson, P. C.

done group or the methoxybenzene moiety can orient toward Lambert, and K. Porter. 2008. Changes in the risk of death after HIV
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taining potency not only against wild-type protease but also
against drug-resistant mutant proteases (1, 15, 16, 36). This

may also explain why GRL-02031 maintains its potency against Wigerinck, and M. P, de Bethune, 2005, TMC114, 2 novel human immunc-
a wide variety of drug-resistant mutant proteases. deficiency virus type 1 protcase inhibior active against protease fnhibilor-

It is of note that the difference seen with GRL-02031 (one- ey ey g o sl i, Aol
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The synthesis of a series of stereachemically defined spirocyclic compounds and their use as novel P2-ligands for HIV-1 protease inhibitors
are described. The bicyclie core of the ligands was synthesized by an efficient nBu;SnH-promoted radical cyclization of a 1,6-enyne followed
by oxidative cleavage. Structure-based design, synthesls of ligands, and bislogical evaluations of the resulting inhibitors are reported.

The introduction of highly active antiretroviral therapy
(HAART) in 1996, in combination with HIV-1 protease
inhibitors and reverse transcriptase inhibitors, has dramati-
cally changed the management of HIV/AIDS.' The adveat
of HAART has significantly reduced marbidity and mortality
and has improved the quality of life for HIV-infected patients,
particularly in developed nations.” Despite this important
breakthrough, current and future management of HIV/AIDS
is being challenged by the rapid emergence of multi-drug-
resistant HIV-1 strains and drug-related side effects.® Con-
sequently, development of novel and effective treatment
regimens are critically important.

" Purdue University.

* Kumamoto University School of Medicine.
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In our continuing effort to design a new generation of
HIV-1 protease inhibitors (Pls) that combat drug resistance,
we developed a series of exceedingly potent PIs, A number
of these nonpeptidyl Pls have shown superb antiviral activity
and drug-resistance profiles, In our structure-based design
strategies, we introduced the “backbone binding concept”
with the presumption that an inhibitor that makes maximum
interactions in the protease active site, particularly hydrogen
bonding with the backbone atoms, may retain its potency
against mutant strains.* Darunavir (1, Figure 1), which has
been approved by the FDA for the treatment of patients
harboring multi-drug-resistant HIV-1 strains, has emerged
from this approach.*® Our detailed X-ray structural analysis
of protein—ligand complexes revealed an extensive hydrogen

(3) Boden, D.; Markowitz, M. Antimicrob. Agenrs Chemother. 1998,
42, 2775.

(4) Ghosh, A. K.; Chapsal, B. D).; Weber, I T, Mitsuya, H. Acc. Chem
Res. 2008, 41, 78.
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Darunavir (1) K= 18 pM
ICon =41 nM

GRL-06579 (2) K, = 4.5 pM
ICge = 1.8nM
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Figure 1. Structure of HIV protease inhibitors,

bonding network with HIV-1 protease backbone atoms and
most notably with the designed bis-THF P2-ligand.’

More recently, we reported another novel PI, GRL-06579
(2), which features a stereochemically defined bicyclic
hexahydrocyclopentylfuran (Cp-THF) P2-ligand in the hy-
droxyethylsulfonamide isostere core.® The X-ray crystal-
lographic analysis of 2-bound HIV-1 protease documented
extensive hydrogen bonding interactions including the Cp-
THF oxygen with the backbone atoms in the S2-subsite.®

The favorable drug-resistance profile of this PI containing
the Cp-THF ligand logically prompted us to design several
structural analogs. We ser out to introduce new functionalities
on this bicyclic core that could create additional interactions
within the enzyme catalytic site. The 3-position of the Cp-
THF ligand appeared particularly suitable for this purpose,
because of its proximity to the flap region and the S2-subsite
of the protease. Based upon our analysis of the X-ray crystal
structure of 2-bound protease, we planned to investigate the
effect of a structurally constrained spirocyclic motif at the
3-position of the Cp-THF ring. We speculated that a cyclic
ether oxygen or an oxazolidinone carbonyl oxygen may be
positioned in this cyclic motif to accept a hydrogen bond
from the enzyme active site residues or a backbone NH. Such
a functionality would fill in the hydrophobic pocket in the
S2-subsite as well. Furthermore, this structural feature may
improve the pharmacological profile of these inhibitors.*'°
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Scheme 1. Synthesis of Bicyclic Ketone 8
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‘We initially set out to synthesize a series of spirocyclic
Cp-THF-derived P2-ligands and their corresponding HIV-
protease inhibitors (3a—e). A synthetic strategy was devised
s0 that all analogs could be synthesized from a common
precursor that gives rapid access to new polycyclic molecular
probes. The general synthesis of the bicyclic core of our new
P2-ligands was accomplished in enantiomerically pure form
as shown in Scheme 1, Optically active monoacetate 4 was
obtained in 95% ee by desymmetrization of the correspond-
ing meso-diacetate with acetyl cholinesterase,'' Protection
of alcohol 4 as a TBS ether followed by methanolysis of
the acetyl group furnished compound 5. Propargylation of §
using propargyl bromide in the presence of NaH provided
alkyne 6 in excellent yield.

