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(Background: The A128T substitution in HIV-1 integrase (IN) confers resistance to allosteric integrase inhibitors

Results: The A128T substitution does not significantly alter ALLINIIC;, values for IN-LEDGF/p75 binding but confers marked
resistance to ALLINI-induced aberrant integrase multimerization.

Conclusion: Allosteric perturbation of HIV-1 integrase multimerization underlies ALLINI antiviral activity.

Significance: Our findings underscore the mechanism of ALLINI action and will facilitate development of second-generation

J

Allosteric HIV-1 integrase (IN) inhibitors (ALLINIs) are a
very promising new class of anti-HIV-1 agents that exhibit a
multimodal mechanism of action by allosterically modulating
IN multimerization and interfering with IN-lens epithelium-de-
rived growth factor (LEDGF)/p75 binding. Selection of viral
strains under ALLINI pressure has revealed an A128T substitu-
tion in HIV-1IN as a primary mechanism of resistance. Here, we
elucidated the structural and mechanistic basis for this resist-
ance. The A128T substitution did not affect the hydrogen bond-
ing between ALLINI and IN that mimics the IN-LEDGF/p75
interaction butinstead altered the positioning of the inhibitor at
the IN dimer interface. Consequently, the A128T substitution
had only a minor effect on the ALLINI IC;, values for
IN-LEDGE/p75 binding. Instead, ALLINIs markedly altered the
multimerization of IN by promoting aberrant higher order WT
(but not A128T) IN oligomers. Accordingly, WT IN catalytic
activities and HIV-1 replication were potently inhibited by
ALLINIs, whereas the A128T substitution in IN resulted in sig-
nificant resistance to the inhibitors both in vitro and in cell cul-
ture assays. The differential multimerization of WT and A128T
INsinduced by ALLINIs correlated with the differencesin infec-
tivity of HIV-1 progeny virions. We conclude that ALLINIS pri-
marily target IN multimerization rather than IN-LEDGF/p75
binding. Our findings provide the structural foundations for
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developing improved ALLINIs with increased potency and
decreased potential to select for drug resistance.

HIV-1 integrase (IN)? is an important therapeutic target, as
its function is essential for viral replication (1). IN catalyzes the
insertion of the reverse-transcribed RNA genome into human
chromatin in a two-step reaction (2). During the initial step
(termed 3'-processing), IN removes a GT dinucleotide from
each 3’ terminus of the viral DNA. The subsequent transesteri-
fication reactions (termed DNA strand transfer) covalently join
the recessed viral DNA ends into the host genome. To carry out
these reactions, highly dynamic IN subunits assemble in the
presence of cognate DNA to form the stable synaptic complex
or intasome (3-5). Premature multimerization of HIV-1 IN by
various ligands in the absence of cognate DNA restricts the
functionally essential dynamic interplay between individual
subunits and DNA and thus impairs IN catalytic activities (3, 4,
6,7).

A cellular protein, lens epithelium-derived growth factor
(LEDGF)/p75, markedly enhances the integration process in
vitro and in infected cells. LEDGF/p75 tethers stable synaptic
complexes to chromatin via direct interactions of its N-termi-
nal chromatin-binding domain with nucleosomes, whereas its
C-terminal IN-binding domain links to HIV-1 IN (8, 9). Struc-
tural studies (10, 11) have elucidated the principal interacting
interfaces between the LEDGF/p75 IN-binding domain and the
HIV-1IN catalytic core domain (CCD). The cornerstone of this
protein-protein interaction is a hydrogen bonding network
between the side chain oxygen atoms of LEDGF/p75 Asp-366

2The abbreviations used are: IN, integrase; LEDGF, lens epithelium-derived
growth factor; CCD, catalytic core domain; ALLINI, allosteric IN inhibitor;
RAL, raltegravir; HTRF, homogeneous time-resolved fluorescence.
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and the IN backbone amides of Glu-170 and His-171 (10, 11).
These findings have opened up new venues for antiviral drug
discovery.

Using a structure-based rational drug design approach,
Christ et al. (12) developed 2-(quinolin-3-yl)acetic acid deriva-
tives, which inhibit the IN-LEDGF/p75 interaction in vitro and
HIV-1 replication in cell culture. Paradoxically, the identical
class of compounds has emerged from a high-throughput
screen for IN 3'-processing activity (13). Subsequent studies
from our group and others demonstrated that 2-(quinolin-3-
yl)acetic acid derivatives exhibit a multimodal mechanism of
action by allosterically modulating the IN structure, which
affects both IN-LEDGF/p75 binding and catalytic activity (14—
16). Accordingly, we have proposed to name this class of inhib-
itors as allosteric IN inhibitors (ALLINIs). Structural studies
have shown that the carboxylic acid of ALLINIs hydrogen
bonds with the backbone amides of Glu-170 and His-171 and
thus occupy the principal LEDGF/p75-binding interface (12,
14, 16). At the same time, the quinoline core and the substituted
phenyl group of the inhibitor bridge the two IN subunits and
promote allosteric multimerization of the protein. As a result,
ALLINIs potently inhibit both IN-LEDGEF/p75 binding and
LEDGEF/p75-independent IN catalytic activities.

The ability of ALLINIs to impair steps in the viral replication
cycle that extend beyond IN catalytic function results in a
highly cooperative inhibition of HIV-1 replication (14). Along
these lines, it was recently reported that HIV-1 particles made
in the presence of ALLINIs are noninfectious (15). Whereas the
Food and Drug Administration-approved HIV-1 IN strand
transfer inhibitor raltegravir (RAL) exhibits a Hill coefficient of
1, which is consistent with only a single or non-cooperative
mode of action, ALLINIs impair viral replication with a Hill
coefficient of ~4, indicating a highly cooperative mode of
action (14). Compounds with a high cooperativity are particu-
larly desirable for superior clinical outcomes because they
enable stronger viral suppression at clinical drug concentra-
tions (17, 18).

The A128T substitution in HIV-1 IN has been identified
from cell culture assays as a primary mechanism for resistance
to ALLINI compounds (12, 16, 19). Ala-128 is located at the IN
dimer interface in the pocket occupied by ALLINIs or LEDGF/
p75. Here, we have investigated the structural and mechanistic
properties for the resistance of A128T IN to ALLINIs. Strik-
ingly, the A128T substitution only modestly affected ALLINI
IC,, values for IN-LEDGF/p75 binding but markedly altered
the multimerization of IN in the presence of the inhibitors. As a
result, the catalytic activities of the WT protein were potently
inhibited by ALLINIs, whereas A128T IN exhibited significant
resistance to the inhibitor. Furthermore, considerably higher
concentrations of ALLINIs were required to inhibit the infec-
tivity of the A128T mutant virus compared with the WT coun-
terpart. Taken together, our studies highlight that aberrant IN
multimerization is the primary target of this class of inhibitors
and thus provide the structural foundations for the develop-
ment of second-generation ALLINIs with increased potency
and decreased potential to select for drug resistance.
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EXPERIMENTAL PROCEDURES

Antiviral Compounds—ALLINI-1, referred to as BI-1001
previously, was synthesized as described (14). The synthesis of
ALLINI-2 is described in supplemental Figs. S1 and S2. RAL
and saquinavir were obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program.

Expression and Purification of Recombinant Proteins—
LEDGEF/p75 and WT and A128T HIV-1 IN recombinant pro-
teins with His or FLAG tags were expressed in Escherichia coli
and purified as described previously (14).

Protein-Protein Interaction Assays—Homogeneous time-re-
solved fluorescence (HTRF)-based IN-LEDGF/p75 binding
and IN multimerization assays were performed as described
previously (14). The HTRF signal was recorded using a
PerkinElmer EnSpire multimode plate reader.

Solubility Assays—W'T IN was diluted to a final concentra-
tion of 100 nM in buffer containing 25 mm Tris (pH 7.4), 2 mm
MgCl,, 0.1% Nonidet P-40, 1 mg/ml BSA, and either 150 or 750
mu NaCl. Increasing concentrations of ALLINI-1 or ALLINI-2
were then added to the mixture and incubated for 1 h at room
temperature. The mixture was subjected to centrifugation for 2
min at 2000 X g. The supernatant was collected, and the pellet
was washed three times with the same buffer. The supernatant
and pellet fractions were analyzed by SDS-PAGE, and IN was
detected with anti-His antibody (Abcam).

3'-Processing, Strand Transfer, and LEDGF/p75-dependent
Integration Assays—Gel-based LEDGF/p75-dependent and
LEDGEF/p75-independent integration activity assays were per-
formed as described previously (14). A recently reported time-
resolved fluorescence assay (16) was used to quantify IN
3'-processing and strand transfer activities. The HTRF-based
LEDGEF/p75-dependent integration activity was measured by
adding recombinant LEDGF/p75 protein to the assay mixture
prior to the incubation with labeled DNA substrates. The time-
resolved fluorescence signal was recorded using a PerkinElmer
EnSpire multimode plate reader.

Size Exclusion Chromatography—Experiments were per-
formed with a Superdex 200 10/300 GL column (GE Health-
care) at 0.5 ml/min in elution buffer containing 20 mm HEPES
(pH 6.8), 750 mMm NaCl, 10 mm MgSO,, 0.2 mM EDTA, 5 mm
B-mercaptoethanol, 5% glycerol, and 200 pm ZnCl,. IN (20 pm)
was incubated with ALLINIs or Me,SO (control) for 30 min and
then subjected to size exclusion chromatography. The column
was calibrated with the following proteins: bovine thyroglobu-
lin (670,000 Da), bovine <y-globulin (158,000 Da), chicken
ovalbumin (44,000 Da), horse myoglobin (17,000 Da), and vita-
min B, (1,350 Da). Proteins were detected by absorbance at
280 nm. All the procedures were performed at 4 °C.

Crystallization and X-ray Structure Determination—The
HIV-1IN CCD (residues 50-212 containing the F185K substi-
tution) and A128T CCD (with an extra substitution of A128T)
were expressed and purified as described (20). The CCD was
concentrated to 8 mg/ml and crystallized at 4 °C using the
hanging drop vapor diffusion method. The crystallization
buffer contained 10% PEG 8000, 0.1 M sodium cacodylate (pH
6.5), 0.1 M ammonium sulfate, and 5 mm DTT. Crystals reached
0.1-0.2 mm within 4 weeks. The A128T CCD was concen-
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trated to 8.5 mg/ml and crystallized at room temperature
(20°C) using the hanging drop vapor diffusion method. The
crystallization buffer contained 0.1 M sodium cacodylate (pH
6.5), 1.4 M sodium acetate, and 5 mM DTT. The crystals reached
0.2— 0.4 mm within 1 week.

A soaking buffer containing 5 mm ALLINI-1 or ALLINI-2
was prepared by dissolving the compound in crystallization
buffer supplemented with 10% Me,SO. The protein crystal was
soaked in the buffer for 8 h before flash-freezing in liquid N,.
Diffraction data were collected at 100 F on a Rigaku R-AXIS
4+ + image plate detector at the Ohio State University Crystal-
lography Facility. Intensity data integration and reduction were
performed using the HKL2000 program (21). The molecular
replacement program Phaser (22) in the CCP4 package (23) was
used to solve the structure, with the HIV-1 IN CCD structure
(Protein Data Bank code 1ITG) (20) serving as starting model.
The Coot program (24) was used for the subsequent refinement
and building of the structure. Refmac5 (25) of the CCP4 pack-
age was used for the restraint refinement. TLS (26) and restraint
refinement was applied for the last step of the refinement. The
crystals belonged to space group P3,21 with cell dimensions
a=b=73and c = 65 A, with one 18-kDa monomer in the
asymmetric unit. The data collection and refinement statistics
are listed in supplemental Table 1. Coordinates have been
deposited in the Protein Data Bank with accession numbers
4JLH, 4GW6, and 4GVM (supplemental Table 1).

