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ABSTRACT Herein, we show that sansalvamide A-amide (San A-amide), a struct-

urally unique molecule, influences a subset of cancer-related pathways involving
heat shock protein 90 (Hsp90). We show that San A-amide specifically binds to the
N-middle domain of Hsp90 and allosterically disrupts the binding of proteins
thought to interact with the Hsp90 C-terminal domain, while having no effecton an
N-terminal domain client protein. This unique mechanism suggests that San
A-amide is a potential tool for studying C-terminal binding proteins of Hsp90 as
well as a promising lead in the development of new cancer therapeutics.
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available to treat drug-resistant cancers. Natural pro-

ducts are a rich source of new therapeutic agents. One
such compound is Sansalvamide A (San A), where the
peptide derivatives of San A (Figure 1) have shown promise
as a scaffold that exhibits anticancer activity.' > The cyto-
toxicity of San A derivatives against pancreatic,””’ colon,®
and breast and prostate carcinomas as well as melanomas®
suggests that San A-amide derivatives (Figure 1) may have
potential as new cancer therapeutics. Although a number of
studies have shown San A-amide's structure—activity rela-
tionship (SAR) in various cancer cell lines, their apoptotic
effect, and their cytotoxicity against numerous cell lines, to
date, no mechanistic studies have explained their cytotoxi-
city in mammalian cells.”? Herein, we show that San
A-amide binds to heat shock protein 90 (Hsp90) at the
N-middle domain, and in doing so, it blocks the binding of
Hsp90 to a client protein and a cochaperone that bind to the
C terminus of Hsp90: inositol hexakisphosphate kinase-2
(IP6K2) and FKBP52, respectively. Our findings suggest that
San A-amide inhibits C-terminal interactions via an allosteric
mechanism rather than directly inhibiting their binding to
Hsp90.

To investigate the mechanism of action for San A-amide,
we identified potential oncogenic protein target(s) that
bound to this molecule by employing pull-down assays using
a biotinylated derivative, San A-amide-Biotin (Figure 1).
Our SAR data indicated that position 4 is not critical for
cytotoxicity,*® and thus, it represented a logical location
for the incorporation of a biotinylated linker into these
molecules. San A-amide-Biotin was synthesized and used
in pull-down assays with the HCT-116 colon cancer cell line
(Figure 2).

There are serious limitations on the molecules currently
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The biotinylated compound was incubated with HCT-116
cell lysate, whereupon neutravidin-bound agarose beads
were added to immobilize the compound along with the
bound target protein(s) (Figure 1b). The beads were washed
10 times to remove nonspecifically bound proteins, followed
by elution of proteins using sample buffer. The eluted
proteins were run on an sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis gel and visualized with Coomassie
blue (Figure 2). Five major proteins were pulled down by San
A-amide-Biotin (asterisks in Figure 2). The most prominent
protein bound to San A-amide-Biotin was visualized as a
band at approximately 90—95 kDa. Four other major pro-
teins appeared between 40 and 65 KkDa. It is possible that
other proteins may be related to our mechanism of action
that are not seen with Coomassie staining; therefore, protein
sequencing of the entire lane 2 was performed using a nano-
LC/MS/MS followed by a search of the NCBInr Eukaryotic
database and peptide identification using fingerprinting
software. No other major proteins were found, and only five
major proteins were identified, with one of these being
associated with oncogenic pathways. The major bands listed
in order from top to bottom were identified as Hsp90,
keratin, o~ and p-tubulin, and actin. It is well-established
that keratin, tubulin, and actin are commonly pulled down
due to their hydrophobicity.'°~'* Furthermore, comparison
of the band at 90—95 kDa in lane 2 to the negative control
[lane 3, the PEGylated biotin linker alone, or lane 4, dimethyl
sulfoxide (DMSO)] suggests that the interaction between
Hsp90 and San A-amide is specific. Given that Hsp90 is the
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Figure 1. (a) Natural product San A, the derivative San A-amide
compound (1), and biotinylated San A-amide (San A-amide-
Biotin). (b) Schematic diagram of the pull-down assay.
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Figure 2. Bands isolated in the pull-down assay using HCT-116
colon cancer cell lyate. Lanes: 1 and 5, MW marker (kDa); 2, San
A-amide-Biotin; 3, negative control (PEGlayted biotin linker); 4,
DMSO control; and 6—8, protein input for lanes 2—4, respectively.
Major proteins are indicated by asterisks with the following order
from top to bottom: Hsp90, keratin, o- and f-tubulin, and actin.

only protein pulled down that is associated with an onco-
genic pathway, we examined the interaction between San
A-amide and Hsp90 more closely.

