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ABSTRACT: Glucose regulated protein 94 kDa, Grp94, is the endoplasmic reticulum
(ER) localized isoform of heat shock protein 90 (Hsp90) that is responsible for the
trafficking and maturation of toll-like receptors, immunoglobulins, and integrins. As a
result, Grp94 has emerged as a therapeutic target to disrupt cellular communication,
adhesion, and tumor proliferation, potentially with fewer side effects compared to pan-
inhibitors of all Hsp90 isoforms. Although, the N-terminal ATP binding site is highly
conserved among all four Hsp90 isoforms, recent cocrystal structures of Grp94 have
revealed subtle differences between Grp94 and other Hsp90 isoforms that has been
exploited for the development of Grp94-selective inhibitors. In the current study, a
structure-based approach has been applied to a Grp94 nonselective compound, SNX
2112, which led to the development of 8j (ACO1), a Grp94-selective inhibitor that
manifests ∼440 nM affinity and >200-fold selectivity against cytosolic Hsp90 isoforms.

The heat shock protein 90 kDa (Hsp90) family of proteins
is responsible for the conformational maturation of

nascent polypeptides into their biologically active three-
dimensional structures.1 Hsp90 has generated great interest as
a chemotherapeutic target due to its role in the modulation of
cancer, neurodegenerative disorders, and infectious diseases.
There are >200 protein substrates that require Hsp90 for their
folding, maturation, and/or activation, termed Hsp90 clients.2

During cellular stress, including elevated temperature, Hsp90 is
induced to refold proteins that have undergone denaturation.3,4

Similarly, Hsp90 is also upregulated in cancer cells, wherein it is
required for the maturation of clients that drive the
proliferation and growth of tumors.4−7 Structurally, Hsp90
exists as a homodimer, and each monomer contains a C-
terminus, N-terminus, and a highly charged middle domain.
The N-terminus contains an ATP-binding site, which is
responsible for ATP hydrolysis and provides the energy
necessary for the folding of client protein substrates.8,9

Hsp90 exists as four isoforms: Hsp90α and Hsp90β reside in
cytoplasm, whereas Grp94 localizes in the endoplasmic
reticulum, and Trap1 is found in the mitochondria. The
natural products, geldanamycin and radicicol, were among the
first Hsp90 inhibitors identified and have served as useful tools
to study Hsp90 biology, validating Hsp90 as a druggable target
for the development of new anticancer agents.10−12 Con-
sequently, 17 Hsp90 inhibitors have entered clinical trials for
the treatment of cancer, however, all of these compounds
exhibit pan inhibition of all four Hsp90 isoforms.13,14

Unfortunately, some Hsp90 inhibitors have manifested
undesired activity during these investigations, which is likely
to hinder subsequent evaluation. It has also been hypothesized

that many of these side effects result from pan-inhibition of all
four Hsp90 isoforms.15 Therefore, the development of isoform-
selective Hsp90 inhibitors can provide an opportunity to fine-
tune the drug discovery process while simultaneously
identifying isoform-dependent clients.
Glucose regulated protein 94 kDa (Grp94), also known as

gp96 or endoplasmin, is the endoplasmic reticulum (ER)
localized Hsp90 isoform. Grp94 is the most abundant protein
in the ER lumen, where it is responsible for the maturation of
secreted proteins that modulate immunity, cellular communi-
cation, and/or cell adhesion.16 Grp94 is also a regulator of the
unfolded protein response (UPR), a proteostatic mechanism
triggered by the accumulation of misfolded proteins in the
ER.17,18 Client proteins that require Grp94 for their maturation
include integrins, which are important for cell adhesion and
metastasis, supporting Grp94 as a potential target for the
development of antimetastatic agents.19 Grp94 knockdown
experiments in the highly metastatic breast cancer cell line,
MDA-MB-231, and the reactive oxygen species (ROS) resistant
MCF-7 cell line resulted in the inhibition of cell migration and
metastasis.20 In addition, myocilin represents another Grp94-
dependent protein, which upon its aggregation leads to
increased ocular pressure that results in primary open angle
glaucoma (POAG), supporting Grp94 inhibition as a viable
approach for the treatment of glaucoma.21 Recently, maturation
of the GARP and Wnt coreceptor, LRP6, was shown to be
Grp94-dependent.24 Since LRP6 is overexpressed in multiple
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myeloma, Grp94 inhibition may be a useful for the treatment of
such cancers.22−24 As a consequence of these prior studies, the
development of Grp94-selective inhibitors was sought for the
treatment of various diseases, including cancer and glaucoma,
while avoiding the potential side effects that result from
inhibition of all four Hsp90 isoforms.
The N-terminal ATP-binding pocket of Grp94 is ∼85%

identical to other Hsp90 isoforms, which presents a significant
challenge for the design of isoform-selective inhibitors.25

