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Abstract

CK-666 (1) is a recently discovered small molecule inhibitor of the Arp2/3 complex, a key actin
cytoskeleton regulator with roles in bacterial pathogenesis and motility of cancer cells. While 1 is
commercially available, the crystal structure of Arp2/3 (Actin-related protein 2/3) complex with 1
bound has not been reported, making its mechanism of action uncertain. Furthermore, its relatively
low potency increases its potential for off target effects in vivo, complicating interpretation of its
influence in cell biological studies and precluding its use in clinical applications. Here we report
the crystal structure of 1 bound to Arp2/3 complex, which reveals that 1 binds between the Arp2
and Arp3 subunits to stabilize the inactive conformation of the complex. Based on the crystal
structure, we used computational docking and free energy perturbation calculations of
monosubstituted derivatives of 1 to guide optimization efforts. Biochemical assays of ten newly
synthesized compounds led to the identification of compound 2, which exhibits a 3 fold increase
in inhibitory activity in vitro. In addition, our computational analyses unveiled a surface groove at
the interface of the Arp2 and Arp3 subunits that can be exploited for additional structure-based
optimization.
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Introduction

Many cellular processes such as motility, endocytosis, and division require the assembly of
actin filaments from a pool of globular, monomeric actin.[!] Formation of the actin polymer
depends on a slow nucleation step,[?] and cells utilize a handful of actin nucleating factors
which are responsive to cellular signaling pathways to provide precise spatiotemporal
regulation of the assembly of actin filaments.[3] Actin-related-protein 2/3 (Arp2/3) complex
is a seven subunit ~225 kDa ATP-ase that is a key actin nucleator.[] It functions by
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attaching itself to the side of a preexisting actin filament and nucleating a new (daughter)
filament to create a Y-shaped branch. While it is already known that Arp2/3 complex is
required for many cellular processes, knockouts of Arp2/3 complex subunits in multicellular
organisms are lethal, so roles of the complex late in development or in adult stages remain
largely undiscovered.[®] RNA interference experiments could circumvent this problem, but
are relatively slow acting, irreversible, and cannot be used in some biological contexts.
Therefore, fast-acting, simple, and reversible small molecule inhibitors have the potential to
become powerful tools to study Arp2/3 complex in vivo. Such inhibitors may also have
clinical value, since many bacterial and viral pathogens usurp host cell Arp2/3 complex for
invasion or intracellular motility.[6] In addition, tumor cell migration is thought to require
Arp2/3 complex, and Arp2/3 overexpression contributes to pathogenesis, growth and
invasion of carcinomas.[’] Therefore, Arp2/3 complex inhibitors also hold promise as anti-
tumor agents. (8]

The discovery of two related small molecule inhibitors of Arp2/3 complex, CK-636 (12) and
1 was recently reported (Figure 1).[%] Both compounds include a 2-methyl substituted indole
attached at the 3 position via a short amide linker to an aromatic ring, and both inhibit
Arp2/3 complex in actin polymerization assays in vitro. Importantly, these compounds are
cell permeable and inhibit L/steria actin comet tail formation in infected SKOV3 cells and
podosome formation in THP-1 derived monocyte cells, processes previously shown to
require Arp2/3 complex.[6: 9101 An x-ray crystal structure of 12 bound to inactive Arp2/3
complex showed that it binds at the interface between the Arp2 and Arp3 subunits to block a
conformational rearrangement of these subunits required for activation.[®l Therefore, 12
represents a novel example of an allosteric interfacial inhibitor, a molecule which binds at
subunit interfaces of a macromolecular assembly to block conformational dynamics critical
for function.[11] Compound 1, the more potent of the two compounds, is commercially
available, and has already been used in a number of in vivo studies of Arp2/3 complex
function.[12] However, the ICsq (half-maximal inhibitory concentration) for 1 is in the low
micromolar range and undesirably high concentrations are necessary for complete inhibition
of the complex, increasing the probability of off-target effects. The potential of Arp2/3
complex inhibitors to become powerful basic research tools and the possibility of their
clinical value led us to optimize parent compound 1. We first solved the crystal structure of
1 bound to Arp2/3 complex and computationally docked analogues of 1 to predict the effect
of various substitutions on binding. We then synthesized and tested the analogues in an actin
polymerization assay to determine their effect on Arp2/3 complex-mediated nucleation. As
docking results did not correlate with experimental findings, we subsequently turned to the
more sophisticated free energy perturbation calculations for binding affinity predictions,
which correlated well with experimental findings. In addition to yielding an inhibitor with
threefold improved inhibition, this work provides significant insights into further structure-
based optimization of Arp2/3 complex inhibitors. Specifically, we identify atoms within the
scaffold of 1 that cannot tolerate substitutions and reveal a position (R*) on 1, which is a
promising site for future optimization efforts because it provides opportunities to exploit a
groove at the interface of Arp2 and Arp3. Finally, the work presented herein provides new
insights into the use of computational docking and free energy perturbation calculations to
aid drug design.

X-ray crystal structure of 1 bound to Arp2/3 complex

Crystals of the apoenzyme form of bovine Arp2/3 complex soaked in 500 uM of 1
diffracted to 2.48 A resolution (Supplementary Table 1). Compound 1 binds to the Arp2-
Arp3 interface identically to 12, except for the fluorobenzene moiety in 1, which replaces

ChemMedChem. Author manuscript; available in PMC 2013 July 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Baggett et al.

