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ABSTRACT: Poor metabolic stability of the human immunodeficiency
virus type-1 (HIV-1) capsid (CA) inhibitor PF-74 is a major concern in its
development toward clinical use. To improve on the metabolic stability, we
employed a novel multistep computationally driven workflow, which
facilitated the rapid design of improved PF-74 analogs in an efficient
manner. Using this workflow, we designed three compounds that interact
specifically with the CA interprotomer pocket, inhibit HIV-1 infection, and
demonstrate enantiomeric preference. Moreover, using this workflow, we
were able to increase the metabolic stability 204-fold in comparison to PF-
74 in only three analog steps. These results demonstrate our ability to
rapidly design CA compounds using a novel computational workflow that
has improved metabolic stability over the parental compound. This
workflow can be further applied to the redesign of PF-74 and other
promising inhibitors with a stability shortfall.

■ INTRODUCTION

With the emergence of combination antiretroviral therapy
(cART), the mortality rate associated with human immunode-
ficiency virus type-1 (HIV-1) infection has decreased. However,
due to the emergence of drug-resistant strains and toxicities
associated with current therapies, the demand remains for new
inhibitors of HIV-1 replication. Capsid (CA) protein, a broadly
conserved protein that is essential for HIV-1 replication, playing
roles in both the early and late stages of the viral life cycle, has
emerged as a promising new therapeutic target.1−4 During the
maturation process, the CA protomers rearrange to form a
conical core surrounding the viral contents that are composed of
approximately 250 CA hexamers and 12 CA pentamers.5

Within the structure of assembled CA multimers exists a
conserved interprotomer pocket that has been shown to interact
with host-cell proteins such as cleavage and polyadenylation
specificity factor-6 (CPSF6) and nucleoporin 153
(NUP153).6−9 Disrupting these interactions via mutagenesis
can interfere with HIV-1 replication, indicating that this
interprotomer pocket is a prime target for the design of
inhibitors. In agreement with this postulation, this interpro-
tomer pocket has been identified as the mature binding site of
the CA-targeted small molecule inhibitor PF-3450074 (PF-
74).6,7 However, despite its attractive properties andmechanism
of action, we were the first group to demonstrate that PF-74 is
extremely metabolically labile, which limits its clinical utility.10

Since this demonstration, a number of other groups have taken it

upon themselves to improve this deficit in metabolic stability of
PF-74, often employing large analoging strategies and testing
selected compounds for increases in metabolic stability.11−18

Unfortunately, some of the most promising compounds derived
from PF-74 have complicated chemical syntheses and would be
difficult to scale up for clinical production.17,18 As such, it would
be advantageous if metabolic stability could be integrated into a
design workflow for new synthetically tractable compounds,
rather than a consequence of brute force analoging.
Therefore, in this brief article, we describe the use of a

multistep computational workflow that can be used during the
design of compounds to rapidly make analogs of a parental
compound with improved metabolic stability. Using this design
workflow, we created three enantioselective inhibitors (CX15,
CX16, and CX17) that specifically bound to the CA hexamer
and inhibitedHIV-1 infection. Uponmetabolic stability analysis,
we demonstrated that the S-enantiomeric form of one of the
compounds, in agreement with computational prediction, had a
204-fold increase in half-life (t1/2) in comparison to PF-74. This
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finding, along with another study employing this approach for
metabolic stability improvement,19 now solidifies the general
utility of including steps to address metabolic stability during the
computational design process.

■ RESULTS AND DISCUSSION
Multistep Computational Design of CX15, CX16, and

CX17. Driven by the deficits in the current HIV-1 CA inhibitor
class, our group has previously targeted the interprotomer
pocket of the assembled hexameric HIV-1 CA to find novel
inhibitors of HIV-1 replication. We have used three different
approaches to do this: (1) high content pharmacophore-based
screening,20 (2) chemistry-driven analoging around the PF-74
scaffold,13−16 and (3) computationally guided bioisosteric
replacement.10 These efforts have provided compounds that
target the hexameric configuration of the HIV-1 CA but lacked
either the requisite potency and/or metabolic stability to be
viable leads.
The incredible metabolic lability of PF-74 is a significant issue

with this inhibitor.10,12,14 However, we have recently described a
novel computational workflow that allowed us to identify a
unique HIV-1 entry inhibitor scaffold that has improved
metabolic stability.19 Therefore, we sought to see whether this
workflow (Figure 1) could be applied to the rapid improvement

of an HIV-1 CA inhibitor based upon PF-74. Briefly, we first
performed bioisosteric replacement experiments on the
bioactive conformation of PF-74 (PDB ID 4XFZ) using Spark
(Spark version 10.5.6, Cresset, Litlington, Cambridgeshire, UK;
http://www.cresset-group.com/spark/).21−23 The results of the
bioisosteric replacement experiments were then imported into
SeeSAR 10.0 (BioSolveIT GmbH, Germany) and assessed for
predicted affinity using the HYdrogen bond and DEhydration
(HYDE) energy scoring function.24 Compounds with high
predicted affinity were then imported into StarDrop 6.6
(Optibrium Ltd., UK) and assessed for absorption, distribution,
metabolism, and excretion/pharmacokinetics (ADME/PK)
properties, such as log S and log P, using the oral noncentral
nervous system (oral non-CNS) drug scoring profile.25 We also
used StarDrop to assess for metabolic vulnerability to the major
cytochrome P450 (CYP) enzymes using the P450 module

(Optibrium Ltd., UK).26 This analysis predicted that the major
CYP isoform most likely to metabolize these compounds, and
PF-74, was CYP isoform 3A4. One caveat with the metabolic
liability prediction is that it is based upon the assumption that all
compounds interact with the CYP isoform with the same
affinity. Therefore, to further refine the metabolic prediction
analysis, the compounds were then docked and assessed for their
binding affinities to CYP isoform 3A4 (PDB ID 4D78).27

Finally, compounds with better predicted drug-like metrics and
inferred improved metabolic stability were then redocked into
the HIV-1 CA hexamer using AutoDock 4.0,28 as implemented
in DockingServer (www.dockingserver.com)29 and were
determined to have very similar binding poses to PF-74,
indicating the robust choices of bioisosteric replacements
(Figure 2B,C). As a quality control, PF-74 was docked to the
HIV-1 CA protein in the interprotomer pocket to ensure that
the derived prediction matched the crystal structure and to
provide evidence that we could have confidence in our docking
procedure (Figure 2C). From the final list of compounds that
successfully passed through the above workflow, a compound in
which a 1H-indazol-7-amine group replaced the methylindole
headgroup of PF-74 (designated CX15) and a compound in
which a 1H-indazol group replaced the benzene tail group of PF-
74 (designated CX16) were chosen. Interestingly, a chimeric
compound containing both of these replacements (designated
CX17) was predicted to retain the potency of PF-74 but with
much improved metabolic stability. All three compounds were
chosen for synthesis as racemates before the assessment of
enantioselectivity (Figure 2A). Figure 3 highlights the improve-
ment of the drug-like properties of our compounds as compared
to PF-74, as assessed in StarDrop (Optibrium Ltd., UK). Within
this analysis, CX15 and CX16 showed a substantial improve-
ment in the oral non-CNS scoring function as compared to PF-
74, whereas CX17 scored similarly with the drug-like function
but displayed increased predicted aqueous solubility (log S).

Affinity and Potency Determination of Racemic CX15,
CX16, and CX17. After synthesis and prior to antiviral testing,
we sought to establish that the new compounds retained the
target specificity of the parental PF-74 compound to the CA
hexamer. We chose to demonstrate this via surface plasmon
resonance (SPR). Figure 4 shows the representative sensor-
grams for each compound interacting with the disulfide-
stabilized HIV-1NL4‑3 capsid hexamer,20 and Table 1 shows the
kinetic parameters obtained after analysis. SPR analysis showed
that each of the three novel compounds interacts with the
immobilized disulfide-stabilizedCA hexamer robustly and with a
broadly similar kinetic signature to PF-74 (Figure 4). All four
compounds have a very rapid on-rate but with slightly different
off-rates, withCX16 having the slowest off-rate (Table 1). These
different off-rates lead to the different affinities observed for each
compound (Table 1). Despite their different off-rates, all
compounds had affinities in the nM range within 5-fold of PF-
74, with CX16 showing a marginally improved KD over PF-74
(43.9 and 95.4 nM, respectively). The SPR analysis results
confirm that the newly designed compounds maintain the target
specificity of the parental compound.
After confirmation that each of the new compounds retains

their target specificity, we sought to determine their antiviral
activities. Using a single-round infectious HIV-1 pseudoviral
assay,20 the potencies of each compound for inhibition of the
virus were tested in the early stages of the HIV-1 life cycle. This
analysis revealed that two of the compounds inhibited at
concentrations in agreement with both their predicted and

Figure 1. Computational workflow. Workflow chart highlighting the
steps used in the computational design process of compounds.
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experimentally determined affinities. However, CX17 had an
IC50 approximately 5-fold higher than its predicted and
experimentally determined affinity, perhaps hinting toward an
enantiomer bias within the racemic mixture (Table 2).
Simultaneous analysis of the toxicity of each compound showed
half-maximal cytotoxic concentration values (CC50) all higher
than that of the parental PF-74 compound. Taken together, this
demonstrates that our design strategy results in compounds that
retain key properties of the parental compound, namely, target
specificity and antiviral action but reduced toxicity.
Binding Site Mapping. As we have demonstrated antiviral

activity and target specificity to the CA hexamer, we next wanted
to verify that the new compounds shared the same

interprotomer binding site as PF-74 and to validate our docking
hypotheses. With no complex structure in hand at this time,
binding site verification and validation of contributing residues
crucial for binding provide essential information for further
optimization for our HIV-1 CA inhibitor class. To achieve this,
we chose to perform mutagenesis of residues within the
predicted binding pocket, guided by our docking models.
When analyzing the 2D ligand-protein interaction network
(Figure S1) from our docking models, all compounds are
predicted to make slightly different contacts. Therefore, we
chose to prioritize the mutagenesis of residues that contribute
the most to the overall predicted binding energies for each
compound (Figure 5 and Table S1). Specifically, we chose
residues N53, L56, N57, M66, L69, K70, and I73, as the side
chains of these residues have potential to form hydrogen bonds,
cation-π, or hydrophobic interactions with our compounds
(Figure S1). We chose to alter the selected residues to alanine as
substitution with alanine eliminates side-chain interactions but
with minimal effects upon main-chain conformation, hence
preserving overall protein structure.
The recombinant HIV-1 CA proteins with introduced alanine

mutations at positions 53, 56, 57, 66, 69, 70, and 73 were
overproduced and purified as previously described.10,20,30,31

However, the hexameric CA fractions were subsequently
isolated using size-exclusion chromatography before SPR
analysis.
If our docking models are correct, then we expect that

performing alanine mutagenesis would allow us to identify
residues involved in the compound-protein interaction. As
expected, we consistently saw a decrease in the percent binding

Figure 2. Docking of racemic CX15, CX16, and CX17. (A) Compounds chosen for analysis. Regions that were modified on PF-74 during the
bioisosteric replacement are highlighted in pink (CX15), yellow (CX16), and green (CX17). The chemical structures were drawn with ChemAxon
software (Budapest, Hungary). (B) Crystal structure of HIV-1 CA with compounds, PF-74 in blue (PDB ID 4XFZ) and docked CX15 in pink,CX16
in yellow, and CX17 in green in the interprotomer pocket (highlighted by a black box) of a CA hexamer (for simplicity, only an extracted dimer is
shown). (C) Magnification of each docked compound, CX15 in pink, CX16 in yellow, CX17 in green, and PF-74 in gray in the predicted binding site
aligned with the PF-74-bound crystal structure (blue).

Figure 3. Computational analysis of drug-like properties of CX15,
CX16, and CX17. Oral non-CNS scoring profile of CX15, CX16,
CX17, and PF-74 calculated with StarDrop (Optibrium Ltd., UK).
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upon mutation of our chosen residues to varying degrees.
However, with mutants N57A, M66A, and K70A, we observed
themost significant reduction in percent binding across all of the
compounds as compared to the wild-type (wt) CA (Figure 5).
To understand the reasons for the pronounced effect of the

N57A, M66A, and K70A CA mutants on the interactions with
the compounds, we completed a computational assessment. The
electrostatic complementarity (EC) of a ligand-receptor
complex can provide important insights into the nature and
strength of the complex.32 Since electrostatic interactions are
key contributors to the free energy of biological binding

processes (enthalpic component ΔG), we chose to look at the
EC map of each compound in the context of our models of the
wt and mutant CA proteins. Analysis of the EC of these

Figure 4. Representative sensorgrams depicting the interaction of compounds with the CA hexamer. SPR sensorgrams showing (A) PF-74 (5 μM
starting concentration with 1:4 serial dilutions), (B) CX15 (5 μM starting concentration with 1:4 serial dilutions), (C) CX16 (5 μM starting
concentration with 1:4 serial dilutions), and (D) CX17 (2 μM starting concentration with 1:4 serial dilutions) interacting with the immobilized
disulfide-stabilizedNL4-3 CA hexamer. Colored lines represent actual data collected from the dilution series, whereas black lines signify the fits to a 1:1
binding model. Interaction parameters derived from 5 sets of data are given in Table 1.