The construction of the bicyclic core was accomplished
by an intramolecular radical cyclization of alkyne 6 using
nBusSoH and AIBN in benzene at reflux, This provided vinyl
stannane 7 as a mixture of cis/rrans diasterecisomers (2:1),

Scheme 2. Synthesis of Spirocyclic Ketal and Ether Ligands
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along with trace amounts of the olefin, which presumably
formed during purification on silica gel. The mixmre of
isomers was directly oxidized with a catalytic amount of
050 in the presence of NalOy and 2,6-lutidine to afford
the key intermediate, ketone 8 in 77% vyield,

We first turned our attention to the synthesis of spirocyclic
ketal 9 and ether 12. Molecular modeling of the correspond-
ing inhibitors suggested that the ligand oxygens could be
within hydrogen bonding distance to the NH amide bonds
of both Asp30 and Asp29 residues.

Spirocyclic dioxolane ligand 9 was obtained in 86% yield
by treatment of ketone 8 with ethylene glycol in benzene with
a catalytic amount of p-TsOH. Synthesis of ether 12 was
achieved in four consecutive steps starting from ketone 8.
Reaction of § with homoallyl magnesium bromide furnished
compound 10 in 76% yield. Ozonolysis of the terminal alkene
and refluxing the resulting crude aldehyde in benzene/methancl
followed by azeotropic distillation of the excess methanol
afforded methyl acetal 11 as a mixture (1:0.85) of diastereoi-
somers. Reduction of this acetal intermediate 11 furnished the
desired alcohol 12 by applying a one-pot procedure involving
(1) TMS-protection of the alcohol with hexamethyldisilazane
and (2) subsequent reduction of the acetal with triethylsilane.'?

We have designed spirocyclic oxazolidinone ligands that
could potentially exploit polar intsractions with the backbone
atoms and residues in the HIV-1 protease active site. Their
respective syntheses are highlighted in Scheme 3 and 4.

Scheme 3. Synthesis of Spirooxazolidinone Ligand 15

KeNfBcomns, O'mﬁs
: TMSCN l\-\
B2% oN
™SO 13
1. LIAH,, Et,O
2. CICOzMe,
EiN
3. TEAF, THF
OH .OH
a —T NaH o0~ NqI
' THF
0 §1% (from 13) OH
HN—( 15 NHCOMe 14

o

Cyanohydrin 13 was synthesized in 82% yield from ketone 8.
LiAlH;-reduction of the cyanide provided the corresponding
amine, which exhibited partial TMS-deprotection. Therefore,
the crude mixture was directly submitted 1o the next steps with
(1) formation of the methyl carbamate derivative and (2)
removal of the silyl ethers with TBAF in THF. The resulting
diol 14 was then treated with NaH in THF 1o give oxazolidinone
ligand 15 in 51% yield over four steps (from 13),

Synthesis of oxazolidinone 18 started with vinylstannane
7 (Scheme 4), Proto-destannylation of 7 was carried out with
CSA in CH;Cl;. Epoxidation of the resulting olefin with
m-CPBA gave epoxide 16 as a major diastereomer (93:7
ratio). Opening of the epoxide with p-methoxybenzylamine
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Scheme 4. Synr.hasis of Spirooxazolidinone Ligand 18
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gave amino alcohol 17 in 67% yield. The carbonyl was
installed using triphosgene and Et:N in CH,Cl;. Deprotection
of the TBS-group provided the desired oxazalidinone 18.
The synthesis of polycyclic Pls is shown in Scheme 5.
Various synthetic ligands were reacted with 4-nitrophenyl-
chloroformate and pyridine to form the corresponding
activated carbonates, 19a—e. Reaction of the respective

Scheme 5. Synthesis of Inhibitors 3a—e
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active carbonate with known® amine 20 in the presence of
diisopropylethylamine afforded Pls 3a—d. For the synthesis
of inhibitor 3e, amine 20 was reacted with active carbonate
19¢ to provide urethane 21. Removal of the PMB group from
21 by exposure to ceric ammonium nitrate (CAN) afforded
inhibitor 3e.

