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ABSTRACT: The HIV-1 capsid (CA) protein, a domain of Gag, which participates in
formation of both the mature and immature capsid, represents a potential target for anti-
viral drug development. Characterization of hits obtained via high-throughput screening of
an in vitro capsid assembly assay led to multiple compounds having this potential. We
previously presented the characterization of two inhibitor series that bind the N-terminal
domain of the capsid (CANTD), at a site located at the bottom of its helical bundle, often
referred to as the CAP-1 binding site. In this work we characterize a novel series of
benzimidazole hits. Initial optimization of this series led to compounds with improved in
vitro assembly and anti-viral activity. Using NMR spectroscopy we found that this series
binds to a unique site on CANTD, located at the apex of the helical bundle, well removed
from previously characterized binding sites for CA inhibitors. 2D 1H−15N HSQC and 19F
NMR showed that binding of the benzimidazoles to this distinct site does not affect the
binding of either cyclophilin A (CypA) to the CypA-binding loop or a benzodiazepine-
based CA assembly inhibitor to the CAP-1 site. Unfortunately, while compounds of this series achieved promising in vitro
assembly and anti-viral effects, they also were found to be quite sensitive to a number of naturally occurring CANTD
polymorphisms observed among clinical isolates. Despite the negative impact of this finding for drug development, the discovery
of multiple inhibitor binding sites on CANTD shows that capsid assembly is much more complex than previously realized.

The HIV-1 capsid protein (CA), which plays essential
functions in both early and late stages of the viral

replication cycle, represents a viable target for drug
discovery.1−4 CA is initially synthesized as a central domain
of the 55-kDa Gag polyprotein, where it contributes key
protein−protein interactions required for the assembly of
immature viral particles.2,5 During viral maturation, proteolytic
cleavage of Gag releases CA, which reassembles to form a
distinct fullerene cone-shaped structure called the capsid core
that encapsidates the viral RNA genome along with specific
viral enzymes and proteins necessary for virus infectivity.1,6

The capsid protein comprises two independently folded
domains, the N-terminal domain (CANTD, residues 1−146) and
the C-terminal domain (CACTD, residues 151−231) that are
connected by a short flexible linker. The capsid protein and the
assembled capsid core have been under intense structural
characterization for more than a decade. Cryoelectron
tomography, NMR, and X-ray structures of the isolated
domains, as well as dimeric, pentameric, and hexameric
assemblies, have been reported, thereby elucidating a detailed
picture of the protein/protein interactions essential to the
assembly and stability of the viral capsid lattice.7−16 Proper
capsid formation is required for infectivity, and CA mutations
that affect the stability of the capsid core were found to impair
virus infectivity.5,17,18

Inhibitors of HIV-1 CA assembly have been reported
previously, providing evidence that CA may be a good anti-
viral target.19−27 Although several independent binding sites on
CA have been defined and targeted by these different classes of
inhibitors, the mechanism by which they all appears to operate
is through interference with the formation of the CA/CA
intermolecular interface. The first capsid assembly inhibitor
reported was CAP-1, a small molecule that binds to a deep,
induced-fit hydrophobic pocket at the base of the CANTD helical
bundle (at the junction of α-helices 1, 2, 3, 4, and 7).19,20 More
recently, another small molecule inhibitor, PF-3450074, was
also found to target CANTD.

21,22 Unlike CAP-1, this inhibitor
did not induce a conformational change but instead bound in
an adjacent pocket defined by helices 3, 4, 5, and 7.
Recently, using high-throughput screening (HTS), we also

identified two structurally distinct classes of compounds, the
benzodiazepines and the benzimidazoles, as capsid assembly
inhibitors.24−26 Optimization of these two series resulted in
compounds with potent HIV-1 anti-viral activities (EC50 < 100
nM). These inhibitors were found to bind to the CANTD and
induced the formation of a pocket at the bottom of its helical
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bundle that overlaps with the CAP-1 binding site.24−26 Though
both of these inhibitor series bind to an overlapping site and
impair late stage virus replication, they had very different
morphological effects on virus assembly.25

In this study, we report the identification of a novel capsid
assembly inhibitor series. Using 2D 1H−15N HSQC NMR and
X-ray crystallography we found that this series binds to a
unique site located at the apex of the helical bundle on CANTD
that is distinct from other previously described inhibitor
binding sites. Despite the proximity of this new site to the
cyclophilin A (CypA) binding loop, this novel inhibitor series
does not prevent CypA binding. Both molecules can bind
CANTD simultaneously. Using 19F NMR, we were able to
demonstrate that this novel inhibitor series can bind the CANTD
in the presence of a previously identified CAP-1 binding site
inhibitor (from the benzodiazepine series). Finally, while
compounds of this series achieved promising in vitro assembly
and anti-viral effects, they were also found to be quite sensitive
to a number of naturally occurring CANTD polymorphisms
observed among clinical isolates that precluded their develop-
ment as broad spectrum HIV-1 antiretrovirals.