Page 3

the thiophene ring in 12 (Figure 1A-C). The asymmetric distribution of density of the
fluorobezene ring indicated that the fluorine is pointed towards p12 and 13 in sub domain 4
of Arp2 (Supplementary Figure 1). To verify correct assignment of the ring flip, we also
modeled the ring with the fluorine pointing in the opposite direction, toward the p7/a.C loop
of Arp3. Refinement of this conformation followed by F,-F. difference electron density map
generation showed the fluorine in 4.8 o negative density, indicating that our original model
was correct. The amide oxygen of 1 hydrogen bonds to Ala203 of Arp3 and the indole
nitrogen forms a hydrogen bond with Asp248, a conserved residue in Arp2. Both of these
polar contacts are also present in crystal structure of Arp2/3 complex with 12 bound.
Compared to 12, 1 buries 16 A2 more solvent-exposed surface area at the interface, which
may account for the decreased 1Csq value of 1 compared to 12 in inhibiting Arp2/3 complex
in in vitro actin polymerization assays.[] Binding of 1 causes minor conformational changes
similar to those caused by 12, including rotation of Arg250A™2 out of the binding pocket
and a subtle movement of the loop connecting o.E and aF in Arp2 toward the binding
pocket. Since both 12 and 1 bind at an interface between Arp2 and Arp3 present only in the
inactive conformation, we conclude that both inhibitors function by blocking the 25 A
movement of the Arp2 subunit thought to be required for activation of the complex.[13]

Calculation of Glide docking scores and physicochemical properties

Chemistry

Glide docking and scoring has been previously validated in virtual screening exercises; 14!
however, we considered it necessary to test its performance with the Arp2/3 complex. We
calculated Glide binding poses for inhibitors 12 and 1 and compared them to the respective
inhibitor-bound Arp2/3 crystal structures. The RMSD values between non-hydrogen atoms
of the Glide-calculated pose and the crystal structures of 12 or 1 bound to Arp2/3 are 0.31
and 0.42 A, respectively, indicating close agreement between docking and the crystal
structure (Supplemental Figure 2A,B). The docked poses of 12 or 1 engage in intermolecular
interactions identical to those observed in the crystal structures, including hydrogen bonds
between the indole amine hydrogen and the side chain of Asp248A™2 and between the
amide oxygen in the linker and the backbone NH of Ala203A™3, One difference is that the
fluorine atom of 1 is flipped in the docked pose with respect to its position in the crystal
structure. However, the calculations suggest the two poses are nearly isoenergetic and we
observed the fluorobenzene ring flip in a number of the Glide docked analogues.

Half of the analogues were predicted to bind better than 1 based on their docking scores
(Table 1). Hydroxy and methyl substitutions at position R and chlorine or hydroxyl groups
at R* yielded the compounds with the lowest scores, suggesting the R! and R* positions are
promising optimization sites. 2 had the best docking score, with a GScore 1.3 kcal/mol
lower than that of 1. Calculation of the physicochemical properties for 2-11 showed that like
1, each of the analogues had predicted octanol/water partition coefficients, aqueous
solubility, and Caco-2 cell permeability within the optimal range for marketed drug
compounds (Supplementary Table 2).[5] In addition, all compounds comply with the
Lipinski rule of five and the Jorgensen rule of three, with the exception of 3, which has a
slightly lower predicted solubility (logS = —6.0) than the solubility limit of the Jorgensen
rule of three (logS = -5.7).[16]

Inhibitor candidates predicted to have similar, better, or worse activity than 1 were
synthesized to provide a body of data to guide analysis of structure-activity relationships and
refinement of the computational studies (Scheme 1). Table 1 shows the chemical structure of
all synthesized inhibitor candidates along with their experimentally determined 1Cgq values.
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Biochemistry

To measure the potency of the analogues, we used a standard actin polymerization assay to
measure the rate of actin polymerization. In this assay, the increase in fluorescence of
pyrene-labeled actin subunits upon polymerization is used to monitor the time course of
filament formation.l1”] Arp2/3 complex, together with its activator protein, N-WASp-VCA,
increases the rate of polymer formation by nucleating branched filaments and increasing the
number of elongating filament ends (Figure 2). Therefore, this assay can be used to
determine the nucleation activity of Arp2/3 complex. We used Bos taurus Arp2/3 complex
in our assays because it can be isolated in large quantities. Residues in the binding cleft of 1
are conserved from yeast to humans and thus, optimization of the inhibitors against the
bovine complex will very likely improve 1Cgq values for inhibition of the complex from any
species, including Homo sapiens.®] Figure 2A shows that 1 decreased Arp2/3 complex
nucleation activity in a concentration-dependent manner, with the addition of 200 .M
inhibitor decreasing the maximum polymerization to a rate similar to that observed in the
absence of Arp2/3 complex. The ICsq of 1 calculated under these conditions was 12 M, in
agreement with previously reported values.[®] Of the ten derivative compounds, three
showed no inhibition towards Arp2/3 complex. The ICsq values of the other compounds
were compared to that of 1 in Table 1: 7 and 8 showed a 15-20 fold increase in 1C5q, 5and 6
showed approximately 3-fold increased ICgq values, and compounds 3 and 4 had ICgg
values nearly double that of 1. 2, derivatized from 1 by replacement of a hydrogen atom at
R* with an OH group, showed a three-fold improved ICsq (Figure 2B,C).

Free Energy Perturbation calculations

The Glide XP scores showed poor correlation with the assay data for analogs 1-14 (Table 1),
indicating an inability to predict binding affinities for a series of close analogs in this
system. Therefore, we initiated Free Energy Perturbation (FEP) calculations, a robust
methodology for evaluating differences in free energy of binding of different ligands. The
differences in free energy of binding affinity (AAGy) presented in Table 1 correlate well
with experimental results. In particular, all inactive analogs of 1 were correctly identified by
FEP calculations, which yielded large positive differences in free energy of binding with
respect to 1. Moreover, analog 2 was identified as a better binder in accordance with a 3-fold
improvement in the 1Csq value. For three compounds (4, 5, 7), the FEP calculations did not
correctly predict the experimental results. A detailed discussion follows in the next section.
Results in Table 1 are shown as AAGck.g66 — AAGanalog, Where negative values indicate
more favorable predicted binding.