Table 1. Kinetics and Affinity of Racemic Compounds for the
Disulfide-Stabilized HIVNL4‑3 CA Hexamer

compound ka (M
−1 s−1) kd (s

−1) KD (nM)a

PF-74 3.07 ± 0.103 × 105 2.93 ± 0.182 × 10−2 95.4
CX15 5.62 ± 0.299 × 105 5.62 ± 0.229 × 10−2 189
CX16 2.75 ± 0.100 × 105 1.21 ± 0.037 × 10−2 43.9
CX17 2.20 ± 0.083 × 105 1.06 ± 0 × 10−1 494

aKD values were derived using the average ka and kd values.

Table 2. Potency and Toxicity Values of Racemic PF-74,
CX15, CX16, and CX17 against HIV-1 Pseudoviruses

compound IC50 (nM) CC50 (μM)
therapeutic index
(CC50/IC50)

PF-74 55.5 ± 9.5 36.8 ± 16.4 664
CX15 97.2 ± 12.2 83.5 ± 19.5 859
CX16 38.3 ± 4.96 76.9 ± 9.5 2008
CX17 2420.0 ± 305.0 415.0 ± 207.0 171

Figure 5. Percent maximal response of compounds PF-74, CX15,
CX16, and CX17 in the CA hexamer interprotomer pockets of the wild
type as compared to mutants. Compounds were tested at a single
concentration of 5 μM to ensure saturation of each surface. Responses
were normalized to percent theoretical maximal binding response to
allow for cross-comparison. The red dashed line represents the average
of the wild-type (wt) binding responses. Error bars represent the
standard deviation of at least three replicates.
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compounds within the binding sites from our docked models
indicated that these mutants increased the electrostatic clash (or
decreased the EC) for each of the compounds (Figure 6) as
compared to the wt HIV-1 CA protein. This finding likely
contributes to the reduction in binding observed with our
compounds for these mutant CA proteins.
As we have affinity, potency, and kinetic information for the

interaction of these compounds with wt and mutant CA
proteins, we sought to see any correlations that we could observe
between these parameters and EC. All compounds displayed
similar on-rate kinetics. However, the affinity (KD) and the off-

rates differed substantially between all four compounds (Table
1), with CX16 displaying the slowest and CX17 the fastest off-
rate. In the context of the wt HIV-1 CA, we could observe a
correlation trend between the EC scores and the affinities as well
as the off-rates, showing higher EC scores for compounds with
lower KD and slower off-rates and lower EC scores for
compounds with higher KD or faster off-rates (Figure 7A,B
with CX16, PF-74, CX15, and CX17, in this order).
Interestingly, this EC/KD and EC/off-rate correlation was
disrupted by introducing the N57A and K70A mutations (data
not shown), showing the importance of these residues in
contributing electrostatic contacts for compound interaction.
We have previously noted such correlations with our novel HIV-
1 entry inhibitors.33 The correlations between the EC, affinity
(KD), and off-rate of our compounds (including PF-74) to its
target site can be utilized as powerful tools in the design and
screening processes to help further our optimization efforts to
improve upon the CX compounds.

Conservation Analysis of the CA Interprotomer
Pocket. Since we observed that we could introduce mutations
within the interprotomer pocket that reduce the binding and
presumably the potency of the compounds, we next sought to
gauge the likelihood of these mutations arising as compound
resistance changes. First, we performed a conservation analysis
of 5774 CA sequences from the Los Alamos Database (www.hiv.
lanl.gov) to look at the probability of these residues to be
naturally mutated. This analysis showed that the residues within
the interprotomer pocket are highly conserved (Figure 8,
mutated residues highlighted in blue). This extreme con-
servation indicates that these residues have critical structural
and/or functional roles within the virus and that these contact
points are not likely to mutate in isolation due to selective
pressure during drug treatment. It is known that CA is a highly
conserved and genetically fragile protein with about 70%
random point mutations throughout the protein causing a
replication-defective virus.3 Specifically, previous extensive
mutagenesis analysis of residues N57, M66, L69, and I73
revealed that mutation of these residues produced nonviable
viruses.3 Despite the genetic fragility of CA, a PF-74-resistant
virus named 5Mut, which contains 5 mutations in the NTD
(both in and outside of the PF-74 binding site), has been
isolated. This mutant was obtained by serial passaging the virus
in the presence of increasing concentrations of a closely related
analog of PF-74.34 Notably, 5Mut contains a mutation at K70,
which individually has been observed to decrease viral fitness;
however, this fitness is restored upon the presence of the other
compensatory mutations.35 This indicates that multiple
mutations are required to both confer PF-74 resistance and
maintain viral fitness; therefore, we did not incorporate our
single mutations into the viral backbone for infectivity assays as
the resultant virus would likely be attenuated. However, this
combined information again highlights the attractive nature of
this interprotomer pocket for therapeutic targeting.

Synthesis of Enantiomerically Pure Compounds.
Initially, each of these compounds was synthesized as racemic
mixtures to ensure that the computational design workflow used
led to the generation of active compounds that bound to the
interprotomer pocket of the CA hexamer. When looking at the
potencies derived for each compound, especially CX17, in
comparison to their affinities, we noticed that the IC50 values
seemed to be slightly higher than expected. This, of course,
could be due to several reasons; however, in the case of
compounds with chirality, such a discrepancy may be attributed

Figure 6. Electrostatic complementarity (EC) analysis ofPF-74,CX15,
CX16, and CX17 within the wild type (wt) and HIV-1 capsid (NL4-3)
mutants. The left panel shows the docking poses ofCX15,CX16,CX17
(colors scheme as in Figure 1), and the cocrystal structure of the HIV-1
NL4-3 capsid bound to PF-74 (PDB ID 4XFZ). Green labeled residues
are contributing hydrogen bonds (dashed green lines), and purple
labeled residues contribute to cation-pi interactions to stabilize the
complex (both if double-colored). The letter F next to the residue
highlights that the adjacent HIV-1 capsid protomer contributes
residues for complex stabilization. The letter O next to the residue
highlights that a main-chain carbonyl is involved in hydrogen bonding.
The right panel shows the EC surface map of each compound in the
context of the wt or indicated in silico generated and energy minimized
mutant. Each compound is shown from the front view (left) and in a
180° view (right) for the wt and mutant. Regions of the ligand surface
with perfect electrostatic complementarity with the protein are colored
green, while the areas with perfect electrostatic clash are colored red.
Neutral EC areas are colored white.
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to enantioselectivity.36 When a chiral compound is biologically
active as a racemate, one enantiomer can bemore active than the
other, with the more active enantiomer being called the eutomer
and the less active or inactive compound being called the
distomer.36,37 Enantioselectivity is an important but often
underappreciated factor in the drug discovery process. There-
fore, this led us to establish if our CX compounds (and PF-74)
displayed enantioselectivity and if one enantiomeric form of our
compounds was more active than the other. Therefore, we
synthesized the enantiomerically pure forms of each compound
and confirmed their structures by NMR and purity by LC−MS
(Figures S2−S12).
Potency and Affinity Determination of Enantiomeri-

cally Pure Compounds against HIV-1 Pseudoviruses.
After synthesizing and isolating the pure enantiomers, we

wanted to test their activities. We again began by testing their
binding via SPR to the disulfide-stabilized CA hexamer to
determine the affinity and specificity of each compound. To our
surprise, there was little to no binding interaction observed with
each of the R-enantiomers (R-PF-74, R-CX15, R-CX16, and R-
CX17), while each of the S-enantiomers (S-PF-74, S-CX15, S-
CX16, and S-CX17) showed robust binding with similar
binding profiles to the racemic compounds (Figure 9).
Moreover, by isolating the S-enantiomers, we saw an improve-
ment in the affinity for each compound in comparison to the
racemic mixtures (Table 3). Again, showing that we can improve
upon the affinity of parental PF-74, our highest affinity
compound S-CX16 showed over a 2-fold improvement in
affinity over S-PF-74.

Figure 7. Affinity and off-rates correlated with electrostatic complementarity. (A) Dissociation constant (KD) of CX16, PF-74, CX15, and CX17 (in
this order) correlated with the EC. (B) Off-rates ofCX16, PF-74,CX15, andCX17 (in this order) correlated with the EC in the wt HIV-1 CA context.
SCI, normalized surface integral of the complementarity score; Pearson R, Pearson correlation coefficient; Spearman rho rank, Spearman rank
correlation coefficient.

Figure 8. Conservation of residues within the CA interprotomer binding pocket. Probability of conservation of residues from 5774 sequences within
the Los Alamos Database for the residues within the interprotomer pocket of (A) protomer F and (B) protomer G. Residue numbers correspond to
their placement within Hxbc2. Blue letters indicate residues that were mutated during the binding site mapping. The size of the letter indicates the
probability of conservation. Generated using the AnalyzeAlign tool on the Los Alamos Database (www.hiv.lanl.gov).
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Using the single-round infectious HIV-1 pseudotyped virus,
we determined the potency for each of the enantiomerically pure
compounds in the early stages of theHIV-1 life cycle. It was clear
that each compound had an active form and an inactive one
since the R-enantiomers, which showed no binding to the CA
hexamer via SPR, also had no activity in the early-stage antiviral
assay (Table 4). To our delight, we also observed an
improvement in the IC50 values obtained from the active

enantiomers in comparison to the racemic compounds, with S-
CX16 showing improved potency in relation to the active S-PF-
74 (20.6 nM vs 80 nM, respectively). This data shows that there
is an enantiomeric preference for our compounds, with the S-
enantiomers being the active eutomer and the R-enantiomers
being the inactive distomer. By isolating the active eutomer of
each compound, we were also able to improve upon the affinity
and potency in relation to the starting racemic mixtures and in
relation to the parental compound, PF-74. These values are also
more in line with the predicted affinities from Docking-
Server.28,29 This resolves the inconsistencies observed between
the IC50 values and affinities of the racemic compounds,
indicates that the docked models utilized the active enantiomer,
and confirms the enantioselective properties seen for these
compounds. Moreover, although slightly diminished, the
antiviral potency of S-CX17 was changed on only the order of
3.5-fold, demonstrating that this computational workflow can be
used to maintain the potency of the parental compound largely.

Metabolic Stability of Enantiomerically Pure CX
Compounds versus PF-74. Since a large pitfall of PF-74 is
its metabolic lability, one of ourmain goals while designing these
compounds was to improve upon the metabolic half-life.6 After
the characterization of the enantiomerically pure compounds,
we sought to test their metabolic stability. Utilizing a human
liver microsome assay, we determined the half-life of each
compound.10,19 As we had predicted from the computational
workflow, each of our novel compounds had improved
metabolic stability over active S-PF-74, with S-CX17 showing
the most dramatic improvement with a 204-fold increase in its
half-life (Table 5 and Table S1). Overall, this result shows that
considering the metabolic vulnerability to the major CYP
enzymes within the computational workflow can be a useful tool
for multiple compound classes to consider the metabolic
stability of newly designed compounds and improve upon this
parameter rapidly in fewer analog steps.

Figure 9. Sensorgrams depicting the interaction of enantiomerically pure compounds with CA hexamers. SPR sensorgrams showing (A) R-PF-74 (5
μM starting concentration with 1:4 serial dilutions), (B) S-PF-74 (5 μM starting concentration with 1:4 serial dilutions), (C) R-CX15 (5 μM starting
concentration with 1:4 serial dilutions), (D) S-CX15 (5 μM starting concentration with 1:4 serial dilutions), (E) R-CX16 (5 μM starting
concentration with 1:4 serial dilutions), (F) S-CX16 (5 μM starting concentration with 1:4 serial dilutions), (G) R-CX17 (2 μM starting
concentration with 1:4 serial dilutions), and (H) S-CX17 (2 μM starting concentration with 1:4 serial dilutions) interacting with the immobilized
disulfide-stabilizedNL4-3 CA hexamer. Colored lines represent actual data collected from the dilution series, whereas black lines signify the fits to a 1:1
binding model. Interaction parameters derived from 5 sets of data are given in Table 3.

Table 3. Kinetics and Affinity of Enantiomerically Pure
Compounds for the Disulfide-Stabilized HIVNL4‑3 CA
Hexamer

compound ka (M
−1 s−1) kd (s

−1) KD (nM)a

S-PF-74 4.75 ± 0.169 × 105 2.92 ± 0.111 × 10−2 61.5
S-CX15 4.76 ± 0.216 × 105 6.60 ± 0.328 × 10−2 139
S-CX16 4.37 ± 0.158 × 105 1.09 ± 0.043 × 10−2 25
S-CX17 2.86 ± 0.041 × 105 9.66 ± 0.145 × 10−2 337

aKD values were derived using the average ka and kd values.

