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ABSTRACT OF THE DISSERTATION

Design, synthesis, and mechanistic studies of Sansalvamide A derivatives
as anti-cancer agents

by

Leslie Diane Alexander

Doctor of Philosophy in Chemistry

University of California, San Diego, 2012
San Diego State University, 2012

Professor Shelli McAlpine, Chair

Sansalvamide A (SanA) is a cyclic depsipeptide that was isolated from a marine
fungus and demonstrates mid-micromolar anti-cancer activity in the NCI 60-cell line
panel. Our laboratory has synthesized over 100 peptide derivatives of this molecule, 5 of
which were contributed by the author of this dissertation. The design and solution-phase

synthesis of these derivatives is described in Chapter 2. The author was also responsible
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for attaching PEG-biotin and fluorescein tags to lead SanA derivatives to be used in
mechanism of action studies.

Chapter 3 describes the mechanism of action studies that were completed with the
lead derivatives, both untagged and tagged with PEG-biotin or fluorescein. The untagged
compounds are tested in cell proliferation assays against the pancreatic cancer cell line
PL-45 and the colon cancer cell line HCT-116. Two of the lead compounds are tested in
caspase 3 apoptosis assays and PARP fragmentation analysis. The biotin-tagged
compounds are used in pull down assays and it is determined that they bind to the N-
middle domain of Hsp90, a well-established oncogenic protein. Hsp90 is responsible for
regulating over 200 client proteins, many of which are oncogenic and involved in cancer
cell growth. We show that SanA disrupts the binding between Hsp90 and four of these
client proteins (Akt, Her2, Hif-1a, and IP6K2) in pure protein binding assays.

Chapter 4 investigates SanA’s affect proteins that bind to Hsp90’s C-domain via
their tetratricopeptide repeats (TPRs). Using client protein binding assays, the author
determines that the lead SanA derivative disrupts binding between Hsp90 and five TPR-
containing proteins.

Finally, Chapter 5 describes the synthesis and preliminary mechanism of action
studies of dimerized SanA derivatives (Di-SanA). These compounds are cyclic
decapeptides with C-2 rotational symmetry. The author contributed 12 decapeptides,
based on one lead derivative from the first generation, which investigated how the
placement of D-amino acids around the ring would affect cytotoxicity. These derivatives

were synthesized via solid-phase peptide chemistry. The author also investigated
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mechanism of action of this class of compounds with cell proliferation assays, pull-down

assays, and a client protein binding assay.
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CHAPTER 1: INTRODUCTION

Cancer is currently the number one cause of death worldwide.! In the US alone,
there are an estimated 1.6 million new cancer cases in 2012, and over 600,000 cancer-
related deaths.? Thus, there is an urgent need for developing new and effective
treatments, and it is crucial that we explore cancer cell growth mechanisms. The
following dissertation will chronicle the chemical synthesis and mechanism of action of
several structural analogs of the natural product depsipeptide Sansalvamide A (SanA).

PEPTIDES AS THERAPEUTICS

The development of peptides as drugs is prevalent in the pharmaceutical industry.
From a biological perspective, peptide specificity to receptors and protein targets, as well
as their potency and low toxicity, make them ideal drug candidates. From a synthetic
perspective, their straightforward synthesis, and versatility in building blocks make them
ideal therapeutics.

The disadvantages associated with peptides as therapeutics include their
susceptibility to rapid enzymatic degradation and poor membrane permeability.
Enzymatic degradation is an essential part of regulating cellular processes. Once a
peptide or protein has performed its required function, it is broken down by proteases.
Although this mechanism is required to maintain living systems, it leads to another
obstacle in the development of pharmacological peptides. Scientists take many
approaches to improve the stability of peptides. Placing features that are not present in
native peptides in the body will stabilize peptide drugs because they are not easily
recognized by proteases.®> Most amino acids that make up proteins in mammals contain

an L-amino acid configuration, also known as (S) stereochemistry. Including D-amino



acids (D-aas), N-methylated amino acids (N-Me-aas), and unnatural amino acids or
modified natural amino acids within the backbone of peptide drug candidates are several

features that have improved their biological stabilities (Figure 1).
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Figure 1: Examples of modifications to improve biological stability of peptides

Cyclization of peptides is another effective approach to increasing bioavailability
of the peptide and maintaining bioactivity.* Linear peptides can adopt multiple
conformations that may not be optimal for binding to their targets, thereby making them
less effective drug candidates.” The structural rigidity associated with cyclic peptides
allows them to bind more effectively to their targets and have greater resistance to
proteolytic degradation than linear peptides.* ® In addition, cyclized peptides generally
have increased membrane permeability than linear peptides, which is due to
intramolecular hydrogen bonding and the elimination of charged termini.”®

Macrocyclization of peptides can occur via many routes (Figure 2).° Head-to-tail
cyclization is an intramolecular amide bond formation between the N- and C-termini of a
linear peptide (Figure 2a). There are also many variations of cyclizations that involve

the side-chains of amino acids in the linear precursor. Side-chain to C-terminus



cyclizations occur between the side-chain of an amino acid such as lysine and the C-
terminus of a linear peptide (Figure 2b). In this type of cyclization, the N-terminus is
protected by a protecting group that can be removed post-cyclization. An N-terminus to
side-chain cyclization involves a linear peptide with free N-terminus and a protected C-
terminus, and side-chains from amino acids such as aspartic acid or glutamic acid
(Figure 2c). Side-chain to side-chain reactions require protecting both C- and N-termini
of a linear peptide, or they can occur after head-to-tail cyclization to form multi-cyclic
products. One type of side-chain to side-chain cyclization forms an amide bond between
an amine-containing side-chain (lysine) and a carboxyl-containing side-chain (glutamic
or aspartic acids) (Figure 2d). Another type is the formation of a disulfide bond between
two cysteine residues via oxidation of their sulfhydryl-containing side-chains (Figure
2e). The variety of cyclizations available is important given that one or more of these

types of cyclizations are present in most cyclic peptide-based drugs.
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Figure 2: Different types of peptide cyclizations



There are currently about 60 peptide-based drugs on the market, 140 in clinical
trials, and about 500-600 in preclinical development.’®* Octreotide, aplidine, and
cyclosporin A are examples of cyclic peptide drugs on the market (Figure 3). Octreotide
IS an octapeptide that mimics the peptide hormone somatostatin, and is used for the
treatment of severe diarrhea.'® Aplidine is a cyclic depsipeptide anti-cancer agent that
received approval for treatment of acute lymphoblastic leukemia by the European
Commission in 2003.%* It is currently in Phase I clinical trials for treatment of malignant
neoplasms and T cell lymphoma, and in Phase 111 trials for multiple myeloma.** Finally,
cyclosporin A is a cyclic undecapeptide immunosuppressant drug. Although some
peptide drugs have extracellular targets due to poor membrane permeability, cyclosporin
A crosses T-cell membranes by passive diffusion.® ** The ability of cyclosporin A to
cross cell membranes is due, in part, to the hydrophobicity of its amino acids and seven
N-methylated amino acids within the peptide ring. These characteristics allow

cyclosporin A to interact favorably with lipophilic cell membranes.
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Figure 3: Structure of cyclic peptide drugs
BACKGROUND OF SANSALVAMIDE A