Hsp90 is known to play an important role in cancer cell
growth because it functions as a molecular chaperone
for folding, assembling, and stabilizing proteins and for
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intracellular cell signaling.'®'® Hsp90 has three distinct

regions: the N-terminal, the middle, and the C-terminal
domains. It exists as a dimer in which the subunits are
constitutively associated via the C-terminal domain.'” "% It
has over 100 identified client proteins, many of which are
involved in cell signaling.'®*® Interestingly, Hsp90 is up-
regulated in the majority of cancers,'”*' =2 and inhibiting
the function of Hsp90 affects multiple oncogenic pathways
that are involved in cancer cell growth and programmed cell
death.*°~*® Given that the efficacy of target-specific anti-
cancer drugs may decrease or even be lost over time due to
the high epigenetic variation within cancer cells, blocking a
protein that affects numerous cancer-related pathways, such
as Hsp90, can be an effective and efficient means of treating
drug-resistant cancers.*®”*®

There are currently considered to be two classes of Hsp90
inhibitors: the N-terminal inhibitors [e.g., 17-allylamino and
17-demethoxygeldanamycin (17-AAG)] that target the ATP
pocketand a relatively weak C-terminal inhibitor, novobiocin
(Figures S5 and S6 of the Supporting Information, resp-
ectively).””>' 17-AAG is currently in phase I and I clinical
trials.*®>#*> There are currently no clinical trials involving
molecules that inhibit the C-terminal binding proteins.

Anticipating that the cytotoxic effect of San A-amide might
be a direct result of its ability to inhibit the interaction
between Hsp90 and cell signaling events, we directly probed
the effect of our small molecule on the binding interaction
between Hsp90 and three proteins: Her2, IP6K2, and
FKBP52. Her2 is a well-established client protein that binds
to the N-terminal domain, and it is inhibited from binding to
Hsp90 by 17-AAG.>*~° Thus, it was an excellent choice for
comparing our molecule's mechanism to that of 17-AAG.
San A-amide was shown to cause apoptosis,”” and both
IP6K2°7 and FKBPs’® are associated with apoptotic path-
ways when either is inhibited from binding to Hsp90. Thus,
these two proteins were also logical choices for exploring San
A-amide's apoptotic mechanism of action.

We monitored the binding between each protein (Her2,
[P6K2, and FKBP52) and Hsp90 via an in vitro binding assay.
We used native Hsp90, purified from HeLa cells (Stressgen),
recombinant 6x-histidine-tagged IP6K2 (His-IP6K2), recom-
binant GST-tagged Her2, and recombinant GST-tagged
FKBP52 (R&D Systems and Abnova, respectively) (Figure
3a). San A-amide (0—10 uM) was added to the reaction; then,
Talon metal affinity resin or Immobilized Glutathione agar-
ose was added to the respective reactions, followed by three
washes of the beads. The percent of Hsp90 bound to client
protein was analyzed using Western blots (Figure 3a). The
following procedure was repeated with 17-AAG rather than
San A-amide (Figure 3b).

We found that San A-amide inhibits the binding of the C-
terminal interacting protein, IP6K2, to Hsp90 as well as
the C-terminal binding cochaperone FKBP52 but has no
effect on the binding of a N-terminal domain client, Her2
(Figure 3a). In contrast, 1 7-AAG did not affect the binding of
IP6K22? and FKBP52 but did affect the binding of Her2 to
Hsp90 (Figure 3b). This suggests that our molecule has a
mechanism that is unique from that of 17-AAG. Along
with demonstrating that Hsp90 binds to IP6K2 in a
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Figure 3. In vitro pull-down binding assay: (a) San A-amide
inhibits binding of both IP6K2 (EC5o = ~1.4 uM) and the FKBP
(EC50 = 1.0 uM) to Hsp90. Her2 binding to Hsp90 is not affected.
(b) 17AAG inhibits Her2 binding to Hsp90 (EC5o = ~0.66 uM),
while FKBP and IP6K2 binding to Hsp90 are not affected (IP6K2
is not inhibited at 10 uM).**” %Hsp90 bound to client protein
was quantified by densitometric scanning of Hsp90 protein on
Western blot with normalization to client protein loading using
Image ]J.

1 7-AAG-independent manner, Snyder's group demonstrated
that blocking IP6K2's access to Hsp90's C-terminal domain
elicits programmed cell death.*® Furthermore, San A-amide
is a significantly more effective binding inhibitor than the
Hsp90 C-terminal binder novobiocin, where novobiocin
inhibits IP6K2 binding at an ECs, of ~100 uM*? versus San
A-amide's inhibitory ECsq of ~1 uM. Thus, by disrupting this
Hsp90-IP6K2 interaction, San A-amide may provide a new
approach to chemotherapeutics.