■ RESULTS AND DISCUSSION

Identification of a Novel Inhibitor Binding Site on
CANTD. Previously, we described an in vitro capsid assembly
assay (CAA) that was used in a HTS to identify potential
inhibitors of capsid assembly.25 Using this assay, we identified
several structurally distinct families of compounds as hits.
Triaging of these hits based on several criteria, including
potency, lack of activity in a counter screen assembly assay

using an analogous Gag CA-NC protein from Rous sarcoma
virus (RSV),28 cytotoxicity, and assessment of chemical
tractability, left us with 121 hits representing more than 50
chemotypes. These surviving hits were then subjected to NMR
chemical shift perturbation analysis using 15N CAW184A/M185A

(full length capsid dimerization defective mutant)29,30 and/or
15N CANTD to confirm the binding of compounds to CA and to
identify potential binding sites. Of these 121 hits, only 6
compounds did not show binding to either of the above two
proteins, while 111 compounds were found to bind CANTD at
one of the two binding sites already described in the literature,
the CAP-1 or the PF-3450074 binding sites.19,21 This early
profiling resulted in the prioritization of two distinct families of
compounds for lead optimization, the benzodiazepines and the
benzimidazoles, as described previously.24−26

Interestingly, the 4 remaining capsid binders belonged to a
benzimidazole chemotype represented by inhibitor 1 (Figure 1,
IC50 = 6.1 μM) that was different than our previously
characterized benzimidazole series24,25 and were found to
behave distinctively from all the other hits in their binding to
15N-labeled CANTD. Indeed, whereas all of the previous 111
CANTD binders were found to affect the same subsets of
residues including E29, K30, A31, F32, S33, E35, V36, V59,
G60, G61, H62, Q63, A65, M144, and Y145 for CAP-1 pocket
binders and L56, N57, T58, G60, G61, H62, Q63, Q67, K70,
E71, T72, T107, T108, I134, and L138 for PF-3450074 pocket
binders (and sometimes a combination of both), inhibitor 1
was found to perturb a different subset of residues. Figure 2a
shows an overlay of 2D 1H−15N TROSY spectra obtained for
CANTD in the apo state and in the presence of inhibitor 1.

Figure 1. Stuctures and potencies in the HIV-1 capsid assembly assay (HIV CAA) of the initial hit (1) and related analogues. Kd (ITC) values were
measured by isothermal titration calorimetry using the N-terminal domain of capsid (CANTD) as the protein. Kd (NMR) was measured as described
in Figure 3. Anti-viral potencies (EC50) were measured using an HIV-1 luciferase-based replication assay (HIV REP). Cytotoxicity concentration
(CC50) is defined as the concentration resulting in a 50% reduction in cell viability.
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Although most resonances were unaffected, there was a
significant subset of resonances that shifted in the presence of
this inhibitor, indicating site-specific binding. In Figure 2a, the
NH crosspeaks that were perturbed by the addition of 1 have
been labeled and correspond to I2, V11, A47, T48, Q50, D51,
L52, W80, R82, L83, H84, V86, H87, G89, R97, E98, D103,
I104, A105, G106, T107, T108, T110, Q114, G116, W117,
M118, T119, H120, N121, I124, V126, R132, and W133. Most
of these residues are located at the top of helix-4, the beginning
of cyclophilin A (CypA) binding loop, within helix-5 and helix-
6, the loops joining helix-5/helix-6 and helix-6/helix-7, and at
the top of helix-7 (these residues are highlighted in blue in
Figure 2b). The residues outside these regions that also
experienced some chemical shift perturbations upon compound
addition (I2, V11, A47, T48, Q50−L52, R132, W133) were
probably affected indirectly as a result of rigidification of
residues located at the compound binding site. Even though
some of the perturbed residues were found to overlap with the
PF-3450074 binding site (Figure 2b, in particular those
belonging to helix-5), most were different and appeared to
define a novel binding pocket, distinct from any of those
previously described.19−27 We will refer to this novel inhibitor
pocket at the top of the helical bundle as the apical binding site
of CANTD.