However, a five amino acid (QEDGQ) insertion into the
Grp94 primary sequence results in a conformational change
within the ATP-binding pocket that produces a small
hydrophobic cleft that can be utilized to develop selective
inhibitors.26 Although, 5′-N-ethylcarboxamidoadenosine
(NECA, Figure 1; II) was the first selective inhibitor of

Grp94 identified, it manifests nonspecific agonistic activity
against adenosine receptors.27 However, the cocrystal structure
of II bound to Grp94 revealed the ethyl amide to project into a
small hydrophobic cleft within Grp94, which resulted in
isoform-selective inhibition.26 In an effort to identify other
Grp94-selective inhibitors, radamide (RDA), a radicicol/
geldanamycin chimeric inhibitor, was cocrystallized with both
Grp94 and Hsp90 to probe binding interactions.28 The
cocrystal structure of RDA bound to Grp94 presented two
modes of binding in which the amide bond existed in the trans
or cis configuration, which was in contrast to the Hsp90
cocrystal structure, wherein the amide existed solely as the trans
isomer. Upon further inspection, the structures suggested that
the cis-amide selectively binds Grp94, whereas the trans isomer
binds both homologues. Therefore, cis-amide bioisosteres of
RDA were pursued and ultimately led to the discovery of BnIm
(III),30 which incorporates an imidazole ring in lieu of the cis-
amide. Recently, Chiosis and co-workers reported another
Grp94-selective inhibitor, PU-WS13 (IV), which binds to an
alternative conformation of Grp94 than that reported for both
II and RDA (Figure 2).29

■ RATIONAL DESIGN

Upon examination of the binding modes for both III and IV
bound to Grp94, it was revealed that Grp94 undergoes a
conformational change when interacting with IV about helix 5
to form a binding pocket (site 2, Figure 2A) that is distinct
from the structure of III bound to Grp94. The rotation about
helix 5 brings Phe-195 in close proximity to the purine ligand
and results in a closed conformation. Since the purine scaffold
is not amenable to modifications that increase π interactions
with Phe-195, a novel chemotype was designed to interact with
Phe-195 while simultaneously accessing site 2. Recent work
from our lab has explored the II binding pocket (Figure 2A) via
derivatives of III;30,31 however, access to site 2 remains
underinvestigated. In an effort to design new analogs that
provide access to these regions, the binding modes of Hsp90
inhibitors under clinical evaluation were investigated. In
particular, SNX 2112 (I), a novel benzamide-containing
compound was shown to bind both cytosolic Hsp90 isoforms
(Hsp90 α/β Kd: 4/6 nM) with high affinity, but manifested
lower affinity (Grp94 Kd: 484 nM) against Grp94 and TRAP1
(Figure 3A).32

Molecular modeling studies were then used to compare the
binding mode of I with other scaffolds, including III and IV,
which revealed I to occupy site 1 with the bulky
tetrahydroindazolone fragment (Figure 3B). When bound to
Hsp90, the tetrahydroindazolone fragment rotates and attains a
near perpendicular geometry with the benzamide ring. Upon
overlay of I bound to Hsp90 and IV bound to Grp94, it was
observed that the tetrahydroindazolone fragment produces a
steric clash in the closed conformation of Grp94 as illustrated in
Figure 3C. In particular, the ketone, dimethyl, and trifluor-
omethyl groups of I appeared unable to bind the closed
conformation of Grp94. Therefore, the tetrahydroindazolone
fragment was computationally replaced with a pyrrole, which
can also attain a coplanar geometry with the benzamide ring
while simultaneously occupying site 2 to impart Grp94
selectivity. In fact, a substituted phenyl ring attached to the
2-position of the pyrrole appeared to preferentially bind the
closed Grp94 conformation with high selectivity when
compared to other Hsp90 isoforms (Figure 4). In addition,
rotation of the pyrrole about the benzamide ring appeared to be
disfavored as eclipsing interactions occur between the phenyl
and aminocyclohexanol appendages (Figure 4A). The pyrrole
also appeared to produce π interactions with Phe-195 in the
Grp94 closed conformation (Figure 4B), and substitutions at
the pyrrolic 2-position could lead to increased hydrogen
bonding interactions with Asn-107, a residue that resides on the
perimeter of the hydrophobic cleft. On the basis of these
computational studies and observations, a new class of Grp94-
selective inhibitors was synthesized and evaluated.