Table 4. Potency and Toxicity of Enantiomerically Pure
Compounds against HIV-1 Pseudovirusesa

compound IC50 (nM) CC50 (μM)
therapeutic index
(CC50/IC50)

R-PF-74 NA NA NA
S-PF-74 80.0 ± 5.7 66.7 ± 6.8 834
R-CX15 NA NA NA
S-CX15 62.1 ± 8.2 101.0 ± 30.0 1626
R-CX16 NA NA NA
S-CX16 20.6 ± 1.8 46.9 ± 12.8 2281
R-CX17 NA NA NA
S-CX17 279.0 ± 52.6 102.0 ± 33.5 365

aNA = not active.
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■ CONCLUSIONS
PF-74 is a promising small molecule for biochemical studies that
inhibits the proper function of the CA protein; however, PF-74
has limitations, including its poor metabolic stability. Using our
novel computational workflow, we were able to optimize this
class of CA-targeting compounds and improve the potency 4-
fold and the metabolic stability 204-fold in few analog steps and
simple substitutions. Furthermore, we found new correlations
between the EC, off-rate, and potency of these compounds.
Implementing these correlations into our computational
workflow will allow for further optimization of this class of
compounds to bring them toward the realm of clinical utility.
Moreover, implementing this workflow will also enable us to
improve upon compounds from other inhibitor classes and
compounds for different targets. In summary, this study shows
that we can rapidly improve upon the affinity, potency, and
metabolic stability of PF-74 by designing synthetically tractable
compounds without performing extensive analoging.

■ EXPERIMENTAL SECTION
Synthesis of Compounds. The purity of all compounds is ≥95%

as determined by LC−MS (Figures S2−S12).
Synthesis of CX15. Preparation of tert-Butyl(1-(methyl(phenyl)-

amino)-1-oxo-3-phenylpropan-2-yl)carbamate (Intermediate 1). At
0 °C, to a solution of (tert-butoxycarbonyl)phenylalanine (1.0 g, 3.8
mmol) in DMF (10 mL) were added N-methylaniline (444 mg, 4.2
mmol), HATU (1.7 g, 4.5 mmol), and DIPEA (974.0 mg, 7.5 mmol).
After the reaction was stirred at RT for 1 h, the mixture was diluted with
ethyl acetate (30 mL) and then washed with brine (10 mL × 3). The
organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (PE/EA = 3:1, v/v) to give tert-
butyl(1-(methyl(phenyl)amino)-1-oxo-3-phenylpropan-2-yl)-
carbamate as a yellow oil (1.3 g, Y = 97.0%) (Scheme 1). LC−MS
(ESI): m/z (M + H)+ = 355.19.

Preparation of 2-Amino-N-methyl-N,3-diphenylpropanamide
Hydrochloride (Intermediate 2). A mixture of tert-butyl(1-(methyl-
(phenyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (1.3 g, 3.7
mmol) in HCl/dioxane (4 M, 15 mL) was stirred at RT for 1 h.
Then, the reaction solvents were removed under vacuum to give crude
2-amino-N-methyl-N,3-diphenylpropan-amide hydrochloride as a
yellow oil (1.1 g) (Scheme 2), which was used in the next step without
purification. LC−MS (ESI): m/z (M + 1)+ = 255.08.
Preparation of N,N-Dimethyl-1-(7-nitro-1H-indol-3-yl)-

methanamine (Intermediate 3). A mixture of N,N,N′,N′-tetrame-

thyldiaminomethane (1.6 g, 15.6 mol) dissolved in acetic acid (30 mL)
was added dropwise to a solution of 7-nitro-1H-indole (2.3 g, 14.2 mol)
in acetic acid (30 mL) over 60 min. After the reaction mixture was
stirred at RT for 3.5 h, the reaction mixture was cooled to 0 °C and
adjusted to pH = 11 with 20% aqueous sodium hydroxide. Then, the
reaction mixture was extracted with CHCl3 (3 × 300 mL). The
combined organic extracts were dried over Na2SO4, filtered, and
concentrated under reduced pressure to give crudeN,N-dimethyl-1-(7-
nitro-1H-indol-3-yl)methanamine as a yellow solid (3.1 g, Y = 99.7%)
(Scheme 3), which was used in the next step without purification. LC−

MS (ESI): m/z (M + 1)+ = 220.08; 1H NMR (400 MHz, CDCl3): δ
9.83 (br. s, 1H), 8.16 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.30
(d, J = 2.0 Hz, 1H), 7.21 (t, J = 8.0 Hz, 1H), 3.64 (s, 2H), 2.28 (s, 6H).

Preparation of 2-(7-Nitro-1H-indol-3-yl)acetonitrile (Intermedi-
ate 4). A flask was charged with N,N-dimethyl-1-(7-nitro-1H-indol-3-
yl)methanamine (100.0 mg, 0.46 mmol) and iodomethane (162.0 mg,
1.14 mmol) in DMF/H2O/THF (1:1:50, V/V; 5 mL). The reaction
mixture was refluxed for 15 min until a white precipitate was formed,
and then, potassium cyanide (149.0 mg, 2.28 mmol) was added to the
reaction mixture. The resulted mixture was refluxed for another 2 h.
After cooling to RT, the resulted reaction mixture was filtered, and the
filtrate was concentrated under reduced pressure. The residue was
triturated withMeOH to give 2-(7-nitro-1H-indol-3-yl)acetonitrile as a
yellow solid (50.0 mg, Y = 54.5%) (Scheme 4). LC−MS (ESI): m/z
(M-1)− = 199.93; 1HNMR (400MHz, DMSO-d6): δ 11.93 (br. s, 1H),
8.13−8.18 (m, 2H), 7.55 (d, J = 2.0 Hz, 1H), 7.32 (t, J = 8.0 Hz, 1H),
4.17 (s, 2H).

Preparation of 2-(7-Nitro-1H-indol-3-yl)acetic Acid (Intermediate
5). A mixture of 2-(7-nitro-1H-indol-3-yl)acetonitrile (50.0 mg, 0.25
mmol) in 3 N aqueous HCI (5 mL) was stirred at 95 °C for 72 h. After
cooling to RT, the resulted mixture was adjusted to pH = 11 with 10 N
aqueous NaOH solution and washed with EtOAc (10 mL). The
aqueous layer was adjusted to pH = 2 with 1 N aqueous HCI solution
and extracted with EtOAc (10 mL× 3). The combined organic extracts
were dried over Na2SO4, filtered, and concentrated in vacuo to give
crude 2-(7-nitro-1H-indol-3-yl)acetic acid as a yellow solid (55.0 mg)

Table 5. Metabolic Stability of Active Enantiomerically Pure
Compounds Derived from a Human Liver Microsome Assay

compound T1/2 (min) fold increase (over S-PF-74)

S-PF-74 0.5 1.0
S-CX15 15.4 30.8
S-CX16 1.0 2.0
S-CX17 102.0 204

Scheme 1. Preparation of tert-Butyl(1-
(methyl(phenyl)amino)-1-oxo-3-phenylpropan-2-
yl)carbamate (Intermediate 1)

Scheme 2. Preparation of 2-Amino-N-methyl-N,3-
diphenylpropanamide Hydrochloride (Intermediate 2)

Scheme 3. Preparation of N,N-Dimethyl-1-(7-nitro-1H-
indol-3-yl)methanamine (Intermediate 3)

Scheme 4. Preparation of 2-(7-Nitro-1H-indol-3-
yl)acetonitrile (Intermediate 4)
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(Scheme 5), which was used in the next step without purification. LC−
MS (ESI): m/z (M-1)− = 218.89; 1H NMR (400 MHz, DMSO-d6): δ

12.27 (br. s, 1H), 11.81 (s, 1H), 8.17 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0
Hz, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.30 (t, J = 8.0 Hz, 1H), 3.82 (s, 2H).
Preparation of N-Methyl-2-(2-(7-nitro-1H-indol-3-yl)acetamido)-

N,3-diphenylpropanamide (Intermediate 6). At 0 °C, to a mixture of
2-(7-nitro-1H-indol-3-yl)acetic acid (55.0 mg, 0.25 mmol) in DMF (5
mL) were added 2-amino-N-methyl-N,3-diphenylpropanamide (70.0
mg, 0.28 mmol), HATU (114.0 mg, 0.3 mmol), and DIPEA (65.0 mg,
0.5 mmol); then, the reaction mixture was stirred at RT for 1 h. Then,
the reactionmixture was diluted with ethyl acetate (10mL) and washed
with brine (5 mL × 3). The organic layer was dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (PE/EA =
3:1, v/v) to give N-methyl-2-(2-(7-nitro-1H-indol-3-yl)-acetamido)-
N,3-diphenylpropanamide as a yellow solid (45.0 mg, Y = 39.5%)
(Scheme 6). LC−MS (ESI): m/z (M + 1)+ = 457.15; 1H NMR (400
MHz, DMSO-d6): δ 11.67 (s, 1H), 8.51 (d, J = 8.0 Hz, 1H), 8.06 (d, J =
8.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.43−7.37 (m, 3H), 7.31 (d, J =
2.0 Hz, 1H), 7.24−7.22 (m, 2H), 7.15−7.11 (m, 4H), 6.78−6.77 (m,
2H), 4.47−4.40 (m, 1H), 3.59−3.51 (m, 2H), 3.15 (s, 3H), 2.87−2.83
(m, 1H), 2.69−2.63 (m, 1H).
Preparation of 2-(2-(7-Amino-1H-indol-3-yl)acetamido)-N-meth-

yl-N,3-diphenylpropanamide (CX15).To a mixture ofN-methyl-2-(2-
(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (45.0
mg, 0.1 mmol) in EtOH/H2O (5 mL, 4:1, V/V) were added Fe
powder (28.0 mg, 0.5 mmol) and NH4CI (27.0 mg, 0.5 mmol); then,
the reaction mixture was stirred at 80 °C for 1 h. After cooling down to
RT, the reaction mixture was filtered using Celite. The filtrate was
concentrated under reduced pressure. The residue was purified by prep-
HPLC (C18, 40−100% MeCN in H2O with 0.1% formic acid) to give
2-(2-(7-amino-1H-indol-3-yl)acetamido)-N-methyl-N,3-diphenylpro-
panamide as a white solid (11.0 mg, Y = 26.2%) (Scheme 7). 1H NMR
(400 MHz, CD3OD): δ 7.52 (d, J = 8.0 Hz, 1H), 7.25−7.26 (m, 3H),
6.97−7.08 (m, 3H), 6.93−6.88 (m, 2H), 6.79−6.71 (m, 2H), 6.65−
6.63 (m, 2H), 6.45−6.43 (m, 1H), 4.52−4.57 (m, 1H), 3.47 (d, J = 5.2
Hz, 2H), 3.06 (s, 3H), 2.72−2.79 (m, 1H), 2.50−2.56 (m, 1H); LC−
MS (ESI): m/z (M + 1)+ = 427.18 (Figure S2).
Synthesis of CX16. Preparation of tert-Butyl (1-((1H-Indazol-5-

yl)amino)-1-oxo-3-phenylpropan-2-yl) Carbamate.At room temper-
ature, to a mixture of 1H-indazol-5-amine (1.5 g, 11.26 mmol) in DMF
(20 mL) were added (tert-butoxycarbonyl)phenylalanine (3.29 g, 12.4
mmol), HATU (5.14 g, 13.5 mmol), and DIPEA (4.36 g, 33.75 mmol);
then, the reaction mixture was stirred at RT for 3 h. Then, the reaction
mixture was diluted with ethyl acetate and washed with brine. The
organic layer was dried over anhydrous Na2SO4, filtered, and

concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (PE/EA = 3:1, v/v) to give tert-butyl
(1-((1H-indazol-5-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate
as a yellow solid (3.2 g, 75% yield) (Scheme 8). LC−MS (ESI):m/z (M
+ 1)+ = 381.25.

Preparation of tert-Butyl 5-(2-((tert-Butoxycarbonyl)amino)-3-
phenylpropanamido)-1H-indazole-1-carboxylate. At room temper-
ature, to a mixture of tert-butyl (1-((1H-indazol-5-yl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (1.7 g, 4.47mmol) in THF(20mL)were
added Boc2O (2 g, 8.94 mmol) and DMAP (20 mg); then, the reaction
mixture was stirred at RT for 2 h. Then, the reactionmixture was diluted
with ethyl acetate and washed with brine. The organic layer was dried
over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
(PE/EA = 3:1, v/v) to give tert-butyl 5-(2-((tert-butoxycarbonyl)-
amino)-3-phenylpropanamido)-1H-indazole-1-carboxylate as a yellow
solid (1.8 g, 84% yield) (Scheme 9). LC−MS (ESI): m/z (M + 1)+ =
479.38.