HIV-1 Virion Production and Infectivity Assay—HEK293T
and HeLa TZM-bl cells were cultured in Dulbecco’s modified
Eagles medium (Invitrogen), 10% EBS (Invitrogen), and 1%
antibiotic/antimycotic (Invitrogen) at 37 °C and 5% CO,. Cul-
tures of HEK293T cells (2 X 10° cells/well of a 6-well plate in 2
ml of complete medium) were transfected with 2 pg of pNL4 -3
(WT or A128T mutant) at a 1:3 ratio of DNA to X-tremeGENE
HP (Roche Applied Science) following the manufacturer’s pro-
tocol. Twenty-four hours post-transfection, cells were washed
once with complete medium, and the culture supernatant was
replaced with complete medium containing Me,SO, RAL (250
nMm), ALLINI-1, or ALLINI-2 (at the indicated concentrations).
After 1 h, the culture supernatant was again replaced with fresh
complete medium containing either Me,SO or the indicated
inhibitors. The virus-containing cell-free supernatant was col-
lected after 24 h, and HIV-1 Gag p24 ELISA (ZeptoMetrix) was
performed following the manufacturer’s protocol. Virions
equivalent to 2—4 ng of HIV-1 p24 was used to infect 2 X 10°
Hela TZM-bl cells in the presence of 8 pg/ml Polybrene
(Sigma). HeLa TZM-bl cultures were extracted in 1X reporter
lysis buffer (Promega), and virion infectivity was measured
using the luciferase assay (Promega).

Antiviral Activity Assays—ALLINI EC,, values were deter-
mined in spreading HIV-1 replication assays as described pre-
viously (14).

RESULTS

To examine the effects of the A128T substitution on HIV-1
IN function, we compared the catalytic activities of purified
recombinant WT and mutant proteins. The two proteins
exhibited comparable levels of LEDGF/p75-independent and
LEDGEF/p75-dependent integration activities (Fig. 1). Thus, the

A EVON

MAY 31,2013-VOLUME 288-NUMBER 22

HIV-1 Resistance to Allosteric Integrase Inhibitors

WT  A128T
234 567

A

1 234 5617

B WT

A128T

KD slermen 23 4 56 8 91011

12 HS
FS

3 SC

0.25¢
32-mer

FIGURE 1. Catalytic activities of WT and A128T INs. A, strand transfer reac-
tion products (STP; upper panels) and 3'-processing products (19-P; lower pan-
els). Lane 1, 21-mer DNA substrate (21-S) without IN; lanes 2-4, increasing
concentrations (0.5, 1, and 2 um) of WT IN added to the reactions; lanes 5-7,
increasing concentrations (0.5, 1, and 2 um) of A128T IN added to the reac-
tions. B, concerted integration results. The positions of 32-mer donor and
supercoiled (SC) target DNA substrates, as well as full-site (FS) and half-site
(HS) integration products, are indicated. Lane 1, DNA markers (Bioline Quanti-
Marker, 1 kb); lanes 2 and 3, target DNA; fane 4, WT IN (2.4 um) added to donor
and target DNA substrates without LEDGF/p75; lanes 5-7, LEDGF/p75 added
with decreasing concentrations (2.4, 1.2,and 0.6 um) of WT IN; /lane 8, A128TIN
(2.4 um) added to donor and target DNA substrates without LEDGF/p75; lanes
9-11, LEDGF/p75 with decreasing concentrations (2.4, 1.2, and 0.6 um) of
A128TIN.

A128T substitution does not significantly alter the function of
IN.

The A128T mutation has been shown to confer resistance to
four different ALLINI compounds in cell culture assays (12, 15,
16, 19). To delineate the mechanism of drug resistance, the
ALLINI-1 and ALLINI-2 compounds were synthesized (Fig. 2).
ALLINI-1 was identified by Boehringer Ingelheim through a
high-throughput screen for IN 3'-processing activity (13), and
its multimodal mechanism of action has been elucidated by our
group (14). In resistance studies under selective pressure of
ALLINI-1 (19), the A128T substitution in IN was identified in
both early and late stage viral passages. This single amino acid
change resulted in 32-fold higher ALLINI-1 IC,, values com-
pared with the WT virus. In this study, we also examined
ALLINI-2, a tert-butyl derivative of ALLINI-1. Similar to a pub-
lished report (16) showing that the tert-butyl group increases
the potency of this class of compounds, ALLINI-2 was ~10-fold
more potent (IC;, = 0.63 = 0.3 um) (supplemental Table 2)
than ALLIN-1 (IC;, = 5.8 = 0.1 um). Although we have not
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ALLINI-1
FIGURE 2. Chemical structures of ALLINI-1 and ALLINI-2,

ALLINI-2

selected for the A128T mutation by serially passaging HIV-1 in
the presence of ALLINI-2, the ability of this mutation to confer
relative pan-tropic resistance to a number of different com-
pounds, including those that harbor the tert-butyl moiety (15,
16), gave us confidence that A128T would likely confer resist-
ance to ALLINI-2. Supplemental Table 2 indeed shows that
A128T conferred 19-fold resistance to ALLINI-2 in a spreading
HIV-1 replication assay.

We and others have shown that ALLINIs inhibit multiple
functions of WT IN, including LEDGF/p75-independent catal-
ysis and IN-IN multimerization, with similar IC,, values (14—
16). Such a mechanism has been attributed to the fact that these
compounds occupy the LEDGF/p75-binding pocket at the IN
dimer interface. As a result, ALLINIs inhibit IN-LEDGF/p75
binding and also bridge two IN subunits and allosterically mod-
ulate their multimerization. In turn, the latter impairs the cat-
alytic functions of WT IN.

Strikingly, we observed that the A128T substitution had
markedly different effects on the IC, values for different
assays in comparison with WT IN (Table 1). For example, the
mutation conferred only an ~2-fold increase in ICy, values
for inhibiting the IN-LEDGF/p75 interaction, whereas the
IC;, values for the 3'-processing reaction increased by 287-
fold and 1112-fold for ALLINI-1 and ALLINI-2, respectively.
Thus, A128T IN was markedly resistant to ALLINIs in
3'-processing reactions, whereas these compounds re-
mained potent inhibitors of A128T IN binding to LEDGF/
p75 (Fig. 3 and supplemental Fig. S3). The A128T substitu-
tion resulted in ~11.5- and 5-fold resistance to ALLINI-1
and ALLINI-2, respectively, in the strand transfer reactions
(Table 1). In LEDGF/p75-dependent integration assays, the
mutant protein exhibited ~12- and 25-fold resistance to
ALLINI-1 and ALLINI-2, respectively (Table 1).

Interestingly, IN multimerization assays have revealed fur-
ther striking differences between WT and mutant INs (Fig. 4
and supplemental Fig. S4). Both WT and A128T INs exhibited
a characteristic biphasic dose-response curve upon the addi-
tion of ALLINIs. The HTRF signal increase with increasing
concentrations of inhibitor was due to the inhibitor-induced
protein multimerization, yielding higher FRET. Although the
exact nature of the descending curve was not clear, it could be
explained by reduced accessibility of the fluorescent antibodies
to their respective tags in the context of higher order IN
oligomers. The assay uses anti-His,-XL665 and anti-FLAG-
europium-cryptate antibodies to monitor fluorescence
energy transfer (HTRF signal) between His-IN and IN-FLAG
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proteins. During the initial multimerization of IN, when
dimers and tetramers form, the affinity tags are sufficiently
exposed to readily engage the antibodies. However, these
interactions may be limited in higher order IN oligomers (see
Fig. 5 and supplemental Fig. S5) due to structural hindrance
of the affinity tags and could thus account for the drop in
HTREF signal. Fig. 4 and supplemental Fig. S4 show that the
dose-dependent addition of ALLINIs to WT and A128T INs
yielded different peak heights. These differences could be
explained by WT and mutant INs adopting different oligo-
meric states (see below) or alternative conformations in the
presence of the inhibitor.

To delineate between these possibilities, we performed size exclu-
sion chromatography experiments (Fig. 5 and supplemental Fig. S5).
Due to the reduced sensitivity of this approach compared with
the HTRF-based assays, elevated concentrations of IN and
ALLINIs were necessary. Tetramer and monomer peaks were
detected with both WT and A128T INs in the absence of inhib-
itor, demonstrating that the substitution does not affect IN
multimerization (Fig. 5 and supplemental Fig. S5) or catalytic
activities (Fig. 1). Upon the addition of ALLINIs, the tetramer
peak of WT IN was markedly reduced, and instead, new peaks
corresponding to higher order oligomers were detected. In
sharp contrast, the tetramer peak persisted upon the addition of
ALLINI-1 or ALLINI-2 to A128T IN (Fig. 5 and supplemental
Fig. S5 and Tables 3—6). These findings are consistent with the
results of the HTRF-based multimerization assays: the forma-
tion of higher order structures upon ALLINI addition resulted
in greater HTRF signal strength compared with mutant IN and
could also account for the downward slope of the WT IN curves
at high compound concentrations (Fig. 4 and supplemental Fig.
S4).

We next examined whether the addition of ALLINIs to IN
might promote the formation of insoluble aggregates. WT IN
was incubated with increasing concentrations of ALLINI-1 or
ALLINI-2 and then subjected to centrifugation. The results in
Fig. 6 and supplemental Fig. S6 show that, under our reaction
conditions, the IN-ALLINI complexes remained soluble. The
solubility (Fig. 6 and supplemental Fig. S6) and HTRF-based IN
multimerization (Fig. 4 and supplemental Fig. S4) assays were
carried out at two different NaCl concentrations (150 and 750
mM) and vyielded very similar results, indicating that the
changes in the ionic strength of the buffer did not significantly
affect the solubility of ALLINI-induced higher order IN oligo-
mers. This supports the notion that higher order IN multim-
erization and not precipitation led to the decrease in HTRF
signal seen in Fig. 4 and supplemental Fig. S4.

To elucidate the structural basis for how the resistance muta-
tion affects ALLINI binding, we solved the crystal structures of
the inhibitors bound to the WT and A128T IN CCDs (Fig. 7 and
supplemental Fig. S7). The overlay of these two structures
shows that the hydrogen bonding network between ALLINIs
and subunit 1 is fully preserved in both the WT and mutant
proteins (Fig. 7 and supplemental Fig. S7). These include the
interactions of the carboxylic acid with the backbone amides of
Glu-170 and His-171 and the methoxy group of ALLINI-2 with
the side chain of Thr-174. Thus, ALLINIs effectively shield the
access of the key LEDGF/p75 Asp-366 contact to its cognate
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TABLE 1
Effects of the A128T substitution on the IC;, values of ALLINIs

HIV-1 Resistance to Allosteric Integrase Inhibitors

Means + S.E. are shown for at least three independent experiments, with -fold changes in ALLINI resistance for the mutant enzyme in parentheses.