Discussion

Here we present the crystal structure of 1 bound to Arp2/3 complex and show that it binds to
the same pocket at the interface of Arp3 and Arp2 as 12, a previously described inhibitor,
indicating that 1 and 12 use the same mechanism of inhibition.[°] Ten analogues of 1 were
designed and synthesized leading to the discovery of 2, a compound with three-fold better
inhibition of Arp2/3 complex than 1 and a promising physicochemical profile (Table 1 and
Supplementary Table 2). Compound 2 has a hydroxyl substitution at R4, a position which
allows functional groups to project into an extended groove formed at the interface of Arp2
and Arp3. Figure 3A illustrates that in the Glide docked structure of 2, the fluorobenzene
ring flips and moves toward the Arp2 subunit, allowing the hydroxyl group at R4 to form a
hydrogen bond with the carboxyl oxygen of le251 of Arp2. The movement of the ring
requires a 33° deviation from planarity for the amide bond in the linker region of the
inhibitor. In the FEP calculated structure the amide is within 5.4° of planarity and the R*
hydroxyl is close to the Thr119A™3 side chain, but a hydrogen bond with the backbone
amide of Asn122AP3 |ocks the threonine hydroxyl in a rotamer incapable of bonding to the
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R* hydroxyl. Therefore, in the FEP calculations, R4 hydroxyl hydrogen bonds only to
solvent, explaining the modest decrease in calculated FEP binding energy compared to 1,
which agrees more closely with the biochemical data than the Glide docking calculation. We
note that examination of the crystal structure and all computational models revealed that
binding requires desolvation of the nitrogen in the amide linker without a compensating
hydrogen bond to the protein, suggesting that increasing the hydrophobicity of the linker
may increase the net binding energy.

In compound 4 a methoxy group replaces hydrogen at position R4. The Glide docked and
FEP calculated poses show the methyl group making favorable van der Waals contacts with
either the methyl group of Thr119A'P3 or the aliphatic portion of Arg250A"P2, respectively
(Supplementary Figure 3). Accordingly, compound 4 showed a lower AAG in comparison
to 2 in the FEP calculations, despite the fact that it had a fivefold higher 1Csq value than 2.
The FEP generated pose shows the methoxy oxygen wedged in an aliphatic cleft lined by the
methyl group of Thr119A™3 and the hydrophobic part of Arg2504"P2, where it is partially
shielded from solvent (Supplementary Figure 3). It hydrogen bonds to a single solvent
molecule and leaves a lone pair of electrons unsatisfied. This indicates a desolvation penalty
that we speculate may not be fully accounted for by the FEP calculations. Replacing the
methoxy oxygen with a carbon atom would decrease the desolvation penalty and is a
promising future optimization strategy.

Compound 6 has a chlorine atom in position R* and exhibited an approximately 3-fold
increase in 1Cxg relative to 1. Steric clash between the chlorine and the Thr119A™3 methyl
group repositions the fluorobenzene ring in both the Glide docked and FEP generated poses,
though the direction of movement is the opposite in the two computations (Supplementary
Figure 4). In the FEP pose, the side chain of Arg250 moves to accommodate the chlorine,
whereas the side chains are fixed in the Glide docking, explaining the difference in the
conformations favored for each method. These data suggest that the fluorobenzene ring can
be repositioned within the pocket without a major decrease in affinity, indicating that the
protein functional groups that interact with the R4 substituent may vary depending on the
bulkiness of the R* substituent. Taken together, the results for compounds 2, 4, and 6
strongly suggest that position R% in the fluorobenzene ring is a promising site for future
optimization.

Derivatives 9 and 5 featured substitutions at the R position and were predicted by docking
to bind better than 1. 5, with a hydroxyl group at R1, exhibited an ICsq almost threefold
higher than that of 1 (Table 1). The hydroxyl group at R was predicted to hydrogen bond to
the side chains Asp209 and Thr212 of Arp2 by Glide docking and FEP calculations, but
these interactions require the indole ring to distort slightly, which may outweigh energetic
benefits from the predicted hydrogen bonding (Figure 3B). Replacing the R1 hydroxyl group
of 1 with a methoxy group gave compound 9, which also binds with a distorted indole ring
and does not hydrogen bond to the sidechain of Asp209A™2 in the FEP pose (Figure 4B).
While the oxygen of the methoxy substituent maintains one hydrogen bond with
Thr212A™2 the methyl group excludes water around the R? site, leaving the oxygen with
one unsatisfied lone pair hydrogen bond acceptor. The partial desolvation penalty of the
methoxy and strain of the indole ring likely contribute to the severe decrease in binding
affinity for 9, which is also predicted by the FEP calculations.

Placing a chlorine at position R to give 3 increased the 1Csq only slightly compared to 1,
despite the fact that the FEP calculation predicted this substitution was highly unfavorable
(AAG = +3.6 kcal/mol). This discrepancy may be due to the inability of the force field to
account for the halogen bond that appears to form between the chlorine and the neighboring
carbonyl of Asp209A™P2 and the side chain of Thr2124™2, Oxygen atoms from both of these
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side chains are equidistant from the chlorine atom at 3.1 A, which is close to the
experimentally observed value for a halogen bond.[28]

Derivative compounds 7, 10, and 11, which featured mono-chloro substituted benzene rings
in the R2, R3, and R? positions, respectively, all showed greatly reduced or no inhibition.
Substitution of chlorine at the para (7) position caused the benzene ring to tilt by 30.5° and
move away from the sidechain of Thr119A™3 to relieve steric clash (Supplementary Figure
5). The FEP calculation predicted this substitution to have little or no influence on binding.
The importance of the fluorine at the ortho position is evident in 10, since its replacement
with chlorine completely abolishes inhibition. The FEP calculation correctly predicted the
poor binding of this compound, and the FEP calculated structures show that the bulky
chlorine substituent causes a slight repositioning of the benzene ring and the amide linker
(Supplementary Figure 5), that may reduce shape complementarity. Further evidence for the
importance of the fluorine at the R? position is provided by compounds 6 and 8, which have
unfavorable substitutions in the para and meta positions, like 7 or 11, but due to the
orthofluorine atom bind better than the monochloro compounds.

Our analysis suggests that the weak correlation between the binding affinities predicted from
docking calculations and the measured inhibition constants is at least partly due to the fact
that protein and water molecules are kept rigid in the docking process. FEP calculations
allow for a dynamical evolution of the system, which, in several instances, resulted in
changes in the positions of side chains or water molecules to accommodate the structures of
the bound analogues. This induced-fit effect appeared to be a critical contributor to the AAG
of binding. The correlation between the FEP calculations and the measured inhibition
constants demonstrate the predictive value of the FEP calculations in this system and will
allow us to streamline development of improved inhibitors of Arp2/3 complex for basic
research and potential clinical applications.