Sansalvamide A (SanA) is a cyclic depsipeptide that was isolated by the Fenical
group in 1999 from a marine fungus of the genus fusarium off the coast of the Little
Sansalvador Islands in the Bahamas." Through extensive 1D and 2D NMR analysis, as
well as with acid hydrolysis and gas chromatography (GC), they found that the peptide is
composed of four amino acids (Leu, Phe, Leu, Val) and one leucic acid, all are L-amino
acid configuration (Figure 4). As a depsipeptide, SanA contains one ester bond within
the ring’s backbone. In the National Cancer Institute’s (NCI) 60-cell line panel, SanA

exhibited a mean ICs of 46.7uM. Fenical also showed that the hydrolyzed linear



pentapeptide had no cytotoxic activity in cell-based assays, which corroborates the

superiority of cyclic peptides over linear peptides as potential drugs.
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Figure 4: Structures of SanA depsipeptide and pentapeptide

In 2000, a year after SanA was discovered, the Silverman group used solid-phase
synthesis to complete the first total synthesis of the SanA natural product. In addition,
they verified its structure and cytotoxicity.'® In 2002, Silverman’s group synthesized the
SanA pentapeptide to investigate whether the hydroxy acid (leucic acid), which was
responsible for the ester bond, was essential for its bioactivity (Figure 4). Silverman
found that the peptide exhibited 10-fold more potent activity compared to its depsipeptide
counterpart.’” Silverman’s lead analogs incorporate N-Me amino acids and/or para-
bromination on the phenylalanine residue (Figure 5).**° Using flow cytometry for cell
cycle analysis, they found that their compounds caused G0/G1 cell cycle arrest. In
addition, the compounds caused the depletion of cell cycle regulating proteins cdk4 and
cdk6 in two pancreatic cancer cell lines.'® Pancreatic cells treated with Silverman’s
derivative also tested positive when stained with Annexin V, meaning the compound

induces apoptosis in cancer cells.'®
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Figure 5: Sansalvamide A derivatives synthesized by the Silverman group

For the past seven years, our research group has focused on synthesizing potent
derivatives of the SanA pentapeptide and investigating their mechanism of action. The
SanA derivatives synthesized by our group incorporate D-amino acids, unnatural amino
acids, and N-Me amino acids. The goal of these types of modifications is to improve
stability and bioactivity. The SanA peptide, based on the natural product, contains all
naturally-occurring L-configuration amino acids, which are easily recognized by
proteases in the body and will result in rapid degradation of the compound. Incorporating
D-aas and unnatural amino acids into the SanA scaffold will have several advantages:
They will decrease protease recognition, increase biostability, and, ultimately, contribute
to the development of SanA derivatives that are more potent as anti-cancer agents than
the natural product. Including N-Me aas will provide proteolytic resistance, improve the
pharmacological properties, and increase the structural rigidity of the cyclic peptides.
Horst Kessler’s group showed that incorporating single N-Me aas in cyclic pentapeptides
locked them into single conformations. 2> A peptide locked into its bioactive

conformation will bind to its target more effectively than a peptide adopting multiple



conformations. Further, Kessler’s group reported that cyclic pentapeptides in single
conformations have 5-fold increased membrane permeability over compounds adopting
multiple conformations.”! Finally, N-Me aas, like in cyclosporin A, add to the
lipophilicity of macrocycles and increases their potential to cross the cell membrane.

Our group synthesized over one-hundred SanA peptide derivatives for our library
that incorporate these types of modifications. As a result, we have produced four lead
derivatives that all include a single N-Me-aa, at least one D-aa, and at least one unnatural
amino acid. Mechanistic studies involving these SanA derivatives reveal that SanA acts
via inhibition of heat shock protein 90 (Hsp90).

HEAT SHOCK PROTEIN 90

Hsp90 is a highly conserved chaperone protein that is associated with the folding,
maturation, and stabilization of over 200 client proteins, many of which are oncogenic
and involved in cancer cell growth.??® In normal cells, Hsp90 consists of 1-2% of total
cellular protein. In cancerous cells, this amount increases to 3-6% as the cells become
more reliant on Hsp90 to protect mutated and over-expressed oncoproteins from
degradation.?”-?® Hsp90 is an adenosine triphosphate (ATP)-dependent protein that is
expressed in the cytosol as two isoforms: Hsp90a and Hsp90p. The two isoforms share
85% sequence homology and they both appear to have the same function within the
cytosol. 2 However, the recent discovery of extracellular Hsp90a has elicited a new role
for this isoform in tumor cell motility and invasion.*> 3" Cytosolic Hsp90a and Hsp90p
both fold and stabilize oncogenic proteins in conjunction with co-chaperones. Co-
chaperones are proteins that form complexes with Hsp90 and its clients, stabilize Hsp90’s

ATP-dependent conformations, and facilitate ATPase activity. Without these co-



chaperones, Hsp90 would not function, thus they are essential to the protein folding and
stabilizing mechanism. Interestingly, the Hsp90 homologues located in the endoplasmic
reticulum (glucose-related protein 94, GRP94) and mitochondria (tumour necrosis factor
receptor-associated protein 1, TRAP1) appear to have ATP-dependent protein folding
mechanisms, but no co-chaperones. 3% However, by lacking co-chaperones, GRP94 and
TRAP1 do not regulate the same oncogenic proteins as cytosolic Hsp90.% % Instead,
GRP94’s main role is folding proteins that are involved in the immune response.®* And
TRAP1 is responsible for protecting the integrity of the mitochondria under stress.*’
Thus, Hsp90a and Hsp90p remain the main targets in developing Hsp90 inhibitors due to
their association with oncogenic client proteins and pathways.