ICSO
IN-LEDGF binding 3'-Processing Stand transfer LEDGF-dependent integration
wT A128T WT A128T WwT A128T wT A128T
M
ALLINI-1 1.9*05 40+ 0.6(2) 091 *+0.06 261.5*48(287) 0.4 = 0.09 4.61 = 045(115) 1.29%£034 156 x3.5(12)
ALLINI-2 0.3 £0.02 0.78 * 0.06 (2.6) 0.18 = 0.02 200.2 * 17 (1112) 0.17 £ 0.03 0.89 + 0.19 (5) 0.06 = 0,01 1.49 = 0.03 (25)
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FIGURE 3. Effects of ALLINI-1 on 3’-processing activities and IN-LEDGF/p75 binding of WT and A128T INs. A, dose-response effects of ALLINI-1 on
3'-processing activities of WT (@) and A128T (C]) INs. B, dose-response effects of ALLINI-1 on the IN-LEDGF/p75 binding for WT (@) and A128T () INs. The IC,,

values and S.E. obtained from curve fittings are given in Table 1.
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FIGURE 4. Effects of ALLINI-1 on multimerization of WT and A128T INs.
Shown are the dose-response effects of ALLINI-1-induced multimerization of
WT (@) and A128T ([J) INs. The HTRF signal observed due to the dynamic
exchange of IN subunits in the absence of the inhibitor is considered 100%
base line. The mean values of three independent experiments are shown.

hydrogen bonding partners on both WT and A128T INs.
Accordingly, these compounds inhibited the binding of the cel-
lular cofactor to WT and A128T INs with comparable IC,,
values (Fig. 3 and supplemental Fig. S3).

Interestingly, the A128T substitution affected the position-
ing of the quinoline group (Fig. 7 and supplemental Fig. S7).
ALLINIs were shifted down and inward (toward the protein) by
~2 A as measured at the common bromine atom. Because the
positioning of the carboxylic group remained intact, this
resulted in the rotation of the rigid molecule by ~18° (as meas-
ured by the shift of the bromine atom with respect to the C3
atom (numbering according to Fig. 2) in the quinoline ring).
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This change also caused the substituted phenyl group to shift
downward by 0.8 A at the chlorine atom. These structural
changes could be explained by the substitution of Ala-128 with
the bulkier and polar threonine, which could exert a steric effect
and electronic repulsion of the compounds. The shifts of the
quinoline and substituted phenyl groups that bridge the two
monomers of the CCD could be the reason for the differential
multimerization of WT and mutant INs.

A previous study (15) demonstrated that ALLINIs do not
affect bulk viral particle production but nevertheless impair the
infectivity of HIV-1 progeny virions. Here, we examined how
the A128T substitution affects this aspect of ALLINI inhibition
(Fig. 8 and supplemental Fig. $8). For this, HEK293T cells were
transfected with pNL4 -3 (WT or A128T mutant) and cultured
for 24 h to ensure expression of the provirus. Next, we moni-
tored the production of HIV-1 particles in the presence of
increasing concentrations of ALLINIs. Twenty-four hours
post-addition of the compounds, the virus-containing cell-free
supernatant was harvested, and the amounts of viral particles
produced were measured by p24 ELISA. The production of
both WT and A128T IN viral particles was not affected by
ALLINIs (Fig. 8 (upper panel) and supplemental Fig. S8A). Sub-
sequently, we examined the infectivity of these progeny virions
in a HeLa-based reporter cell line (TZM-bl) containing the
HIV-1 LTR-luciferase reporter gene. For this, TZM-bl cells
were infected with equivalent cell-free virions without any
additional inhibitor being added to the target cells. Under these
conditions, only 0.1% of the input ALLINIs was carried over
from the producer cells to the target cells based on the super-
natant volumes used for the infections. At the highest concen-
tration of ALLINIs tested (100 um ALLINI-1 treatment of the
producer cells), only 100 nM inhibitor would carry over, which
is well below the IC,, value for the WT virus and thus will have
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FIGURE 5. Size exclusion chromatography demonstrating differential multimerization of WT and A128T INs in the presence of ALLINI-1. Shown are the
elution profiles of 20 um WT IN in the absence (A) and presence (B) of 80 um ALLINI-1. The elution times and respective estimated oligomeric states for the
indicated peak are summarized in supplemental Table 3. Also shown are the elution profiles of 20 um A128T IN in the absence (C) and presence (D) of 80 um
ALLINI-1. The elution times and respective estimated oligomeric states of A128T peaks are summarized in supplemental Table 4.
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FIGURE 6. Solubility of the complex of WT IN and ALLINI-1. WT IN was
incubated with the indicated concentrations of ALLINI-1 and then subjected
to centrifugation. The supernatant (S) and pellet (P) fractions were analyzed
by SDS-PAGE, and IN was detected by anti-His antibody.

negligible effects on the TZM-bl cell infections. The results in
Fig. 8 (lower panel) and supplemental Fig. S8B demonstrate that
WT virions produced in the presence of the inhibitors lost their
infectivity, with estimated IC;, values of ~6 um for ALLINI-1
and ~0.5 um for ALLINI-2. In contrast, the A128T virions
exhibited a marked resistance to ALLINIs (Fig. 8 (lower panel)
and supplemental Fig. S8B). Control experiments with RAL
showed no effects of this inhibitor on viral production or infec-
tivity (data not shown).

DISCUSSION

ALLINIs are a growing class of new anti-HIV-1 compounds.
Importantly, these inhibitors are complementary to all Food
and Drug Administration-approved antiretroviral agents,
including the IN strand transfer inhibitors RAL and elvitegra-
vir. Whereas the IN strand transfer inhibitors specifically inter-
act with the IN-viral DNA complex (27), ALLINIs target a clin-
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FIGURE 7. Overlay of crystal structures of ALLINI-1 bound to A128T and
WT IN CCDs. Ala-128 and its corresponding ligand ALLINI-1 are colored yel-
low, whereas Thr-128 and the respective ALLINI-1 molecule are colored
magenta. Hydrogen bonds between ALLINI-1 molecules and the backbones
of Glu-170 and His-171 are shown by yellow (for WT IN) and magenta (for
A128T IN) dashed lines. Subunits 1 and 2 are colored cyan and gray,
respectively.

ically unexploited IN dimer interface at the LEDGF/p75-
binding site. Consequently, ALLINIs allosterically modulate IN
multimerization and impair IN-LEDGF/p75 binding (14-16).

The IN A128T substitution has been identified from cell cul-
ture assays as a primary mechanism of HIV-1 resistance to
numerous ALLINIs (12, 15, 16, 19). Here, we elucidated the
structural and mechanistic basis for this resistance. The ala-
nine-to-threonine substitution affects positioning of the core
quinoline and substituted phenyl ring of ALLINIs that bridge
the two IN subunits, whereas the hydrogen bonding network
between the inhibitor and the protein that closely mimics the
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FIGURE 8. Effects of ALLINI-1 on WT and A128T HIV-1 p24 production and
infectivity. Upper panel, HEK293T cells were transfected with either WT or
A128T IN provirus. HIV-1 particles were produced in the presence or absence
of ALLINI-1 for 24 h, and cell-free Gag was measured by HIV-1 p24 ELISA. Lower
panel, the indicated WT or A128T IN cell-free virus equivalent to 4 ng of HIV-1
p24 was used to infect TZM-bl cells, and luciferase assay was performed at
48 h post-infection. The luciferase signal, obtained in the absence of ALLINI-1
(Me, SO alone) for WT or A128T IN, was set to 100%. The average values from
at least triplicate infections are shown, and error bars represent S.D.

IN-LEDGF/p75 interaction remains intact. As a result, the
A128T substitution shows marked resistance to ALLINI-in-
duced aberrant multimerization of IN compared with its WT
counterpart, whereas the compound remains a potent inhibitor
of the A128T IN binding to LEDGF/p75.

We have shown that ALLINIs promote aberrant higher order
multimerization of WT IN, but not A128T IN. Although previ-
ous studies have attributed the HTRF signal increase to IN
dimerization (16), the size exclusion chromatography data
in Fig. 5 and supplemental Fig. S5 clarify that the addition of
ALLINIs to the WT protein promotes the formation of higher
order oligomers. As a result, the catalytic activities of the WT
protein are fully compromised. In sharp contrast, A128T IN is
remarkably resistant to ALLINIs in the 3'-processing assays
(287- and 1112-fold for ALLINI-1 and ALLINI-2, respectively)
and exhibits 5-11-fold resistance in strand transfer assays. How
does one explain the differential levels of resistance of A128T
IN for 3'-processing and strand transfer activities? The HTRF
assays coupled with size exclusion chromatography indicate
that ALLINISs stabilize a tetrameric form of A128T IN. Of note,
IN tetramers formed in the absence and presence of viral DNA
adopt distinct conformations (3). Although preformed tetram-
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ers are known to be active in 3'-processing, the strand transfer
reactions require individual IN monomers to assemble in the
presence of viral DNA to correctly engage target DNA (3, 4).
Parallels can be drawn with our earlier results demonstrating
the importance of highly dynamic interplay of individual IN
subunits for productive integration (3, 4). The IN tetramers
stabilized by the LEDGF/p75 IN-binding domain are active in
3'-processing reactions but fail to catalyze concerted HIV-1
integration. Similarly, IN tetramers prematurely stabilized by
ALLINIs are likely to be different from the fully functional
tetramers in the intasome formed in the presence of DNA
substrate.

To understand the 5-11-fold resistance of A128T IN in the
strand transfer assays, we analyzed the HTRF data in Fig. 4 and
supplemental Fig. S4. Accurate measurements of ALLINI IC,,
values from these assays were complicated due to biphasic
curves and differing peak heights for WT and A128T INs. Still,
the analysis of the initial ascending curves enabled us to esti-
mate the IC;, values for WT versus A128T IN: 2.27 & 0.13 uM
versus 17.81 = 1.46 um for ALLINI-1 and 0.070 = 0.008 um
versus 0.68 * 0.06 um for ALLINI-2. The ~10-fold increase in
estimated IC,, values for the initial multimerization phase for
A128T IN compared with its WT counterpart could explain the
observed resistance of mutant IN in the strand transfer assays
(Table 1).

The differential multimerization of WT and A128T INs
induced by ALLINIs correlates with the differences in infectiv-
ity of HIV-1 progeny virions. The treatment of producer cells
with the inhibitors impairs WT HIV-1 infectivity, with esti-
mated IC,, values of ~6 pm for ALLINI-1 and ~0.6 um for
ALLINI-2, whereas A128T HIV-1 exhibits marked resistance to
these compounds (Fig. 8 and supplemental Fig. S8). In turn,
these results correlate well with the inhibitory activities of these
compounds with respect to WT and A128T HIV-1 replication
in spreading assays (supplemental Table 2) (14).

In conclusion, our findings that the A128T substitution did
not significantly alter ALLINI IC, values for IN-LEDGE/p75
binding but substantially affected IN multimerization in the
presence of the inhibitors indicate that allosteric IN oligomer-
ization is the primary target of these inhibitors in infected cells.
Our structural data showing that the A128T substitution repo-
sitions the quinoline ring of ALLINIs at the IN dimer interface
provide a path for rationale development of second-generation
ALLINI compounds with decreased potential to select for drug
resistance.