■ RESULTS AND DISCUSSION

Chemistry and Structure−Activity Relationship Stud-
ies. Synthesis of the proposed compounds began by treatment
of pyrrole 1 with N-bromosuccinimide (NBS), followed by in
situ protection of the nitrogen utilizing di-tert-butyl dicarbonate
to form the corresponding N-boc-2-bromopyrrole, 2 (Scheme
1).33,34 The brominated pyrrole (2) was then subjected to a
Suzuki cross-coupling reaction with substituted aryl boronic
acids using Pd(dppf)Cl2 as a catalyst and potassium carbonate
as the base. Subsequent removal of the Boc protecting group
under basic conditions led to intermediates 3a−3j.35 Inter-

Figure 1. Structures of nonspecific Hsp90 inhibitors (GDA and SNX
2112) and Grp94-selective inhibitors (RDA, BnIm and PU-WS13, and
NECA).
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mediates 4a−4j were obtained via a nucleophilic substitution
reaction between 3a−3j and 4-fluoro-2-bromobenzonitrile
utilizing sodium hydride as the base in a solution of
dimethylformamide. In the final step, amination of 4a−4j was
accomplished by microwave irradiation using trans-amino-
cyclohexanol in the presence of potassium tert-butoxide and
Pd(OAc)2/DPPF. The crude material was then subjected to
hydrolysis to convert the nitriles into the corresponding
benzamides, 5a−5j, in the presence of hydrogen peroxide
and sodium hydroxide.
Compound 5a, which contains an unsubstituted phenyl ring,

was evaluated for binding affinity toward Grp94 and Hsp90. It

was determined that compound 5a bound Grp94 (Kd ∼ 9 μM)
with greater affinity than Hsp90α (Kd > 100 μM), supporting
our hypothesis that these analogs represent a new class of
Grp94-selective inhibitors (Figure 4B, Table 1). Following
these encouraging results, structure−activity relationship (SAR)
studies were explored for substituents on the phenyl ring to
investigate both spatial and electronic requirements of the
Grp94 binding pocket. The incorporation of methyl sub-
stituents onto the phenyl ring was pursued to explore steric
demands at the 2-, 3-, and 4-positions (5b, 5c, and 5d). These
compounds exhibited comparable affinity to 5a, suggesting that
additional space was available in this hydrophobic cleft.

Figure 2. (A) Docking pose of III in Grp94 cocrystal structure with RDA (PDB code: 2GFD), showing III binding site 3 and site 1. (B) Binding
pose of IV in Grp94 (PU-H54 in PDB code: 3O2F) in which the protein undergoes a conformational change and reveals site 2, bringing Phe-195
closer to the ligand. Site 3 and site 1 are not observed in this conformation.

Figure 3. (A) I and its steric interactions with Grp94 (indicated in red). (B) I occupies site 1 when bound to Hsp90 (PDB code: 4NH7),
establishing a hydrogen bond with Tyr-139, which might be lost during the conformational change of Grp94. (C) Overlay of the I Hsp90 binding
mode with IV bound to Grp94. Steric clash manifested by I are depicted in red circles.
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Subsequently, chlorine containing compounds (5e−5g) were
synthesized to investigate the electronic effects within site 2.
Both the 3- and 4-chloro substituted compounds (5f and 5g)
manifested decreased affinity; however, the 2-chloro derivative,
5e, exhibited a Kd of ∼3 μM. The enhanced binding affinity
exhibited by 5e is not likely to result from steric effects, since
the analog containing a methyl group (5b) at this location was
less active. In addition, the phenyl ring in 5a was replaced with
a pyridine nitrogen at the 2-, 3-, and 4-positions (5h−5j) to
explore the potential for hydrogen bonds with ASN107 (Figure
4). Unfortunately, 2- and 4-pyridine analogues resulted in
decreased affinity for Grp94; however, 5i, which contains a 3-
pyridine ring, exhibited higher affinity than 5a. Although 5i did
lead to increased affinity, it did not reflect strong interactions
with Grp94 as supported by the computational studies,
suggesting the pyridine nitrogen atom may not align properly

in the binding site or that the rigidity of the scaffold may
produce unfavorable steric interactions with the protein. In an
effort to identify detrimental interactions within site 2, we
performed additional molecular modeling studies that
suggested the rigidity of the scaffold was detrimental to
potency, as substituents at the 3-postion of the phenyl ring
were too close to the Grp94 surface (Figure 4B). However, it
appeared that a linker between the pyrrole and phenyl ring
could provide the flexibility needed to overcome these
unfavorable interactions, while projecting the phenyl ring
deeper into the hydrophobic pocket (site 2).
Synthesis of the linker-containing compounds, 8 and 9, is

outlined in Scheme 2. The first synthetic process required
preparation of the 2-benzylpyrrole fragments, 6a−6q, via
nucleophilic attack of the pyrrole onto the corresponding
benzyl bromide/toluene sulfonate esters in the presence of
methyl magnesium bromide. In the subsequent step, fragments
6a−6q were subjected to the same sequence of reactions as
required for the synthesis of 4a−4j in Scheme 1. Toluene
sulfonate esters 11a−11c and 13 (Scheme 3) were prepared via
a reaction between p-toluene sulfonyl chloride and the
corresponding alcohols, which were utilized for the preparation
of compounds 8j−8l and 9.
The two-carbon linker containing compound 9 appeared too

long for accommodation in site 2, but was prepared to validate
our binding model. Binding data confirmed that the benzyl
substituted compound, 8a, manifested greater affinity than the
phenethyl derivative, 9 (Table 2). In fact, 8a produced a Kd of
∼1.3 μM, an improvement over 5a. Encouraged by the
increased affinity and selectivity manifested by 8a, SAR studies
were initiated about the benzyl side chain via the incorporation
of chlorine at all three locations on the phenyl ring, 8b−8d.
The 4-chloro derivative (8d) exhibited lower affinity for Grp94
than 8a, suggesting limited space at the 4-position. Similarly,
the 3-chloro analog, 8c, also produced decreased affinity when