To further characterize this new inhibitor and estimate its
binding affinity, a complete NMR titration was performed
(Figure 2c). From an overlay of 2D 1H−15N TROSY spectra
obtained for CANTD in the apo state and in the presence of
increasing amounts of inhibitor 1, the 1H and 15N chemical
shift changes (Δδ) for residues Glu98, Ile104, Thr119, and
Val126 (among the largest) were chosen for plotting as a
function of inhibitor concentration (Figure 2d). The resulting
graph was fit to a 1:1 binding,31 giving an average equilibrium
dissociation constant (Kd) 43 ± 2.9 μM.

SAR of Benzimidazole Inhibitor Series. Preliminary SAR
on this hit demonstrated that a CF3 moiety could be introduced
in the para position of the pyrazol C3′ phenyl ring, as
exemplified by inhibitor 2 (Figure 1), producing at least a 5-fold
improvement in potency. We also found that the N1 N-
dimethyl moiety could be replaced by an imidazole ring without
significant loss in potency (Figure 1, inhibitor 3). Replacement
of the p-CF3 by a m-Cl substituent on the C3′ phenyl ring was
also tolerated, as exemplified by inhibitor 4. Another 2-fold
improvement in potency was observed when the N1 N-
dimethyl moiety of inhibitor 2 was replaced by a piperidine
moiety, leading to compound 5, the first inhibitor of this series
demonstrating anti-viral activity in the HIV-1 replication assay.
Finally, we discovered that combining both m-Cl and p-Cl

Figure 2. Identification of inhibitor binding site on CANTD and determination of its binding affinity. (a) Overlay of 2D 1H−15N TROSY spectra
obtained for the HIV-1 N-terminal domain of capsid (CANTD, 1−146) upon addition of excess inhibitor 1 (black spectrum, free protein, 50 μM; red
spectrum, protein + inhibitor, 1:1.3 ratio). Backbone NH crosspeaks that shift upon addition of inhibitor are labeled with corresponding residue
numbers (highlighted in blue). Residues highlighted inside dashed circles are those that were unaffected by inhibitor 1 and belong to either the CAP-
1 or PF-3450074 binding sites. (b) A ribbon diagram of the structure of CANTD highlighting in blue those residues that are affected upon saturation
with inhibitor 1, as indicated. These residues are located at the top of helix-4 and -7, on either side of the cyclophilin A binding loop, within helix-5
and helix-6 and the loop joining these two helices. Location of CAP-1 and PF-3450074 binding sites are also indicated with dash circles. (c) Overlay
of a portion of 2D 1H−15N TROSY spectra obtained for CANTD (15N CANTD, 1−146) upon addition of increasing amounts of inhibitor 1. The color
of spectra and corresponding CANTD:inhibitor 1 ratios were as follows: 1:0 (black); 1:0.5 (not shown); 1:1 (not shown); 1:1.5 (red); 1:2 (not
shown); 1:4 (cyan), 1:6 (not shown); and 1:8 (blue) with 25 μM protein concentration. (d) Graphical representation of the 1H and 15N NMR
chemical shift titration data for residues Glu98, Ile104, Thr119, and Val126. The data were fit to a 1:1 binding (Kd = 43 ± 2.9 μM).
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substituents on the C3′ phenyl ring led to a further
improvement in both in vitro and cell-based potencies (Figure
1, inhibitor 6). This represented the first analogue of the series
that had submicromolar anti-viral potency with a reasonable
window with respect to cytotoxicity. Moreover, using a
pseudotyped virus system described previously,25 we found

that the anti-viral activity of this inhibitor was manifest during
the late stage of the viral replication cycle (data not shown),
consistent with effects on capsid assembly.

CypA Is Not Competing wih Binding of the
Benzimidazole Inhibitor Series to the CANTD. Several of
the CANTD residues that were found to be perturbed by

Figure 3. Inhibitor 1 does not prevent cyclophilin A from binding to CANTD. (a) Overlay of a portion of 2D 1H−15N TROSY spectra obtained for
CANTD upon successive additions of excess CypA and inhibitor 1. Black spectrum, free CANTD, 50 μM; red spectrum, CANTD + CypA, 1:1.4 ratio
with 50 μM of CANTD; cyan spectrum, CANTD + CypA + inhibitor 1, 1:1.4:1.5 ratio, 50 μM CANTD. Binding of CypA to CANTD resulted in
broadening beyond detection of several residues present in the large loop between helices α4 and α5 (highlighted inside black dashed circles).
Addition of excess inhibitor 1 to the CANTD/CypA complex resulted in the shift of several NH crosspeaks (highlighted inside blue dashed circles).
The CANTD residues that shifted upon addition of inhibitor 1 were the same as those highlighted in Figure 2. (b) Structure of CANTD (ribbon
diagram) highlighting residues (in red) affected by CypA addition.