To determine if the in vivo affects of San A-amide were
linked to our in vitro observation of the inhibition of
Hsp90—IP6K?2 interactions, we performed cell-based assays
and compared the effect of cell survival in the presence of
San A-amide in wild-type (control) and IP6K2 overexpressed
(K2-O/E) HEK 293 cell lines. Tet-inducible Myc-IP6K2 con-
structs were created for IP6K2 overexpression. The control
and K2-O/E cells were treated with DMSO (no drug) or 25 uM
San A-amide (C1) for 48 h, and viability was determined
using a CCK-8 assay. When no drug is present, IP6K2 over-
expression only moderately affects cell survival (Figure 4,
3 % change when comparing control, white bar, set at 100 %
to K2-O/E, gray bar, 97 % ). However, in the presence of San
A-amide, cell survival is substantially decreased in cells that
overexpress IP6K2 as compared to wild-type cells (~9-fold, 3
vs 27 % change). Thus, San A-amide induces cell death, at
least in part, through the Hsp90—IP6K2 pathway (17-AAG
did not affect this pathway*).

To begin to map the binding site of San A-amide, pull
downs were performed against the N-terminal, middle, C-
terminal, and N-middle domains of the yeast variant of
Hsp90 (Hsc82, Figure 5). The Hsp90 domain variances were
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Figure 4. Cytotoxicity of San A-amide in IP6K2 overexpressed cell
line (K2-OIE, gray bar) as compared to wild-type control (Con,
white bar). *p < 0.05; ***p < 0.001.
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Figure 5. San A-amide pull down of Hsc82 (yeast variant of
Hsp90) full length and domains. Lanes: 1, MW marker (kDa); 2,
N-terminal domain; 3, middle domain; 4, C-terminal domain; 5,
N-terminal and middle domain combined; and 6, full length.

expressed in His-fusion vectors, purified, and used in pull-
down assays with San A-amide-Biotin (Figure 1a). San A-
amide not surprisingly bound to full-length Hsp90 (Figure 5,
lane 6). There was only a marginally detectable interaction
between the San A-amide and the N-terminal domain (lane
2) and partial affinity for the middle domain (lane 3).
Surprisingly, San A-amide has no affinity for the C-terminal
domain (lane 4) but has optimal affinity for the N-middle
construct (lane 5). These data indicate that although San
A-amide binds preferentially to the N-middle domain of
Hsp90, its inability to inhibit Her2 from binding to Hsp90
indicates that the Hsp90 binding site of San A-amide is
distinct from that of Her2 and 17-AAG. Moreover, unlike
17-AAG, which strongly inhibits the Hsp90 ATPase activity,””
San A-amide has no affect on ATP hydrolysis (Figure S7 of the
Supporting Information). Because the macrocyclic peptide
does not interact directly with the C-terminal domain, it
likely alters the Hsp90 conformational equilibrium by affect-
ing protein binding via an allosteric mechanism.

The observed effect of San A-amide on FKBP52 binding
provides further support for an allosteric mechanism of
inhibition. FKBP cochaperones are tetratricopeptide (TPR)
repeat-containing proteins that bind to the MEEVD sequence
at the very C terminus of Hsp90. Because the C terminus is
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disordered in the full-length Hsp90 crystal structures, it is
unlikely that San A-amide directly blocks this interaction.
Instead, drug-induced alteration of Hsp90 conformational
equilibrium likely disrupts FKBP-binding sites remote from
the TPR—MEEVD interaction. Importantly, inhibition of
FKBP's binding to Hsp90 by perturbing TPR interactions
has been linked to programmed cell death.’® Indeed, it is
thought that several FKBPs may be involved in multiple
cell death mechanisms, one of which acts via the Bcl-2
pathway.”®

Thus, San A-amide appears to influence a unique subset of
cancer-related pathways by selectively disrupting the bind-
ing of C-terminal binding proteins, both clients and cochap-
erones of Hsp90. By being able to block both Hsp90—IP6K2
and Hsp90—FKBP interactions, where Novobiocin only dis-
rupts Hsp90—IP6K2 and not FKBP binding, San A-amide
may provide multiple mechanisms for activating apoptotic
pathways, thereby increasing its therapeutic potential.
Furthermore, we show that San A-amide is over 100-fold
more potent at inhibiting C-terminal client proteins than
Novobiocin. Thus, San A-amide offers a potentially efficient
means of targeting drug-resistant cancers, where its intri-
guing multipronged mechanism of action will be further
assessed. San A-amide's ability to inhibit other Hsp90—
cochaperone and Hsp90—client protein interactions both
in vitro and in vivo is under investigation.

SUPPORTING INFORMATION AVAILABLE Full experimen-
tal procedures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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