Figure 4. (A) Designed series of ACO inhibitors predicted to bind
Grp94 in the desired conformation (left). (B) Docked pose of
compound 5a in the binding site of Grp94 in the closed conformation.
The phenyl appendage at the 2-position of the pyrrole occupies site 2.

Scheme 1a

aReagents and conditions: (a) NBS, −78 °C, THF. (b) TEA, DMAP,
Boc2O. (c) Pd(dppf)Cl2, aryl boronic acid, toluene/ethanol/water
(6:1:1), K2CO3,100 °C. (d) Methanol, K2CO3. (e) 4-Fluoro-2-
bromobenzonitrile, NaH, DMF. (f) Pd(OAc)2, DPPF, KO

tBu, trans-
cyclohexanolamine, MW, 110 °C. (g) DMSO, ethanol, NaOH, H2O2.

Table 1a

compound R = Kd, Grp94 (μM) Kd, Hsp90α (μM)

5a H 9.05 ± 0.31 > 100
5b 2-Me 9.9 ± 0.54 > 100
5c 3-Me 9.43 ± 0.26 > 100
5d 4-Me 8.35 ± 0.14 > 100
5e 2-Cl 2.94 ± 0.27 > 100
5f 3-Cl 15.8 ± 0.31 > 100
5g 4-Cl 10.62 ± 0.54 > 100

compound N Scan Kd, Grp94 (μM) Kd, Hsp90α (μM)

5h C2 = N 13.98 ± 0.27 > 100
5i C3 = N 5.5 ± 0.15 > 100
5j C4 = N 13.2 ± 0.12 > 100

aApparent Kd values determined using fluorescence polarization (FP)
assay. Compounds were incubated with cGrp94/Hsp90α and FITC-
GDA in triplicate, and ± SEM was measured.
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compared to 8a. In contrast, the 2-chloro derivative, 8b,
produced increased affinity toward Grp94, while lacking affinity
for Hsp90. Therefore, additional investigations at the 2-position
were pursued. For this purpose, the 2-methyl substituted
analog, 8i, was synthesized, and upon evaluation, a loss of
affinity was observed (∼3 fold), suggesting that steric bulk at

the 2-position was not tolerated. Therefore, substituents that
exhibit various electronic features were incorporated into the 2-
position (8e−8g). For example, the 2-fluorine analog, 8e,
resulted in improved affinity (∼724 nM). However, the 3-
fluorine (8f) and 4-fluorine (8g) analogs produced decreased
affinity. Compound 8h contained a bromide, but it too
exhibited decreased affinity. On the basis of the data observed,
we proposed that fluorine interacts with ASN107, which is also
supported by prior studies that have demonstrated that the
fluorine atom can interact with asparagine as a hydrogen bond
acceptor.36 Building on the knowledge that the 2-position of
the benzyl ring is important for affinity and that ASN107 in
Grp94 may produce hydrogen bonding interactions, phenol
containing compounds, 8j−8l, were synthesized. Upon their
preparation, 8j−8l were evaluated for binding affinity.
Interestingly, the 2-phenol containing derivative 8j exhibited
an apparent Kd of ∼446 nM toward Grp94 while maintaining
>100 μM Kd for binding Hsp90 (>200 fold selectivity). The
increased potency of compound 8j could once again be
explained via hydrogen bonding interactions with ASN107 via
the phenol. Furthermore, the 3-phenol compound, 8k, and the
4-phenol, 8l, bound Grp94 with lower affinity (Table 3). The

loss of affinity for the 3- and 4-phenols was in agreement with
the affinities observed for substituents at the 3-and 4-positions.
However, a hydroxyl group could serve as a hydrogen bond
donor or an acceptor; therefore, the 2-methoxy containing
compound, 8m, was synthesized to differentiate the role of the
2-phenol with regard to ASN107. Compound 8m bound Grp94

Scheme 2a

aReagents and conditions: (a) MeMgBr, benzyl bromide/11a−11c/
13, THF/DCM (1:1). (b) NaH, DMF. (c) Pd(OAc)2, DPPF,KO

tBu,
trans-cyclohexanolamine, MW, 15 min, 110 °C. (d) DMSO, ethanol,
NaOH, H2O2 RT (at 65 °C for 8j−8l).

Scheme 3a

aReagents and conditions: (a) NaH, TsCl (2.2 equiv), THF. (b) NaH,
TsCl (1.1 equiv), THF.