Experimental Section

Chemistry—The synthesis in Scheme 1 proceeds through standard protocols to produce
inhibitor candidates.l1®] Commercially available indoles 1 a-11 a are formylated under
Vilsmeier conditions to produce aldehydes 1 b-11 b, which undergo the Henry reaction
followed by condensation to yield nitroolefins 1 ¢-11 c. Reduction with sodium
trimethoxyborohydride followed by basic aqueous workup and subsequent reduction with 10
wt.% Pd/C in the presence of ammonium formate in methanol yields amines 1 d-11 d. Acid
chloride coupling completes the synthesis of 1, 3-4 and 6-11, with subsequent methoxy
deprotection using BBr3 required for 2 and 5.1201 Compounds 1, 3-4, and 7-11 were all
>98% pure as determined by HPLC analysis. Compound 2 was determined to be >97% pure,
compound 5 was determined to be > 95% pure, and compound 6 was determined to be >96
% pure by HPLC analysis.

General Procedure for 1, 3, 4, 6, 7, 8,9, 10, and 11—Indole amines prepared
according to literature preparations were stirred in THF (1 mL/ 25 mg compound) with
triethylamine (1.1 mole eq) and acid chloride (1.1 mole eq) at room temperature for 30
minutes. At the conclusion of the reaction, water was added and the resulting solution was
partitioned with diethyl ether. The organic phase was washed with saturated aqueous sodium
chloride, dried with MgSQy, and the solvent was removed under reduced pressure to yield
crude solid product. Purification on a silica gel column using 2:1 diethyl ether:hexanes as
the eluent followed by removal of solvent under reduced pressure yielded compounds in
decent yields.
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2-fluoro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (1)—1 (0.050 g, 42.7%) was
synthesized as a white solid from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.069 g, 0.40
mmol) using the general procedure described above. IH NMR (300 MHz, (CD3),CO): &
9.91 (brs, 1H), 7.93 (t d, 3Jyy = 7.8, 1.8 Hz, 1H), 7.64 (s, 1H), 7.59 (d, 3/ = 6.6 Hz, 1H),
7.54 (m, 1H), 7.30 (m, 2H), 7.21 (d d d, 3Jqy = 11.4, 8.1, 1.2 Hz, 1H), 7.02 (quin d, 34y =
6.9, 1.5 Hz, 2H), 3.68 (q, 3J= 7.2 Hz, 2H), 3.07 (t, 3J4y = 7.2 Hz, 2H), 2.42 (s, 3H).

N-(2-(5-chloro-2-methyl-1H-indol-3-yl)ethyl)-2-fluorobenzamide (3)—3 (0.040 g,
31.7%) was synthesized as a white solid from 2-(5-chloro-2-methyl-1H-indol-3-
yl)ethanamine (0.080 g, 0.38 mmol) using the general procedure described above. 1H NMR
(300 MHz, (CD3),CO): 6 10.09 (br s, 1H), 7.92 (t d, 3J4y = 7.8, 1.8 Hz, 1H), 7.61 (brs,
1H), 7.59 (d, 3JyH = 2.1 Hz, 1H), 7.55 (m, 1H), 7.30 (m, 2H), 7.22 (d d d, 3Jyy = 11.4, 8.4,
0.9 Hz, 1H), 7.01 (d d, 3Jyn = 8.4, 2.4 Hz, 1H), 3.64 (q, 3Jun = 7.2 Hz, 2H), 3.04 (t, 3y =
7.2 Hz, 2H), 2.43 (s, 3H). 13C NMR (150 MHz, (CD3),CO): 6 164.02, 161.18 (d, JoF =
246.0), 135.33, 135.21, 133.68 (d, Jor = 9.2 Hz), 132.14, 131.09, 125.48 (d, Jcr = 3.5 Hz),
124.84, 123.98 (d, 2JcF = 13.2 Hz), 121.17, 118.01, 116.90 (d, 2Jcr = 23.6 Hz), 112.55,
109.18, 41.37, 24.92, 11.58. FTIR (thin film): 3278, 2929, 1648, 1614, 1531, 1026 cm™1.
HRMS (EI) calcd for C1gH16N,OFCI (M*) 330.09352, 330.09289 found.

2-fluoro-4-methoxy-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (4)—4 (0.790
g, 84.4%) was synthesized as a pink oil from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.500
g, 2.87 mmol) using the general procedure described above. 1H NMR (300 MHz,
(CD3)»CO): 6 9.85 (br s, 1H), 7.91 (t, 3y = 9 Hz, 1H), 7.56 (d d, 34y = 8.7, 1.8 Hz, 1H),
7.35 (brs, 1H), 7.26 (d d, 3J4H = 8.1, 1.8 Hz, 1H), 6.98 (quin d, 34y = 7.5, 1.5 Hz, 2H),
6.85 (d d, 3y = 8.7, 2.4 Hz, 1H), 6.75 (d d, 3/ = 13.8, 2.4 Hz, 1H), 3.87 (s, 3H), 3.62 (q
d, 3dyn = 7.2, 0.9 Hz, 2H), 3.02 (t, 3Uyy = 7.2 Hz, 2H), 2.40 (s, 3H). 13C NMR (150 MHz,
(CD3),CO): 6 163.27 (d, JoF = 12.2 Hz), 162.59 (d, JoF = 3.5 Hz), 161.39 (d, 1ok = 246.0
Hz), 135.86, 132.46 (d, Jor = 4.5 Hz), 132.11, 128.83, 120.28, 118.42, 117.59, 114.70

(d, 2JcF = 13.2 Hz), 110.57, 110.26, 108.09, 101.24 (d, 2JcF = 27.6 Hz), 55.40, 40.38, 24.16,
10.54. FTIR (thin film): 3402, 3294, 2920, 1620, 1499, 1270, 952, 743 cm™1. HRMS (EI)
calcd for C1gH1gN2O2F (M*) 326.14306, 326.14214 found.