Preparation of tert-Butyl 5-(2-((tert-Butoxycarbonyl)amino)-N-
methyl-3-phenylpropanamido)-1H-indazole-1-carboxylate. At
room temperature, to a mixture of tert-butyl 5-(2-((tert-
butoxycarbonyl)amino)-3-phenylpropanamido)-1H-indazole-1-car-
boxylate (1.4 g, 2.92 mmol) in MeCN (20 mL) were added Cs2CO3
(2.84 g, 8.76 mmol) and MeI (0.62 g, 5.84 mmol); then, the reaction
mixture was stirred at RT for 4 h. Then, the reactionmixture was diluted
with ethyl acetate and washed with brine. The organic layer was dried
over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
(PE/EA = 3:1, v/v) to give tert-butyl 5-(2-((tert-butoxycarbonyl)-
amino)-N-methyl-3-phenylpropanamido)-1H-indazole-1-carboxylate
as a yellow solid (1.15 g, 80% yield) (Scheme 10). LC−MS (ESI):m/z
(M + 1)+ = 495.28.

Preparation of 2-Amino-N-(1H-indazol-5-yl)-N-methyl-3-phenyl-
propanamide. To a mixture of tert-butyl 5-(2-((tert-butoxycarbonyl)-
amino)-N-methyl- 3-phenylpropanamido)-1H-indazole-1-carboxylate
(300 mg, 0.61 mmol) in DCM was added TFA; then, the reaction
mixture was stirred at RT for 1 h. The reaction mixture was
concentrated to be used in the next step without purification (Scheme
11). LC−MS (ESI): m/z (M + 1)+ = 295.19.

Preparation of N-(1H-Indazol-5-yl)-N-methyl-2-(2-(2-methyl-1H-
indol-3-yl)acetamido)-3-phenylpropanamide (CX16). At room
temperature, to a mixture of 2-amino-N-(1H-indazol-5-yl)-N-methyl-
3-phenylpropanamide (83mg, 0.28mmol) in DMF (5mL) were added
2-(2-methyl-1H-indol-3-yl)acetic acid (59 mg, 0.31 mmol), HATU
(129.0 mg, 0.34 mmol), and DIPEA (110.0 mg, 0.85 mmol); then, the
reaction mixture was stirred at RT for 2 h. Then, the reaction mixture
was filtered using Celite. The filtrate was concentrated under reduced
pressure. The residue was purified by prep-HPLC (C18, 40−100%
MeCN in H2O with 0.1% formic acid) to give N-(1H-indazol-5-yl)-N-
methyl-2-(2-(2-methyl-1H-indol-3-yl)acetamido)-3-phenylpropana-
mide as a white solid (20 mg, 15% yield) (Scheme 12). 1H NMR (400
MHz, DMSO): δ 13.21 (s, 1H), 10.69 (s, 1H), 8.23 (d, J = 7.9 Hz, 1H),
8.01 (s, 1H), 7.55−7.39 (m, 2H), 7.28 (d, J = 7.8 Hz, 1H), 7.20−7.03
(m, 5H), 6.96−6.90 (m, 1H), 6.86−6.80 (m, 1H), 6.76 (d, J = 7.0 Hz,
2H), 4.40−4.30 (m, 1H), 3.45−3.38 (m, 2H), 3.16 (s, 3H), 2.88 (dd, J
= 13.3, 4.7 Hz, 1H), 2.66 (dd, J = 13.3, 9.2 Hz, 1H), 2.22 (s, 3H); LC−
MS (ESI): m/z (M + 1)+ = 466.29 (Figure S3).

Scheme 5. Preparation of 2-(7-Nitro-1H-indol-3-yl)acetic
Acid (Intermediate 5)

Scheme 6. Preparation of N-Methyl-2-(2-(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (Intermediate 6)
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Synthesis of CX17. Preparation of tert-Butyl (1-((1H-Indazol-5-
yl)amino)-1-oxo-3-phenylpropan-2-yl) Carbamate.At room temper-
ature, a solution of 7-nitro-1H-indazole (3.0 g, 18.4 mmol), iodine (7 g,
27.6 mmol), and potassium hydroxide (2.0 g, 36.8 mmol) in DMF (30
mL) was stirred overnight. After quenching with 6 mol/L hydrochloric
acid (7 mL), the mixture was diluted with ethyl acetate (30 mL) and

then washed with brine (90 mL × 3). The organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated under reduced pressure
to give 3-iodo-7-nitro-1H-indazole as a yellow solid (5 g; yield, 94%)
(Scheme 13), which was used in the next step without purification.
LC−MS (ESI): m/z (M + H)+ = 289.86.

Preparation of 3-Iodo-1-(4-methoxybenzyl)-7-nitro-1H-indazole.
At room temperature, a solution of 3-iodo-7-nitro-1H-indazole (1.77 g,
6.12 mmol), potassium hydroxide (687 mg, 12.24 mmol), and PMBCl
(1.44 g, 9.18 mmol) in acetone (25 mL) and water (5 mL) was stirred
overnight under N2. After quenching with 6 mol/L hydrochloric acid to
pH = 6−7, the mixture was diluted with ethyl acetate (30 mL) and then
washed with brine (30 mL × 3). The organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (0−20%
ethyl acetate in petroleum ether) to give 3-iodo-1-(4-methoxybenzyl)-
7-nitro-1H-indazole as a yellow solid (980 mg; yield, 39%) (Scheme
14). LC−MS (ESI): m/z (M + 1)+ = 410.23.

Preparation of Dimethyl 2-(1-(4-Methoxybenzyl)-7-nitro-1H-
indazol-3-yl)malonate. At room temperature, a suspension of 3-
iodo-1-(4-methoxybenzyl)-7-nitro-1H-indazole (930 mg, 2.27 mmol),
dimethyl malonate (450 mg, 3.41 mmol), 2-picolinic acid (56 mg, 0.45
mmol), copper(I) iodide (86 mg, 0.45 mmol), and cesium carbonate
(1.48 g, 4.5 mmol) in dioxane (10 mL) was heated up to 100 °C and
stirred for 5 h under N2. The suspension was concentrated under
reduced pressure to give the crude product, which was purified by silica

Scheme 7. Preparation of 2-(2-(7-Amino-1H-indol-3-yl)acetamido)-N-methyl-N,3-diphenylpropanamide (CX15)

Scheme 8. Preparation of tert-Butyl (1-((1H-Indazol-5-
yl)amino)-1-oxo-3-phenylpropan-2-yl) Carbamate

Scheme 9. Preparation of tert-Butyl 5-(2-((tert-
Butoxycarbonyl)amino)-3-phenylpropanamido)-1H-
indazole-1-carboxylate

Scheme 10. Preparation of tert-Butyl 5-(2-((tert-
Butoxycarbonyl)amino)-N-methyl-3-phenylpropanamido)-
1H-indazole-1-carboxylate

Scheme 11. Preparation of 2-Amino-N-(1H-indazol-5-yl)-N-
methyl-3-phenylpropanamide

Scheme 12. Preparation of N-(1H-Indazol-5-yl)-N-methyl-2-
(2-(2-methyl-1H-indol-3-yl)acetamido)-3-
phenylpropanamide (CX16)

Scheme 13. Preparation of tert-Butyl (1-((1H-Indazol-5-
yl)amino)-1-oxo-3-phenylpropan-2-yl) Carbamate

Scheme 14. Preparation of 3-Iodo-1-(4-methoxybenzyl)-7-
nitro-1H-indazole
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gel column chromatography (0−30% ethyl acetate in petroleum ether)
to give 2-(1-(4-methoxybenzyl)-7-nitro-1H-indazol-3-yl)malonate as a
yellow solid (688 mg; yield, 73%) (Scheme 15). LC−MS (ESI): m/z
(M + 1)+ = 414.21.

Preparation of 2-(1-(4-Methoxybenzyl)-7-nitro-1H-indazol-3-yl)-
acetic Acid. At room temperature, a suspension of 2-(1-(4-
methoxybenzyl)-7-nitro-1H-indazol-3-yl)malonate (688 mg, 1.66
mmol) and potassium hydroxide (140 mg, 2.49 mmol) in ethanol
(10 mL) was heated up to 80 °C and stirred overnight under N2. After
cooling down to room temperature and being acidified by 1 mol/L
hydrochloric acid to pH = 3−4, the solution was diluted with ethyl
acetate (30 mL) and then washed with brine (30 mL × 3). The organic
layer was dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure to give product 2-(1-(4-methoxybenzyl)-7-
nitro-1H-indazol-3-yl)acetic acid as a brown solid (530mg; yield, 93%)
(Scheme 16), which was used in the next step without purification.
LC−MS (ESI): m/z (M + 1)+ = 342.15.

Preparation of 2-(7-Nitro-1H-indazol-3-yl)acetic Acid. At room
temperature, a suspension of 2-(1-(4-methoxybenzyl)-7-nitro-1H-
indazol-3-yl)acetic acid (500 mg, 1.46 mmol), trifluoroacetic acid
(0.5 mL), and trifluoromethanesulfonic acid (0.5 mL) in 1,2-
dichloroethane (5 mL) was heated up to reflux and stirred for 1 h
under N2. After cooling down to room temperature, the solution was
concentrated under reduced pressure to give product 2-(7-nitro-1H-
indazol-3-yl)acetic acid as a black solid (400 mg) (Scheme 17), which
was used in the next step without purification. LC−MS (ESI): m/z (M
+ 1)+ = 222.09.

Preparation of 2-(7-Amino-1H-indazol-3-yl)acetic Acid. At room
temperature, a suspension of 2-(7-nitro-1H-indazol-3-yl)acetic acid
(400 mg, 2.27 mmol) and Pd(OH)2/C (100 mg) in methanol (5 mL)
was stirred for 2 h under H2. After the reaction mixture was filtered
using Celite, the filtrate was concentrated under reduced pressure to
give the crude product, which was purified by prep-HPLC (C18, 40−
100% acetonitrile in water with 0.1% formic acid) to afford 2-(7-amino-
1H-indazol-3-yl)acetic acid as a white solid (97.0 mg; two-step yield,
35%) (Scheme 18). LC−MS (ESI): m/z (M + 1)+ = 192.13. 1H NMR
(400MHz, DMSO): δ 12.36 (s, 1H), 6.87 (d, J = 7.6 Hz, 1H), 6.80 (t, J
= 7.6 Hz, 1H), 6.45 (d, J = 6.8 Hz, 1H), 5.32 (s, 2H), 3.80 (s, 2H).

Preparation of 2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-
(1H-indazol-5-yl)-N-methyl-3-phenylpropanamide (CX17). At
room temperature, a suspension of 2-(7-amino-1H-indazol-3-yl)acetic
acid (50 mg, 0.26 mmol), 2-amino-N-(1H-indazol-5-yl)-N-methyl-3-
phenylpropanamide, HATU, (198.8 mg, 0.52 mmol), and DIPEA (101
mg, 0.78 mmol) in DMF (5 mL) was stirred for 2 h. Then, the reaction
mixture was diluted with ethyl acetate (20 mL) and washed with brine
(10 mL × 3). The organic layer was dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (0−30% ethyl acetate in
petroleum ether) to give the crude product, which was purified by prep-
HPLC (C18, 10−100% acetonitrile in water with 0.1% formic acid) to
afford 2-(2-(7-amino-1H-indazol-3-yl)acetamido)-N-(1H-indazol-5-
yl)-N-methyl-3-phenylpropanamide as a white solid (18 mg; yield,
15%) (Scheme 19). 1H NMR (400 MHz, DMSO): δ 13.19 (s, 1H),
12.27 (s, 1H), 8.49 (d, J = 7.9 Hz, 1H), 8.00 (s, 1H), 7.50 (d, J = 8.7 Hz,
1H), 7.41−7.27 (m, 1H), 7.19−7.03 (m, 4H), 6.80 (d, J = 6.8 Hz, 2H),
6.72−6.64 (m, 2H), 6.40 (dd, J = 5.9, 1.9 Hz, 1H), 5.21 (s, 2H), 4.44−
4.36 (m, 1H), 3.66 (s, 2H), 3.16 (s, 3H), 2.92 (dd, 1H), 2.68 (dd, J =
13.3, 8.7 Hz, 1H); LC−MS (ESI):m/z (M + 1)+ = 468.66 (Figure S4).