Hsp90 functions as a dimer, and each 90-kilodalton (kDa) monomer has three
domains: an amino-terminal (N) domain, a middle (M) domain, and a carboxy-terminal
(C) domain (Figure 6). The N-domain houses the ATP-binding pocket and is also
responsible for binding to key co-chaperones including p23, activator of Hsp90 ATPase
(Ahal), and cell division cycle 37 homolog (cdc37), which are involved in ATPase
activity and kinase stability, respectively.?> *® The M-domain maintains interactions with
most client proteins, many of which contribute to the six hallmarks of cancer: cell
growth, angiogenesis, apoptosis, metastasis, immortality, and regulation of the cell
cycle.®* Examples of these oncogenic clients are shown in Figure 6. Interestingly, cdk4
and cdk6, which were shown by Silverman to be depleted in cells treated with their SanA
derivatives, are associated with Hsp90."® The C-domain is responsible for dimerization

of two 90-kDa monomers. In addition, the last five amino acids in the C-domain
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(MEEVD) regulate binding to co-chaperones that contain tetratricopeptide repeats

(TPRs). This interaction will be discussed in detail in Chapter 4.
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Figure 6: Schematic of Hsp90 domains and some of its client proteins and co-
chaperones

In protein folding and maturation, Hsp90 functions with several co-chaperones,
including heat shock protein 70 (Hsp70), heat shock organizing protein (Hop), p23,
cdc37, Ahal, and the immunophilins. Hsp90 goes through a complex cycle involving a
variety of ATP-dependent conformations (Figure 7).%“° First, HOP facilitates the
binding between Hsp70 and Hsp90, which allows the transfer of unfolded polypeptide
from Hsp70 to Hsp90 (1). When C-domain co-chaperones bind, the Hsp70 complex is
released (2). Next, ATP molecules bind to the pockets in both N-domains (3), which
cause the dimer to move into a closed-twisted conformation (4). The co-chaperone p23
binds to Hsp90 and stabilizes the newly formed closed-twisted conformation (5). Ahal
facilitates the hydrolysis of ATP to ADP, which results in Hsp90 becoming a compact
closed-twisted conformation (6). The last step of the cycle is the release of the mature,

folded protein (7).
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Figure 7: Diagram of Hsp90’s protein folding mechanism
There are two main types of Hsp90 inhibitors. The first type competes with ATP

for binding to the ATP pocket in the N-domain, thus disrupting Hsp90’s ATP-dependent
activity and, ultimately, its function (Figure 7).*%* The second type of inhibitor binds to
the C-domain and disrupts dimerization.”> All 17 of the Hsp90 inhibitors in clinical trials
bind to the N-domain.** The compound furthest along in trials is the ansamycin 17-N-
Allylamino-17-demethoxygeldanamycin (17-AAG), which is in Phase I1/111 trials for the

treatment of several types of cancer including breast, prostate, and thyroid cancers, as
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well as leukemia and late-stage melanoma (Figure 8).** 17-AAG is a derivative of
geldanamycin (GDA), a natural product that was discovered for its ability to compete
with ATP for binding to Hsp90.*> GDA’s clinical development was ceased due to
metabolic instability and unacceptable levels of hepatotoxicity. The presence of a
reactive methoxy-substituted benzoquinone moiety in the ring contributed to GDA’s poor
pre-clinical activity.*® When metabolized by liver enzymes, GDA can form reactive free
radicals and induce hepatoxicity.*’ In 17-AAG, the electron-donating effects of the N-
allyl group on the benzoquinone resulted in a decrease in radical formation compared to
GDA when tested in vitro.*” In addition, 17-AAG demonstrates increased potency over

GDA in the NCI 60-cell line panel (123 nM versus 180 nM , respectively) and decreased

48, 49

toxicity in clinical trials.

o}
17-AAG Geldanamycin

Figure 8: Structures of current Hsp90 inhibitors 17-AAG and Geldanamycin

Despite the number of drug candidates in clinical trials, none have obtained
marketing approval yet, primarily due to formulation challenges and drug resistance seen
in patients. Drug resistance is primarily caused by the activation of heat shock factor 1
(HSF-1) and subsequent over-expression of Hsp70.%° HSF-1 is responsible for regulating

the expression of the heat shock proteins when cells are under stress.>* And Hsp70
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compensates for Hsp90’s protein folding and stabilizing function, and prevents cells from
undergoing apoptosis. When Hsp90-inhibiting therapeutics are present in cells, they
prevent Hsp90 from stabilizing and folding client proteins.®® >® This leads to stressed
cells that respond by activating HSF-1, which causes the upregulation of Hsp70. Since
Hsp70 can take over Hsp90’s role, the cells are able to survive. The over-expression of
HSF-1 and Hsp70 has decreased the efficacy of Hsp90 inhibitors in clinical trials, calling

for a new approach to Hsp90 inhibition.*



CHAPTER 2: RATIONAL DESIGN AND SYNTHESIS OF
SANSALVAMIDE A DERIVATIVES

The natural product-based Sansalvamide A peptide (SanA 1) is composed of five
L-amino acids. Our lab has developed a structure-activity relationship (SAR) for this
class of molecules by making changes to the amino acid side chains while maintaining
the pentapeptide backbone. We have designated each amino acid around the ring as
position/residue I, I1, 111, IV, and V (Figure 9). Examples of amino acids incorporated
into the derivatives for the SAR study are shown: D- configuration (D-aas), N-methylated
(N-Me-aas), polar, non-polar, bulky, and small. Inclusion of D-aas protects the peptide
against proteolytic breakdown.® >* > N-Me-aas decrease the flexibility of peptides and
lock them into single or minimal conformations, ultimately increasing their effectiveness
in binding to their targets.”® Including polar amino acids or those with hydrogen-bonding
capabilities improves solubility of the peptide by solvating the compound.®® In making
decisions regarding amino acid substitutions, it was important to maintain an aromatic
group at position I. Not only are aromatic moieties present in many peptide-based drugs,
this amino acid appeared to play a key role in the symmetry of the peptide.>” Via the
synthesis of SanA analogs, our goal was to explore which amino acids most effectively
improved growth inhibition activity when placed in positions I-V over that of SanA 1

activity.

14
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Figure 9: Sample of amino acids used in SanA SAR analysis
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| contributed five compounds to the SanA peptide library. | made four starting

from commercially-available amino acids, and one from a protected linear pentapeptide

that was generated by colleague whereupon | deprotected, cyclized, and purified the

SanA compound. The first three compounds were derived directly from SanA 1, and all

three had changes made at position |.

In place of SanA 1’s L-phenylalanine, SanA 2

incorporated a D-phenylalanine, SanA 3 had an N-methylated L-phenylalanine, and SanA

4 contained a D-tyrosine residue (Figure 10).



16

SanA 2 SanA 3 SanA 4

Figure 10: Rational design of SanA 2, 3, and 4. Note: Compounds colored blue were
synthesized by the author.

The other two compounds that I contributed, SanA 8 and 9, were designed at later
stages in the project. They incorporated features from SanA derivatives that were more
potent than SanA 1 in cytotoxicity assays against cancer cells. The goal of these two
later-stage compounds was to investigate synergistic effects by combining the features of
two potent compounds into one. The two D-aas in SanA 8 were derived from a
combination of SanA 2, mentioned earlier with the D-aa at position I, and SanA 5, which
contained a D-leucine at position Il (Figure 11). SanA 9 was designed from SanA 6 and
7. SanA 6 contains a D-phenylalanine at position I, whereas SanA 7 has a D-valine at

position Il (Figure 11).
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Figure 11: Rational design of SanA 8 and 9. Note: Compounds colored blue were

synthesized by the author. Those colored black were synthesized by the author’s
colleagues.