Figure 4. 19F binding studies of inhibitors 2 and 7 to the CANTD. Portion of the 1D 19F NMR spectra of inhibitors 2 and 7 in 20 mM Tris pH 7.5,
100 mM NaCl in 90% H2O/10% D2O mixture (400 MHz) recorded free and in the presence of CANTD. CF3CO2Na (50 μM) was added to all
samples as an internal standard and referenced to −77 ppm (not shown). (a) Free inhibitor 2 (50 μM). (b) Free inhibitor 7 (50 μM); inhibitor 7
binds within the CAP-1 site at the bottom of CANTD helical bundle (Figure 2b). (c) An equimolar (50 μM:50 μM) mixture of inhibitors 2 and 7.
(d−f) A mixture of inhibitors 2 and 7 (50 μM:50 μM) in the presence of increasing amount of CANTD (25, 50, and 100 μM). (g) Inhibitor 2 in the
presence of excess CANTD (50 μM:100 μM). (h) Inhibitor 7 in the presence of excess CANTD (86 μM:100 μM). (i) A mixture of inhibitors 2 and 7
(50 μM:50 μM) in the presence of excess CANTD and CypA (50 μM:50 μM:136 μM:159 μM).
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inhibitor 1 were located within the CypA binding loop (Figure
2b). Since capsid is known to bind the human peptidyl prolyl
isomerase CypA, an interaction known to be essential for viral
infectivity,32,33 we wondered if this series affected this binding.
The mechanism through which CypA binding modulates viral
infectivity is still not fully understood, but several possibilities
have been discussed, including effects on capsid stability, viral
uncoating, and the protection of viral cores from cellular
restriction factors.32,33 A crystal structure of CANTD in complex
with human CypA has been reported previously and showed
that CypA binds to the capsid extended loop formed by
residues 85−93.32 In order to verify if inhibitor 1 was disrupting
CypA binding, additional NMR binding experiments were
performed. Figure 3 shows an overlay of 2D 1H−15N TROSY
spectra obtained for CANTD in the apo state and in the presence
of CypA. As expected, and in agreement with the CANTD/CypA
complex structure, binding of CypA to CANTD caused
perturbations of residues almost exclusively within the loop
joining helix-4/helix-5 (CypA binding loop). As highlighted in
Figure 3a, most of these residues were broadened beyond
detection, including residues R82, H84, V86, H87, A88, G89,
I91, A92, G94, and R97 (residues W80 and R100 were also
affected but not displayed in Figure 3a). The positions of these
same residues are indicated in red in the ribbon diagram of
CANTD shown in Figure 3b. As the next step, inhibitor 1 was
then added to the same sample already containing the 15N
CANTD/CypA complex, and a new spectrum was recorded and
overlaid as shown in Figure 3a. Addition of excess 1 resulted in
the shift of the same CANTD residues as observed before in
Figure 2a, while maintaining the broadening of those residues
observed upon CypA binding. These data suggest that inhibitor
1 and CypA are able to bind CANTD simultaneously and do not
compete with one another. Finally, this binding experiment was
also repeated using a different order of addition (first binding of
inhibitor 1 followed by CypA addition), resulting in the same
conclusions (data not shown). Altogether these data demon-
strate that the anti-viral mechanism of action of this novel
inhibitor series is not through interference with CypA binding.
Simultaneous Binding of Two Inhibitor Series to

CANTD. Having already identified potent capsid assembly
inhibitors that bind CANTD in the CAP-1 binding site,24−26

we wanted to verify if both inhibitory binding sites, the CAP-1
site at the bottom and this novel site at the top of the helical
bundle, could be occupied simultaneously. Very recently, we
have reported on the use of 19F NMR to monitor binding of the
previous benzodiazepine series (compound 7, Figure 4); these
studies were crucial to early hit confirmation and character-
ization.34 Fluorine is a powerful nucleus for NMR as it has
almost the same sensitivity as proton (1H) and its 19F isotope is
100% naturally abundant.35−37 This high sensitivity, coupled
with a virtual absence of background fluorine signal from most
protein and buffer components, is a considerable advantage to
monitor ligand binding. Importantly, the chemical shift of 19F is
very sensitive to its local environment and thus to changes that
might occur upon binding.
Figure 4 displays subregions of the 1D 19F spectra of free

compound 2 (panel a), free compound 7 (a benzodiazepine
inhibitor containing a CF3 group and binding to the CAP-1
binding site, panel b), and a 50:50 mixture of both compounds
2 and 7 (panel c) recorded in the absence of CANTD. A distinct
sharp peak was observed for each inhibitor, either alone or
when mixed together. In panels d−f, increasing amounts of
CANTD were added to the same mixture of inhibitors 2 and 7