Synthesis of S-PF-74. Preparation of (S)-tert-Butyl 1-(Methyl-
(phenyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-5).
To a stirred solution of (S)-2-(tert-butoxycarbonylamino)-3-phenyl-
propanoic acid (1.0 g, 3.77 mmol) and N-methylaniline (0.40 g, 3.77
mmol) in 20 mL of dry CH2Cl2 at 0 °C were added diisopropyl ethyl
amine (1.21 g, 9.42 mmol) and T3P 50% solution in CH2Cl2 by weight
(3.12 g, 9.43 mmol) dropwise simultaneously. The reaction mixture
was allowed to stir for 30 min at 0 °C. Completion of the reaction was
confirmed by LC−MS. The reaction mixture was quenched with cold
water, and the product was extracted with CH2Cl2 and dried over
anhydrous Na2SO4. The solvent was evaporated under reduced
pressure, and the crude product was purified by flash column
chromatography to afford the title compound (1.13 g, 3.12 mmol,
and 85%) (Scheme 20). The product was confirmed by 1H NMR and
MS.

1H NMR (400 MHz, CDCl3): δ 7.44−7.28 (m, 3H), 7.24−7.15 (m,
3H), 6.98−6.78 (m, 4H), 5.18 (d, J = 7.6 Hz, 1H), 4.53 (d, J = 7.1 Hz,
1H), 3.21 (s, 3H), 2.87 (dd, J = 13.1, 7.4 Hz, 1H), 2.68 (dd, J = 12.6, 6.7
Hz, 1H), 1.38 (s, 9H).Massm/z: calcd for C21H26N2NaO3

+ [M+Na]+,
377.2; found, 377.2.

Preparation of (S)-2-Amino-N-methyl-N,3-diphenylpropanamide
(AP-5-9). To a stirred solution of (S)-tert-butyl 1-(methyl(phenyl)-
amino)-1-oxo-3-phenylpropan-2-ylcarbamate (1.0 g, 2.82 mmol) in 15
mL of CH2Cl2 at 0 °C was added 5 mL of TFA. The reaction mixture
was then warmed to room temperature and stirred for 2 h. Completion
of the reaction was confirmed by LC−MS. Volatiles were evaporated
under reduced pressure to yield the crude product, which was
codistilled with 20 mL of toluene to afford the title compound as a
trifluoroacetic acid salt (1.02 g, 2.77 mmol, and 98%) as a viscous liquid
(Scheme 21). The product was confirmed by 1H NMR and MS.

1H NMR (400 MHz, CDCl3): δ 7.52−7.35 (m, 3H), 7.32−7.21 (m,
2H), 7.21−7.11 (m, 1H), 6.99 (dd, J = 46.4, 19.9 Hz, 2H), 6.86 (dd, J =
7.5, 1.7 Hz, 2H), 4.24 (t, J = 7.2 Hz, 1H), 3.24 (s, 2H), 3.04 (dd, J =
13.9, 6.3 Hz, 1H), 2.95−2.77 (m, 1H).

1H NMR (400 MHz, CDCl3): δ 7.45−7.36 (m, 3H), 7.31−7.21 (m,
3H), 7.20−7.13 (m, 1H), 6.97 (s, 2H), 6.86 (dd, J = 7.5, 1.7 Hz, 2H),
4.24 (t, J = 7.2 Hz, 3H), 3.24 (s, 8H), 3.04 (dd, J = 13.9, 6.3 Hz, 3H),
2.97−2.82 (m, 3H).

Massm/z: calcd for C16H18N2NaO
+ [M +Na]+, 277.1; found, 277.1.

Preparation of (S)-N-Methyl-2-(2-(2-methyl-1H-indol-3-yl)-
acetamido)-N,3-diphenylpropanamide (S-PF-74). To a stirred
solution of 2-(2-methyl-1H-indol-3-yl)acetic acid (63 mg, 0.33

Scheme 15. Preparation of Dimethyl 2-(1-(4-
Methoxybenzyl)-7-nitro-1H-indazol-3-yl)malonate

Scheme 16. Preparation of 2-(1-(4-Methoxybenzyl)-7-nitro-
1H-indazol-3-yl)acetic Acid

Scheme 17. Preparation of 2-(7-Nitro-1H-indazol-3-yl)acetic
Acid

Scheme 18. Preparation of 2-(7-Amino-1H-indazol-3-
yl)acetic Acid
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mmol) and (S)-2-amino-N-methyl-N,3-diphenylpropanamide 2,2,2-
trifluoroacetate (136 mg, 0.37 mmol) in 6 mL of dry CH2Cl2 at 0 °C
were added diisopropyl ethyl amine (108mg, 0.83mmol) and T3P 50%
solution in CH2Cl2 by weight (275 mg, 0.43 mmol) dropwise
simultaneously. The reaction mixture was allowed to stir for 1 h at 0
°C. Completion of the reaction was confirmed by LC−MS. The
reaction mixture was quenched with cold water, and the product was
extracted with CH2Cl2 and dried over anhydrous Na2SO4. The solvent
was evaporated under reduced pressure, and the crude product was
purified by flash column chromatography to afford the title compound
(113 mg, 0.26 mmol, and 80%) (Scheme 22). The product was
confirmed by 1H NMR and MS (Figure S5).

1H NMR (400 MHz, CDCl3): δ 8.00 (s, 1H), 7.41−7.31 (m, 4H),
7.29 (d, J = 8.0 Hz, 1H), 7.18−7.11 (m, 2H), 7.11−7.03 (m, 3H), 6.93
(d, J = 5.5 Hz, 2H), 6.66 (d, J = 7.1 Hz, 2H), 6.18 (d, J = 8.1 Hz, 1H),
4.78 (dd, J = 15.2, 7.1 Hz, 1H), 3.65−3.51 (m, 2H), 3.16 (s, 3H), 2.72
(dd, J = 13.3, 6.9 Hz, 1H), 2.52 (dd, J = 13.3, 7.0 Hz, 1H), 2.31 (s, 3H).
Mass m/z: calcd for C27H27N3NaO2

+ [M + Na]+, 448.2; found, 448.2.
Synthesis of R-PF-74. Preparation of (R)-tert-Butyl 1-(Methyl-

(phenyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-4).
To a stirred solution of (R)-2-(tert-butoxycarbonylamino)-3-phenyl-
propanoic acid (1.0 g, 3.77 mmol) and N-methylaniline (0.4 g, 3.77
mmol) in 20 mL of dry CH2Cl2 at 0 °C were added diisopropyl ethyl
amine (1.21 g, 9.42 mmol) and T3P 50% solution in CH2Cl2 by weight

(3.1 g, 4.9 mmol) dropwise simultaneously. The reaction mixture was
allowed to stir for 30 min at 0 °C. Completion of the reaction was
confirmed by LC−MS. The reaction mixture was quenched with cold
water, and the product was extracted with CH2Cl2 and dried over
anhydrous Na2SO4. The solvent was evaporated under reduced
pressure, and the crude product was purified by flash column
chromatography to afford the title compound (1.20 g, 3.39 mmol,
and 90%) (Scheme 23). The product was confirmed by 1H NMR and
MS.

1H NMR (400 MHz, CDCl3): δ 7.44−7.27 (m, 3H), 7.24−7.15 (m,
3H), 6.97−6.76 (m, 4H), 5.18 (d, J = 7.4 Hz, 1H), 4.53 (d, J = 6.9 Hz,
1H), 3.21 (s, 3H), 2.87 (dd, J = 13.1, 7.3 Hz, 1H), 2.68 (dd, J = 12.5, 6.6
Hz, 1H), 1.37 (s, 9H).Massm/z: calcd for C21H26N2NaO3

+ [M+Na]+,
377.2; found, 377.2.

Preparation of (R)-2-Amino-N-methyl-N,3-diphenylpropana-
mide (AP-5-8). To a stirred solution of (R)-tert-butyl 1-(methyl-
(phenyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (1.1 g, 2.82
mmol) in 15 mL of CH2Cl2 at 0 °C was added 5 mL of TFA. The
reaction mixture was then warmed to room temperature and stirred for
2 h. Completion of the reaction was confirmed by LC−MS. Volatiles
were evaporated under reduced pressure to yield the crude product,
which was codistilled with 20 mL of toluene to afford the title
compound as a trifluoroacetic acid salt (1.1 g, 2.80 mmol, and 97%) as a
viscous liquid (Scheme 24). The product was confirmed by 1H NMR
and MS.

1H NMR (400 MHz, CDCl3): δ 7.95 (s, 2H), 7.44−7.35 (m, 3H),
7.29−7.22 (m, 3H), 7.19−7.13 (m, 1H), 6.98 (d, J = 12.4 Hz, 1H), 6.86
(dd, J = 7.6, 1.7 Hz, 2H), 4.25 (t, J = 7.2Hz, 1H), 3.23 (s, 3H), 3.04 (dd,
J = 13.9, 6.4 Hz, 1H), 2.98−2.84 (m, 1H). Mass m/z: calcd for
C16H18N2NaO

+ [M + Na]+, 277.1; found, 277.1.
Preparation of (R)-N-Methyl-2-(2-(2-methyl-1H-indol-3-yl)-

acetamido)-N,3-diphenylpropanamide (R-PF-74). To a stirred
solution of 2-(2-methyl-1H-indol-3-yl)acetic acid (100 mg, 0.53
mmol) and (R)-2-amino-N-methyl-N,3-diphenylpropanamide 2,2,2-

Scheme 19. Preparation of 2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-(1H-indazol-5-yl)-N-methyl-3-phenylpropanamide
(CX17)

Scheme 20. Preparation of (S)-tert-Butyl 1-
(Methyl(phenyl)amino)-1-oxo-3-phenylpropan-2-
ylcarbamate (AP-5-5)

Scheme 21. Preparation of (S)-2-Amino-N-methyl-N,3-
diphenylpropanamide (AP-5-9)

Scheme 22. Preparation of (S)-N-Methyl-2-(2-(2-methyl-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (S-PF-74)

Scheme 23. Preparation of (R)-tert-Butyl 1-
(Methyl(phenyl)amino)-1-oxo-3-phenylpropan-2-
ylcarbamate (AP-5-4)
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trifluoroacetate (214 mg, 0.58 mmol) in 6 mL of dry CH2Cl2 at 0 °C
were added diisopropyl ethyl amine (171mg, 1.32mmol) and T3P 50%
solution in CH2Cl2 by weight (438 mg, 0.69 mmol) dropwise
simultaneously. The reaction mixture was allowed to stir for 30 min
at 0 °C. Completion of the reaction was confirmed by LC−MS. The
reaction mixture was quenched with cold water, and the product was
extracted with CH2Cl2 and dried over anhydrous Na2SO4. The solvent
was evaporated under reduced pressure, and the crude product was
purified by flash column chromatography to afford the title compound
(184 mg, 0.43 mmol, and 82%) (Scheme 25). The product was
confirmed by 1H NMR and MS (Figure S6).

1H NMR (400 MHz, CDCl3): δ 8.00 (s, 1H), 7.41−7.31 (m, 4H),
7.29 (d, J = 8.0 Hz, 1H), 7.18−7.11 (m, 2H), 7.11−7.03 (m, 3H), 6.93
(d, J = 5.7 Hz, 2H), 6.66 (d, J = 7.1 Hz, 2H), 6.18 (d, J = 8.3 Hz, 1H),
4.78 (dd, J = 15.2, 7.1 Hz, 1H), 3.67−3.46 (m, 2H), 3.16 (s, 3H), 2.72
(dd, J = 13.3, 6.9 Hz, 1H), 2.52 (dd, J = 13.3, 7.0 Hz, 1H), 2.31 (s, 3H).
Mass m/z: calcd for C27H27N3NaO2

+ [M + Na]+, 448.2; found, 448.2.
Synthesis of S-CX15. Preparation of (S)-N-Methyl-2-(2-(7-nitro-

1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (AP-5-47). To
a stirred solution of 2-(7-nitro-1H-indol-3-yl)acetic acid (100 mg, 0.5
mmol) and (S)-2-amino-N-methyl-N,3-diphenylpropanamide 2,2,2-
trifluoroacetate (184 mg, 0.55 mmol) in 20 mL of dry CH2Cl2 at 0 °C
were added diisopropyl ethyl amine (193 mg, 1.5 mmol) and T3P 50%
solution in CH2Cl2 by weight (413 mg, 0.65 mmol) dropwise
simultaneously. The reaction mixture was allowed to stir for 30 min
at 0 °C. Completion of the reaction was confirmed by LC−MS. The
reaction mixture was quenched with cold water, and the product was
extracted with CH2Cl2 and dried over anhydrous Na2SO4. The solvent
was evaporated under reduced pressure, and the crude product was
purified by flash column chromatography to afford AP-5-47 (171 mg,
0.37 mmol, and 75%) (Scheme 26). The product was confirmed by 1H
NMR and MS.