REFERENCES

1. Johnson, A. A., Marchand, C., and Pommier, Y. (2004) HIV-1 integrase
inhibitors: a decade of research and two drugs in clinical trial. Curr. Top.
Med. Chem. 4, 1059-1077

2. Brown, P. O. (1997) Integration. in Retroviruses (Coffin, ]. M., Hughes,
S. H., and Varmus, H. E. eds) pp. 161-204, Cold Spring Harbor Labora-
tory, Plainview, NY

3. Kessl, J. ., Li, M., Ignatov, M., Shkriabai, N., Eidahl, J. O., Feng, L., Musier-
Forsyth, K., Craigie, R., and Kvaratskhelia, M. (2011) FRET analysis reveals
distinet conformations of IN tetramers in the presence of viral DNA or
LEDGEF/p75. Nucleic Acids Res. 39, 9009 -9022

4. McKee, C.]., Kessl, J. J., Shkriabai, N., Dar, M. ], Engelman, A., and Kvar-
atskhelia, M. (2008) Dynamic modulation of HIV-1 integrase structure
and function by cellular lens epithelium-derived growth factor (LEDGF)

JOURNAL OF BIOLOGICAL CHEMISTRY 15819



HIV-1 Resistance to Allosteric Integrase Inhibitors

10.

11

12.

13.

14.

15.

protein. . Biol. Chem. 283, 31802-31812

. Li, M., Mizuuchi, M., Burke, T. R,, Jr., and Craigie, R. (2006) Retroviral

DNA integration: reaction pathway and critical intermediates. EMBO .
25, 1295-1304

. Kessl, J. ]., Eidahl, ]. O., Shkriabai, N., Zhao, Z., McKee, C. ], Hess, S.,

Burke, T. R, Jr.,, and Kvaratskhelia, M. (2009) An allosteric mechanism for
inhibiting HIV-1 integrase with a small molecule. Mol. Pharmacol. 76,
824832

. Raghavendra, N. K, and Engelman, A. (2007) LEDGF/p75 interferes with

the formation of synaptic nucleoprotein complexes that catalyze full-site
HIV-1 DNA integration ix vitro: implications for the mechanism of viral
cDNA integration. Virology 360, 1-5

. Maertens, G., Cherepanov, P., Pluymers, W., Busschots, K., De Clercg, E.,

Debyser, Z., and Engelborghs, Y. (2003) LEDGF/p75 is essential for nu-
clear and chromosomal targeting of HIV-1 integrase in human cells.
J. Biol. Chem. 278, 33528 -33539

. Cherepanov, P., Devroe, E,, Silver, P. A, and Engelman, A. (2004) Identi-

fication of an evolutionarily conserved domain in human lens epithelium-
derived growth factor/transcriptional co-activator p75 (LEDGF/p75) that
binds HIV-1 integrase. J. Biol. Chem. 279, 48883— 488952

Hare, S., Shun, M. C,, Gupta, S. S., Valkov, E,, Engelman, A., and Che-
repanov, P. (2009) A novel co-crystal structure affords the design of gain-
of-function lentiviral integrase mutants in the presence of modified
PSIP1/LEDGF/p75. PLoS Pathog. 5, 1000259

Cherepanov, P., Ambrosio, A. L., Rahman, S,, Ellenberger, T., and Engel-
man, A. (2005) Structural basis for the recognition between HIV-1 inte-
grase and transcriptional coactivator p75. Proc. Natl Acad. Sci. U.S.A.
102, 17308 -17313

Christ, F., Voet, A, Marchand, A., Nicolet, S., Desimmie, B. A., Marchand,
D., Bardiot, D., Van der Veken, N.]., Van Remoortel, B., Strelkov, S. V., De
Maeyer, M., Chaltin, P., and Debyser, Z. (2010) Rational design of small-
molecule inhibitors of the LEDGF/p75-integrase interaction and HIV rep-
lication. Nat. Chem. Biol. 6, 442448

Tsantrizos, Y. S., Boes, M., Brochu, C., Fenwick, C., Malenfant, E., Mason,
S., Pesant, M. (November 22, 2007) Inhibitors of human immunodefi-
ciency virus replication. International Patent PCT/CA2007/000845
Kessl, J. J., Jena, N., Koh, Y., Taskent-Sezgin, H., Slaughter, A., Feng, L., de
Silva, S., Wy, L., Le Grice, S. F., Engelman, A., Fuchs, J. R., and Kvaratskhe-
lia, M. (2012) A multimode, cooperative mechanism of action of allosteric
HIV-1 integrase inhibitors. J. Biol. Chem. 287, 16801-16811

Christ, F.,, Shaw, S., Demeulemeester, ]., Desimmie, B. A., Marchand, A,
Butler, S., Smets, W., Chaltin, P., Westby, M., Debyser, Z., and Pickford, C.
(2012) Small-molecule inhibitors of the LEDGF/p75 binding site of inte-

15820 JOURNAL OF BIOLOGICAL CHEMISTRY

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

grase block HIV replication and modulate integrase multimerization. An-
timicrob. agents Chemother. 56, 4365— 4374

Tsiang, M., Jones, G. S., Niedziela-Majka, A., Kan, E., Lansdon, E. B,,
Huang, W., Hung, M., Samuel, D., Novikov, N., Xu, Y., Mitchell, M., Guo,
H., Babaoglu, K, Liu, X., Geleziunas, R., and Sakowicz, R. (2012) New class
of HIV-1 integrase (IN) inhibitors with a dual mode of action. [ Biol.
Chem. 287,21189-21203

Shen, L., Rabi, S. A., and Siliciano, R. F. (2009) A novel method for deter-
mining the inhibitory potential of anti-HIV drugs. Trends Pharmacol. Sci.
30, 610-616

Shen, L., Peterson, S., Sedaghat, A. R, McMahon, M. A, Callender, M.,
Zhang, H., Zhou, Y., Pitt, E., Anderson, K. S., Acosta, E. P., and Siliciano,
R. F. (2008) Dose-response curve slope sets class-specific limits on inhib-
itory potential of anti-HIV drugs. Nat. Med. 14, 762-766

Fenwick, C. W., Tremblay, S., Wardrop, E., Bethell, R., Coulomb, R., El-
ston, R, Faucher, A.-M., Mason, S., Simoneau, B., Tsantrizos, Y., and
Yoakim, C. (2011) Resistance studies with HIV-1 non-catalytic site inte-
grase inhibitors. International Workshop on HIV and Hepatitis Virus Drug
Resistance and Curative Strategies, Los Cabos, Mexico, June 7-11, 2011
Dyda, F., Hickman, A. B, Jenkins, T. M., Engelman, A., Craigie, R., and
Davies, D. R. (1994) Crystal structure of the catalytic domain of HIV-1
integrase: similarity to other polynucleotidy! transferases. Science 266,
19811986

Otwinowski, Z., and Minor, W. (1997) Processing of x-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276, 307-326

McCoy, A. |, Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D,, Sto-
roni, L. C., and Read, R. J. (2007) Phaser crystallographic software. . Appl.
Crystallogr. 40, 658 —674

Collaborative Computational Project, Number 4 (1994) The CCP4 suite:
programs for protein crystallography. Acta Crystallogr. D Biol. Crystallogr.
50, 760-763

Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486501
Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997) Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr. 53, 240-255

Painter, J., and Merritt, E. A. (2006) Optimal description of a protein
structure in terms of multiple groups undergoing TLS motion. Acta Crys-
tallogr. D Biol. Crystallogr. 62, 439450

Hare, S., Gupta, S. S., Valkov, E., Engelman, A., and Cherepanov, P. (2010)
Retroviral intasome assembly and inhibition of DNA strand transfer. Na-
ture 464, 232-236

pCEVON

VOLUME 288<NUMBER 22+ MAY 31,2013



| AAC

Journals ASM.org

P2’ Benzene Carboxylic Acid Moiety Is Associated with Decrease in
Cellular Uptake: Evaluation of Novel Nonpeptidic HIV-1 Protease
Inhibitors Containing P2 bis-Tetrahydrofuran Moiety

Ravikiran S. Yedidi,® Kenji Maeda,® W. Sean Fyvie,” Melinda Steffey,® David A. Davis,“ Ira Palmer,” Manabu Aoki,**

Joshua D. Kaufman,® Stephen J. Stahl,¢ Harisha Garimella,> Debananda Das,? Paul T. Wingfield,? Arun K. Ghosh,” Hiroaki Mitsuya®®
Experimental Retrovirology Section? and Retroviral Disease Section,® HIV and AIDS Malignancy Branch, National Cancer Institute, National Institutes of Health, Bethesda,
Maryland, USA; Departments of Chemistry and Medicinal Chemistry, Purdue University, West Lafayette, Indiana, USA®; Protein Expression Laboratory, National Institute of
Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, Maryland, USA%, Departments of Hematology and Infectious Diseases, Kumamoto
University Graduate School of Biomedical Sciences, Kumamoto, Japan®; Department of Medical Technology, Kumamoto Health Science University, Kumamoto, Japan

GRL007 and GRLO008, two structurally related nonpeptidic human immunodeficiency virus type 1 (HIV-1) protease inhibitors
(PIs) containing 3(R),3a(S),6a(R)-bis-tetrahydrofuranylurethane (bis-THF) as the P2 moiety and a sulfonamide isostere consist-
ing of benzene carboxylic acid and benzene carboxamide as the P2’ moiety, respectively, were evaluated for their antiviral activ-
ity and interactions with wild-type protease (PR""). Both GRL007 (K; of 12.7 pM with PR"T) and GRL008 (K; of 8.9 pM) inhib-
ited PRY" with high potency in vitro. X-ray crystallographic analysis of PR" in complex with GRL007 or GRL008 showed that
the bis-THF moiety of both compounds has three direct polar contacts with the backbone amide nitrogen atoms of Asp29 and
Asp30 of PR™™. The P2’ moiety of both compounds showed one direct contact with the backbone of Asp30’ and a bridging polar
contact with Gly48' through a water molecule. Cell-based antiviral assays showed that GRL007 was inactive (50% effective con-
centration [EC,] of >1 pM) while GRL008 was highly active (ECs, of 0.04 uM) against wild-type HIV-1. High-performance lig-
uid chromatography (HPLC)/mass spectrometry-based cellular uptake assays showed 8.1- and 84-fold higher intracellular con-
centrations of GRL008 than GRL007 in human MT-2 and MT-4 cell extracts, respectively. Thus, GRL007, in spite of its favorable
enzyme-inhibitory activity and protease binding profile, exhibited a lack of antiviral activity in cell-based assays, most likely due
to its compromised cellular uptake associated with its P2’ benzene carboxylic acid moiety. The anti-HIV-1 potency, favorable
toxicity, and binding profile of GRL008 suggest that further optimization of the P2’ moiety may improve its antiretroviral
features.

ver the past 20 years, antiretroviral therapy (ART) has made
substantial progress in improving the quality of life and in-
creasing the survival of individuals that are infected with human
immunodeficiency virus type 1 (HIV-1). Moreover, ART has re-
cently been shown to block the sexual transmission of HIV-1 very
effectively (1). However, it is of note that AIDS caused by HIV-1
infection claimed 1.7 million lives in 2011, according to the latest
report from the joint United Nations Programme on HIV/AIDS
(UNAIDS [www.unaids.org]). Hence, more efforts are needed to
block the spread of HIV-1 infection, to effectively treat HIV-1-
infected individuals, and to improve the quality of life of those
living with HIV-1 infection.