(as in c) as indicated. This resulted in a significant broadening
and a decrease in intensity of the free 19F resonances for the
compounds, while new distinct 19F resonances appeared. The
fact that we detect two distinct sets of broad resonances for the
free and bound species is an indication that binding is occurring
in the intermediate-to-slow exchange regime on the NMR time
scale, consistent with the low micromolar/submicromolar
activity measured for these inhibitors in the capsid assembly
assay (IC50 = 1.2 and 0.89 μM for compounds 2 and 7,
respectively) and the somewhat large difference in chemical
shifts observed between these two states (Δδfree−bound ≈ 1.4 and
0.85 ppm for compounds 2 and 7, respectively). Importantly,
these data illustrate that both compounds can bind
simultaneously. Moreover, when the same 19F binding
experiment was performed with each individual inhibitor
(panels g and h), the binding behavior (exchange regime)
and bound chemical shifts were found to be the same as those
observed when the experiment was performed with the mixture
of both inhibitors (panels d−f), suggesting that their respective
CF3 moieties are located in similar bound environments, in the
presence or absence of the other inhibitor. Additionnal binding
experiments performed with 15N-labeled CANTD also confirmed
that compounds 2 and 7 simultaneously bind at the two distinct
binding sites based on different residue perturbations
(Supporting Information). Interestingly, not only did the
binding of the benzimidazole series to the apical site not affect
binding of inhibitors to the CAP-1 site, it also positively
impacted the success of co-crystallization studies of many other
inhibitors with CANTD (PDB entries 4E91 and 4E92 and
Lemke et al. Acta Crystallogr., Sect. D, accepted). Finally,
addition of excess CypA to a mixture of inhibitors 2 and 7 in
the presence of CANTD (panel i) did not displace either
inhibitor, in agreement with the 15N binding studies shown in
Figure 2.

X-ray Co-crystal Structure of CANTD in Complex with a
Benzimidazole Inhibitor. We also were successful in
obtaining a co-crystal of CANTD in complex with inhibitor 4,
thus enabling a more detailed understanding of the binding of
this novel benzimidazole inhibitor series (Figure 5). Figure 5a
shows the structure of this complex with residues located within
5 Å from the inhibitor (colored in blue). In agreement with the
15N NMR data, this co-crystal structure confirms that the
inhibitor is binding to a novel site on CANTD, well-removed
from the other two previously reported sites. Indeed, the
CANTD residues that experienced the largest 1H/15N shifts were
principally located within the 5 Å radius from the inhibitor
(compare Figure 5a with Figure 2a).
The apical benzimidazole binding pocket is mainly composed

of residues located at the base of the cyclophilin A binding
loop, as well as those from the shorter loop that connects
helices 6 and 7, and is surrounded by residues from helices 5
and 6 and the top of helix 7. The binding pocket is relatively
featureless and shallow and extends approximately 20 Å along
the surface. The inhibitor binds predominantly via hydrophobic
interactions, especially with the anchoring of the m-Cl phenyl
moiety in a small hydrophobic subpocket. The residues that are
making significant hydrophobic contact with inhibitor 4 are
Trp80, His84, Met96, Trp117, His120, Pro122, Ile124, Pro125,
and Ile129 (Figure 5b). In addition to these hydrophobic
interactions, the acid moiety of inhibitor 4 also forms a crucial
bidentate salt-bridge with the side chain of Arg132, thus
providing a second anchoring point to the inhibitor, located at
the opposite end of the molecule. Full details about these
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interactions and comparison with the apo state will be
published elsewhere (Lemke et al. Acta Crystallogr., Sect. D,
accepted).
The mechanism by which most reported capsid assembly