RETROSYNTHETIC APPROACH FOR SANA SYNTHESIS

A convergent, two-fragment approach was taken for the synthesis of these SanA
derivatives (Figure 12). Fragment 1 is a tripeptide consisting of amino acids at
positions I, I, and I11, while Fragment 2 is a dipeptide consisting of residues IV and V.
Coupling residues 111 and 1V, followed by deprotection of the amine- and acid-protecting
groups, generates the linear peptide. Cyclization generates the final SanA analog. Using
a convergent approach instead of a sequentially coupling each amino acid is beneficial in
many ways. Purification and solubility of peptides becomes increasingly more difficult
as the chain gets longer, synthesizing two fragments allows us to work with small,

soluble peptide fragments for most of the synthesis, and avoids an additional step that
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would require generation and purification of the tetrapeptide chain. Further, forming two
fragments gives us the freedom to use a combinatorial strategy, where one batch of
dipeptides can be split up and coupled to a variety of tripeptides, and vice versa.

Utilizing a combinatorial strategy allows us to efficiently generate a diverse library of

compounds.
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Figure 12: Retrosynthesis of SanA derivatives
SOLUTION-PHASE PEPTIDE SYNTHESIS AND MACROCYCLIZATION

The formation of peptide bonds is necessary for survival. Proteins are crucial for
life, and since amino acids are building blocks for proteins the formation of an amide
bond to generate proteins is essential in living species. While organisms form amide
bonds via ribosomes or enzymes, chemists have created coupling reagents to aid in the
reaction. In traditional chemical synthesis, the formation of a peptide bond begins by
reacting the free carboxylic acid of an amino acid with a coupling reagent to form an
activated ester (Figure 13). The carbonyl group of the acid is then susceptible when
activated as an ester, versus as a free acid, to nucleophilic attack by the free amine of

another amino acid.
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Figure 13: General mechanism of peptide coupling

Racemization can be a problem during peptide coupling. After the acid-
activation, the carbonyl carbon can participate in an intramolecular oxazolone formation
with the adjacent amide (Figure 14). Upon nucleophilic attack of the free amine on the
oxazolone, there are two possible configurations that can be generated. In order to avoid
this significant issue, coupling reagents have been optimized to increase the rate of the
reaction, which decreases the chance of oxazolone formation and subsequent
racemization. Thus, new reagents such as HBTU, HATU, DEPBT, and PyBOP are
typically marketed as having less than 1-5% racemization occurring in certain reaction

conditions thereby increasing overall yield and enantiomeric purity.
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Figure 14: Mechanism of racemization that can occur during peptide coupling

There are approximately 100 coupling reagents available, each with unique

reactivity, physical characteristics, and cost.®® Unlike solid-support peptide synthesis,
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which will be discussed later in this chapter, solution-phase chemistry does not use an
excess of reagents, therefore it is preferable to utilize the least amount of the most
effective coupling reagent in order to push the reaction to completion while limiting
purification efforts. We use three main coupling reagents in our solution-phase synthesis
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU), O-(7-
Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU),
and 3-(Diethylphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT) (Figure 15).
TBTU, one of the most popular and cost-effective coupling reagents, has been shown to
significantly minimize racemization during peptide coupling.>® HATU contains an
azabenzotriazole ring that makes it one of the most efficient reagents due to its ability to
act as an intramolecular base, which leads to racemization rates of less than 1%.%°° HATU
is excellent for sterically hindered couplings, but is also very costly.** DEPBT has been
shown to help prevent racemization and aid in the coupling of side-chains with free
reactive groups.®? Further, DEPBT is a neutral reagent, existing as hygroscopic salt, and
has a longer shelf-life than TBTU or HATU. All of our couplings and cyclizations occur
in the presence of a non-nucleophilic tertiary base, diisopropylethylamine (DIPEA), and

utilize Boc-protected or MeO-protected amino acids.
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Figure 15: Coupling reagents used in solution-phase synthesis of SanA derivatives
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SYNTHESIS OF FRAGMENT 1 FOR SANA 2,8, AND 9

The synthesis of Fragment 1 for SanA 2 (Figure 16) started with the formation
of the dipeptide MeO-D-Phe-Leu-NHBoc using 1.1 equivalents of free amine MeO-D-
Phe-NH,, 1.0 equivalent of free acid HO-Leu-NHBoc and our standard peptide coupling
conditions of 1.2 equivalents of coupling reagent TBTU and 4.0 equivalents of base
DIPEA. The amino acids and coupling reagent were weighed out and added to a round-
bottom flask, which was then purged with argon gas. Dry methylene chloride (DCM)
was added to the flask for a final concentration of 0.1M, and the dry reagents were stirred
until completely dissolved. After the addition of DIPEA, the reaction was allowed to run
at room temperature for one hour and was monitored by thin-layer chromatography
(TLC). Once complete, the reaction was diluted using DCM and a separatory funnel and
the excess base and coupling reagents were extracted using two washes of 10%
hydrochloric acid (HCI), ten washes of saturated sodium bicarbonate (NaHCO3), and two
washes of brine. The organic layer was then dried over sodium sulfate, filtered, and
concentrated in vacuo. The pure dipeptide (MeO-D-Phe-Leu-NHBoc, 96.0% yield) was
verified by *"H NMR. The same conditions were used for the synthesis of Fragment 1
dipeptides for SanA 8 (MeO-D-Phe-D-Leu-NHBoc, 98.7% yield) and 9 (MeO-Phe-D-

Phe-NHBoc, 98.9% yield).
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Figure 16: Synthesis of Fragment 1 for SanA 2
The removal of the Boc-protecting group from SanA 2 dipeptide MeO-D-Phe-

Leu-NHBoc was performed using our standard Boc removal conditions. A solution of
25% trifluoroacetic acid (TFA) and 75% DCM was added to a round-bottom flask to
generate a final concentration of 0.1M of the dipeptide. Scavenging reagent, anisole (2.0
equivalents), was subsequently added and the reaction was allowed to run at room
temperature for 45 minutes. The reaction was monitored by TLC, where upon reaction
completion, it was concentrated in vacuo to give the free amine dipeptide (MeO-D-Phe-
Leu-NHy) in a quantitative yield. The same steps were taken to generate free amine
dipeptides for SanA 8 (MeO-D-Phe-D-Leu-NH;) and 9 (MeO-Phe-D-Phe-NH,).

The tripeptide for SanA 2 was synthesized utilizing 1.2 equivalents of the free
amine dipeptide MeO-D-Phe-Leu-NH; generated above, 1.0 equivalent of free acid HO-
Val-NHBoc, 1.2 equivalents of coupling reagent TBTU, and 4.0 equivalents of DIPEA.
The dipeptide, amino acid, and coupling reagent were added to a round-bottom flask that
was then capped and purged with argon gas. Dry DCM was added until a final
concentration of 0.1M was reached, and the solid reagents were dissolved completely.