1H NMR (400 MHz, CDCl3): δ 9.85 (s, 1H), 8.17 (d, J = 8.0 Hz,
1H), 7.78 (d, J = 7.8 Hz, 1H), 7.42−7.31 (m, 3H), 7.21−7.12 (m, 2H),
7.08 (t, J = 7.2 Hz, 2H), 6.96 (t, J = 11.2 Hz, 2H), 6.72 (d, J = 7.0 Hz,
2H), 6.20 (d, J = 8.1Hz, 1H), 4.83 (dd, J = 15.2, 7.3Hz, 1H), 3.74−3.59
(m, 2H), 3.20 (s, 3H), 2.80 (dd, J = 13.5, 6.8 Hz, 1H), 2.80 (dd, J = 13.5,
6.8 Hz, 1H), 2.59 (dd, J = 13.5, 7.5 Hz, 1H). Mass m/z: calcd for
C26H25N4O4

+ [M + H]+, 457.2; found, 457.3.
Preparation of (S)-2-(2-(7-Amino-1H-indol-3-yl)acetamido)-N-

methyl-N,3-diphenylpropanamide (S-CX15). At room temperature,
Pd/C (10%, 30mg) was added to as stirred solution of (S)-N-methyl-2-
(2-(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (90
mg, 0.2 mmol) in EtOH (15 mL) and stirred under a Hydrogen
atmosphere at room temperature for 16 h. Completion of the reaction
was confirmed by LC−MS, the reaction was filtered over Celite, and the
filter bed was washed with EtOH (20 mL). The combined organic
portions were evaporated to afford the crude product, which was

purified by flash column chromatography to afford the title compound
(63 mg, 0.15 mmol, and 75%) (Scheme 27). The product was
confirmed by 1H NMR and MS (Figure S7).

1H NMR (400 MHz, DMSO): δ 10.35 (s, 1H), 8.19 (d, J = 7.7 Hz,
1H), 7.53−7.30 (m, 3H), 7.26−7.03 (m, 5H), 6.96 (s, 1H), 6.79 (d, J =
3.6Hz, 2H), 6.68−6.54 (m, 2H), 6.38−6.06 (m, 1H), 4.93 (s, 2H), 4.44
(d, J = 4.4 Hz, 1H), 3.51−3.34 (m, 2H), 3.13 (s, 3H), 2.81 (dd, J = 13.3,
4.4 Hz, 1H), 2.71−2.55 (m, 1H).Massm/z: calcd for C26H27N4O2

+ [M
+ H]+, 427.2; found, 427.3.

Synthesis of R-CX15. Preparation of (R)-N-Methyl-2-(2-(7-nitro-
1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (AP-5-46). To
a stirred solution of 2-(7-nitro-1H-indol-3-yl)acetic acid (100 mg, 0.45
mmol) and (R)-2-amino-N-methyl-N,3-diphenylpropanamide 2,2,2-
trifluoroacetate (184 mg, 0.5 mmol) in 20 mL of dry CH2Cl2 at 0 °C
were added diisopropyl ethyl amine (175mg, 1.36mmol) and T3P 50%
solution in CH2Cl2 by weight (376 mg, 1.36 mmol) dropwise
simultaneously. The reaction mixture was allowed to stir for 1 h at 0
°C. Completion of the reaction was confirmed by LC−MS. The
reaction mixture was quenched with cold water, and the product was
extracted with CH2Cl2 and dried over anhydrous Na2SO4. The solvent
was evaporated under reduced pressure, and the crude product was
purified by flash column chromatography to afford 9 (144 mg, 0.32
mmol, and 70%) (Scheme 28). The product was confirmed by 1H
NMR and MS.

1H NMR (400 MHz, CDCl3): δ 9.85 (s, 1H), 8.17 (d, J = 8.0 Hz,
1H), 7.78 (d, J = 7.8 Hz, 1H), 7.43−7.28 (m, 3H), 7.21−7.12 (m, 2H),
7.08 (t, J = 7.2 Hz, 2H), 6.96 (t, J = 11.2 Hz, 2H), 6.72 (d, J = 7.0 Hz,
2H), 6.21 (d, J = 8.1Hz, 1H), 4.83 (dd, J = 15.2, 7.3 Hz, 1H), 3.76−3.59
(m, 2H), 3.20 (s, 3H), 2.80 (dd, J = 13.4, 6.7Hz, 1H), 2.59 (dd, J = 13.5,
7.4 Hz, 1H).Massm/z: calcd for C26H25N4O4

+ [M+H]+, 457.2; found,
457.3.

Preparation of (R)-2-(2-(7-Amino-1H-indol-3-yl)acetamido)-N-
methyl-N,3-diphenylpropanamide (R-CX15). To as stirred solution
of (R)-N-methyl-2-(2-(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphe-
nylpropanamide (90 mg, 0.2 mmol) in EtOH (15 mL) at room
temperature Pd/C (10%, 30 mg) was added and stirred under a
hydrogen atmosphere at room temperature for 16 h. Completion of the
reaction was confirmed by LC−MS, the reaction was filtered over
Celite, and the filter bed was washed with EtOH (20 mL). The
combined organic portions were evaporated to afford the crude
product, which was purified by flash column chromatography to afford
the title compound (60 mg, 0.14 mmol, and 70%) (Scheme 29). The
product was confirmed by 1H NMR and MS (Figure S8).

1H NMR (400 MHz, DMSO): δ 10.35 (s, 1H), 8.19 (d, J = 7.8 Hz,
1H), 7.52−7.26 (m, 3H), 7.17 (dd, J = 26.0, 5.1 Hz, 5H), 6.97 (s, 1H),
6.79 (d, J = 3.6 Hz, 2H), 6.65 (dd, J = 7.6, 5.4 Hz, 2H), 6.28 (dd, J = 8.2,
4.4Hz, 1H), 4.92 (s, 2H), 4.55−4.31 (m, 1H), 3.49−3.34 (m, 2H), 3.13
(s, 3H), 2.81 (dd, J = 13.3, 4.5 Hz, 1H), 2.64 (dd, J = 13.3, 9.5 Hz, 1H).
Mass m/z: calcd for C26H27N4O2

+ [M + H]+, 427.3; found, 427.3.
Synthesis of S-CX16. Preparation of N-Methyl-1H-indazol-5-

amine (AP-5-69). To a stirred solution of tert-butyl 5-(2,2,2-trifluoro-
N-methylacetamido)-1H-indazole-1-carboxylate (prepared as reported
procedure JMC, 2016, 59, 3793−3807) (5.84 g, 17.01 mmol) in
methanol (90 mL) and water (45 mL) at room temperature, potassium
carbonate (11.75 g, 85.05 mmol) was added. The reaction was heated
to 85 °C and stirred overnight with a condenser. The reaction was
cooled down and neutralized with 1 N HCl. The aqueous layer was
extracted with ethyl acetate (2 × 100 mL), washed with aq NaCl (2 ×
100 mL), dried over Na2SO4, and concentrated. The crude product was

Scheme 24. Preparation of (R)-2-Amino-N-methyl-N,3-
diphenylpropanamide (AP-5-8)

Scheme 25. Preparation of (R)-N-Methyl-2-(2-(2-methyl-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (R-PF-74)
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purified by flash column chromatography to afford the title compound
as a white solid (1.5 g, 10.2 mmol, and 60%) (Scheme 30). The product
was confirmed by 1H NMR and MS.

1H NMR (400 MHz, DMSO): δ 12.63 (s, 1H), 7.74 (d, J = 15.2 Hz,
1H), 7.28 (t, J = 9.3 Hz, 1H), 6.82−6.74 (m, 1H), 6.63−6.50 (m, 1H),
5.38 (t, J = 9.8 Hz, 1H), 2.68 (d, J = 4.7 Hz, 3H). Mass m/z: calcd for
C8H10N3

+ [M + H]+, 147.0; found, 147.0.
Preparation of (S)-tert-Butyl 1-((1H-Indazol-5-yl)(methyl)amino)-

1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-93). To a stirred
solution of N-methyl-1H-indazol-5-amine (600 mg, 4.08 mmol) and
(S)-2-(tert-butoxycarbonylamino)-3-phenylpropanoic acid (1.08 g,
4.08 mmol) in 15 mL of dry CH2Cl2 at 0 °C were added diisopropyl
ethyl amine (1.58 g, 12.24 mmol) and T3P 50% solution in CH2Cl2 by
weight (3.11 g, 4.89 mmol) dropwise simultaneously. The reaction
mixture was allowed to stir for 1 h at 0 °C. Completion of the reaction
was confirmed by LC−MS. The reaction mixture was quenched with
cold water, and the product was extracted with CH2Cl2 and dried over
anhydrous Na2SO4. The solvent was evaporated under reduced
pressure, and the crude product was purified by flash column
chromatography to afford the title compound (1.05 g, 2.65 mmol,
and 65%) (Scheme 31). The product was confirmed by 1H NMR and
MS.

1H NMR (400 MHz, CDCl3): δ 10.41 (s, 1H), 8.13−7.73 (m, 1H),
7.51−7.33 (m, 1H), 7.31−7.09 (m, 5H), 7.01−6.71 (m, 3H), 5.15 (d, J
= 57.7 Hz, 1H), 4.45 (d, J = 7.3 Hz, 1H), 3.22 (m, 3H), 2.91 (dt, J =
17.3, 9.4 Hz, 1H), 2.74 (dd, J = 12.7, 5.9 Hz, 1H), 1.39 (s, 9H).Massm/
z: calcd for C22H27N4O3

+ [M + H]+, 395.2; found, 395.3.
Preparation of (S)-2-Amino-N-(1H-indazol-5-yl)-N-methyl-3-phe-

nylpropanamide (AP-5-99). To a stirred solution of (S)-tert-butyl 1-
((1H-indazol-5-yl)(methyl)amino)-1-oxo-3-phenylpropan-2-ylcarba-
mate (1.04 g, 2.64 mmol) in 16 mL of CH2Cl2 at 0 °C was added 4 mL
of TFA. The reaction mixture was then warmed to room temperature
and stirred for 2 h. Completion of the reaction was confirmed by LC−
MS. Volatiles were evaporated under reduced pressure to yield the
crude product, which was codistilled with 20 mL of toluene to afford
title compound as a TFA salt (1.07 mg, 2.64 mmol, and 100%) as a

viscous liquid (Scheme 32). The product was confirmed by 1H NMR
and MS.

1H NMR (400 MHz, DMSO): δ 13.31 (s, 1H), 8.30 (s, 2H), 8.17−
7.93 (m, 1H), 7.70−7.45 (m, 1H), 7.47−7.05 (m, 4H), 6.94−6.74 (m,
2H), 3.18 (m, 3H), 3.06−2.91 (m, 1H), 2.88−2.73 (m, 1H).Massm/z:
calcd for C17H19N4O

+ [M + H]+, 295.2; found, 295.1.
Preparation of (S)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(2-methyl-

1H-indol-3-yl)acetamido)-3-phenylpropanamide (S-CX16). To a
stirred solution of 2-(2-methyl-1H-indol-3-yl)acetic acid (70 mg, 0.37
mmol) and (S)-2-amino-N-(1H-indazol-5-yl)-N-methyl-3-phenylpro-
panamide 2,2,2-trifluoroacetate (166 mg, 0.41 mmol) in 7 mL of dry
CH2Cl2 at 0 °C were added diisopropyl ethyl amine (143 mg, 1.11
mmol) and T3P 50% solution in CH2Cl2 by weight (282 mg, 0.44
mmol) dropwise simultaneously. The reaction mixture was allowed to
stir for 30 min at 0 °C. Completion of the reaction was confirmed by
LC−MS. The reaction mixture was quenched with cold water, and the
product was extracted with CH2Cl2 and dried over anhydrous Na2SO4.
The solvent was evaporated under reduced pressure, and the crude
product was purified by reverse phase HPLC to afford the title
compound (69 mg, 0.15 mmol, and 40%) (Scheme 33). The product
was confirmed by 1H NMR and MS (Figure S9).