inhibitors operate appears to be through interference with the
formation of the CA/CA intermolecular interfaces. Therefore,
we also investigated possible effects on intermolecular capsid
interactions by this novel inhibitor series. The reported cross-
linked hexameric structure (PDB 3MGE) is believed to be a
close representation of biologically relevant assembly for
mature capsid hexamers.38 In contrast to other reported capsid
inhibitors, superposition of the current cocomplex structure
onto the assembled hexamers (Figure 5c) did not place
inhibitor 4 in proximity to any intermolecular CANTD/CANTD
and CANTD/CACTD interfaces.20,22,25,29 Thus, the exact
molecular mechanism by which inhibitor 4 and its analogues
elicit their observed anti-assembly and anti-viral effects was not
clear based on the above structure. It does leave open the
possibility that this apical binding site could constitute a
platform for binding of host proteins (other than CypA)
required for either capsid assembly or disassembly. However,
alternate possibility comes from the recently reported 8 Å
resolution cryo-electron microscopy structure of the Mason−
Pfizer monkey virus (MPMV) immature Gag assembly, another
retrovirus that is distantly related to HIV-1.39 In that study, it
was shown that the role of CANTD is to hold hexameric building

blocks of the immature Gag lattice together and that the
CANTD/CANTD interface involved in this interaction is primarily
composed of helices 5−7. Interestingly, this interface matches
our newly identified apical binding site. Albeit, MPMV is not
HIV-1; nonetheless, the intriguing possibility exists that the
current series of inhibitors exhibits its antiassembly and anti-
HIV-1 effects by interfering with immature assembly.

Polymorphisms at Novel Inhibitor Binding Site. While
clear improvements in the in vitro and anti-viral activities of this
benzimidazole series were achieved during early hit optimiza-
tion (Figure 1), unfortunately, it was found that this series also
was sensitive to a number of naturally occurring CANTD
polymorphisms observed among clinical isolates (Table 1).

On the basis of an alignment of capsid protein sequences from
362 clinical isolates (data not shown), it was realized that there
were highly significant polymorphisms at position 120 of CA.
In fact, histidine, the amino acid at CA position 120 in the HIV-
1 NL4.3 molecular clone used in our experiments, is
represented in only ∼5% of clinical isolates, whereas serine
(∼50%), asparagine (∼25%), and glycine (∼12%) were the
predominant amino acids found at that position. In addition,
sequences at positions Glu98 and Ile124 were significantly
polymorphic with ∼7% aspartic acid and 28% valine observed
at these two positions, respectively. Therefore, we felt that it
would be extremely important to determine the susceptibility of
these major capsid polymorphs to our novel capsid assembly
inhibitor series; especially given the considerable impact that
drug resistance can have on HIV-1 treatment options. For this
purpose, we generated several CA-NC constructs and produced
corresponding proteins containing mutations at position 98,
120, and 124 reflecting the above polymorphisms (Figure 5d
and Table 1). In testing just a few inhibitors against these
mutants in the CAA, it was realized that the IC50’s were
significantly shifted upward by at least 7-fold or greater against
all polymorphic residues, with the exception of the H120N
mutant for which smaller shifts, on the order of 2- to 3-fold,
were observed with 3 of the 4 compounds. Therefore, given
these results, the likelihood of delivering a broad spectrum
HIV-1 antiretroviral drug with therapeutic value against this
shallow, polymorphic pocket was considered rather low. Indeed
as shown in Figure 5d, the polymorphic residues make up a
good proportion of the binding site and are involved in direct
contacts with the inhibitor. As a consequence, further efforts to
optimize this novel inhibitor series were discontinued.

Conclusions. In this study, we demonstrated how protein-
based 2D 1H−15N HSQC NMR was successfully used in the
early validation phase of several hits identified from high-

Figure 5. X-ray crystal structure of HIV-1 CANTD in complex with
inhibitor 4 (1.7 Å resolution). (a) Ribbon representation of the
structure of CANTD in complex with 4. Residues highlighting in blue
are those located within 5 Å of the inhibitor. (b) Detailed interactions
of inhibitor 4 with CANTD. Side chains of interacting residues from
CANTD are illustrated as gray sticks (with standard colors for
noncarbon atoms). Hydrogen bonds are indicated with green lines.
(c) Model of inhibitor 4 bound to hexameric CA (based on PDB entry
3MGE). The surface of each protomer is shown in a unique color with
the surface of bound inhibitor 4 shown in yellow. The hexamer is
depicted from an apical vantage point, tilted approximately 45° from
the 6-fold axis. (d) Surface representation of inhibitor 4 binding site.
The residues colored in red (Glu98, His120, and Ile124) represent
residues with significant polymorphic variations based on 362 HIV-1
isolates in the Los Alamos National Laboratory HIV Database (http://
www.hiv.lanl.gov).