ART is given as combination chemotherapy using multiple
classes of anti-HIV-1 drugs (fusion inhibitors [2], entry inhibitors
[3], reverse transcriptase inhibitors [4], integrase inhibitors [5],
and protease inhibitors [PIs] [6]) which have been proven to be
effective in targeting different stages of viral replication. Among
such viral drug targets, HIV-1 protease (PR) is a critical and suc-
cessful drug target since its role is essential and indispensable for
the maturation and infectivity of the virus (7, 8). HIV-1 protease is
an aspartyl protease (9) consisting of a pair of identical monomers
of 99 amino acids each (10). The error proneness (11) of reverse
transcriptase and the rapid replication of HIV-1 are known to be
associated with clinical selection of drug-resistant variants (12)
that have accumulated mutations in the viral proteins, including
protease (13).

Darunavir (DRV) (6), the latest FDA-approved PJ, is highly
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active against drug-resistant variants of HIV-1 (14) and has a dual
mechanism of inhibition: (i) enzymatic inhibition and (ii) pro-
tease dimerization inhibition (15). DRV has been highly effica-
cious in suppressing HIV-1 replication and bringing about sub-
stantial clinical benefits to individuals infected with HIV-1 (16).
However, recent studies have demonstrated that certain individ-
uals who had received long-term ART have failed otherwise
would-be effective DRV-containing regimens (17). Indeed, we
have successfully generated highly DRV-resistant variants, which
can be seen in individuals failing DRV-containing regimens, by
using a mixture of multidrug-resistant clinical strains of HIV-1in
test tubes (18). Thus, the development of novel antiretroviral
agents that are active against wild-type HIV-1 (HIV"T) and have
a high genetic barrier against such DRV-resistant variants is ur-
gently needed.

X-ray crystal structures are widely used to analyze the binding
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FIG 1 Structures of GRL007, GRL008, and DRV. Structures of GRL007, GRL00S, and DRV are shown with the P2 (bis-THF) and P2’ moieties labeled. GRL007,
GRL008, and DRV contain benzene carboxylic acid, benzene carboxamide, and aniline as P2’ moieties, respectively. All three PIs have a phenyl group at the P1
and an isopropyl group at the P1’ positions with a transition state-mimetic hydroxyl group in between.

interactions of protease inhibitors. In the present study, the crystal
structure of DRV in complex with wild-type HIV-1 protease
(PRWT) (Protein Data Bank identification code [PDB ID] 4HLA)
showed two bridging crystallographic water molecules between
the amine group from the P2’ aniline moiety of DRV and back-
bone amide nitrogen atom of Gly48’. In an effort to develop novel
PIs with high genetic barriers, it was hypothesized that modifica-
tion of the P2’ aniline moiety of DRV with either benzene carbox-
ylic acid or benzene carboxamide would replace one of the two
bridging crystallographic water molecules and enhance the bind-
ing of the PI to the protease in the S2’ binding pocket while main-
taining the polar contact with the backbone of Asp30’. Two struc-
turally related novel nonpeptidic PIs, GRL007 and GRLO0S, were
designed, synthesized, and evaluated for their anti-HIV-1 profiles.
GRLO07 and GRL008 contain the 3(R),3a(S),6a(R)-bis-tetrahy-
drofuranylurethane (bis-THF) group as the P2 moiety (similar to
that of DRV) but have benzene carboxylic acid and benzene car-
boxamide as a P2’ moiety, respectively (Fig. 1). Both compounds
were evaluated using in vitro enzyme inhibition assays as well as
cell-based antiviral assays. Each compound was cocrystallized
with wild-type HIV-1 protease (PRWT), the crystal structures were
solved, and the interactions were analyzed. Bioavailability is often
an issue that plays a critical role in the in vivo efficacy of Pls.
Hence, the cell permeability of GRL007 and GRL008 was evalu-
ated using a high-performance liquid chromatography/mass
spectrometry (HPLC/MS)-based cellular uptake assay.

MATERIALS AND METHODS

Agents, enzyme inhibition assays, and antiviral assays. DRV was syn-
thesized as previously described (19). GRL007 and GRL008 were synthe-
sized by Arun K. Ghosh and coworkers (the details of the synthesis pro-
cedures will be published separately). Amprenavir (APV), saquinavir
(SQV), and tipranavir (TPV) were provided by the NIH AIDS Research
and Reference Reagent Program. Enzyme inhibition constants (Ks) were
obtained using enzyme inhibition assays as described previously (6). The
HIVWT (HIV-1yy; o 5 and HIV-1, ;) virus was harvested from the super-
natants of chronically infected H9 cells as previously described (14). The
viral titers (50% tissue culture infective doses [TCID;,s]) of the superna-
tants containing HIV"T were determined using an MTT (3-[4,5-dimeth-
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ylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)-based assay. Human
MT-2 and MT-4 cells were grown in RPMI 1640 medium (Lonza, Walk-
ersville, MD) with 10% fetal bovine serum (FBS). HIV-1, ,; was used to
infect human MT-2 cells, while HIV-1,;, 5 was used to infect human
MT-4 cells. Cells were exposed to 50 TCIDgs of HIVWT in the presence of
different concentrations (ranging from 1 uM to 1 nM) of GRL007,
GRL008, or DRV. In the case of GRL007, higher concentrations up to 10
M were tested in MT-2 cells. DRV was used as a control compound. The
FEDA-approved PIs APV, SQV, and TPV were also included in the assay.
An MTT-based colorimetric assay was performed to determine the num-
ber of live cells at each given concentration of drug after exposure to the
virus. Assays were conducted in triplicates for each concentration.

Protease expression and purification. The recombinant PRYT (de-
rived from HIV-1 ;) was expressed in Escherichia coli strain BL21(DE3),
using the T7 expression system as described previously (20). Briefly, the
transformants were grown in lysogeny broth (LB) medium at 37°C until
the optical density at 600 nm (ODy,,) reached 0.6. The cells were induced
with isopropyl-R-p-1-thiogalactopyranoside (IPTG) at 37°C for 3 h and
were harvested by centrifugation (10,000 X g) for 30 min. The PRW'-
expressing E. coli cell pellet was resuspended in a 4:1 (vol/wt) ratio of
buffer A (50 mM Tris, pH 7.5, 1 mM EDTA, 2 mM dithiothreitol [DTT]).
The cell suspension was lysed by two passes through a French press, fol-
lowed by 1 min of sonication. The suspension was then centrifuged for 1 h
at 25,000 X g. The pellet was washed with buffer A containing 1% Triton
X-100 and 1 M urea and centrifuged as before. The washed pellet was
extracted with 3 M guanidine HCl (GnCl) and centrifuged at 100,000 X g
for 1 h. The supernatant was loaded on a Sephadex-200 column (60-mm
diameter by 600-mm length) that was preequilibrated with 4 M GnCL The
fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The fractions containing PRWT were
pooled and loaded onto an HPLC column packed with Source 15 reverse-
phase chromatography (RPC) resin. A gradient of 0 to 70% acetonitrile in
0.1% trifluoroacetic acid (TFA) was run to elute the protein. The fractions
were analyzed by SDS-PAGE. All the resins were obtained from GE
Healthcare Life Sciences (Piscataway, NJ). Purified PRWT aliquots (1 ml
each) were stored at —80°C until further use.

Protease refolding. The purified PRWT (~3.5 mg/ml) aliquot (1 ml)
in the reverse-phase (RP) pool was thawed on ice, lyophilized, and redis-
solved in 1 ml of 50% acetic acid solution. Refolding buffer (50 mM
sodium acetate, pH 5.2, 5% ethylene glycol, 10% glycerol, 5mM DTT, and
a 5- to 10-fold molar excess of PI) was prepared fresh. The PRV? solution

aacasm.org 4921



Yedidi et al.

in 50% acetic acid was added dropwise to 29 ml of refolding buffer with
stirring on ice. PRWT was refolded for at least 6 h at 4°C with constant
stirring. The refolded PRWT-drug complex was concentrated by centrifu-
gation at 4,000 X g using Amicon filters (3-kDa molecular mass cutoff).
The final protein concentration was determined to be 1.5 mg/ml.

Crystallization of protease-drug complexes. The hanging-drop va-
por diffusion method was used for crystallization of PR-drug complex.
Equal volumes of PRW?-drug complex and well solution were mixed to
a final volume of 8 pl per drop. Diffraction-quality crystals were ob-
tained using 1.6 M ammonium sulfate as a precipitant. Individual
rod-shaped crystals were picked up into the nylon loops, which were
instantaneously coated with 30% glucose as a cryo-protectant and
frozen in liquid nitrogen.

X-ray diffraction data collection and processing. X-ray diffraction
data for PRWT-GRL007 and PRWT-GRL008 were collected at beam lines
21-ID and 22-ID, respectively, located at the Advanced Photon Source
(APS), Argonne National Laboratory, IL. The data for PRWI_DRV were
collected using the RIGAKU X-ray generator. The diffraction data for
PRWT-GRL008 were processed and scaled using the HKL2000 program
(21), while the data for PRYT-GRL007 and PR™W*-DRV were processed
using iIMOSFLM (22) and scaled using SCALA (23) through the CCP4
(24) interface. Diffraction data processing parameters are shown in Table
S1 in the supplemental material.

Crystal structure solutions and refinement. Molecular replacement
was performed using MOLREP (25) through the CCP4 interface, with
PDB ID 1MUI (without ligand) as a search model. Structure solutions
were directly refined using REFMACS5 (26). Initial coordinates for DRV
were taken from PDB ID 2IEN. Initial coordinates for GRLO07 and
GRLO008 were prepared by modifying the structure of DRV taken from the
crystal structure of PDB ID 2IEN. The molecular models of GRLO07 and
GRLO008 were fit into the electron density using ARP/wARP (27) ligands
(28) through the CCP4 interface and manually checked. Refinement li-
braries for GRL007 and GRL008 were prepared using the PRODRG (29)
server. Each drug was fit in two orientations guided by the difference
electron density contoured at >2.0 ¢, and the occupancies were refined.
Solvent molecules were built using the ARP/wARP solvent building mod-
ule through the CCP4 interface. The stereochemistry of all structures was
refined using the interface phenix.refine (30). Refinement statistics for all
the structures are shown in Table S2 in the supplemental material. The
final refined structures were used for structural analysis. Polar contacts
were calculated by using a 3.5-A-distance cutoff between the heavy atoms
(oxygen and nitrogen). Polar contacts with a distance of >3.5 A were
considered weak interactions. Hydrophobic contacts were calculated be-
tween two carbon atoms (one from PI and one from PRYT) within a 4-A
distance.

Preparation of MT-2 and MT-4 cell extracts for cellular uptake as-
says. Cell extracts were prepared as described previously (31). Briefly, 10
million cells were incubated with each drug (50 wM final concentration)
at 37°C for 24 h. Cells were harvested and washed with phosphate-buff-
ered saline (PBS) three times, with a 5-ml volume per wash. The final cell
pellets were resuspended in 60% methanol solution, and the suspensions
were boiled at 95°C for 5 min with shaking. The boiled suspensions were
cooled to room temperature and centrifuged at 13,000 rpm for 10 min to
separate cell debris from the solvent extract. Supernatants (solvent ex-
tracts) were transferred into new tubes, and the solvent was evaporated
overnight. Dimethyl sulfoxide (DMSO) (50 pul per tube) was added to the
dried tubes, and the tubes were incubated at 37°C for 1 h with shaking.
Samples were then analyzed using RP-HPLC/MS.