Table 2a

compound Kd, Grp94 (μM) Kd, Hsp90α (μM)

8a 1.13 ± 0.1 > 100
9 > 25 > 100

aApparent Kd values determined using fluorescence polarization (FP)
assay. Compounds were incubated with cGrp94/Hsp90α and FITC-
GDA in triplicate and ± SEM were measured.

Table 3a

compound R = Kd, Grp94 (μM) Kd, Hsp90α (μM)

8b 2-Cl 0.83 ± 0.12 > 100
8c 3-Cl 2.45 ± 0.45 > 100
8d 4-Cl > 25 > 100
8e 2-F 0.72 ± 0.14 > 100
8f 3-F 4.53 ± 0.12 > 100
8g 4-F 8.35 ± 0.14 > 100
8h 2-Br 12.9 ± 0.11 > 100
8i 2-Me 4.2 ± 0.23 > 100
8j 2-OH 0.44 ± 0.09 > 100
8k 3-OH > 25 > 100
8l 4-OH 20.55 ± 0.74 > 100
8m 2-OMe 1.15 ± 0.02 > 100
8n 2, 6-di-F > 25 > 100

compound N scan Kd, Grp94 (μM) Kd, Hsp90α (μM)

8o C2 = N 13.98 ± 0.27 > 100
8p C3 = N 5.5 ± 0.15 > 100
8q C4 = N 13.2 ± 0.12 > 100

aApparent Kd values determined using fluorescence polarization (FP)
assay. Compounds were incubated with cGrp94/Hsp90α and FITC-
GDA in triplicates and ± SEM were measured.
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with a Kd of 1.15 μM, which was comparable with 8a, despite
the hydrophobic constraints at the 2-position, which led us to
conclude that the hydrogen bond acceptor role of the phenol is
beneficial. Subsequently, the 2,6-difluorine substituted com-
pound, 8n, was synthesized to simultaneously occupy the
binding pocket at both the 2- and 6-positions. Compound 8n
exhibited decreased affinity for Grp94, suggesting that the

binding pockets surrounding the 2- and 6-positions are
mutually exclusive (Figure 4). A nitrogen scan was also
performed with compounds 8o−8q to seek potential hydrogen
bond interactions with protein, but a loss of binding affinity was
observed compared to 8a.

Grp94 Inhibitors Exhibit Antimigratory Activity. Grp94
is a pro-oncogenic chaperone that is overexpressed in tumors to

Figure 5. Biological evaluation of Grp94 inhibitors. (A) DMSO, 8e (10 μM), and 8j (10 μM) treated PC3-MM2 cells for 24 h were divided into
microsomal (MIC), mitochondrial (Mito), and cytoplasmic (Cyto) fractions, and Western blot analysis was performed. Representative Western blots
show the levels of integrin α2, integrin αL, Syne2, VAMP2, Rab10, and actin. (B) PC3-MM2 cells were treated with DMSO, 8e (10 μM), or 8j (10
μM) for 24 h and were fixed and stained with integrin α2 (red), phalloidin (gray), and DAPI (blue). Fluorescent images are representative of three
independent biological replicates.

Figure 6. Wound-healing scratch assay performed with compound 8j and 8e. Top MDA-MB-231 cells and bottom PC-3 MM-2 cells. A camera
mounted microscope was then used to record migration at 0, 16, and 24 h. Compounds 8j and 8e were evaluated in this assay at 10 μM and 5 μM
concentration. Representative live cell images at the corresponding time points of three independent biological replicates of cell migration assay are
shown.
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modulate cancer cell migration and metastasis.37,38 Using
Grp94 knockdown cells, it was reported that Grp94 affects
intracellular transport pathways during the metastatic process.
Although the total levels of proteins did not alter, levels in the
microsomal fraction (MIC) were significantly lower in Grp94
knockdown cells compared to control cells, suggesting that
Grp94 affects protein localization/trafficking. Specifically,
Grp94 knockdown cells down-regulated VAMP2 and Rab10,
which are critical for intracellular transport; Syne2, which is
necessary for f-actin attachment to the nucleus; and integrin α2
and αL, which are critical for cell−cell and cell−matrix
adhesion.37 As shown in Figure 5A, the cytoplasmic (Cyto)
fraction of cells treated with 8j and to some extent 8e at 30 μM
resulted in reduced levels of integrin α2, integrin αL, Syne2,
VAMP2, and Rab10 compared to DMSO, supporting that
compound 8j targets Grp94 more effectively than 8e.
The cell migration process requires cell polarization,