Table 1. Effect on Compound Activity of Major CA
Polymorphisms within the Apical Binding Sitea

CA-NC

compd WT E98D H120S H120N H120G H120R I124V

1 6.1 >25 >25 >25 >25 >25 >25
2 1.2 11.3 >25 3.2 >25 >25 17.6
3 1.4 >25 >25 4.8 >25 >25 18.4
5 0.67 7.2 >25 2.0 >25 >25 11.2

aThe IC50 values (μM) for inhibitors 1, 2, 3, and 5 against WT CA-
NC in the fluorescence-based capsid assembly assay25 are shown in
column 2, and those for the indicated mutant proteins are in columns
3−8. All mutants demonstrated activity similar to that of WT in the
assembly assay (data not shown).
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throughput screening of a capsid assembly assay. In particular,
this work allowed the discovery of a novel capsid assembly
inhibitor series that binds to a unique site on CANTD, located at
the apex of its helical bundle. Due to the proximity of this
binding site to the cyclophilin A (CypA) binding loop, we also
demonstrated that this novel inhibitor series does not prevent
CypA binding and that both molecules can bind CANTD
simultaneously. Using 19F NMR, we also were able to
demonstrate that this series can bind the CANTD in the
presence of a previously identified CAP-1 binding site inhibitor.
Co-crystallization of CANTD with this novel inhibitor series
yielded well diffracting crystals and allowed for the determi-
nation of a complex structure. Finally, while compounds of this
series achieved promising in vitro assembly and anti-viral effects,
they were also found to be quite sensitive to a number of
naturally occurring CANTD polymorphisms observed among
clinical isolates. Despite this discouraging result, the discovery
of another distinct inhibitor binding site on CA protein
suggests that there are multiple possible mechanisms for
inhibition of CA assembly and the process of capsid assembly is
much more complex than previously realized.

■ METHODS
Inhibitor Synthesis and in Vitro Capsid Assembly Assay. The

synthesis of the inhibitors presented in this manuscript is described in
the Supporting Information. In addition, the capsid assembly assay
(CAA) used to screen our compound collection and to measure IC50
values has been described in detail previously.25 IC50 values reported
are an average of at least two determinations.
Protein Expression and Purification. Expression and purifica-

tion of HIV-1NL4.3 CA-NC (WISP-98-68, Gag residues 133−432) and
CANTD (WISP-96-19, CA residues 1−146) have been described
previously.25,34 For CA-NC mutant constructs (D94G/E98DS,
D94G/H120S, D94G/H120N, D94G/H120G, D94G/H120R, and
D94G/I124V), point mutations were introduced using the Quik-
Change II Site-Directed Mutagenesis Kit (Stratagene) according to the
manufacturer’s instructions. Expression and purification of these CA-
NC mutants was done as described previously for the wild-type
protein.25,34

The cyclophilin A gene was subcloned into the pET29 plasmid
(Novagen). The protein was expressed in BL21(DE3) E. coli cells
(Novagen). Briefly, LB media was inoculated with overnight
precultures and grown at 37 °C until mid log-phase (A600 ∼0.6).
Protein expression was induced with 0.5−1 mM isopropyl-β,D-
thiogalactopyranoside (IPTG) for 4−6 h at 37 °C. Cells were
harvested by centrifugation, and pellets were stored at −80 °C until
purification. The bacterial pellet was resuspended in the extraction
buffer [20 mM Tris-HCl pH 7.8, 1 mM PMSF, 1 mM TCEP]
supplemented with Complete, EDTA-free protease inhibitors tablets
(Roche), then sonicated, and centrifuged at 100,000g for 30 min to
remove the cellular debris. The soluble CypA was precipitated with a
60% ammonium sulfate solution and then dissolved in 25 mM MES
pH 6.5, 5 mM β-mercaptoethanol buffer. The protein was loaded on a
HiTrapSP HP column (GE Healthcare) pre-equilibrated with the
same buffer. Purified CypA protein was eluted from the column with
the same buffer, supplemented with 500 mM NaCl. For NMR
experiments, the protein was then buffer exchanged into a 25 mM
sodium phosphate buffer, pH 5.5.
Isothermal Titration Calorimetry. Isothermal titration calorim-

etry was performed at 25 °C in 50 mM Tris pH 8.0, 350 mM NaCl,
and 1% DMSO using a VP-ITC microcalorimeter (MicroCal Inc.; GE
Health Sciences) and the Origin software and using the same protocol
as described previously.25