RP-HPLC/ESI-MS analysis of protease inhibitors. Each PI solution
extracted from either MT-2 or MT-4 cells as described above was injected
(25 pl) and analyzed using RP-HPLC/electrospray ionization (ESI)-MS.
Drugs were separated on a VyDac C,g 5-pm-particle-size column (3.2
mm by 150 mm) using a gradient of solvent A (water—0.05% TFA-
0.025% formic acid [FA]) and solvent B (acetonitrile-0.05% TFA—
0.025% FA). The flow rate was set to 0.5 ml min~?, and the column was
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TABLE 1 Enzyme-inhibitory activity, antiviral activity, and cytotoxicity
of GRL0O07 and GRL008

K ofprvt  ECso (4M) against HIV inc ES\S/I",IE _*ZM)
Inhibitor ~ (pM)” MT-2 cells MT-4 cells cells
GRLO007 12.7 >10 >1 >100
GRLO08 8.9 0.093 = 0.041 0.038 = 0.015 >100
DRV 16 0.006 = 0.001 0.002 £ 0.001 >100
TPV 8 ND? 0.128 £ 0.091 ND
SQV 40 ND 0.017 £ 0.012 11.3 = 2.8°
APV 40 ND 0.032 £ 0.016 >100°

4 ECsq (50% effective concentration) values are shown as mean values & standard
deviations from three independent experiments. HIVWT strains used to infect MT-2
and MT-4 cells were HIV, 4; and HIVyy 4.3, respectively.

b The K; values of PRWT with TPV (32), SQV (33), and APV (33) were previously
published.

€ CCsy values were determined in MT-2 cells (14).

4 ND, not determined.

equilibrated with 95% solvent A and 5% solvent B. Following each injec-
tion, solvent B was increased to 40% over a 35-min period (1% increase
per min). At 35 min solvent B was increased to 95% in 2 min and then
returned to starting conditions over the next 8 min. Each drug was de-
tected by ESI-MS using an Agilent 1100 mass spectrometer in selective ion
monitoring mode (SIM). The sodium adducts of each drug provided the
most prominent peak and therefore were used for detection purposes
although the parent ions provided the relative results. The reference
masses for the sodium adduct-SIM ions used were 570.20, 599.20, and
598.20 for DRV, GRL007, and GRL008, respectively. The amount of drug
obtained in the extracts was determined by comparison to standards of
each purified drug in DMSO. Each compound was confirmed by both
elution time from the column and molecular weight by mass spectrom-
etry.

Protein structure accession numbers. The final refined coordinates
for the crystal structures of PRWT-DRV, PRWT-GRL007, and PRW'-
GRL008 were deposited in the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB) under accession IDs
4HLA, 418W, and 418Z, respectively.

RESULTS

GRLO007 and GRLO08 are highly active in vitro against PRV
Evaluation of the in vitro enzyme-inhibitory activity of GRL0O07
and GRLOO08 revealed that both PIs highly effectively inhibit
PRW™. The enzyme inhibition constants (K;s) for GRL007 and
GRLO008 against PRWT were 12.7 pM and 8.9 pM, respectively. As
shown in Table 1, the K; values of GRL007 and GRLO008 were
comparable to those of DRV and tipranavir (TPV) (32). Both
GRL007 and GRL008 were >3-fold more active than saquinavir
(SQV) (33) and amprenavir (APV) (33) (Table 1). These results
suggest that GRL007 and GRL008 would be highly active PIs com-
parable to DRV and should be evaluated further for their binding
profiles and antiviral potency although it is possible that various
factors, such as cell penetration, intracellular sequestration, efflux,
etc., of protease inhibitors can affect their ultimate antiviral po-
tency to a great extent. Thus, we further investigated the binding
profiles of GRL0O07 and GRLO00S in the active site of PR using
X-ray crystallography.

Crystal structures of PRYT in complex with DRV, GRL007,
or GRL008. In order to understand the binding profiles of
GRL007 and GRL008 with protease, PR™" was cocrystallized with
GRLO07 or GRL0O08 or DRV, and the X-ray crystal structures were
solved and analyzed. Cocrystals of PR™T in complex with DRV
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FIG 2 Polar contacts between PRV and inhibitors. Polar contacts of GRL007, GRL008, and DRV with PRWT are shown in panels a, b, and ¢, respectively. The
carbon atoms of PIs and PR™" are shown as white and green sticks, respectively. Oxygen and nitrogen atoms are shown as red and blue sticks, respectively. Polar
contacts in each panel are shown as yellow dashed lines. Conserved crystallographic waters are shown as red spheres. The P2 bis-THF moiety shows three
conserved polar contacts with the backbone amide nitrogen atoms of Asp29 and Asp30. The P2’ moiety of each inhibitor shows at least one conserved polar
contact, each with the backbone of Asp30’. In addition, GRLO07 shows two direct polar contacts and DRV shows one direct polar contact with the 8-oxygen atom
from the side chain of Asp30’. While two stable water molecules are seen bridging between the aniline moiety of DRV and Gly48’ of PR¥” (panel c), only one
stable water is seen in the case of GRL0O07 (panel a) and GRL008 (panel b). This loss of a water molecule is compensated by the benzene carboxylic acid and
benzene carboxamide groups. All polar contacts were calculated as the distances between the heavy atoms.

were obtained at pH 6.0 while cocrystals of PR™T in complex with
either GRL0O07 or GRL008 were obtained at pH 9.0. All cocrystals
were obtained at room temperature, usually in 2 to 5 days using
1.6 M ammonium sulfate as a precipitant (ammonium sulfate grid
screen from Hampton Research, Aliso Viejo, CA). The crystal
structure of PR™ in complex with GRL007, GRL008, or DRV was
solved to a resolution of 1.95 A, 1.75 A, or 1.95 A, respectively. All
three structures were solved in the space group P6, with the fol-
lowing unit cell dimensions:a = 62, b =62,¢c =82, =90°, 3 =
90°, and y = 90°. Each of the three crystal structures showed one
protease dimer per asymmetric unit. Cocrystals of PRY” in com-
plex with GRL008 diffracted to 1.7 A, while the cocrystals of PRWT
in complex with either GRL0O07 or DRV diffracted to 1.9 A. All
three structures showed >90% completeness, including the high-
est-resolution shells (see Table S1 in the supplemental material).
The difference electron density maps indicated two binding ori-
entations (separated by 180°) for each PIin the active site of PRWT.
As shown in Fig. S1, the average difference electron density maps
for each PI (contoured between 2.0 and 2.5 o) showed continuous
density for one orientation (orientation 1) and semicontinuous
density for the second orientation (orientation 2). In each case, the
PI was fit in both orientations with an initial occupancy of 0.5 per
orientation, and the final refined occupancies ranged between
0.48 and 0.52. In each case, the refined binding conformation of
the PI with higher occupancy was used for further structural anal-
ysis. The quality of the stereochemistry was evaluated using Ram-
achandran plots. None of the three structures showed any residues
in the disallowed region (see Table S2 in the supplemental mate-
rial), indicating an overall good quality of the stereochemistry.
GRLO007 and GRL008 show similar binding profiles in the
active site of PRW . Analysis of the refined structures revealed that
each PI is involved in multiple polar contacts with PRYT (Fig, 2).
The bis-THF moiety at P2 shows three strong polar contacts with
the backbone amide nitrogen atoms of Asp29 (two contacts) and
Asp30 (one contact) in all three structures. The average bond
lengths for these polar contacts (between the bis-THF moiety and
either D29 or D30) range between 2.8 A and 3.4 A, indicating that
these interactions with protease backbone are strong. One polar
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contact with the backbone carbonyl oxygen atom of Gly27 (aver-
age bond length of 3.25 A) was also observed in all three structures.
The transition state-mimetic hydroxyl group of each PI shows at
least one polar contact each with either 8-oxygen atom from the
side chains of the catalytic Asp25 and Asp25'. As shown in Fig. 2,
the P2 moieties, benzene carboxylic acid (GRL007) and benzene
carboxamide (GRL008), show one strong polar contact each with
the backbone amide nitrogen atom of Asp30’, while the P2’ ani-
line (DRV) shows one polar contact with the backbone carbonyl
oxygen atom of Asp30’. The P2’ benzene carboxylic acid
(GRLO007) and aniline (DRV) show additional contact(s) with the
3-oxygen atom of the side chain of Asp30’ (Fig. 2). One conserved
water molecule bridging between each PI and the PRV -flap res-
idues, Ile50 and Ile50’, was observed in all three structures.
GRL007 and GRL008 replaced one bridging water molecule
in the S2’ binding pocket of PR™™. The crystal structure of PR™"
in complex with DRV showed two water molecules (H,0' and
H,0?) bridging between the P2’ amine group from the aniline
moiety of DRV and the backbone amide nitrogen atom of Gly48’
from the S2’ binding pocket of PR™? (Fig. 2). The interatomic
distances for these three polar contacts (from DRV to H,0', H,O'
to H,0% and H,0% to Gly48') were 2.4 A,3.9 A, and 3.1 A, respec-
tively. This indicates that the polar contact between H,0O' and
H,07 was weakest among the three, suggesting that replacing one
of these two water molecules with a modified P2’ moiety of DRV
might enhance the binding in S2” pocket of PR*?. Crystal struc-
tures of PRWT in complex with GRL007 or GRL008 showed one
bridging water molecule between the backbone amide nitrogen
atom of Gly48’ and their respective P2’ moieties. The interatomic
distances for the two polar contacts (from GRLO07 [P2’ benzene
carboxylic acid moiety] to H,0 and from H,O to Gly48') were 3.2
A and 2.9 A, respectively. Similarly, the interatomic distances for
the two polar contacts (from GRL0O08 [P2’ benzene carboxamide
moiety] to H,O and from H,0 to Gly48') were 3.1 A and 2.9 A,
respectively. Based on the distance cutoff, the bridging polar con-
tacts made by the P2’ moieties of either GRL007 or GRL008 with
Gly48' were considered to be stronger than those of DRV. Thus,
the P2’ benzene carboxylic acid and benzene carboxamide groups
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FIG 3 Distribution of hydrophobic contacts for DRV, GRL007, and GRL00S. The amino acid residues from PR™™ that are involved in hydrophobic interactions
with DRV, GRL007, or GRLO0S are shown here in green, red, and blue, respectively. All three PIs show a conserved trend of contacts in the S1 binding pocket but
variable contacts in the S1' binding pocket due to altered binding orientations of the P1’ isopropyl group. The bis-THF moiety of each PI shows contacts with at
least one residue in the S2 binding pocket. GRL007 and GRL008 show more contacts in the S1" and S2' pockets than DRV. Residues that show conserved contacts

with two or all three PIs are boxed in black.

of GRLO07 and GRLO008, respectively, replaced one of the two
bridging waters seen with DRV.