After addition of DIPEA, the reaction ran for 1 hour at room temperature and was
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monitored by TLC. Once complete, it was diluted in DCM and the excess reagents were
extracted using two washes of 10% HCI, ten washes of saturated NaHCO3, and two
washes of brine. The organic layer was then dried over sodium sulfate, filtered, and
concentrated in vacuo. The pure tripeptide (MeO-D-Phe-Leu-Val-NHBoc, 76.5% yield)
was verified by *H NMR. The same procedure was used to form tripeptides for SanA 8
(MeO-D-Phe-D-Leu-Val-NHBoc, 97.2% yield) and 9 (MeO-Phe-D-Phe-D-Val-NHBoc,
98.9% vyield).

The final step in the formation of Fragment 1 for SanA 2 was the removal of the
Boc protecting group from the protected tripeptide. Under open atmosphere, a solution
of 25% TFA and 75% DCM was added to generate a final concentration of 0.1M of the
tripeptide. Scavenging reagent, anisole (2.0 equivalents), was subsequently added and the
reaction was allowed to run at room temperature for 45 minutes. The reaction was
monitored by TLC. Upon reaction completion, it was concentrated in vacuo to give
Fragment 1 free amine tripeptide MeO-D-Phe-Leu-Val-NH; in a quantitative yield. The
same procedure was used to form Fragment 1 in quantitative yields for SanA 8 (MeO-D-
Phe-D-Leu-NH,) and 9 (MeO-Phe-D-Phe-D-Val-NH,).

SYNTHESIS OF FRAGMENT 1 FOR SANA 4

For the synthesis of the dipeptide in SanA 4 (Figure 17), DEPBT was used as a
coupling reagent since it is not necessary to protect the free hydroxyl group on the
tyrosine amino acid.®? Tyrosine’s side-chain is slightly nucleophilic, and can compete
with a free amine by reacting with an activated ester, resulting in side-reactions.
However, it has been shown that free hydroxyl-containing side-chains do not react with

DEPBT-containing activated esters, thus allowing for the free amines to react and form
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an amide bond.*® The synthesis of dipeptide MeO-D-Tyr-Leu-NHBoc for SanA 4
included 1.1 equivalents of free amine MeO-D-Tyr-NH, 1.0 equivalents of free acid HO-
Leu-NHBoc, 1.2 equivalents of DEPBT, and 4.0 equivalents of DIPEA. The amino acids
and coupling reagent were weighed into a round-bottom flask that was then capped and
purged with argon gas. Dry DCM was added to the flask for a final concentration of
0.1M and the dry reagents were allowed to dissolve completely. After the addition of
DIPEA, the reaction was allowed to run for 1.5 hours and was monitored by TLC. Once
complete, the reaction was diluted in DCM, subjected to two aqueous washes of brine,
dried over sodium sulfate and concentrated in vacuo. The crude material was purified via
flash column chromatography using an ethyl acetate (EA) and hexanes (Hex) gradient
solvent system. The product eluted at 50:50 EA:Hex and was concentrated in vacuo.

Finally, the pure dipeptide (MeO-D-Tyr-Leu-NHBoc, 85% yield) was verified by 'H
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MeO HO oc oy MeQ HN@* 27. 3 A’ yield » MeO  HN
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/©/ quant. yield S quant yield o ;

HO HO

NMR.

Conditions: (a) 1.0 eq free acid, 1.1 eq free amine, 1.2 eq DEPBT, 4.0 eq DIPEA, 0.1M DCM (b) 1.0 eq peptide, 2.0 eq
anisole, 0.1M DCM/TFA (3:1) (c) 1.0 eq free acid, 1.1 eq free amine, 1.2 eq TBTU, 4.0 eq DIPEA, 0.1M DCM

Figure 17: Synthesis of Fragment 1 for SanA 4

The Boc protecting group was removed from dipeptide MeO-D-Tyr-Leu-NHBoc
using our standard Boc removal conditions. Under open atmosphere, a solution of 25%

TFA and 75% DCM was added to generate a final concentration of 0.1M of the
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dipeptide. Scavenging reagent, anisole (2.0 equivalents), was subsequently added and the
reaction was allowed to run at room temperature for 45 minutes. The reaction was
monitored by TLC. Upon reaction completion, it was concentrated in vacuo to give the
free amine dipeptide (MeO-D-Tyr-Leu-NH>) in a quantitative yield.

The tripeptide for SanA 4 was synthesized utilizing 1.1 equivalents of the free
amine dipeptide from above, 1.0 equivalent of HO-Val-NHBoc, and 1.2 equivalents of
TBTU in a round-bottom flask. Due to solubility issues, dry acetonitrile (ACN) was
added to the flask for a final concentration of 0.1M, instead of DCM. Once all the dry
reagents dissolved completely, DIPEA was added and the reaction was allowed to run at
room temperature for 1 hour while being monitored by TLC. Upon completion, the
reaction was diluted in DCM, treated with two aqueous washes of brine, dried over
sodium sulfate, and concentrated in vacuo. The crude product was purified via flash
column chromatography using an EA/Hex gradient solvent system where the pure
product eluted at 65:35 EA:Hex and was collected and concentrated in vacuo. The pure
tripeptide (MeO-D-Tyr-Leu-Val-NHBoc, 27% yield) was verified by *H NMR and
LCMS.

Finally, removal of the Boc from the above tripeptide was achieved ina 0.1M
solution of 25% TFA and 75% DCM, with 2 equivalents of anisole. The reaction was
allowed to run at room temperature for 45 minutes and was monitored by TLC. Once
complete, the reaction was concentrated in vacuo to give Fragment 1 for SanA 4 (MeO-

D-Tyr-Leu-Val-NHy) in a quantitative yield.
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SYNTHESIS OF FRAGMENT 2 FOR 2, 4,8, AND 9

Fragment 2 was identical for all four compounds (HO-Leu-Leu-NHBoc) and
utilized identical synthetic conditions (Figure 18). First, the dipeptide for Fragment 2
was formed using 1.1 equivalents of MeO-Leu-NH,, 1.0 equivalent of HO-Leu-NHBoc,
and 1.2 equivalents of TBTU. The dry reagents were added to a round-bottom flask,
which was subsequently capped and purged with argon gas. Dry DCM was added to give
a final concentration of 0.1M, followed by the addition of 4.0 equivalents of DIPEA. The
reaction was allowed to run at room temperature for 1 hour and was monitored by TLC.
Upon completion, the reaction was diluted with EA and was subjected to two washes of
10% HCI, ten washes of saturated sodium bicarbonate, and two washes of brine. The
organic layer was then collected, dried over sodium sulfate, and concentrated in vacuo to
give pure dipeptide MeO-Leu-Leu-NHBoc (96-99% vyield for all reactions), which was
verified by *H NMR.