NMR Sample Preparation. Unlabeled and 15N-labeled samples of
CANTD were provided at concentrations of 680 and 720 μM,
respectively, in 25 mM sodium phosphate (pH 5.5), 2 mM DTT-
deuterated. The CypA protein sample was provided at 636 μM in 25

mM sodium phosphate buffer, pH 5.5. 1H−15N NMR studies were
conducted using 50 μM 15N-labeled HIV-1 CANTD sample in 25 mM
sodium phosphate (pH 5.5) in 90% H2O/10% D2O mixture. For the
binding experiment (Figure 2), a small aliquot (∼2 μL) of a 20 mM
stock solution of inhibitor 1 in DMSO-d6 was added to a protein
sample, prepared as above such that a CANTD/compound ratio of 1:1.3
was achieved (a 2 μL aliquot of DMSO-d6 was added for the reference
spectrum of apo protein). For the titration experiment shown in Figure
2c, small aliquots of a 10 mM stock solution in DMSO-d6 of
compound 1 were successively added (0.75 μL, 0.75 μL, 0.75 μL, 0.75
μL, 3 μL, 3 μL, 3 μL) to a 25 μM 15N-labeled HIV-1 CANTD sample in
25 mM sodium phosphate (pH 5.5) in 90% H2O/10% D2O mixture.

For the binding studies with cyclophilin A, 66 μL of the 636 μM
concentrated stock of CypA was added to 42 μL of the 720 μM stock
of 15N-labeled CANTD to which were added 432 μL of 25 mM sodium
phosphate buffer (pH 5.5), 2 mM DTT-deuterated, and 60 μL of D2O.
The sample was transferred into a 5 mm NMR tube. After recording a
spectrum of this sample, 2.4 μL of the 20 mM stock solution of
inhibitor 1 in DMSO-d6 was added to the same NMR tube.

19F NMR binding studies were conducted using a 50 μM solution of
compound 2, a 50 μM solution of compound 7, or a 1:1 mixture
solution (50 μM:50 μM) of compounds 2 and 7 to which was added
increasing amount of HIV-1 CANTD such that compound(s)/NTD
ratios of 50 μM:100 μM were achieved. All of these samples were
prepared in 50 mM Tris buffer pH 7.0, 1 μM ZnSO4 in 90% H2O/10%
D2O mixture. A separate sample was also prepared containing 50 μM
of 2, 50 μM of 7, 136 μM of CANTD, and 159 μM of CypA.

NMR Methods. 1H−15N NMR experiments were acquired on a
600 MHz Bruker AVANCE II spectrometer equipped with a 5 mm z-
gradient triple resonance cryoprobe at T = 35 °C. Two-dimensional
1H−15N TROSY spectra were acquired using standard pulse
sequences. Backbone resonances were assigned using a 450 μM
13C,15N-labeled HIV-1 CANTD sample and were consistent with those
reported in the literature.13,34 19F NMR experiments were acquired on
a 400 MHz Bruker AVANCE II spectrometer equipped with a 5 mm
dual-1H,19F probe at T = 37 °C. 1D 19F spectra were acquired with
proton decoupling. The number of scans varied between 3072 and
5120. All NMR data were processed and analyzed using Topspin
(Bruker BioSpin). Binding constantfrom 1H−15N NMR titration
experiment was calculated using Prism 4 software (GraphPad
software). The 1H and 15N NMR chemical shift changes for residues
Glu98, Ile104, Val126, and Thr119 were fit to a 1:1 binding and
afforded an equilibrium dissociation constant (Kd) of 43 ± 2.9 μM.

X-ray Structure and Modeling. A full description of the structure
solution of CANTD in complex with inhibitor 4 will be reported
elsewhere (Lemke et al. Acta Crystallogr., Sect. D, accepted). Briefly,
inhibitor 4 was co-crystallized in the presence of a second inhibitor,
BD3 (an analogue of inhibitor 7 from benzodiazepine series), which
binds to CAP-1 pocket. The resulting 1.7 Å resolution structure, PDB
4E91, clearly describes the binding of both inhibitor 4 as well as BD3.
For model shown in Figure 5c, inhibitor 4 of the 4E91 structure was
positioned onto the unliganded CA monomer of the hexameric CA
structure (PDB 3MGE) by superposition of residues of the apical
binding pocket (defined as less than 6 Å from inhibitor 4). The
hexamer of the superposed model was then generated by applying the
appropriate crystallographic symmetry operations based on the
hexagonal space group (P6) of 3MGE.
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