GRL007 and GRL008 show altered but persistent hydropho-
bic contacts compared to DRV. Hydrophobic contacts play a very
important role in enhancing the binding affinity of PIs to the
PR™T in combination with polar contacts. The P1’ isopropyl
group showed altered binding orientations among the three crys-
tal structures (Fig. 2). These minor alterations of the P1’ isopropyl
group in combination with a change in the P2’ moieties of each PI
caused alterations in the overall pattern of hydrophobic contacts
among the three PIs. As shown in Fig. 3, GRL007, GRL008, and
DRV each showed hydrophobic interactions with 12, 12, and 11
residues, respectively, in the active site of PRYY, While GRL007
and GRLO08 each showed hydrophobic contacts with six residues
in the S2/51 binding pockets of PRYT, DRV showed contacts with
seven residues. Similarly, GRL007 and GRL008 each showed hy-
drophobic contacts with six residues in the S1'/S2' binding pock-
ets of PRWT; DRV showed contacts with four residues. All three
PIs showed conserved hydrophobic contacts with five residues in
the S1 binding pocket. DRV showed equal distribution of average
hydrophobic contacts per residue in both the §2/S1 and S1'/82'
binding pockets of PR™T, while both GRL007 and GRL008
showed relatively more average hydrophobic contacts per residue
in the S1'/S2" pockets of PR™T, Residues G49, 184, 1.23', A28,
P81', V82', and 184’ showed persistent hydrophobic contacts in
all three structures. In addition, G27' showed conserved hydro-
phobic contacts in crystal structures of PRYT in complex with
GRL007 and GRL008. Thus, the overall profiles of hydrophobic
contacts for GRL007 and GRL008, in spite of small alterations,
indicate strong binding comparable to or even better than that of
DRV. These binding profiles thus support the picomolar enzyme-
inhibitory activity of both GRL007 and GRL008.

GRLO08 shows greater potency than GRL007 in cell-based
antiviral assays. Guided by the favorable K; values and binding
profiles, we subsequently examined the antiviral activity of
GRLO007 and GRL008 in a cell-based assay. Antiviral assays using
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human MT-2 and MT-4 cells (Table 1) showed that GRL008 was
highly active against HIVWT with ECyys of 0.093 and 0.038 pM
(>100- and >25-fold more potent, respectively, than GRL007).
GRLO007 showed no antiviral activity at up to 10 and 1 pM con-
centrations in MT-2 and MT-4 cells, respectively. Although the
antiviral potency of GRL008 against HIVYT was within a 2.5-fold
range of the potency of two other FDA-approved Pls, APV and
SQV, it was >3-fold potent than TPV as tested in the assay using
MT-4 cells. DRV was found to be the most potent among all the
PIs tested in this assay using both MT-2 and MT-4 cells, with
ECs0s of 0.006 and 0.002 LM, respectively. As shown in Table 1,
both GRL007 and GRL008 had reasonably favorable cytotoxicity
profiles, comparable to the cytotoxicity profile of DRV. The ther-
apeutic window (the ratio of the 50% cytotoxic concentration
[CCso] to ECs,) of GRLO08 was >2,600, suggesting thatit could be
a safe and active compound worth evaluating further. Thus, in
spite of potent enzyme-inhibitory activity, favorable binding, and
reasonable cytotoxicity profiles, it was concluded that GRL007
exhibits very poor antiviral activity in cell-based assays. Thus, we
attempted to examine whether the cellular uptake of GRL0O07
might be a factor virtually nullifying its antiviral activity.
Significantly lower intracellular concentrations of GRL007
than GRL008 found in HPLC/MS-based cellular uptake assays.
An HPLC/MS-based cellular uptake assay was used to examine the
cellular uptake of GRLO07 in human MT-2 and MT-4 cells. Dried
solvent extracts of either MT-2 or MT-4 cells, preincubated with a
50 uM concentration of each PI, were dissolved in DMSO and
analyzed using RP-HPLC/ESI-MS. The chromatograms (Fig. 4)
revealed significantly higher intracellular concentrations of
GRLO008 and DRV than that of GRL007 in the cell extracts derived
from human MT-2 and MT-4 cells prepared under identical con-
ditions. The percent area under the curve (AUC) for each PI is
illustrated in Fig. 5, where the AUC associated with DRV served as
a reference (100% AUC). Indeed, both cell lines showed very low
uptake for GRL0O07. While MT-2 cells showed greater uptake of
DRV than that of GRL008, MT-4 cells showed greater uptake of
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GRLO008 than that of DRV. It is of note that irrespective of intra-
cellular concentrations of DRV, the potency of DRV was greater
than that of GRL008. This could be due to intracellular nonspe-
cific binding of GRL008, potentially owing to the relatively higher
polar nature of its P2’ benzene carboxamide moiety (caused by the
delocalization of a lone pair of electrons on the nitrogen atom)
than the P2’ aniline moiety of DRV.

DISCUSSION

The present structure-function studies show that minor chemical
modifications of PIs such as DRV might enhance the in vitro ac-
tivity against PRWY but compromise the antiviral potency of the
modified compound either severely (as seen for GRL007) or mod-
erately (as seen for GRLO08). The P2’ benzene carboxylic acid and
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FIG 5 Percent areas under the curve determined for GRL007 and GRL00S.
Values for the percent area under the curve (AUC) of GRL007 and GRL008
determined using MT-2 and MT-4 cell extracts are shown, as indicated.
Among the three inhibitors, GRL007 shows the lowest AUC, suggesting the
poor cellular uptake of the inhibitor. DRV shows better uptake than GRLO08 in
MT-2 cell extracts, while the AUC for GRL0O08 in MT-4 cell extracts is relatively
greater than that of DRV.

DRV
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benzene carboxamide groups of GRL007 and GRL008, respec-
tively, replaced one of the two bridging waters seen with DRV,
while still retaining the polar contact with the backbone amide
nitrogen atom of Asp30’ as well as with Gly48' through one con-
served bridging water molecule (Fig. 2). This bridging water mol-
ecule could be used as a molecular clue in future optimization of
the benzene carboxylic acid and benzene carboxamide moieties to
achieve a direct polar contact with Gly48’. The P2’ benzene car-
boxamide moiety of GRL008, due to delocalization of the lone
pair of electrons on the nitrogen atom caused by the carbonyl
oxygen atom, shows a strong direct polar contact between the
carbonyl oxygen atom of the benzene carboxamide moiety and
the backbone amide nitrogen atom of Asp30’ (Fig. 2). In the case
of GRL007, equal polarity may be seen for both oxygen atoms of
the carboxyl group from the P2’ benzene carboxylic acid moiety
due to delocalization of electrons equally between the two oxygen
atoms. Hence, strong direct polar contacts with the backbone
(amide nitrogen atom) as well as the side chain (3-oxygen atom)
of Asp30’ were observed (Fig. 2). Thus, the crystal structures sup-
port the highly effective inhibition of PRYT by GRL007 and
GRLO0S.

Intracellular concentrations of Pls have previously been de-
scribed as a dynamic balance between influx, efflux, and seques-

‘tration (34). Since DRV serves as a transport substrate of P-glyco-

protein (P-gp) (drug efflux transporter) (35), similar efflux
profiles can be expected for GRL007 and GRL008 because P-gp
has been shown to bind structurally diverse drugs (36). Assuming
similar efflux profiles for GRL007 and GRL0O0S, the sequestration
and influx profiles of these PIs are of great interest. In the present
study, HPLC/MS-based cellular uptake assays revealed signifi-
cantly lower intracellular concentrations of GRL0O07 than of
GRLO008 and DRV. This suggests that the poor antiviral potency of
GRLO07 is unlikely due to the intracellular sequestration (ion
trapping in acidic compartments or organelle trapping) but could
be due to poor influx. Benzene carboxylic acid has been widely
used either with minor modifications or as a component of small-

aac.asm.org 4925



Yedidi et al.

molecule drugs. For example, salicylic acid (2-hydroxybenzoic
acid), the active metabolite of aspirin (acetyl salicylic acid), is a
benzene carboxylic acid derivative. It has been shown that such
benzene carboxylic acid derivatives are efficiently taken up by the
cells with the help of transporters such as monocarboxylate trans-
porter-1 (MCT1) (37). Similarly, benzene carboxylic acid has
been used as a component of antidiabetics such as repaglinide (38)
and VLA-4 (verylate antigen 4) inhibitors (39) with good absorp-
tion profiles. Probenecid, an inhibitor of the renal organic anion
transporter (drug influx transporter) (40) and a uricosuric drug
that is often used to treat gout through peroral administration
(41), coincidentally contains a benzene carboxylic acid moiety,
the structure of the P2’ moiety of GRL0O07. Structural resemblance
between probenecid and the P2’ moiety of GRL0O07 might make
GRLOO07 an inhibitor rather than a substrate for a drug influx
transporter. While both salicylic acid (contains benzene carboxy-
lic acid) and salicylamide (42) (contains benzene carboxamide)
have been clinically used as oral agents, the present structure-
function data suggest that benzene carboxylic acid in combination
with bis-THF might cause a significant decrease in cell penetra-
tion, resulting in poor antiviral properties (as seen for GRL007),
but not the combination of benzene carboxamide and bis-THF, in
line with the reasonably good antiviral potency of GRL008.

It has previously been shown that modification of polar groups
(phosphonic acid) of an experimental PI, GS-8373 (molecular
weight ([MW] of 672.68), as a diethyl ester derivative resulting in
GS-8374 (MW 0£f728.79), significantly enhanced cell permeability
and antiviral activity (43). Both GS-8373 and GS-8374 showed a
>100-Da increase in their molecular masses compared to their
parent compound, TMC-126 (MW of 562.67), deviating from
Lipinski’s rule of five (44). One can design similar prodrugs that
are esters of GRLO07 (MW of 576.66) to enhance its cell permea-
bility, but GRL008 (MW of 575.67), with a minor modification,
showed significantly enhanced cell permeability (Fig. 5) with a
smaller increase (<30 Da) in molecular mass than that of the
parent compound, DRV (MW of 547.24). Thus, further chemical
modifications of GRLO08, with favorable antiviral activity and cy-
totoxicity (Table 1), would be of interest. Moreover, the prodrugs
of GRLO07 may have compromised cytotoxicity, as seen for GS-
8374 (43).

Based on our present structure-function studies, it is obvious
that the examination of enzymatic activity of candidate com-
pounds as PIs is not always suitable for evaluating their potential
for ultimate clinical applications. As discussed above, various fac-
tors such as cell penetration (as in the case of GRL007), intracel-
lular sequestration, and efflux can influence the outcome to a great
extent in spite of a favorable enzyme-inhibitory profile. Cell-based
antiviral assays are comparatively more crucial for evaluating their
potential for further clinical applications. Moreover, the PIs which
show favorable antiviral activity in cell-based assays never hold
firm promises for further clinical applications. Even when certain
PIs proved to be nontoxic and highly active against various HIV-1
strains, including existing multidrug-resistant HIV-1 strains, var-
ious challenges, including oral bioavailability and degradation due
to the PIs’ high susceptibility to drug-metabolizing enzymes such
as cytochrome P450 3A4, may act as limiting factors. Compart-
mentalization of the PIs may also play a significant role in thera-
peutic concentrations in various cells and organs.