We examined all inhibitors for their enzymatic potency
as well as their cellular activity, and the results are displayed
in Table 1. As shown, most inhibitors exhibited excellent

Table 1. Enzymatic and Antiviral Acl:ivity of Pls

RO HWN&O/

dae

Inhibitor R K{aM)* 1Ca (uM)*

3a 0.16 0.28
63

H O 3b+(5) isomer
Y Q (X=OMe,Y=H):
041

3b H 3I{R) bomer  0.23°
g (X=H,Y=OMe):
< 0.38

3d 029 0.093

H

75

5 H 0.17 0.021

e
O}NH

ES

“ K, determined following protocol as described by Toth and Marshall,
mean values of at least four determinations.’” » MT-2 cells (2 x 10YmL)
were exposed to 100 TCIDg of HIV-1p.41 and cultured in the presence of
various concentrations of Pls, and the ICy's were determined by using the
MTT assay on day 7 of culture.® © Tested as a 1:0.85 mixture.

enzymatic potency. Dioxolane-based analogue 3a displayed
a K; value of 0.16 nM. Inhibitor 3b contains the spirocyclic
methyl acetal as a mixture (1:0.85 ratio) of diastereomers.
These diastereomers were separated by HPLC, and the
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stereochemical identity of each digstereomer was determined
by extensive NOESY experiments. Diastereomer 3b-(5)
showed an enzymatic K; of 0.81 oM. The 3b-(R) isomer is
slightly more potent (K; = 0.38 nM). The removal of the
methoxy group from 3b resulted in inhibitor 3¢, which
showed a loss of enzyme inhibitory activity. Both inhibitors
3b and 3¢ have shown comparable antiviral activity. We have
examined stereochemically defined oxazolidinone derivatives
as P2-ligands. Inhibitor 3d displayed a K; of 0.29 oM.
Diastereomeric inhibitor 3e is slightly more potent than 3d
in both enzyme inhibitory as well as in antiviral assays (ICs;
= 21 nM in MT-2 cells). The inhibitors in Table 1 in general
are significantly less potent than UIC-PI (TMC-126),'* the
corresponding methoxysulfonamide derivative of darunavir
or Cp-THF-containing inhibitor 2.2

In conclusion we have designed and synthesized a series
of inhibitors containing stereochemically defined novel
spirocyclic P2-ligands. The syntheses of these ligands were
carried out from the key intermediate 8, which was efficiently
prepared in optically active form by using a radical cycliza-
tion as the key step, The spircoxazolidinone-derived inhibitor
3e is the most potent inhibitor in this series. While these
inhibitors contain novel P2-ligands, it appears that the
spirocyclic motif at the 3-position of the Cp-THF ring
resulted in a significant reduction in potency. Further design
and optimization of the ligand binding site interactions are
in progress.

Acknowledgment. Financial support by the National
Institutes of Health (GM 53386, A.K.G.) is gratefully
acknowledged. This work was also supported in part by
the Intramural Research Program of the Center for Cancer
Research, National Cancer Institute, National Institutes
of Health, and in part by a Grant-in-aid for Scientific
Research (Priority Areas) from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan (Monbu
Kagakusho) and a Grant for Promotion of AIDS Research
from the Ministry of Health, Welfare, and Labor of Japan.
We thank Mr. David D, Anderson (Purdue University)
for his help with the HPLC and NOESY analysis.

Supporting Information Available: Experimental pro-
cedures, spectral data, and '"H NMR and '*C NMR spectra
for compounds 5—21 and 3a—e. This material is available
free of charge via the Internet at http://pubs.acs.org.

018020308

(9) Veber, D. F; Johnson, S. R.; Cheng, H.-Y.; Smith, B. R.; Ward,
K. W.; Eopple, K. D, J. Med. Chem, 2002, 45, 2615,
(10) Lipinskd, C. A. J. Pharmacol. Toxicol Methads 2000, 44, 235,
(11) Deardorffl, D, R.; Windham, C. Q.; Craney, C. L. Org. Synth. 1996,
7

(12) Yoo, S. J; Kim, H. O.; Lim, Y.; Kim, 1.; Jeong, L. S. Bioorg.
Med. Chem. 2002, 10, 215,

(13) Toth, M. V.; Marshall, G. R. Int. J. Pep. Protein Res. 1990, 36,
s44

(14) Ghosh, A. K.; Sridhar, P;; Kumaragurubaran, N.; Koh, Y.; Weber,
L T.; Mitsuya, H. ChemMedChem 2006, 1, 937,

Org Lett, Viol. 10, No. 22, 2008

259