protrusion (filopodia, lamellipodia formation), adhesion, and
retraction of the rear. Cell protrusion is produced by local actin
polymerization causing filamentous actin (f-actin) formation at
the filopodia and lamellipodia.39 Adhesion is facilitated by
formation of the focal adhesion complex at the filopodia tip.
Focal adhesion occurs via integrin receptors that bind the
extracellular matrix.37 Different aspects of cell migration
processes, such as f-actin localization and integrin trafficking,
were therefore investigated by confocal microscopy using
Grp94 inhibitors 8e and 8j. The microscopy data revealed that
f-actin was enriched at the cellular cortex region in DMSO
treated cells, which correlates with normal f-actin distribution.
In the presence of 8j and to some extent 8e, f-actin formed
sporadic patches in the cytoplasm, which further supported the
role of Grp94 inhibitors to modulate cell protrusion via f-actin
reorganization (Figure 5B).40 Immunofluorescence analysis
showed that integrin α2 is localized to the cell surface in
untreated cells; however, in the presence of Grp94 inhibitors
(8e and 8j), integrin α2 was localized as patches in the
cytoplasm, supporting the role of Grp94 to traffic integrins to
the cell membrane (Figure 5B). As shown in Figure 6, Grp94
inhibitors, 8e and 8j, inhibited cell motility. When combined,
these results show that both 8j and to some extent 8e prevent
cancer cell migration by affecting f-actin polymerization and
integrin trafficking and thus provide a clear mechanism by
which Grp94 inhibitors inhibit the metastatic process. Recently,
Grp94 inhibition was shown to diminish cell migration and
metastasis in the highly metastatic breast cancer cell lines,
MDA-MB-231 and ROS-resistant MCF-7.20 The migratory
activity of these cells was therefore determined by employing a
wound healing scratch assay. It was observed that compounds
8j and 8e inhibited migration of the highly metastatic breast
cancer cell line, MDA-MB-231, as well as the highly metastatic
prostate cancer cell line, PC-3 MM-2, at 10 μM and 5 μM,
respectively. The antiproliferative activity manifested by these
compounds did not affect the proliferation of MDA-MB-231 or
PC-3 MM-2 cells (>95% viability at 25 μM 8j and 8e),
suggesting that the antimigratory activity manifested by these
compounds does not result from antiproliferative activity.
Taken together, the results show that these Grp94 inhibitors
inhibit cell migration by disrupting integrin trafficking and
filamentous actin rearrangement.
Disaggregation of Mutant Myocilin with Grp94

Inhibitors. Myocilin is a secreted protein found in trabecular
meshwork (TM) tissue in the anterior anatomical segment of
the eye. Gain of toxic function mutations in the MYOC gene

lead to abnormal myocilin that readily accumulates and
aggregates, leading to reduced aqueous humor outflow facility
through the TM in the anterior chamber of the eye. As a result,
intraocular pressure (IOP) is increased and contributes to
primary open angle glaucoma (POAG), a degenerative eye
disease.41 Previous studies have found a link between the
accumulation of aggregated mutant myocilin and the ER-
associated chaperone, Grp94, and that the inhibition of Grp94
with small molecules is a viable therapeutic approach that can
potentially lead to the alleviation of known POAG pathologies
via increased clearance of myocilin aggregates from the ER.21

Therefore, varying doses of inhibitors were evaluated in an
assay that measured the levels of I477N mutant myocilin levels
expressed in tetracycline inducible HEK cells that conditionally
overexpress the I477N mutant form of myocilin. In the
Western blot analysis shown in Figure 7, compound 8j

exhibited a significant decrease in mutatnt myocilin levels at
30 μM. Effect of drug on cytosolic Hsp90 client protein
maturation was also determined. As can be seen in Figure 7b,
compound 8j did not affect Akt maturation at the evaluated
concentration; Akt is a well-established Hsp90-dependent
client. Furthermore, Hsp70 levels remained unaffected with 8j
when compared to 17-AAG, which is a pan-inhibitor of all four
Hsp90 isoforms.

■ CONCLUSION
Herein, we report the discovery of a novel Grp94-selective
scaffold that binds Grp94 in a conformation that is disfavored
for binding other Hsp90 isoforms. The design and develop-
ment of this new scaffold required the evaluation of existing
inhibitors of the N-terminal ATP-binding site of Hsp90, which
were screened in silico for their ability to bind the Grp94
hydrophobic cleft (site 2). It was determined that the
benzamide-containing compound, SNX 2112 (I), could be
modified to occupy the Grp94 hydrophobic cleft and could be
used for the development of Grp94 selective inhibitors. For this
purpose, the tetrahydroindazolone fragment of I was replaced
with a pyrrole, and subsequent incorporation of a phenyl
appendage led to 5a, which exhibited good selectivity for Grp94
but lacked high affinity. Subsequent SAR studies led to analogs
that incorporated a benzyl moiety in lieu of the phenyl and
resulted in derivatives that exhibited both increased affinity and

Figure 7. Western blot analysis of compound 8j on the levels of (a)
mutant myocilin and (b) Hsp70 and Akt with 30 μM 8j and 5 μM of
17-AAG.
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selectivity. Additional investigations led to identification of 8j
(ACO1), which contains a phenol at the 2-position of the
benzyl side chain. Biological investigations with 8j determined
that Grp94 was inhibited in cells and ultimately led to
inhibition of cancer cell migration and induced the degradation
of mutant myocilin. As a result, 8j represents a new Grp94-
selective inhibitor that may be useful for the treatment of
metastatic cancer and/or glaucoma.

