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Abstract: Described is the SARof 18 di-sansalvamide A derivatives
and the mechanism of action of the most potent compound.
We show that this scaffold is a promising lead in the development
of novel cancer therapeutics because it is cytotoxic at nanomolar
potency, inhibits a well-established oncogenic target (Hsp90), and
does not share structural motifs with current drugs on the market.

Natural products often provide lead structures for the
development of newdrugs. These novel structures play critical
roles in the development of new therapeutic small molecules
that target unique biological pathways. Sansalvamide A
(SanA), a cyclic pentapeptide, is one such natural product.
It was isolated from a marine fungus (Fusarium ssp.) and
exhibits antitumor activity at micromolar potency.1 Dimeri-
zation of active molecules to produce potent new structures
is a common motif utilized in nature and by medicinal
chemists.2,3 Herein we describe the synthesis of 18 new dimer-
ized SanA molecules and the structure-activity relationship
(SARa) of 21 of these di-sansalvamide A (Di-SanA) deca-
peptide derivatives (where three were reported previously) and
we outline their proposed mode of action in cancer cells. Our
earlier report describes the 1 nM IC50 that this scaffold
exhibited against pancreatic cancer cell lines.4 Given that it is
structurally unrelated to current drugs on the market, it was
important to determine the SAR and mechanism of action of
this molecule to evaluate its potential as a therapeutic.
Through comparison of 21 compounds’ cytotoxicity, we show
that one compound is extremely potent. We then tested this
potent scaffold in several mechanistic assays and found that
it derives its cytotoxic behavior, at least in part, by inhibiting
the interaction between heat shock protein 90 (Hsp90) and
a C-terminal domain client protein, inositol hexakisphosphate
kinsase-2 (IP6K2). Given that Hsp90 is an established onco-
genic target, inhibiting this interaction makes Di-SanA an
excellent potential lead as a chemotherapeutic.
Peptides are sometimes considered poor drugs because of

their low solubility and rapid degradation inside the cell.
Linear peptides require large numbers of amino acids to
generate a defined 3D structure (R helices, β sheets, etc.),
which leads to large molecule weights (>1500) and makes

them relatively insoluble. In contrast, cyclic peptides use only
a few amino acids to generate a defined 3D structure because
the ring locks these residues into a rigid conformation. Thus,
with only a few residues, these cyclic peptides have an
inflexible 3D structure, leading to small molecular weights
and relatively soluble molecules compared to a structurally
defined linear peptide that would inhibit the same protein-
protein interaction. In addition to having fewer solubility
issues, cyclic peptides are usually degraded more slowly than
linear peptides.5 Several key cyclic peptide based drugs being
used to treat disease include: cyclosporin A (MW=1185),
an 11 amino acid multibillion dollar drug used to suppress
the immune system after organ transplants,6 casopfungin
(MW=1093), an antifungal compound, vancomycin (MW=
1431), an antibiotic, enfuvirtide (MW=4492), an anti-HIV
molecule, and aplidine (MW=1096), an eight amino acid
peptide-based anticancer agent.7 Thus, relatively large peptides
are successfully used to treat diseases, setting excellent pre-
cedence for Di-SanA drug development (MW=1170).
Of the 18 compounds synthesized we used a solution phase

method4 togenerate 6 and a solid-phasemethod toproduce 12
compounds (Supporting Information Figure S1). The solu-
tion phase molecules were synthesized using the same process
asdescribed for the 5 initial derivatives.4This is our first report
where we use the solid phase approach, and it allowed for a
faster synthesis of the linear decapeptide than the solution
phase method. Starting with Phe chlorotrityl resin, sequen-
tially coupling Fmoc protected amino acids using HOBT
(3 equiv) and DIC (6 equiv) in 0.2 M DMF and deprotecting
the amine of the newly coupled amino acids using 20%
piperidine and 80% DMF generated the resin bound linear
decapeptide. Cleavage from the resin was accomplished using
trifluoroethanol (TFE) andDCM in a 1:1 ratio for 24 h.After
complete removal of the TFE (it hinders cyclization) followed
by confirmation of each linear decapeptide via LCMS, cycli-
zation was accomplished using our standard cyclization
conditions.8 These synthesis conditions generated a total of
12 compounds, all in reasonable yields (10-40%).