1H NMR (400 MHz, CDCl3): δ 10.87 (s, 1H), 8.33−8.09 (m, 1H),
8.05−7.76 (m, 1H), 7.43−7.30 (m, 1H), 7.31−7.23 (m, 3H), 7.20 (dd,
J = 9.2, 5.6 Hz, 1H), 7.16−7.04 (m, 4H), 6.73 (t, J = 11.0 Hz, 2H),
6.51−6.18 (m, 1H), 4.78 (dt, J = 14.9, 7.4 Hz, 1H), 3.70−3.48 (m, 2H),
3.20 (s, 3H), 2.80 (dt, J = 23.6, 11.8 Hz, 1H), 2.62 (dd, J = 13.1, 6.5 Hz,

Scheme 26. Preparation of (S)-N-Methyl-2-(2-(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (AP-5-47)

Scheme 27. Preparation of (S)-2-(2-(7-Amino-1H-indol-3-
yl)acetamido)-N-methyl-N,3-diphenylpropanamide (S-
CX15)

Scheme 28. Preparation of (R)-N-Methyl-2-(2-(7-nitro-1H-indol-3-yl)acetamido)-N,3-diphenylpropanamide (AP-5-46)

Scheme 29. Preparation of (R)-2-(2-(7-Amino-1H-indol-3-
yl)acetamido)-N-methyl-N,3-diphenylpropanamide (R-
CX15)

Scheme 30. Preparation of N-Methyl-1H-indazol-5-amine
(AP-5-69)
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1H), 2.37−2.15 (m, 3H). Massm/z: calcd for C28H28N5O2
+ [M +H]+,

466.2; found, 466.3.
Synthesis of R-CX16. Preparation of (R)-tert-Butyl 1-((1H-Indazol-

5-yl)(methyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-
72). To a stirred solution of (R)-2-(tert-butoxycarbonylamino)-3-
phenylpropanoic acid (1.2 g, 4.52 mmol) and N-methyl-1H-indazol-5-
amine (665mg, 4.52mmol) in 20mL of dry CH2Cl2 at 0 °Cwere added
diisopropyl ethyl amine (1.46 g, 11.3 mmol) and T3P 50% solution in
CH2Cl2 by weight (3.74 g, 5.87 mmol) dropwise simultaneously. The
reaction mixture was allowed to stir for 30 min at 0 °C. Completion of
the reaction was confirmed by LC−MS. The reaction mixture was
quenched with cold water, and the product was extracted with CH2Cl2
and dried over anhydrous Na2SO4. The solvent was evaporated under
reduced pressure, and the crude product was purified by flash column
chromatography to afford the title compound (0.74 g, 1.89 mmol, and
45%) (Scheme 34). The product was confirmed by 1H NMR and MS.

1H NMR (400 MHz, CDCl3): δ 10.59 (s, 1H), 8.04−7.87 (m, 1H),
7.43−7.29 (m, 2H), 7.29−7.16 (m, 4H), 6.94 (d, J = 6.6 Hz, 2H),
6.87−6.78 (m, 1H), 5.30 (t, J = 4.3 Hz, 1H), 4.47 (d, J = 7.1 Hz, 1H),
4.17−4.04 (m, 1H), 3.23 (s, 3H), 2.95 (dd, J = 12.9, 8.4 Hz, 1H), 2.89
(s, 1H), 2.76 (dd, J = 12.8, 6.0 Hz, 1H), 1.42 (d, J = 23.6 Hz, 8H). Mass
m/z: calcd for C22H26N4NaO3

+ [M + Na]+, 417.2; found, 417.3.
Preparation of (R)-2-Amino-N-(1H-indazol-5-yl)-N-methyl-3-

phenylpropanamide (AP-5-73). To a stirred solution of (R)-tert-
butyl 1-((1H-indazol-5-yl)(methyl)amino)-1-oxo-3-phenylpropan-2-
ylcarbamate (720 mg, 1.82 mmol) in 16 mL of CH2Cl2 at 0 °C was
added 4 mL of TFA. The reaction mixture was then warmed to room
temperature and stirred for 2 h. Completion of the reaction was
confirmed by LC−MS. Volatiles were evaporated under reduced
pressure to yield the crude product, which was codistilled with 20mL of
toluene to afford the title compound as a TFA salt (745 mg, 1.79 mmol,
and 98%) as a viscous liquid (Scheme 35). The product was confirmed
by 1H NMR and MS.

1H NMR (400 MHz, MeOD): δ 8.18−7.79 (m, 1H), 7.74−7.08 (m,
5H), 6.90 (d, J = 7.2 Hz, 2H), 3.92 (s, 1H), 3.27 (s, 3H), 3.16−3.00 (m,

1H), 2.84 (dd, J = 13.2, 6.4 Hz, 1H). Mass m/z: calcd for
C17H18N4NaO

+ [M + Na]+, 317.1; found, 317.1.
Preparation of (R)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(2-methyl-

1H-indol-3-yl)acetamido)-3-phenylpropanamide (R-CX16). To a
stirred solution of 2-(2-methyl-1H-indol-3-yl)acetic acid (70 mg, 0.37
mmol) and (R)-2-amino-N-(1H-indazol-5-yl)-N-methyl-3-phenylpro-
panamide 2,2,2-trifluoroacetate (151 mg, 0.37 mmol) in 7 mL of dry
CH2Cl2 at 0 °C were added diisopropyl ethyl amine (143 mg, 1.11
mmol) and T3P 50% solution in CH2Cl2 by weight (282 mg, 0.44
mmol) dropwise simultaneously. The reaction mixture was allowed to
stir for 30 min at 0 °C. Completion of the reaction was confirmed by
LC−MS. The reaction mixture was quenched with cold water, and the
product was extracted with CH2Cl2 and dried over anhydrous Na2SO4.
The solvent was evaporated under reduced pressure, and the crude
product was purified by reverse phase HPLC to afford the title
compound (74 mg, 0.16 mmol, and 43%) (Scheme 36). The product
was confirmed by 1H NMR and MS (Figure S10).

1H NMR (400 MHz, CDCl3): δ 10.86 (s, 1H), 8.16 (s, 1H), 7.95 (s,
1H), 7.37 (t, J = 9.2 Hz, 1H), 7.31−7.23 (m, 3H), 7.20 (t, J = 7.4 Hz,
3H), 7.16−7.05 (m, 3H), 6.75 (d, J = 7.2 Hz, 2H), 6.36 (d, J = 8.4 Hz,
2H), 4.77 (dd, J = 14.8, 7.9 Hz, 2H), 3.74−3.52 (m, 2H), 3.20 (s, 3H),
2.81 (dd, J = 13.1, 7.9 Hz, 1H), 2.62 (dd, J = 13.1, 6.5 Hz, 1H), 2.29 (s,
3H). Massm/z: calcd for C28H28N5O2

+ [M + H]+, 466.2; found, 466.3.
Synthesis of S-CX17. Preparation of (S)-N-(1H-Indazol-5-yl)-N-

methyl-2-(2-(7-nitro-1H-indazol-3-yl)acetamido)-3-phenylpropa-
namide (102). To a stirred solution of 2-(7-nitro-1H-indazol-3-
yl)acetic acid (100mg, 0.45 mmol) and (S)-2-amino-N-(1H-indazol-5-
yl)-N-methyl-3-phenylpropanamide 2,2,2-trifluoroacetate (203 mg,
0.49 mmol) in 6 mL of dry CH2Cl2 at 0 °C were added diisopropyl
ethyl amine (175 mg, 1.36 mmol) and T3P 50% solution in CH2Cl2 by
weight (374 mg, 0.58 mmol) dropwise simultaneously. The reaction
mixture was allowed to stir for 30 min at 0 °C. Completion of the
reaction was confirmed by LC−MS. The reaction mixture was
quenched with cold water, and the product was extracted with
CH2Cl2 and dried over anhydrous Na2SO4. The solvent was evaporated
under reduced pressure, and the crude product was purified by flash
column chromatography to afford the title compound (115 mg, 0.23
mmol, and 51%) (Scheme 37). The product was confirmed by 1H
NMR and MS.

1HNMR (400MHz, DMSO): δ 13.63 (s, 1H), 13.14 (d, J = 35.9 Hz,
1H), 8.72 (d, J = 7.9 Hz, 1H), 8.30 (dd, J = 7.8, 0.7 Hz, 1H), 8.03 (s,
1H), 7.97 (d, J = 7.7 Hz, 1H), 7.50 (t, J = 12.2 Hz, 1H), 7.28−7.18 (m,
1H), 7.18−7.01 (m, 4H), 6.87−6.66 (m, 2H), 4.53−4.34 (m, 1H), 3.85
(s, 2H), 3.23−3.11 (m, 3H), 3.02−2.85 (m, 1H), 2.70 (dd, J = 13.4, 9.2
Hz, 1H). Mass m/z: calcd for C26H24N7O4

+ [M + H]+, 498.2; found,
498.2.

Scheme 31. Preparation of (S)-tert-Butyl 1-((1H-Indazol-5-yl)(methyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-93)

Scheme 32. Preparation of (S)-2-Amino-N-(1H-indazol-5-
yl)-N-methyl-3-phenylpropanamide (AP-5-99)

Scheme 33. Preparation of (S)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(2-methyl-1H-indol-3-yl)acetamido)-3-phenylpropanamide
(S-CX16)
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Preparation of (S)-2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-
(1H-indazol-5-yl)-N-methyl-3-phenylpropanamide (S-CX17). To as
stirred solution of (S)-N-(1H-indazol-5-yl)-N-methyl-2-(2-(7-nitro-
1H-indazol-3-yl)acetamido)-3-phenylpropanamide (110 mg, 0.22
mmol) in EtOH (10 mL) at room temperature Pd/C (10%, 30 mg)
was added and stirred under a hydrogen atmosphere at room
temperature for 16 h. Completion of the reaction was confirmed by
LC−MS, the reaction was filtered over Celite, and the filter bed was
washed with EtOH (20 mL). The combined organic portions were
evaporated to afford the crude product, which was purified by flash
column chromatography to afford the title compound (80 mg, 0.17
mmol, and 77.6%) (Scheme 38). The product was confirmed by 1H
NMR and MS (Figure S11).

1HNMR (400MHz, DMSO): δ 13.14 (d, J = 36.9 Hz, 1H), 12.24 (s,
1H), 8.48 (d, J = 7.9 Hz, 1H), 8.03 (d, J = 24.3 Hz, 1H), 7.47 (dd, J =
21.3, 11.4Hz, 1H), 7.25−6.96 (m, 4H), 6.78 (t, J = 13.5Hz, 2H), 6.75−
6.61 (m, 2H), 6.40 (dd, J = 5.8, 2.2 Hz, 1H), 5.20 (s, 2H), 4.51−4.32
(m, 1H), 3.66 (s, 2H), 3.15 (d, J = 5.2 Hz, 3H), 2.92 (dd, J = 13.4, 5.4
Hz, 1H), 2.78−2.62 (m, 1H). Mass m/z: calcd for C26H26N7O2

+ [M +
H]+, 468.2; found, 468.2.
Synthesis of R-CX17. Preparation of (R)-N-(1H-Indazol-5-yl)-N-

methyl-2-(2-(7-nitro-1H-indazol-3-yl)acetamido)-3-phenylpropa-
namide (AP-5-104). To a stirred solution of 2-(7-nitro-1H-indazol-3-
yl)acetic acid (150mg, 0.68mmol) and (R)-2-amino-N-(1H-indazol-5-
yl)-N-methyl-3-phenylpropanamide 2,2,2-trifluoroacetate (305 mg,
0.75 mmol) in 7 mL of dry CH2Cl2 at 0 °C were added diisopropyl
ethyl amine (263 mg, 2.04 mmol) and T3P 50% solution in CH2Cl2 by
weight (562 mg, 0.88 mmol) dropwise simultaneously. The reaction
mixture was allowed to stir for 30 min at 0 °C. Completion of the
reaction was confirmed by LC−MS. The reaction mixture was
quenched with cold water, and the product was extracted with
CH2Cl2 and dried over anhydrous Na2SO4. The solvent was evaporated
under reduced pressure, and the crude product was purified by flash
column chromatography to afford the title compound (237 mg, 0.47
mmol, and 70%) (Scheme 39). The product was confirmed by 1H
NMR and MS.

1H NMR (400 MHz, DMSO): δ 13.63 (s, 1H), 13.19 (s, 1H), 8.72
(d, J = 8.0 Hz, 1H), 8.30 (d, J = 7.2 Hz, 1H), 8.03 (s, 1H), 7.97 (d, J =
7.5 Hz, 1H), 7.59−7.39 (m, 2H), 7.23 (t, J = 7.9 Hz, 1H), 7.19−7.04
(m, 3H), 6.80 (d, J = 6.6 Hz, 2H), 4.43 (d, J = 5.1 Hz, 1H), 3.84 (d, J =
12.0 Hz, 2H), 3.21−3.10 (m, 3H), 2.95 (dd, J = 13.3, 5.1 Hz, 1H), 2.70
(dd, J = 13.5, 9.3 Hz, 1H). Massm/z: calcd for C26H24N7O4

+ [M +H]+,
498.2; found, 498.3.

Preparation of (R)-2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-
(1H-indazol-5-yl)-N-methyl-3-phenylpropanamide (R-CX17). To as
stirred solution of (R)-N-(1H-indazol-5-yl)-N-methyl-2-(2-(7-nitro-
1H-indazol-3-yl)acetamido)-3-phenylpropanamide (160 mg, 0.32
mmol) in EtOH (10 mL) at room temperature Pd/C (10%, 40 mg)
was added and stirred under a hydrogen atmosphere at room
temperature for 16 h. Completion of the reaction was confirmed by
LC−MS, the reaction was filtered over Celite, and the filter bed was
washed with EtOH (20 mL). The combined organic portions were
evaporated to afford the crude product, which was purified by flash
column chromatography to afford the title compound (100 mg, 0.21
mmol, and 66.7%) (Scheme 40). The product was confirmed by 1H
NMR and MS (Figure S12).