The final step in the formation of Fragment 2 is the hydrolysis of the methyl
ester on dipeptide MeO-Leu-Leu-NHBoc. To a flask containing 1.0 equivalent of
dipeptide and 8.0 equivalents of lithium hydroxide (LiOH) under open atmosphere,
methanol (MeOH) was added until the final concentration was 0.1M. The reaction was
was monitored by TLC. Once complete (~1hr), the reaction was transferred to a
separatory funnel, diluted in DCM, and treated with pH 1 water to extract the excess
base. After verifying that the aqueous layer was acidic (pH~1-3), the product was
extracted with DCM, dried over sodium sulfate, and concentrated in vacuo to give the

pure dipeptide Fragment 2 HO-Leu-Leu-NHBoc (80-95% yield for all reactions).
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OH
NHBoc 5.6bv% | 96-99% yield \H

o
80 95% yield >j’NHB°°

Conditions: (a) 1.0 eq free acid, 1.1 eq free amine, 1.2 eq TBTU, 0.1M DCM
(b) 1.0 eq dipeptide, 8.0 eq LiOH, 0.1M MeOH

Figure 18: Synthesis of Fragment 2 for all compounds
FORMATION OF PROTECTED LINEAR PENTAPEPTIDES

The protected linear pentapeptides (PLPs) for SanA 2, 4, 8, and 9 were
synthesized utilizing 1.1 equivalents of free amine tripeptide (Fragment 1) and 1.0
equivalent of free acid dipeptide (Fragment 2). A combination of 0.5-0.8 equivalents of
HATU, 0.8 equivalents of TBTU, and 0-0.4 equivalents of DEPBT as coupling reagents
were added to the two fragments, and these were dissolved in a 0.1M mixture of dry
DCM and dry ACN (1:1, v/v) (Figure 19). Given the solubility challenges associated
with the formation of linear pentapeptides, both DCM and ACN were used as solvents.
Fragment 2 and the coupling regents were weighed out into a round-bottom flask, which
was subsequently purged with argon gas, and dissolved in half of the solvent volume.
Fragment 1 was placed in a separate round-bottom flask, which was purged with argon,
and dissolved in the remaining volume of solvent. Fragment 1 was then transferred via
syringe to the flask containing Fragment 2 and the coupling reagents. After 4.0-8.0
equivalents of DIPEA were added, the reactions were allowed to run for 1-2 hours at
room temperature while being monitored by TLC and liquid chromatography/mass
spectroscopy (LCMS). Upon completion, the crude material was diluted in DCM and the
excess reagents were extracted with two washes of 10% HCI, four washes of saturated

sodium bicarbonate, and two washes of saturated sodium chloride. The organic layers
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were dried over sodium sulfate, concentrated in vacuo, and purities were checked by
LCMS and TLC. The PLP for SanA 4 was found to be pure after the aqueous work-up
and its structure was verified by *H NMR (PLP 4, MeO-D-Tyr-Leu-Val-Leu-Leu-
NHBoc, 68.3% yield). SanA 2, 8, and 9 were further purified via flash column
chromatography using an EA/Hex gradient solvent system where the pure products eluted
at 75:25 EA:Hex and were concentrated in vacuo. The pure PLPs (PLP 2, MeO-D-Phe-
Leu-Val-Leu-Leu-NHBoc, 10.2% vyield; PLP 8, MeO-D-Phe-D-Leu-Val-Leu-Leu-
NHBoc, 58.5% yield; PLP 9, MeO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc, 80.8% yield)

were verified by *H NMR and LCMS.



29

HN (a) o..NH H HN

LT e el
MeO NHBoc 0

2 , HN
NHBoc MeO

9 7(’
(e}
Fragment 2 Fragment 1 PLP 2

Hg; ) M
680/oy|eld ﬁ\(
NHBoc MeO HN /\\jNHBOC H o

Fragment 2 Q Fragment 1 O PLP 4

(©
% v/ 58% yield
MeO HN B

NHBoc NHBoc  HN
MeO

Fragment 2 @ Fragment 1 o) ;L PLP 8
~

{;
O
T

4
T

+

O

&

=
I

NHBoc

HQN/\( :
HN_ (d)
. ,& 81% yield 0-_NH H HN_ .+
MeO_ HN™Y, )\i LO
NHBoc
e}

MeO
Fragment 2 Fragment 1 PLP 9

s

Conditions: All reactions used 1.0 eq Fragment 2 and 1.1 eq Fragment 1

(a) 0.5 eq HATU, 0.5 eq TBTU, 4 eq DIPEA, DCM/ACN (0.1M)
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(c) 0.3 eq DEPBT, 0.3 eq HATU, 0.6 eq TBTU, 8 eq DIPEA, DCM/ACN (0.1M)
(d) 0.8 eq HATU, 0.7 eq TBTU, & eq DIPEA, DCM/ACN (0.1M)

Figure 19: Formation of protected linear pentapeptides
DOUBLE-DEPROTECTION OF LINEAR PENTAPEPTIDES

The double-deprotections of PLPs for SanA 2, 3, 8, and 9 were done in a two-step

fashion where the methyl ester hydrolysis was performed first, followed by Boc removal
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from the N-terminal residue. The acid deprotection followed our standard protocol where
1.0 equivalent of PLP was placed in a round-bottom flask, under open atmosphere, with
8.0 equivalents of LIOH. The dry reagents were dissolved in MeOH with a final
concentration of 0.1M. The reaction was allowed to run overnight at room temperature.
Upon completion of the reaction, verified by TLC, it was diluted in DCM and pH 1
aqueous solution was added until the aqueous layer was acidic (pH~1-3). The organic
layer was collected, dried over sodium sulfate, and concentrated in vacuo to give the
acid-deprotected pentapeptides: (HO-D-Phe-Leu-Val-Leu-Leu-NHBoc, 73% vyield; HO-
NMe-Phe-Leu-Val-Leu-Leu-NHBoc, 95% yield; HO-D-Phe-D-Leu-Val-Leu-Leu-
NHBoc, 82% vyield; HO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc, 98% yield). Each
pentapeptide was then dissolved in a solution of 25% TFA and 75% DCM, at 0.1M, with
2.0 equivalents of anisole. The reactions were allowed to run under open atmosphere at
room temperature for 1 hour and were monitored by TLC. Once complete, the reactions
were concentrated in vacuo to give double-deprotected linear pentapeptides (DDLPS) in
quantative yields: HO-D-Phe-Leu-Val-Leu-Leu-NH; (DDLP 2, Figure 20); HO-NMe-
Phe-Leu-Val-Leu-Leu-NH, (DDLP 3, Figure 20); HO-D-Phe-D-Leu-Val-Leu-Leu-NH,
(DDLP 8, Figure 21); HO-Phe-D-Phe-D-Val-Leu-Leu-NH, (DDLP 9, Figure 22).