Our initial lead, 1, comprised 10 amino acids with hydro-
phobic side chains and had a total of 4 D-amino acids (D-aas)
located at positions II and III in a C-2 symmetrical fashion
(Figure 1). Further, it has been shown that to ensure entry into
cells,molecules need tomaintain their hydrophobic character,
which is one reason cyclosporin A is so successful. Thus, we
maintained the hydrophobic residues while making substitu-
tions that would allow us to investigate the SAR for these
compounds.To this end, 18 compoundswere synthesizedwith
substitution of D- and L-amino acids and/or side chains were
modified at specific positions designed to explore their effect
on cytotoxicity. To explore how the rotation of 2 successive
D-aas at other positions around the peptide backbone affected
the cytotoxicity of the molecule, we synthesized seven com-
pounds, 2, 3, 4, 5, 6, 7, and 8, where only one of these has been
previously reported (5). These seven compounds are all C-2
symmetrical and contain consecutive D-aas that are rotated
around the ring. Rotation of a single D-amino acid around the
macrocycle generated 9, 10, 11, and 12, where only 11 has
been previously reported. Compounds 13, 14, and 15 were
synthesized as C-2 symmetrical molecules where more than
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2 positions incorporated D-aas. Finally, we produced 6 new
non-C-2 symmetrical derivativeswhere 5-7D-aaswere placed
around the ring to yield 16, 17, 18, 19, 20, and 21. Thus, this
hydrophobic yet diverse series of structures allowed us to
explore how the specific placement of the key amino acids
from 1 affected potency when placed in other positions. All 21
compounds were tested against 2 cancer cell lines: HCT-116
colon cancer and PL45 pancreatic cancer (Figure 1). At 5 μM,
only 1 showed significant potency in both cell lines, with 99%
growth inhibition values. The remaining structural variations
did not show the same level of cytotoxicity observed with 1,
indicating that potency is unique to this compound.9

Given that 1 is extremely potent (IC50 of 1-20 nM against
pancreatic cancer cells),4 it was important to discover its
mechanism of action. We synthesized 1 with a biotinyl-
ated tag (Figure 2a, compound 1-IV tag). The biotinylated

compound was incubated with HCT-116 cell lysate, where-
upon neutravidin-bound agarose beads were added to immo-
bilize the compound along with the bound target protein(s).
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 SDS-PAGE gel
and visualized with silver stain (Figure 2b). Protein sequen-
cing of the entire lane 2 was performed using a nano-LC/MS/
MS followed by searching the NCBInr eukaryotic database
and peptide identification using fingerprinting software. Sil-
ver stain revealed nine protein bands in lane 2, and when the
the entire lane was sequenced, only 2 proteins were found that
are associated with oncogenic pathways (Supporting Infor-
mation shows full gel, Figure S2). Themost prominent protein
pulled down was visualized as two bands at 90-95 kDa:
Hsp90 (R and β). Seven other major bands appeared between

Figure 1. Structures and cytotoxicity of 21 Di-SanA molecules.
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40 and 250 kDa. Three bands were myosin, one band was
lamin, another was Hsp70, two were R and β tubulin, and the
last was actin. It is well-established that myosin, tubulin, and
actin are commonly pulled down because of their hydropho-
bicity. Further, lamins are proteins that are a large component
of the nuclear lamina. The only two proteins that are
connected to an oncogenic pathway are Hsp70 and Hsp90.
Thus, it appears that these two proteins are involved in the
cytotoxic mechanism of 1. Further, comparison of the two
bands (R and βHsp90) at 90-95 kDa in lane 2 to the negative
control (lane 3, the PEGylated biotin linker alone or lane 4,
DMSO) suggests that the interaction between Hsp90 and Di-
SanA is specific. This is also true for the Hsp70 band. Given
that Hsp90 and Hsp70 are the only proteins pulled down
that are associated with an oncogenic pathway, we examined
the interaction between Di-SanA, Hsp90, and Hsp70 more
closely.
Hsp90plays an important role in cancer cell growthbecause

it functions as a molecular chaperone for folding, assembling,
and stabilizing oncogenic proteins.10 It has 3 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.11 It has over 100
identified client proteins, many of which are involved in cell
signaling.10 Interestingly, Hsp90 is up-regulated in the major-
ity of cancers,12 and inhibiting the function of Hsp90 affects
multiple oncogenic pathways that are involved in cancer cell
growth and programmed cell death.13-15 Given that the
efficacy of target-specific anticancer drugs may decrease or
even be lost over time because of 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.13-15