1H NMR (400 MHz, DMSO): δ 13.18 (s, 1H), 12.24 (s, 1H), 8.48
(d, J = 7.9 Hz, 1H), 8.00 (s, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.35 (d, J =
39.0 Hz, 1H), 7.22−6.99 (m, 4H), 6.80 (d, J = 6.7 Hz, 2H), 6.74−6.63
(m, 2H), 6.46−6.36 (m, 1H), 5.20 (s, 2H), 4.49−4.32 (m, 1H), 3.66 (s,
2H), 3.22−3.09 (m, 4H), 2.92 (dd, J = 13.3, 5.4 Hz, 1H), 2.69 (dd, J =
13.3, 8.8 Hz, 1H). Mass m/z: calcd for C26H26N7O2

+ [M + H]+, 468.3;
found, 468.2.

Metabolic Stability Evaluation of PF-74 in Human Liver
Microsomes. Metabolic stability analysis was performed in human
liver microsomes as outlined in Lu et al.38 and was performed by HD
Biosciences (Shanghai, China).

Cells. Human embryonic kidney 293T cells (a gift from Dr. Irwin
Chaiken, Drexel University, Philadelphia, PA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS, 100 U/
mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine.
Human astroglioma U87 cells stably expressing CD4/CCR5 or CD4/
CXCR4 (obtained from Prof. Hongkui Deng, Peking University, and
Prof. Dan Littman, New York University, USA, through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH)39,40 were cultured in DMEM supplemented with 10% FBS, 100
U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 300 μg/
mLG418 (Thermo Scientific, Waltham,MA), and 1 μg/mL puromycin
(Thermo Scientific). Cells were incubated continuously, unless
otherwise stated, at 37 °C in a humidified 5% CO2/95% air
environment.

Proteins. IgG b12 anti HIV-1 gp120 was obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH (anti-HIV-1

Scheme 34. Preparation of (R)-tert-Butyl 1-((1H-Indazol-5-yl)(methyl)amino)-1-oxo-3-phenylpropan-2-ylcarbamate (AP-5-72)

Scheme 35. Preparation of (R)-2-Amino-N-(1H-indazol-5-
yl)-N-methyl-3-phenylpropanamide (AP-5-73)

Scheme 36. Preparation of (R)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(2-methyl-1H-indol-3-yl)acetamido)-3-phenylpropanamide
(R-CX16)
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gp120 monoclonal (IgG1 b12) from Dr. Dennis Burton and Carlos
Barbas); p24 was produced in-house as previously described.41 Briefly,
a vector containing C-terminally His-tagged HIV-1NL4‑3 CA (a gift from
Dr. Eric Barklis, Oregon Health and Science University, Portland, OR)
was transformed into BL21-Codon Plus (DE3)-RIL Competent Cells
(Agilent Technologies, Wilmington, DE) and grown in an auto-
induction ZYP-5052 medium overnight with shaking (225 rpm) at 30
°C.42 Bacterial cultures were spun down at 7000 rpm, and the
supernatant was discarded. Cell pellets were resuspended in PBS and
lysed via sonication. The resultant supernatant was clarified and
immediately applied to a Talon cobalt resin affinity column (Clontech
Laboratories, Mountain View, CA). Protein was eluted using 1X PBS
with 250 mM imidazole. Purified CA-H6 monomers were dialyzed
overnight into 20 mM Tris-HCl pH 8.0 at 4 °C, concentrated to 120
μM, flash-frozen in liquid nitrogen, aliquoted, and stored at −80 °C.
The CA hexamer was generated by introducing mutations at the
following sites: A14C, E45C, W184A, and M185A through site-
directed mutagenesis (Stratagene). The CA hexamer construct was
expressed and purified following the same protocol as described above.
After purification, the CA-H6 hexamers were dialyzed into 200 mM
ßME followed by sequential dialysis to slowly remove ßME to allow for
hexamer assembly.

Production of Mutant CA Hexamers. PCR was performed
following the Platinum SuperFi DNA Polymerase protocol (Invi-
trogen) to introduce site-directed mutations. Primers for site-directed
mutagenesis used can be found in Table S3. After PCR amplification,
the samples were treated with 1 μL/μg DpnI for an hour and a half to
ensure digestion. The digested amplicon and digested plasmid DNA
were transformed, and mutations were confirmed via Sanger
sequencing through Genewiz. Protein expression and purification
were performed as described above. Briefly, mutant CA was
transformed into Bl21 DE3 (RIL) (Agilent Technologies) and
expressed in ZYP5052 overnight at 30 °C with shaking at 250 rpm.
The cells were then sonicated, and the clarified lysate was purified via
cobalt affinity chromatography. After sequential dialysis, the assembled
CA hexamers underwent size-exclusion chromatography using a
Superdex, 200 Increase 10/300 GL column to isolate pure hexamers.

Production of Pseudotyped Viruses. Single-round infectious
envelope-pseudotyped luciferase-reporter viruses were produced by
dual transfection of two vectors (3 μg of vector 1 and 4 μg of vector 2) in
6-well plated 293T cells (1 × 106 cells/well).40 Vector 1 is an envelope-
deficient HIV-1 pNL4-3-Luc+R-E plasmid that carries the luciferase-
reporter gene.43 Vector 2 is a plasmid expressing the HIV-1BG505 gp160
Env.44 Transfections of these vectors were carried out via calcium
phosphate (ProFection Mammalian Transfection System, Promega,

Scheme 37. Preparation of (S)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(7-nitro-1H-indazol-3-yl)acetamido)-3-phenylpropanamide
(102)

Scheme 38. Preparation of (S)-2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-(1H-indazol-5-yl)-N-methyl-3-
phenylpropanamide (S-CX17)

Scheme 39. Preparation of (R)-N-(1H-Indazol-5-yl)-N-methyl-2-(2-(7-nitro-1H-indazol-3-yl)acetamido)-3-phenylpropanamide
(AP-5-104)

Scheme 40. Preparation of (R)-2-(2-(7-Amino-1H-indazol-3-yl)acetamido)-N-(1H-indazol-5-yl)-N-methyl-3-
phenylpropanamide (R-CX17)
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Madison, WI) for 5 h. Following the 5 h transfection incubation, the
DNA-containing medium was removed, and cells were washed with
DMEM and replenished with fresh culture media. Supernatants
containing pseudoviruses were collected 72 h post-transfection,
clarified, filtered, aliquoted, and stored at −80 °C.
ELISA-Based Quantification of p24 Content. An ELISA plate

was coated with 50 ng of mouse anti-p24 (Abcam, ab9071) overnight at
4 °C, blocked with 3% BSA for 2 h at room temperature, and washed
with 0.5% Tween in PBS. Pseudoviral stocks were lysed with 0.1%
Triton X-100 (Sigma-Aldrich, St. Louis, MO) at 37 °C for 1 h and
added to the plate overnight at 4 °C. Simultaneously, the p24 protein
(produced, purified, and validated as described above) was added for
the generation of a standard curve. Following the overnight incubation,
the plate was washed with PBST, and 1:5000 dilution of rabbit anti-p24
(Abcam, ab63913) was added for 2 h at room temperature. After
washing the unbound rabbit anti-p24 off the plate with PBST, goat anti-
rabbit-HRP at a 1:5000 dilution was added for 1 h at room temperature.
The plate was then extensively washed with PBST. Subsequently, a
solution of 0.4 mg/mL o-phenylenediamine in a phosphate−citrate
buffer with sodium perborate (Sigma-Aldrich) was added and
incubated in the dark for 30 min. Optical densities were then obtained
at 450 nm in a Multiskan GO microplate spectrophotometer (Thermo
Scientific).
Single-Round Infection Assay. The details of the single-round

HIV-1 infection assay have been published previously.43,45,46 Briefly,
U87.CD4.CCR5/CXCR4 (1.2 × 104 cells/well) target cells were
seeded in 96-well luminometer-compatible tissue culture plates
(Greiner Bio-One). After 24 h, compounds and DMSO (vehicle
control for compounds, Sigma) were mixed with pseudotyped viruses
(normalized to p24 content), and the mixture was added to the target
cells and incubated for 48 h at 37 °C. Following this, the medium was
removed from each well, and the cells were lysed by the addition of 50
μL/well luciferase lysis buffer (Promega) and one freeze−thaw cycle. A
GloMax 96 microplate luminometer (Promega) was used to measure
the luciferase activity of each well after the addition of 50 μL/well
luciferase assay substrate (Promega).
Cellular Toxicity. The viability of the U87.CD4.CCR5/CXCR4

cells was determined by the Cell Counting Kit-8 cell proliferation and
cytotoxicity assay (Dojindo Molecular Technologies, Rockville, MD)
as per the manufacturer’s instructions. U87.CD4.CCR5/CXCR4 cells
were seeded at a density of 1.2 × 104 cells/well in 96-well tissue culture
plates (Olympus plastics) 24 h before treatment. Cells were treated
with compounds (1mM−0.3 μM) or DMSO (Sigma) for 48 h at 37 °C.
Subsequently, 10 μL of the CCK-8 solution was added to each well and
allowed to incubate at 37 °C for 4 h before absorbance at 450 nm was
measured in a Multiskan GO microplate spectrophotometer (Thermo
Scientific). Untreated cells were used as a medium control, and 0.1%
SDS-treated cells served as a positive control. The 50% cytotoxicity
(CC50) value was defined as the concentration of the compounds that
reduced the absorbance of treated cells by 50% as compared with
control cells.
SPR Direct Interaction Analysis. All binding assays were

performed on a ProteOn XPR36 SPR Protein Interaction Array System
(Bio-Rad Laboratories, Hercules, CA). The instrument temperature
was set at 25 °C for all kinetic analyses. ProteOnGLH sensor chips were
preconditioned with two short pulses each (10 s) of 50mMNaOH, 100
mM HCl, and 0.5% sodium dodecyl sulfide. Then, the system was
equilibrated with PBST buffer (20 mM sodium phosphate, 150 mM
NaCl, and 0.005% polysorbate 20, pH 7.4). The surface of a GLH
sensor chip was activated with a 1:100 dilution of a 1:1 mixture of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (0.2 M)
and sulfo-N-hydroxysuccinimide (0.05 M). Immediately after chip
activation, the HIV-1 NL4-3 capsid protein constructs, purified as
described above, were prepared at a concentration of 100 μg/mL in 10
mM sodium acetate, pH 5.0, and injected across ligand flow channels
for 5 min at a flow rate of 30 uL/min. Then, after unreacted protein had
been washed out, excess active ester groups on the sensor surface were
capped by a 5min injection of 1M ethanolamineHCl (pH 8.0) at a flow
rate of 5 μL/min. A reference surface was similarly created by
immobilizing a nonspecific protein (IgG b12 anti-HIV-1 gp120 was

obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH; anti-HIV-1 gp120 monoclonal (IgG1 b12) from Dr.
Dennis Burton and Carlos Barbas) and was used as a background to
correct nonspecific binding. To prepare a compound for direct binding
analysis, compound stock solutions, along with 100% DMSO and
totaling 30 μL, were made to a final volume of 1 mL by addition of
sample preparation buffer (PBS, pH 7.4). Preparation of analytes in this
manner ensured that the concentration of DMSO was matched with
that of running buffer with 3% DMSO. Serial dilutions were then
prepared in the running buffer (PBS, 3% DMSO, and 0.005%
polysorbate 20, pH 7.4) and injected at a flow rate of 100 μL/min,
for a 1 min association phase followed by up to a 5 min dissociation
phase using the “one-shot kinetics” capability of the Proteon
instrument. Data were analyzed using ProteOn Manager Software
version 3.0 (Bio-Rad). The responses from the reference flow cell were
subtracted to account for the nonspecific binding and injection artifacts.
Experimental data were fitted to a simple 1:1 binding model (where
applied). The average kinetic parameters (association [ka] and
dissociation [kd] rates) generated from 3−6 data sets were used to
define the equilibrium dissociation constant (KD).

Binding site analysis via SPR was conducted similarly to that in
Kortagere et al.31 Wild-type and mutant HIV-1 CA hexamer proteins
were attached to the surface of a GLH sensor chip by standard amine
chemistry as described above. Compounds were injected over these
surfaces at a concentration of 50 μMat a flow rate of 100 μL/min, for a 1
min association phase, and the response at equilibrium was recorded.
For comparison and to take into account minor differences in the ligand
density of the mutant surfaces, responses were normalized to the
theoretical maximum response (Rmax) for a given surface, assuming a
1:1 interaction. The responses from at least 3 replicate injections over
each CA surface were analyzed.

Molecular Docking and Electrostatic Complementarity (EC)
Analysis. Electrostatic complementarity analysis was achieved using
Flare 2.0.1 (Cresset, Litlington, Cambridgeshire, UK; http://www.
cresset-group.com/forge/) for the wt and in silicomutatedHIV-1NL4-
3 capsid protein.
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