The formation of double-deprotected linear pentapeptide for SanA 4 (DDLP 4)
employed an in situ method due to the presence of the tyrosine residue. In this method,
1.0 equivalent of PLP 4 and 2.0 equivalents of anisole were dissolved in THF to a final
concentration of 0.1M. HCI was added drop-wise and the reaction ran for one week at
room temperature while being monitored by LCMS. As needed, additional drops of HCI

were added until the reaction reached completion. Finally, the reaction was concentrated
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in vacuo to give DDLP 4 (HO-D-Tyr-Leu-Val-Leu-Leu-NH,, quantitative yield, Figure
20), which was verified by LCMS.
CYCLIZATION OF COMPOUNDS 2, 3,4, 8, AND 9

As discussed in the introduction, macrocyclization of peptides can occur via many
routes (Chapter 1, Figure 2). Head-to-tail cyclization, where the N-terminus of the
peptide couples to the C-terminus, is one of the most common strategies. SanA analogs
require maintaining the peptide backbone and thus the most appropriate cyclization
method is head-to-tail. Macrocyclizations continue to be challenging reactions because
of the flexibility and the formation of numerous aggregation states associated with the

64,85 1n order to account for these factors and increase the

linear peptide precursors.
efficiency of the reaction, cocktails of coupling reagents are often employed, and our
group has found that a combination of TBTU, HATU, and DEPBT (at 1.2 total
equivalents) leads to relatively high yields compared to using a single reagent at 1.2
equivalents.®

The macrocyclization for SanA 2 (Figure 20) was performed using 1.0 equivalent
of DDLP 2, 0.4 equivalent of DEPBT, 0.5 equivalent of TBTU, and 0.6 equivalent of
HATU. The dry reagents were placed in a round-bottom flask, purged with argon, and
dissolved in a 0.007M solution of DCM/ACN (1:1, v/v). Cyclizations are typically
performed in dilute conditions (10°3-10* M) to prevent dimerization and oligomerization.
After 6.0 equivalents of DIPEA were added, the reaction was allowed to run for 1.5 hours
and was monitored by LCMS. Upon completion, the reaction was diluted in DCM and

subjected to three aqueous washes of saturated ammonium chloride and concentrated in

vacuo. The crude material was purified via flash column chromatography using an
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EA/Hex gradient solvent system where the product eluted at 100% EA. The pure
cyclized SanA 2 (D-Phe-Leu-Val-Leu-Leu, 79.8% yield) was verified by *H NMR and
LCMS.

SanA 3 and 4 (Figure 20) followed the same procedure as SanA 2 but were
further purified after flash column chromatography by reverse-phase high-performance
liquid chromatography (RP-HPLC). The pure cyclized products (SanA 3, NMe-Phe-Leu-
Val-Leu-Leu, 51.2% yield) and (SanA 4, D-Tyr-Leu-Val-Leu-Leu, 48.5% yield) were

verified by *H NMR and LCMS.
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Figure 20: Deprotections and cyclizations of SanA 2, 3, 4
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The conditions for SanA 8 and 9 were modified from those of described to cyclize
2, 3,and 4. High concentrations (0.1M-0.5M) of the DDLP 8 and 9 were utilized in
order to generate both the dimer (decapeptides) and monomer (pentapeptide/SanA
analog) macrocycle. The dimer project will be discussed in detail in Chapter 5.

Cyclization of SanA 8 was done using 1.0 equivalent of DDLP 8, 0.7 equivalent
of DEPBT, 0.5 equivalent of HATU, and 0.5 equivalent of TBTU (Figure 21). The
reagents were weighed out in a round-bottom flask and purged with argon. Dry
dimethylformamide (DMF) was added for a final concentration of 0.5M. After the
addition of 8.0 equivalents of DIPEA, the reaction was allowed to run for 1.5 hours and
was monitored by LCMS. Once the formation of monomer and dimer was complete, the
reaction was diluted in DCM and subjected to two washes with brine. The organic layer
was dried over sodium sulfate, concentrated in vacuo, and purified via flash column
chromatography where a 1:1 mixture of monomer and dimer eluted at 75SEA/25Hex and
only monomer eluted at 100EA. The material was further purified by RP-HPLC. Unlike
the other compounds’ syntheses, racemization occurred with the linear precursor and
during the cyclization of both the monomer and dimeric compounds. For the cyclic
pentapeptide (monomer), it was not possible to separate the epimers by RP-HPLC,
therefore a mixture of three products were isolated in a 4:1:1 ratio (as estimated by
LCMS) and tested in cytotoxic assays. | was able to separate the decapeptide epimers by

RP-HPLC.
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Figure 21: Double-deprotection and cyclization to form pentapeptide SanA 8 and its
decapeptide derivative

SanA 9 was cyclized with 1.0 equivalent of DDLP 9, 0.5 equivalent of DEPBT,
0.7 equivalent of HATU, and 0.5 equivalent of TBTU (Figure 22). The reagents were
placed in a round-bottom flask, purged with argon, and dissolved in 0.1M of dry ACN.
After the addition of 8.0 equivalents of DIPEA, the reaction was allowed to run for 1
hour at room temperature and was monitored by LCMS. Upon completion, the reaction
was diluted in DCM, subjected to two aqueous washes of saturated ammonium chloride,

dried over sodium sulfate, and concentrated in vacuo. There was no presence of
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epimerization in the products when analyzed by LCMS. The crude material was first
purified by flash column chromatography where a 1:1 mixture of monomer and dimer
eluted at 75EA/25Hex. The material was further purified by RP-HPLC to give the pure
cyclic pentapeptide SanA 9 (Phe-D-Phe-D-Val-Leu-Leu) and decapeptide (Phe-D-Phe-D-

Val-Leu-Leu-Phe-D-Phe-D-Val-Leu-Leu) (67.1% combined yield).
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Figure 22: Double-deprotection and cyclization to form pentapeptide SanA 9 and
its decapeptide derivative

PEG-BIOTIN AND FLUORESCEIN-TAGGED DERIVATIVES
Attaching functional tags is one method that can be used to investigate a

compound’s mechanism of action. Several types of tags can be attached depending on
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the mechanistic assay. These include radioactive tags, biotinylated poly-ethylene glycol
chains (PEG-biotin), and fluorescent-based tags. Our mechanism of action studies
required a PEG,-biotin tag, which would be used in conjunction with streptavidin resin in
pull down assays. In addition, we also conjugated a fluorescein tag for imaging studies
and fluorescence polarization anisotropy experiments. Biotin, which is also known as
vitamin B7, and the avidin-relative, streptavidin, have an extremely high affinity for each
other (Kq= 4 x 10™*M)®", making it one of the strongest non-covalent interactions in
nature and an ideal tool in pull-down assays.?® ®® Fluorescein, often used for imaging, is
excited at 494 nm and emits a signal at 521 nm, which can be measured and read on a
fluorometer. These tags will facilitate determining SanA’s mechanism of action in
cancer cells, and the results of these studies will be discussed in Chapter 3.