In conclusion, the P2’ benzene carboxylic acid in combination
with P2 bis-THF can cause overall poor cell penetration, as seen in
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the case of GRL007, in spite of high enzyme-inhibitory activity.
The P2’ benzene carboxamide (GRL008) or aniline (DRV) group
is preferred in combination with the P2 bis-THF to achieve good
cell penetration and therefore greater antiviral potency. It is war-
ranted that GRL008 with desirable binding and inhibitory profiles
against HIVWT be further optimized to enhance its antiviral po-
tency.
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ABSTRACT: The design, synthesis, and biological evaluation of a series of HIV-I
protease inhibitors incorporating stereochemically defined fused tricyclic P2 ligands are
described. Various substituent effects were investigated to maximize the ligand-binding site
interactions in the protease active site. Inhibitors 16a and 16f showed excellent enzyme
inhibitory and antiviral activity, although the incorporation of sulfone functionality resulted H
in a decrease in potency. Both inhibitors 16a and 16f maintained activity against a panel of

16a (K; = 0.01 nM;

0 antiviral ICsy = 1.9 nM)

multidrug resistant HIV-1 variants. A high-resolution X-ray crystal structure of 16a-bound
HIV-1 protease revealed important molecular insights into the ligand-binding site interactions, which may account for the
inhibitor’s potent antiviral activity and excellent resistance profiles.

B INTRODUCTION

HIV-1 protease inhibitors (Pls) are critical components of
current antiretroviral therapies. However, the rapid emergence
of drug—resistance severely compromises the clinical benefits of
PIs.'™ In our continuing efforts to address issues of drug
resistance, our inhibitor design strategy focuses on maximizing
active-site interactions with the protease, particularly by
promoting extensive hydrogen-bonding interactions with the
backbone atoms throughout the active site.*”® Recently, our
structure-based design targeting the protein backbone led to
the discovery of exceedin§ly potent HIV-1 PI 1 (K, = 5.9 pM,
ICs; = 1.8 nM, Figure 1). ¥ This inhibitor has shown a marked
potency against a range of multidrug-resistant HIV-1 variants.’
We determined that the syn-anti-syn-fused tricyclic ether (P2
ligand) in 1 is responsible for its enhanced broad-range potency
compared to the related FDA approved inhibitor darunavir
(DRV) (2).%1°

Our X-ray structural studies of 1-bound HIV-1 protease
revealed the formation of an extensive hydrogen—bondin§
network between the inhibitor and the active site.”
Particularly, the P2 ligand is involved in strong hydrogen-
bonding interactions with the backbone amides of conserved
residues Asp 29 and Asp 30 in the S2 subsite. The tricyclic P2
ligand also appeared to fit nicely in the hydrophobic pocket
formed by the surrounding side chains of the Ile47, Val32,
Tle84, Leu76, and I1eS0’ residues. This molecular insight has
now led us to investigate a range of P2 ligands designed on the
basis of the tricyclic platform in inhibitor 1. In particular, we
have been interested in investigating the syn-anti-syn tricyclic

&t Publications  © 2013 American Chemical Society
< ACS

6792

{PRY 2 R =NH, (Darunavir)
©  3,R=0Me (TMC-126)

bis-THF

Figure 1. Structures of protease inhibitors 1-3.

structural motif with functionalities that can interact with the
conserved backbone and residues in the S2 subsite. We also
planned to develop efficient methods for synthesizing these
ligands rapidly using cycloaddition-based strategies. Herein, we
report the design, synthesis, and biological evaluation of a series
of novel HIV-1 PIs incorporating syn-anti-syn-fused tricyclic P2
ligands. Two of these inhibitors exhibited very potent antiviral
activity against a panel of multidrug-resistant HIV-1 variants. A
protein—ligand X-ray crystal structure of one of these inhibitors
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provided important molecular insights into the ligand-binding
site interactions.

B CHEMISTRY

For the rapid synthesis of tricyclic P2 ligands, we planned to
explore the feasibility of Mn(OAc),-based annulation of readily
available 1,3-diketone derivatives and cyclic enol ethers such as
dihydrofuran and dihydropyran. Similar annulation reactions
have been shown to provide good yields of bicyclic derivatives
efficiently.’” The synthesis of our substituted fused tricyclic P2
ligands is shown in Scheme 1. Reactions of 1,3-diketones 4a,b

Scheme 1. Synthesis of Tricyclic Ligands

o)
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_ 499
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H
() 6a X =CH,, 50% 2 steps
(£) 6b X =CMe,, 14% 2 steps

7a R=Ac—) NaOMe
9a R=H MeOH
(43% for 2-steps)

8a (45%)

with dihydrofuran in the presence of Mn(OAc);-2H,0 in
glacial acetic acid at 60 °C furnished the corresponding tricyclic
derivatives 5a (30% yield) and 5b (42% yield). Enone Sa was
exposed to hydrogenation over 10% Pd—C in MeOH at 65 psi
hydrogen pressure to give the corresponding ketone. The
reduction of the resulting ketone with NaBH, in MeOH
provided racemic endo alcohol 6a in 50% yield in two steps.
The syn-anti-syn relative ring stereochemistry of 6a was
supported by 'H NMR NOESY experiments and was further
confirmed by the X-ray structure of corresponding p-nitro-
benzoate derivative 12 (Scheme 2)."” The observed selectivity
of the hydrogenation of Sa presumably resulted from the
directing effect by the terminal THF ring oxygen.'> Further
investigation is ongoing to determine the origin of the syn-anti-
syn relative ring stereochemistry, and the details will be
reported in due course. Hydrogenation of Sb proceeded
sluggishly to provide the corresponding ketone (17% yield).
Subsequent NaBH, reduction (81% yield) afforded racemic
alcohol 6b.

Racemic alcohol 6a was subjected to enzymatic resolution
utilizing lipase PS-30 in vinyl acetate at 23 °C for 18 h."*'® The
protocol provided optically active acetate derivative 7a (45%
yield) and alcohol 8a (45% yield). Acetate 7a was converted to
the alcohol 9a in 89% yield by transesterificaton using NaOMe
in MeOH. Alcohol 8a was converted to the corresponding
Mosher ester, and 'F NMR analysis revealed its optical purity
to be 98% ee.'® The absolute stereochemistry of alcohol 8a was
predicted on the basis of the Kazlauskas model as well as the
optical resolution of structurally related bis-THF alcohols."”
Ultimately, it was confirmed through X-ray analysis of the
related oxygen-containing tricyclic derivative (Scheme 4). After

Scheme 2. Synthesis of Benzoate Ester 12 and Its Structure
in an ORTEP Diagram
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several unsuccessful attempts at resolving racemic alcohol 6b,
we decided to move forward with this ligand as a racemate.
We were also interested in evaluating the importance and
effect of replacing the terminal furan in 8a with a pyran ring. To
this end, known diazo compound 11a'® was reacted with
rhodium diacetate in 2,3-dihydro-4H-pyran to obtain inter-
mediate 5c in 77% yield, as shown in Scheme 3. In an effort to

Scheme 3. Synthesis of Heteroatom-Substituted Tricyclic P2
Ligands
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promote further polar interaction in the active site, we planned
to incorporate a heteroatom within the cyclohexyl ring of the
tricyclic ligand. Corresponding oxygen- and sulfur-containing
1,3-diketones 10a and 10b were synthesized on the basis of
literature procedures.'”*® However, the Mn(OAc);-based
annulation of diketones 10a and 10b did not provide the
desired enone. We then devised an alternate strategy. The
synthesis of heteroatom-substituted tricyclic ligands is shown in
Scheme 3. Diketone 10a was converted to diazo derivative 11b
by treating the diketone with tosyl azide in the presence of
Et;N. This diazo transfer reaction also proceeded well for 11c
(68% yield) using procedures developed by Kitamura and co-
workers.”? Sulfide 11c was conveniently oxidized to sulfone
11d in 82% yield using oxone.”*** Diazo compounds 11b and
11d were subjected to rhodium-catalyzed carbenoid cyclo-
addition with dihydrofuran using Rh(OAc), (1.5 mol %) to
afford fused heterocyclic compounds 5d and Se in 67% and
48% 7yields, respectively.”*** The catalytic hydrogenation of
enones 5d and Se using 10% Pd—C in MeOH at 1 atm
furnished the corresponding syn-anti-syn ketone. The reduction
of the resulting ketones with L-selectride yielded racemic
alcohols 6d and 6e in 23% and 28% yields over 2 steps,
respectively. Enzymatic resolution of racemic alcohol ‘6d
provided optically pure alcohol 8b in 47% vyield and acetate
7b in 48% yield."*'> Saponification of 7b provided alcohol 9b
in 71% yield. Similarly, racemic alcohol 6¢ was converted to
optically active alcohols 8c and acetate 7c. After several
unsuccessful attempts at enzymatic resolution, alcohol 6e (X =
SO,) was carried through as a racemic mixture. The syn-anti-
syn relative stereochemistry of 9b was supported by 'H NMR
NOESY experiments. Ultimately, our determination of the X-
ray structure of p-bromobenzoate 13'* confirmed the syn-anti-
syn relative stereochemistry, as shown in Scheme 4.

The preparation of various para-nitrophenyl carbonates
14a—c and 14e-h is shown in Scheme S. Various ligand
alcohols were reacted with para-nitrophenyl chloroformate and
pyridine in CH,Cl, to provide mixed carbonates 14a—c and

Scheme 4. ORTEP Diagram of syn-anti-syn Compound 13
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Scheme 5. Synthesis of Inhibitors 16a—i
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14e—h in good to excellent yields (70-97% yields).*® The
syntheses of HIV-1 protease inhibitors 16a,)b and 16e—g were
carried out by treatment of optically active amine 15 in the
presence of Et;N with carbonates obtained from optically active
alcohols 8a—c and 9a,b. These inhibitors were obtained in 50—
82% vyields. For the syntheses of inhibitors 16c¢,d,hi, the
corresponding carbonates derived from racemic alcohols 6b
and 6e were reacted with optically active amine 15 in the
presence of Et;N to provide the corresponding mixture of
diastereomeric inhibitors. Separation of these inhibitors by
HPLC using a reverse-phase analytical column provided pure
inhibitors 16¢,dhi. Stereochemical assignment of the respec-
tive inhibitors with diastereomeric P2 ligands was made on the
basis of the comparison of the HPLC retension time of the
diastereomeric inhibitors as well as the comparison of the 'H
NMR data of inhibitors 16ab and 16e—g synthesized using
optically pure ligands.

E RESULTS AND DISCUSSION

Inhibitors 16a—i were initially evaluated in enzyme-inhibitory
assays using the protocol reported by Toth and Marshall.”” On
the basis of the exhibited enzyme-inhibitory potency, selected
inhibitors were further evaluated in antiviral assays. The results
are shown in Table 1. Our depicted synthesis route allowed us
to prepare both enantiomers of the tricyclic ligands. We have
prepared and evaluated the effect of enantiomeric pure ligands
with a syn-anti-syn ring stereochemistry. 4(S)-Cyclohexyl
ligand-derived inhibitor 16a exhibited very impressive enzyme
and antiviral potency (K; = 10 pM, antiviral ICgy = 1.9 nM)
over inhibitor 16b (K, = 0.45 nM, antiviral ICg, = 240 nM),
which has a 4(R)-configuration. This result is consistent with
our previous finding with DRV and tricyclic P2 ligand in

dx.doi.org/10.1021/jm400768f 1 J. Med. Chem. 2013, 56, 6792—6802