4-chloro-2-fluoro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (6)—6 (0.103 g,
7.2%) was synthesized as a white solid from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.758
g, 4.35 mmol) using the general procedure described above. 1H NMR (300 MHz,
(CD3),CO): 6 9.85 (br s, 1H), 7.88 (t, 3y = 7.8 Hz, 1H), 7.60 (br s, 1H), 7.55 (d, 3y =
7.8 Hz, 1H), 7.33 (m, 2H), 7.26 (d, 3y = 7.8 Hz), 6.98 (quin d, 3y = 7.2, 1.5 Hz, 2H),
3.63 (0, 3Jyn = 7.2 Hz, 2H), 3.03 (t, 3y = 7.2 Hz, 2H), 2.40 (s, 3H). 13C NMR (150 MHz,
(CD3),CO): 6 162.11, 159.97 (d, LJcr = 246.0 Hz), 136.90 (d, Jcr = 11 Hz), 135.85, 132.38
(d, Jor = 4.0Hz), 122.10 (d, 2JcF = 13.8 Hz) 132.16, 128.82, 124.90 (d, JoF = 3.5 Hz),
120.30, 118.44, 117.54, 116.52 (d, 2JcF = 27.6 Hz), 110.28, 107.93, 40.53, 24.03, 10.54.
FTIR (thin film): 3397, 3312, 2928, 1649, 1530, 1076, 901, 742 cm™1. HRMS (EI) calcd for
C1gH16N2OFCI (M*) 330.09352, 330.09261 found.

4-chloro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (7)—7 (0.049 g, 54.4%)
was synthesized as a white solid from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.050 g, 0.29
mmol) using the general procedure described above. IH NMR (300 MHz, (CD3),CO): &
9.88 (brs, 1H), 7.99 (br s, 1H), 7.90 (m, 2H), 7.50 (m, 3H), 7.27 (d, 3J4y = 7.2 Hz, 1H),
6.98 (quin d, 3Jqy = 7.2, 1.2 Hz, 2H), 3.60 (g, 3/ = 6.6 Hz, 2H), 3.01 (t, 3y = 6.6 Hz,
2H), 2.35 (s, 3H).
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3-chloro-2-fluoro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (8)—8 (0.131 g,
39.6%) was synthesized as a white solid from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.175
g, 1.00 mmol) using the general procedure described above. 1H NMR (300 MHz,
(CD3),CO): 6 9.85 (br s, 1H), 7.65 (m, 3H), 7.55 (d, 3Jyy = 7.8 Hz, 1H), 7.28 (m, 2H), 6.98
(quin d, 3y = 7.8 Hz, 2H), 3.63 (q, 3y = 7.2 Hz, 2H), 3.04 (t, 3Jyy = 7.2 Hz, 2H), 2.40
(s, 3H). 13C NMR (150 MHz, (CD3),CO): 6 162.33, 155.26 (d, LJcr = 246.0 Hz), 135.85,
132.57, 132,16, 129.42 (d, Jor = 2.3 Hz), 128.83, 125.46 (d, 2JcF = 14.3 Hz), 125.13 (d, Jer
= 4.5 Hz), 120.45 (d, 2Jcg = 15.8 Hz), 120.29, 118.43, 117.53, 110.27, 107.92, 40.56, 24.05,
10.55. FTIR (thin film): 3398, 3292, 1649, 1529, 1451, 1300, 1240, 745 cm~1. HRMS (EI)
caled for C 1gH16N,OFCI (M*) 330.09352, 330.09398 found.

2-fluoro-N-(2-(6-methoxy-2-methyl-1H-indol-3-yl)ethyl)benzamide (9)—9 (0.103
g, 42.9%) was synthesized as a clear oil from 2-(5-methoxy-2-methyl-1H-indol-3-
yl)ethanamine (0.150 g, 0.73 mmol) using the general procedure described above. 1H NMR
(300 MHz, (CD3),CO): 6 9.70 (br s, 1H), 7.90 (t d, 34y = 7.5, 1.8 Hz, 1H), 7.53 (m, 3H),
7.28 (td, 3y =7.5,0.9 Hz, 1H), 7.19 (d d d, 3Jyy = 11.7, 8.1, 0.9 Hz, 1H), 7.15 (d, 3y =
8.4 Hz, 1H), 7.09 (d, 3Jyn = 2.4 Hz, 1H), 6.66 (d, 3JyH = 8.4, 2.4 Hz, 1H), 3.76 (s, 3H), 3.63
(9, 3Jyn = 6.3 Hz, 2H), 3.00 (t, 3y = 6.3 Hz, 2H), 2.376 (s, 3H). 13C NMR (150 MHz,
(CD3),CO): 6 162.95 (d, JoF = 2.4 Hz), 160.19 (d, 1Jcr = 246.0 Hz), 153.84, 132.90, 132.67
(d, Jor = 9.2 Hz), 131.16, 130.90, 129.29, 124.49, 122.99 (d, 2Jcr = 13.4 Hz), 115.90

(d, 2JcF = 23.6 Hz), 110.81, 109.99, 107.97, 100.07, 54.96, 40.37, 24.13, 10.64. FTIR (thin
film): 3299, 2932, 1643, 1482, 1215, 1028, 756 cm™1. HRMS (EI) calcd for C1gH1gN2OoF
(M) 326.14306, 326.14365 found.

2-chloro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (10)—210 (0.050 g, 55.6%)
was synthesized as a clear oil from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.050 g, 0.29
mmol) using the general procedure described above. H NMR (300 MHz, (CD3),CO): &
9.85 (brs, 1H), 7.55 (m, 2H), 7.37 (m, 4H), 6.99 (quin, 3Jyy = 6.6 Hz, 2H), 3.61 (q, 3JyH =
7.2 Hz, 2H), 3.04 (t, 3Jyn = 7.2 Hz, 2H), 2.42 (s, 3H). 13C NMR (150 MHz, (CD3),CO): &
166.16, 137.26, 135.83, 132.10, 130.52, 129.73, 129.16, 128.90, 126.82, 120.25, 118.42,
117.59, 110.26, 107.99, 40.29, 24.23, 10.66. FTIR (thin film): 3385, 3056, 2932, 1643,
1383, 1026, 743 cm™L. HRMS (EI) calcd for C1gH;7N,0OCI (M*) 312.10295, 312.10365
found.