■ EXPERIMENTAL PROCEDURES
Chemistry. Synthetic procedures and full characterization of new

compounds is provided in the Supporting Information.
Fluorescence Polarization. Assay buffer (25 μL, 20 mM HEPES

at pH 7.3, 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 20 mM Na2MoO4,
0.01% NP-40, and 0.5 mg mL−1 BGG) was added to a 96-well plate
(black well, black bottom) followed by the desired compound at the
indicated final concentrations in DMSO (1% DMSO final
concentration). Subsequently, 10 nM recombinant cGrp94/Hsp90α
and 6 nM FITC-GDA were added in 50 and 25 μL assay buffer
respectively, resulting in a 100 μL final volume. Plates were incubated
for 5 h at 4 °C on a rocker. Fluorescence was determined using
excitation and emission filters of 485 and 528 nm, respectively. Percent
FITC-GDA bound was determined by assigning the DMSO
millipolarization unit (mP) value as the 100% bound value and 0%
for FITC-GDA in assay buffer without any protein. Kd values were
calculated from separate experiments performed in triplicate using
GraphPad Prism.
Molecular Modeling. The Surflex-Docking module in Sybyl v8.0

was used for molecular modeling and docking studies. The cocrystal
structures of RDA bound to Grp94 (PDB code: 2GFD), SNX 2112
bound to Hsp90 (PDB code: 4NH7), and PU-H54 bound to Grp94
(PDB code: 3O2F) were utilized for modeling experiments. Pymol
was used for further visualization and figure preparation.
Protein Trafficking and Anti-Migratory Effects of Grp94

Inhibitors. Chemicals and Cell Culture. Compounds 8e and 8j were
dissolved in DMSO and stored at −20 °C. The PC3-MM2 and MDA-
MB-231 cells were maintained in DMEM (Cellgro) media
supplemented with streptomycin (500 μg/mL), penicillin (100
units/mL), and 10% FBS at 37 °C and 5% CO2.
Antibodies. The following antibodies were used for Western

blotting and/or immunofluorescence: goat anti-integrin αL #sc6609,
rabbit anti-SYNE2 #sc99066, and rabbit antiactin #sc1616-R (Santa
Cruz Biotechnology); rabbit anti-Integrin α 2 #ab181548 and rabbit
anti-VAMP2 #ab3347 (Abcam); Phalloidin 647 #A22287 (Invitro-
gen); and rabbit anti-Rab10 #4262S (Cell Signaling Technology).
Cell Fractionation and Western Blot Analysis. The PC3-MM2

cells treated with DMSO, or compounds dissolved in DMSO at
specified concentrations for 24 h, were trypsinized, washed twice with
ice-cold phosphate-buffered saline (PBS), and resuspended in 10 mL
of isolation buffer containing 10 mM Tris-HCl at pH 7.4, 1 mM
EDTA, 0.2 M D-mannitol, 0.05 M sucrose, 0.5 mM sodium
orthovanadate, 1 mM sodium fluoride, and protease inhibitor
cocktail.42 The cells were homogenized with the aid of a Teflon
pestle, and lysis was confirmed microscopically. After sedimenting the
cell debris, the protein concentration of each lysate was measured in
quadruplicate using the BCA protein assay and bovine serum albumin
as the standard. The coefficient of variation was determined for each
set of quadruplicate measures, and if the variability exceeded 5%, the
protein assay was repeated for that set of samples. The cell lysates
containing equal amounts of protein were centrifuged at 8000g for 10
min, and the crude mitochondrial pellet (Mito) was washed two times
in isolation buffer and frozen. The reserved supernatant was centrifued
at 14 000g to isolate a microsomal fraction (MIC) and the remaining
supernatant (Cyto) was concentrated overnight by TCA precipitation
and dissolved in a minimum amount of isolation buffer and subjected
to SDS-PAGE.
Equal volumes of samples were electrophoresed under reducing

conditions (8% polyacrylamide gel), transferred to a polyvinylidene
fluoride membrane (PVDF), and immunoblotted with the correspond-

ing specific antibodies. Membranes were incubated with an appropriate
horseradish peroxidase-labeled secondary antibody, developed with a
chemiluminescent substrate and visualized.