Less is known about Hsp70’s involvement in oncogenic path-
ways; however, Hsp70 is known to facilitate Hsp90’s protein
folding mechanism (Figure 5). Thus, additional mechanistic
insights are needed before a conclusion can be drawn regard-
ing the role of Hsp70/Hsp90 and Di-SanA.
To begin to map the binding site of Di-SanA on Hsp90,

pull downs were performed against the N-terminal, middle,
C-terminal, andmiddle-C domains of themammalian variant
of Hsp90 (Figure 3). The Hsp90 domain variances were
expressed in GST-fusion vectors, purified, and used in pull-
down assays with I-IV tag (Figure 2a). 1-IV tag not surpris-
ingly bound to full length Hsp90 (Figure 3, lane 5). There was

nomarginally detectable interaction between 1-IV tag and the
N-terminal, middle, or C-terminal domains (lanes 1-3);
however, there was an optimal affinity for the middle-C
construct (lane 4). These data indicate that 1 binds preferen-
tially to the middle-C domain of Hsp90.
There are currently considered to be two classes of Hsp90

inhibitors: the N-terminal inhibitors [e.g., 17-allylamino, 17-
demethoxygeldanamycin (17-AAG)] that target the ATP
pocket and a relatively weak C-terminal inhibitor, novo-
biocin.16,17 17-AAG is currently in phase I and II clinical
trials.13,18,19 There are currently no clinical trials involving
molecules that inhibit the C-terminal binding proteins. Antici-
pating that the cytotoxic effect of Di-SanA might be a direct
result of its ability to inhibit the interaction between Hsp90
and cell signaling events at the C-terminus, we directly probed
the effect of our small molecule on the binding interaction
between Hsp90 and IP6K2, a C-terminal binding protein.16

We monitored the binding between IP6K2 and Hsp90 via
an in vitro binding assay (Figure 4a). Binding was monitored
using native Hsp90, purified from HeLa cells (Stressgen),
along with recombinant GST-tagged IP6K2 (GST-IP6K2)
in the presence of increasing concentrations of Di-SanA
(0-100 nM) in separate reactions. Immobilized glutathione
agarose beads were added to each reaction, followed by three
washes of the beads to eliminate nonspecific binding. The
percent of Hsp90 bound to GST-IP6K2 was analyzed using
Western blots. We found that 1 inhibits the binding of the C-
terminal interacting protein IP6K2. In contrast, 17-AAGdoes
not affect the binding of IP6K2.16 To determine if the effect of
1 could also been seen in vivo, we performed cell based-assays.
We compared the effect of cell survivial in the presence of 1 in
wild type (control) and IP6K2 overexpressed (K2 O/E) cells
using stable tetracycline inducible Myc-IP6K2 HEK293 con-
structs. The K2 O/E cells were treated with 1 μg/mL tetra-
cycline for 24 h, whereas the control was incubated with
vehicle alone. After tetracycline induction and vehicle treat-
ment of the K2 O/E and control cells, respectively, cells were
treated with DMSO (no drug) or 25 nM 1 for 48 h, and

Figure 2. (a) 1 with biotinylated tag. (b) Pull-down assay results
showing Hsp90 and Hsp70 band.

Figure 3. Pull down of mammalian Hsp90 domains.

Figure 4. (a) Binding assay with 1, Hsp90, and IP6K2. (b) Cyto-
toxicity of 1 in IP6K2 overexpressed cell line (K2 O/E, gray bar
compared towild-type control (Con, white bar): (//) p<0.01; (///)
p < 0.001.
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viability was determined using a CCK-8 assay.When no drug
is present, IP6K2 overexpression only moderately affects cell
survival (Figure 4b, 3% change when comparing control,
white bar, set at 100% to K2 O/E, gray bar, 97%). However,
in the presence of 1, cell survival is substantially decreased in
cells that overexpress IP6K2 compared to wild type cells
(∼9-fold decrease, 3% versus 27% change). Thus, Di-SanA
induces cell death, at least in part, through theHsp90-IP6K2
pathway. By disrupting this Hsp90-IP6K2 interaction, Di-
SanA provides a new approach to chemotherapeutics.
Thus, these data show that Di-SanA is a molecule that has a

mechanism of action unique from the most universal Hsp90
inhibitor, 17-AAG. It is 50000-foldmorepotent than thecurrent
molecule of choice used to inhibit C-terminal client proteins
(novobiocin) where theEC50 values are∼100μM16 and∼2 nM
for novobiocin and 1, respectively. Although it is too early to
make a conclusion about themechanism of action, our data are
consistent with our molecule inhibiting Hsp90s protein folding
cycle at a unique and earlier stage than 17-AAG (Figure 5).

In summary,weoutline the synthesis of 18new compounds,
explore the SAR of these derivatives, and determine 1’s
mechanism of action. We conclude that 1’s potency is due,
at least inpart, to its inhibition ofHsp90. It binds selectively to
the middle-C domain of Hsp90 and inhibits the ability of
IP6K2 to bind toHsp90 at very low concentrations.Mechan-
istic studies are ongoing and will be reported in due course.
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Figure 5. Schematic of Hsp90 protein folding cycle.