3-chloro-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (11)—11 (0.042 g, 46.7%)
was synthesized as a white solid from 2-(2-methyl-1H-indol-3-yl)ethanamine (0.050 g, 0.29
mmol) using the general procedure described above. H NMR (300 MHz, (CD3),CO): &
9.84 (brs, 1H), 7.96 (br s, 1H), 7.88 (t, 3J4y = 1.5 Hz, 1H), 7.82 (d t, 34y = 7.2, 1.5 Hz,
1H), 7.49 (m, 3H), 7.26 (d, 3Jyn = 7.2 Hz), 6.98 (quin d, 3y = 7.5, 0.9 Hz, 2H), 3.60

(0, 3w = 7.2 Hz, 2H), 3.01 (t, 3Jyn = 7.2 Hz, 2H), 2.36 (s, 3H). 13C NMR (150 MHz,
(CD3),CO0): & 164.98, 137.32, 135.82, 133.83, 132.09, 130.74, 130.01, 128.90, 127.16,
125.55, 120.26, 118.43, 117.52, 110.28, 108.15, 40.60, 24.08, 10.57. FTIR (thin film): 3403,
3306, 1641, 1544, 1436, 1300, 742 cm~1. HRMS (EI) calcd for C1gH17N,OCI (M*)
312.10295, 312.10318 found.

General Procedure for 2 and 5—Indole amides prepared according to the general
procedure described above, were stirred in CH,Cl, (~1 mL/ 15 mg compound) under N, at
—78 °C. Boron tribromide (1M in CH,Cl,, 5 mole eg/methoxy group) was added by cannula
to the stirred solutions. The reaction was allowed to warm to room temperature following
addition and stirred overnight. After 18 hours, excess boron tribromide was quenched by
addition of water followed by 2M sodium hydroxide until no visible reaction was evident
and pH strips indicated strong basicity. The aqueous phase was acidified with 6M HCI and
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the phases were separated. The aqueous layer was extracted twice with 10 mL
dichloromethane and the organic phases were combined. Solvent was removed by rotary
evaporation, yielding an oil as crude product. Purification on a silica gel column using 6:1
diethyl ether:hexanes as eluent followed by removal of solvent under reduced pressure
yielded deprotected compounds in moderate to low yields.

2-fluoro-4-hydroxy-N-(2-(2-methyl-1H-indol-3-yl)ethyl)benzamide (2)—2 (0.036
g, 9.4 %) was synthesized as a white solid from 2-fluoro-4-methoxy-N-(2-(2-methyl-1H-
indol-3-yl)ethyl)benzamide (0.400 g, 1.23 mmol) using the general procedure described
above. 'H NMR (300 MHz, (CD3), CO): 6 9.85 (br s, 1H), 9.36 (br s, 1H), 7.86 (t, 3JhH =
8.7 Hz, 1H), 7.56 (d, 3Jyy = 7.2 Hz, 1H), 7.31 (br s, 1H), 7.26 (d d, 3J4 = 6.9, 1.5 Hz, 1H),
6.98 (quin d, 3Jyy = 7.5, 1.5 Hz, 2H), 6.77 (d d, 3Jyn = 8.7, 2.4 Hz, 1H), 6.61 (d d, 3Jyy =
13.5, 2.4 Hz, 1H), 3.61 (q, 3Jqn = 7.2 Hz, 2H), 3.01 (t, 3Jyn = 7.2 Hz, 2H), 2.39 (s, 3H). 13C
NMR (150 MHz, (CD3),CO): 6 162.78, 161.51 (d, 1or = 246.0 Hz), 161.42 (d, 2Jcr = 12.8
Hz), 135.86, 132.70 (d, Jo = 4.7 Hz), 132.10, 128.82, 120.28, 118.41, 117.59, 113.72

(d, 2JcF = 13.2 Hz), 111.84 (d, Jop = 2.3 Hz), 110.25, 108.10, 102.56 (d, 2JcF = 26.4 Hz),
40.35, 24.18, 10.53. FTIR (thin film): 3401, 2926, 1620, 1502, 1287, 741 cm~1. HRMS (EI)
calcd for C1gH17N»05F (M*) 312.12741, 312.12653 found.

2-fluoro-N-(2-(6-hydroxy-2-methyl-1H-indol-3-yl)ethyl)benzamide (5)—5 (0.043
g, 30.9 %) was synthesized as a white solid from 2-fluoro-N-(2-(6-methoxy-2-methyl-1H-
indol-3-yl)ethyl)benzamide (0.145 g, 0.44 mmol) using the general procedure described
above. TH NMR (300 MHz, (CD3),CO): 6 9.57 (br s, 1H), 7.90 (t d, 3y = 7.5, 1.2 Hz,
1H), 7.55 (m, 2H), 7.29 (t d, 3y = 7.2, 1.2 Hz, 1H), 7.20 (d d d, 3y = 11.4, 8.4, 1.2 Hz,
1H), 7.08, (d, 4y = 8.4 Hz, 1H), 6.97 (d, 3y = 2.4 Hz, 1H), 6.60 (d d, 34y = 8.4, 2.4 Hz,
1H), 3.60 (q, sy = 6.9 Hz, 2H), 2.95 (t, 3Jyy = 6.9 Hz, 2H), 2.35 (s, 3H). 13C NMR (150
MHz, (CD3),CO): 6 162.95 (d, JcF = 2.3Hz), 160.18 (d, 1Jck = 246.0 Hz), 150.65, 132.78,
132.63 (d, Jcr = 8.6 Hz), 131.12, 130.52, 129.59, 124.47, 123.07 (d, 2Jc = 13.2 Hz), 115.90
(d, 2 Jer = 23.6 Hz), 110.56, 110.06, 107.33, 102.20, 40.29, 24.25, 10.62. FTIR (thin film):
3383, 3048, 2931, 1642, 1372, 1207, 1028, 756 cm™L. HRMS (EI) calcd for C1gH;17FN,0,
(M%) 312.12741, found 312.12790.