Immunofluorescence Analysis. For cell imaging, 1 μm-Slide eight-
well ibidiTreat IBIDI glass slides were used. PC3-MM2 cells were fixed
with freshly made 4% (w/w) paraformaldehyde in PBS for 15 min,
permeabilized with 0.1% (w/w) Tween 20 in PBS for 5 min, and
quenched with 0.1% (w/w) sodium borohydride for 5 min. The
sections were blocked with 3% (w/w) BSA in PBS for 1 h and
incubated with the primary antibody at a 1:100 concentration in 1%
BSA in PBS overnight, prior to incubation with secondary antibody
conjugated with Alexa Fluor 568 for 3 h. The sections were
counterstained with DAPI and/or with phalloidin to visualize DNA
and F-actin, respectively. The wells were washed three times with PBS
after each step.

Confocal images were acquired using a custom epifluorescent/
confocal microscope composed of the following components: an
Olympus IX81 inverted spinning disc confocal microscope base
(Olympus America), a Prior microscope stage for automated image
acquisition (Prior Scientific), an Olympus 60× oil immersion objective
for confocal images, and a Hamamatsu Electron Multiplying Charge-
Coupled Device (EMCCD) camera (Hamamatsu). Images were
captured using the SlideBook acquisition and analysis software
(Intelligent Imaging Innovations (3i)).

Images were collected with 8−10 image stacks with a 0.3 μm step
size through the cells. Images were processed using ImageJ software
(NIH).

Wound Healing Scratch Assay. The cells were seeded in a 24-well
plate in complete media and allowed to form a monolayer. After
monolayer formation, a scratch was introduced with a sterile 0.1−10
μL pipet tip. The medium was replaced with fresh medium in the
absence or presence of the indicated drug concentrations. Photo-
micrographs were taken at different time points with an Olympus IX71
microscope using a 10× air lens and CellSans Dimensions software.
The images were processed with ImageJ software.

Antiproliferation Assays. Cells were seeded (2000/well, 100 μL) in
96-well plates and incubated overnight. Following incubation,
compounds with varying concentrations in DMSO (1% DMSO final
concentration) were added, and cells were returned to the incubator
for 72 h. After 72 h, the cell viability was determined using an MTS/
PMS cell proliferation kit (Promega) per the manufacturer’s
instructions. Absorption values from 1% DMSO wells were used as
100% proliferation, and values were adjusted accordingly.

Effect of Grp94-Selective Inhibitors on Myocilin Levels. Cell
Culture. Cell culture was performed as previously described.21

Tetracycline-inducible Hek cells stably overexpressing I477N mutant
myocilin were grown and maintained in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal bovine serum (Invitrogen,
penicillin (100 units/mL), streptomycin (100 mg mL−1), and 1%
GlutaMAX (Invitrogen) at 37 °C and 5% CO2). Stably overexpressing
cells were selected for using hygromycin B (200 mg mL−1; InvivoGen)
and G418 (100 mg mL−1; Gibco). I477N myocilin expression was
induced with tetracycline (5 mg mL−1) for 48 h prior to drug
treatment.

Inhibitor Treatment. Inhibitors were solubilized in DMSO (Sigma-
Aldrich) and diluted to documented concentrations. Cells were treated
dropwise with inhibitors 24 h prior to cell harvest. DMSO
concentration was diluted to 1% total cell medium volume.

Cell Harvest. Cell harvest was performed as previously described.21

Twenty-four hours after inhibitor treatment, culture medium was
removed, and cells were washed two times with ice cold PBS.
Mammalian Protein Extraction Reagent (M-PER) buffer (Pierce)
containing protease inhibitor cocktail III (Calbiochem), 100 mM
phenylmethylsulfonyl fluoride (PMSF), and phosphatase inhibitor II
and III mixtures (Sigma) were added to washed cells at a 1:100
dilution and scraped. Scraped cells in lysis buffer were incubated for 10
min on ice to allow for lysis to occur. Cell lysates were then
centrifuged at 16 000g for 10 min to separate cell lysates from nuclear
debris. Bicinchoninic acid assay (BCA) was performed to determine
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protein concentration in cell lysates, and samples were prepared for
Western blot analysis.
Western Blotting. Western blot analysis was performed as

previously described.41 Cell lysates were prepared at identical protein
concentrations, as determined by BCA analysis, in 2× Laemmli sample
buffer (Bio-Rad) and denatured by boiling for 5 min at 100 °C.
Denatured samples were then loaded onto a 10-well 10% gel (Bio-
Rad). Gels were run at 125 V until the dye front reached the bottom of
the gel cassette. Gels were then transferred onto a PVDF membrane
(Millipore) at 100 V for 1 h. After transfer, blots were blocked in 7%
milk in TBS for 1 h at RT prior to primary antibody incubation.
Statistical analysis of imaged blots was performed with ImageJ analysis
software (NIH).
Antibodies. Myocilin antirabbit primary antibody was provided by

Dan Stamer at Duke University. Actin antimouse was purchased from
Sigma-Aldrich. Secondary antibodies were purchased from Southern
Biotech. All antibodies were diluted at 1:1000 in 7% milk in TBS.
Primary antibodies were incubated shaking overnight at 4 °C.
Secondary antibodies were incubated shaking at RT for 1 h.
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