Protein Preparation—Bos taurus Arp2/3 complex was purified from calf thymus as
previously described.[21] Rabbit skeletal muscle actin was purified from acetone powder
purchased from Pel-freeze using established methods.[22] Purified actin was labeled on
Cys375 with pyrene-iodoacetamide following the procedure of Pollard.[23] Human N-
WASp-VCA (residues 428-505) was overexpressed in £. coli BL21(DE3) cells and purified
as described by Nolen, er a/[°]

Pyrene actin polymerization assays—A solution of 2 L 0.5 mM MgCl, and 2 mM
EGTA was added to 20 p.L of 15 .M 30% pyrene-labelled actin in 2 mM Tris pH 8.0, 0.1 M
ATP, 0.5 mM DTT, and 0.1 mM CaCl,. Polymerization was initiated by adding 78 pL of a
solution containing Arp2/3 complex and N-WASp-VCA to bring the final buffer
concentrations to 10 mM imidazole pH 7.0, 50 mM KCI, 1 mM EGTA, 1mM MgCI2 and 1
mM DTT. The fluorescence was measured every 10 seconds for 45 min using an excitation
wavelength of 365 nm and an emission wavelength of 407 nm on a Tecan Safire2 plate
reader. We tested each of the inhibitor analogues using a maximum concentration of 200
1M since all compounds were soluble at this concentration. The maximum polymerization
rate was determined by measuring the slope of each polymerization curve at each time point
and converted from RFU s™1 to nM actin s~1 assuming the total polymer concentration at
equilibrium is the total actin concentration minus 0.1 M, the critical concentration. Plots of
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maximum polymerization rate versus inhibitor concentration were fit using the equation
below:

(max — min)

rate=max — | ——-———"—
1+5930 [\ innibitor|

X-ray Crystallography—Crystals of Bos taurus Arp2/3 complex were grown by hanging
drop vapor diffusion as previously described.[?1] Crystals we transferred to soaking solution
containing 18% PEG 8000, 50 mM Hepes pH 7.5, 100 mM potassium thiocyanate, 20 %
glycerol and either 0.5 mM CK-666, 0.5 mM CK-869, or 0.5 mM CK-869 plus 2 mM ATP
and 2 mM CaCl, and soaked at 4 °C for 16 hrs. Data were collected at beamline 5.0.1 at the
Advanced Light Source in Berkeley, CA. Phases were solved by molecular placement using
the apo-Arp2/3 complex as a starting model (1K8K.pdb) and the structures were refined
using crystallography and NMR system [24] using inhibitor parameter files generated using
the prodrg server.[25] Coordinates have been deposited in the protein data bank with
accession code 3UKR.

Docking Calculations—The crystal structure of Arp2/3 complexed with 1 (PDB ID:
3UKR) was employed in the docking calculations performed with Glide 5.7 (Schrddinger,
LLC). The crystal structure with the substrate 12 (PDB ID: 3DXK) was also used for the
validation of the docking algorithm. Both crystal structures were initially prepared within
the “Protein Preparation Wizard” module of the Maestro software suite (Schrodinger, LLC).
Initially, bond orders were assigned, hydrogen atoms were added, and water molecules were
deleted beyond 5A of the ligand. Missing side chains were filled in with the “Prime” module
of Maestro. The hydrogen-bonding network was then optimized by reorienting atoms within
hydroxyl and thiol groups, water molecules, amide groups of asparagine and glutamine, and
the imidazole ring in histidine. Protonation states of histidine, aspartic acid and glutamic
acid and tautomeric states of histidine were predicted. These optimizations are necessary
because the orientation of atoms within these functional groups cannot be determined from
the X-ray structure. Finally, the complex was submitted to a series of restrained, partial
minimizations using the OPLS-AA force field.[26] The ligand structures 1-11 were drawn in
ChemDraw (Cambridgesoft) and energy minimized in vacuum with the Fletcher-Powell
algorithm as implemented in BOSS[27] with an energy tolerance of 0.0001 kcal/mol. All
structures were then docked and scored using the Glide standard-precision (SP) mode[28]
and subsequently they were re-docked and re-scored using the Glide extra-precision (XP)
mode.[2%] For the docking calculations, the protein structure remained fixed, while the ligand
was fully flexible. In order to accommodate different-sized ligands and decrease the
penalties for close ligand-protein contacts since the protein is not flexible, the van der Waals
radii for non-polar ligand atoms were scaled by a factor of 0.8. Receptor atoms were not
scaled. For the grid generation and ligand docking procedures, the default Glide settings
were used.

Free energy perturbation calculations—FEP calculations were carried out in the
context of Monte Carlo (MC) statistical mechanics simulations to predict relative free
energies of binding. During a FEP calculation, a substituent on the lead compound A (e.g.
fluorine) is transformed into a different substituent (e.g. chlorine) to form compound B
inside the binding pocket of the protein as well as in the water phase. The difference in free
energy changes for the ligands A and B in protein and in water gives the relative free energy
of binding: AAGy = AGg— AG4. If AAG <0, the binding of compound B is favored with
respect to A. For the FEP calculations initial structures of the analogues were generated with
the ligand growing program BOMB301 in the binding site of 1 in the Arp2/3 complex (PDB
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ID: 3UKRY). In order to reduce computational time, a reduced model of the protein was
utilized that consisted of the 215 amino acid residues closest to the binding site, which
corresponds to a 23 A radius around the binding site. A few remote side chains were
neutralized so that there was no net charge for the protein. The protein-ligand and ligand-
only systems were solvated in 25-A caps and the MC/FEP calculations were executed with
MCPRO.27] The energetics for the systems were described classically with the OPLS-AA
force field for the protein, OPLS/CMZ1A for the ligands, and TIP4P for water
molecules.[26:31] After system construction, the complex was subjected to conjugate gradient
optimization with MCPRO. For the MC simulations, all degrees of freedom were sampled
for the ligand, while the TIP4P water molecules only translated and rotated. Bond angles
and dihedral angles for protein side chains in a radius of 10 A around the binding site were
also sampled, while the backbone was kept fixed. Beyond the 10-A radius, both the protein
side chains and backbone remained fixed. All MC simulations were run at 298 K.

The FEP calculations were performed employing a simple overlap (OS) sampling
schemel32] with 11 windows as has been described previously.[331 A window refers to a MC
simulation at one point along the mutation coordinate A, which interconverts two ligands as
A goes from 0 to 1. The spacing between windows was 0.1. Each window for the unbound
ligand in water consisted of 30 x 10% (30 M) configurations of MC equilibration for the first
window followed by 40 M configurations of averaging. For the bound calculations, the
equilibration period was 20 M configurations followed by 30 M configurations of averaging.
The reported uncertainties for the free energy changes were obtained from the fluctuation in
separate averages over batches of 2 M configurations. Eq 1 is used, where m is the number
of batches, 6;is the average of property @ for the /th batch, and <&> is the overall average
for 6.

o= 0= O fm(m—1) Eq.1

To monitor the convergence of the results, we carried out several forward and reverse
mutations to ensure that hysteresis is kept minimal (7.¢., for compounds 6, 7, 8, 10, 11, see
Supplementary Table 3).

For compounds 7, 8, 10, 11, which bear ortho and meta substitutions, we carried out FEP
calculations for both equivalent positions on the rings. In simulations within a protein
environment, the finite accessible simulation time does not allow sampling of ring flips.
Therefore, equivalent ortho and meta substitutions were sampled in separate simulations.
For example, in Supplementary Figure 6 is shown compound 11 in the two possible
orientations. We found no significant differences for mutations involving these equivalent
positions with respect to the difference in free energy of binding as calculated from the FEP
simulations.

Multistage FEP—For moderately large perturbations, the configurational ensembles
representative of molecule A and molecule B are relatively disparate and an FEP calculation
runs the risk of not converging. It is therefore recommended to break the transformation
pathway into intermediate states, which ensure that the ensembles of molecule A and
molecule B overlap. In this study, for mutations that introduce large changes in the overall
molecular conformation, structure and characteristics of the ligand, intermediate steps were
introduced, using the Multistage FEP (MFEP) method. MFEP is based on the idea of
splitting a large perturbation into a series of smaller ones which are suitable for the single-
stage FEP calculations. To split the perturbation, one or more intermediate molecules are
constructed in addition to compound A and compound B. Since free energy is a state
variable, the overall AG s given by the sum of the changes for each step. For the mutation
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of the methoxy group to hydrogen (analogues 4 and 9), we chose to initially perturb the
methoxy to hydroxy, and then the hydroxy group to hydrogen For example, for compound 4,
first a transformation of 4 to 2 was performed and then a transformation from 2 to 1. The
values reported in Table 1 for these analogues, is the sum of these transformations. For
analog 7, the AA Gresults from a concurrent transformation of the fluorine substituent at R,
into hydrogen and of the fluorine substituent at R, into hydrogen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(A) Previously synthesized Arp2/3 complex inhibitors 1 and 12. Compound 1 was used as a
parent scaffold for substitutions indicated in Scheme 1. (B) Crystal structure of 1 bound to
Bos taurus Arp2/3 complex. 1 is shown as spheres and binds at the interface of the Arp3
(orange) and Arp2 (red) subunits. The five other subunits in the complex are labeled
ARPC1-5. (C). Comparison of 1 (grey carbon atoms) with 12 (turquoise carbon atoms)
showing a close up of the binding pocket at the interface of Arp2 and Arp3. Coordinates for
12 for this figure were generated by overlaying Arp2 and Arp3 from 3DXK.pdb onto the
structure of 1 and applying the transformation to 12.
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Figure2.

Biochemical characterization of 1 and analogues. (A) Time course of the polymerization of
30% pyrene-labeled actin in the presence of 5 nM Arp2/3 complex, 200 nM N-WASP-VCA,
and either DMSO for a range of concentrations of 1. A control reaction (actin alone) lacking
only Arp2/3 complex shows the intrinsic nucleation rate of actin. (B) Comparison of actin
polymerization time courses in the presence of equal concentrations of 1 versus 2.
Conditions are identical to panel (A). (C) Plot of maximal polymerization rate versus
inhibitor concentration for 1, 2, and 5. Data were fit as described in Methods.
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Figure 3.

Binding pocket of 1 with overlapping docked analogues 2, 5 and 9. (A) Stereo figure
showing a comparison of 1 and the docked and FEP poses of 2. Arp3 (blue carbon atoms)
and Arp2 (green carbon atoms) from the crystal structure of Arp2/3 with bound 1
(BUKR:.pdb, light blue carbon atoms) are shown in line representation overlaid with the
Glide docked pose (teal carbon atoms) and the FEP docked pose (pink) of 2. Selected
hydrogen bonds are shown as black dotted lines. (B) Stereo figure showing a comparison of
1 and the FEP generated poses of 5and 9. Colors are identical to panel A, except 5 is shown
with orange carbon atoms and 9 is shown with purple carbon atoms.
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}: }: W2 H%_\NOZ H%—H\
1: Ry=H, Ry=F, Ry=H, R,=H 7:Ry=H, Ry=H, Ry=H, R,=Cl
9: Ry=OCHj, Ry=F, Ry=H, Ry=H 8: Ry=H, Ry=F, Ry=Cl, R,=H
3: Ry=Cl, Ry=F, Rg=H. R,=H 6: Ry=H, Ry=F, Ry=H, R¢=Cl
10: Ry=H, Rp=Cl, Ry=H, R,=H 4: Ry=H, Ry=F, Ry=H, R;=OCH;
11: Ry=H, Ro=H, R4=Cl, R,=H
R'I
Rz R3 %—\
/
HN NH
CHs CHs

O

5. R;=OCHg, Ryy= OH, Rp=F, Ry=H, R4=H, Ryp=H
2: Ry=H, Ryp=H, Ry=F, R3=H, R;=OCHj3, R4,=OH

a. POCl3, DMF; b. CHgNO,, NH,OAC; c. 1) NaBH(OCHg)s, THF 2) Pd/C, NH,CO,H, MeOH; d. NEts, THF; e. BBra, CH2Cl,

Scheme 1.
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