From our library of SanA derivatives, we tagged our lead compounds: SanA 1,
12, and 13 (Figure 23). To evaluate the impact of PEG4-biotin and fluorescein on binding
to SanA’s target, we designed analogs that incorporate a tag at four positions around the
peptide ring, whereby we sequentially exchanged residues I-1V for a lysine. Lysine was
then coupled to the fluorescein or biotin. This approach allows us to determine the
optimal tag position for maximum binding to the protein target.

Both the PEG4-biotin and fluorescein starting materials were purchased as N-
hydroxysuccinimide (NHS) esters, which rapidly react with free lysines, and were
coupled to the compounds under slightly basic conditions. 1 contributed 13-T-I11
(Figure 23), which | made using a combination of solid-phase and solution-phase
chemistry. This analog was then tagged with both PEG4-biotin and fluorescein. In

addition, 1 was given five compounds with free lysines (1-T-111, 12-T-1, 12-T-111, 13-T-
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I, and 13-T-I1), which had been synthesized by my colleagues, to which | attached PEG;-

biotin. In addition, my colleagues provided the free lysine analogs of 1-T-I1, 1-T-I11, 1-

T-1V, 12-T-1, 12-T-111, 12-T-1V, and 13-T-11, to which | attached a fluorescein tag.
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Figure 23: Tagged derivatives of SanA 1, 12, and 13
SOLID-PHASE PEPTIDE SYNTHESIS

Solid-phase peptide synthesis (SPPS) was first introduced by R.B. Merrifield in

1963 as a solution to solubility and purification challenges that are associated with
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synthesizing long-chain polypeptides in solution.” He reported a method that involves
covalently attaching the first amino acid to a polymer support and sequentially coupling
and deprotecting the desired amino acids until the target peptide was reached. Utilizing a
polymer for the support meant that filtration was essentially the only purification
required. The linear peptide can then be cleaved from the polymer support and taken on
to its next step. There are many advantages to this method: reactions are pushed to
completion using excess reagents and purification by filtration leads to rapid generation
of compounds. These advantages mean that insolubility problems associated with long
polypeptide chains are avoided until the final product is generated.

When Merrifield first introduced this Nobel Prize-winning chemistry, he used
carboxybenzyl (Cbz)-protected amino acids that were deprotected under harsh acidic
conditions with 30% hydrobromic acid (HBr). The peptides were cleaved from the resin
using sodium hydroxide (NaOH). Since then, SPPS has been improved with the
introduction of mild base-labile Fmoc-protected amino acids, and the utilization of
linkers between the resin and terminal amino acid that allows peptide cleaving to occur of
under gentle conditions. Further, in the past few decades, the development of resins,
linkers, protecting groups, and cleaving conditions has allowed solid-phase chemistry to
be applied to a wide range of chemistry. Reactions other than linear peptide coupling
have been developed using a polymer-supported approaches including on-resin peptide
cyclizations, heterocycle formations, and alkylations.” "

The solid-phase protocol used in our lab utilizes 1% divinylbenzene (DVB)
polystyrene resin that is pre-loaded with the desired amino acid residue. The amino acid

is connected to the resin by a 2-chlorotrityl (CTC) linker that allows peptide cleavage to
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occur with trifluoroethanol (TFE) and DCM (1:1, v/v). Fmoc-protected amino acids were
used and the coupling reaction was aided by coupling reagents 1-hydroxy-benzotriazole
(HOBt) and diisopropylcarbodiimide (DIC) (Figure 24). When coupling to an N-Me
amino acid, which is more hindered than a NH-amino acid, 1-hydroxy-7-aza-
benzotriazole (HOAL) is substituted for HOBt. Like HATU, HOAt is a very effective but

costly reagent.

g N A —
J O AA N LN N=C=N
cl N NZ N )
O OH OH

2-CTC resin HOBt HOAt DIC

Figure 24: SPPS materials and reagents

One of the disadvantages of solid-phase chemistry is the difficulty in monitoring
reactions. Given that we are only synthesizing pentapeptides, we utilize literature
precedent and assume most couplings are complete after two hours.”® However, to verify
completion, we initially tested each reaction using the ninhydrin test, also known as the
Kaiser test. A small amount of resin is treated with a 1:1:1 solution of ninhydrin (5%,
wi/v) in ethanol, phenol (4:1, w/v) in ethanol, and potassium cyanide (2%, w/v) in
pyridine. The vial containing the beads are heated and in the presence of a free-amine,
the resin turns blue; if the resin is capped with Fmoc-protected amines, the resin will
remain yellow/orange, which confirms that the coupling is complete. We found that
coupling N-Me amino acids required the reaction to run overnight, while coupling to an

NH-amino acid was complete after two hours.
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SOLID-PHASE SYNTHESIS OF 13-TAG-I11

| synthesized 13-T-I11 by incorporating a N-Me-Lys(Boc) into position 111 in
place of the N-Me-Val. The parent compound, SanA 13, incorporated a racemic amino
acid (Fmoc-(2R,3R)/(2S,3S)-p-OH-Phe-OH) at position I, and the phenyl serine was
subsequently benzylated. For SanA 13, separation and characterization of the
diastereomers was only possible by RP-HPLC after benzylation and not at any step
prior.”* 1t was expected that the derivatives containing the lysine tag would exhibit
similar properties with regard to the separation of diastereomers.

SOLID-PHASE SYNTHESIS OF 13-T-11I

Synthesis of 13-T-111 followed our standard solid-phase synthesis protocol and
began with 1.0 equivalent of pre-loaded CTC-D-leucine-NH, resin (1g scale, 0.81
mmol/g resin loading), 3.0 equivalents of Fmoc-D-Phe-OH, 3.0 equivalents of HOBt, and
6.0 equivalents of DIC (Figure 25). The resin was placed in a polypropylene cartridge
fitted with a frit and swelled in DMF for 30 minutes. Meanwhile, the amino acid and
coupling reagent were dissolved in a 0.2M final concentration of DMF. The cartridge
was then drained and the amino acid/coupling reagent mixture was added, followed by
the addition of DIC. The reaction was allowed to run overnight under open atmosphere
and at room temperature. After a ninhydrin test verified completion, the reaction was
filtered and washed three times with DMF to give the Fmoc-protected resin-bound

dipeptide (Resin-CTC-Leu-Lys(Boc)-N-MeFmaoc).
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Figure 25: SPPS of DDLP 13-T-11I

The dipeptide was subjected to our standard Fmoc-removal conditions where it
was washed for 5 minutes in a 20% piperidine in DMF solution, 10 minutes in a fresh
20% piperidine in DMF solution, two DMF rinses, one IPA wash, one DMF wash, one
IPA wash, and three DMF washes. The free-amine resin-bound dipeptide (Resin-CTC-

Leu-Lys(Boc)-N-MeH) was then ready for the next amino acid coupling.
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The same coupling and deprotection procedure described above was followed for
the coupling of Fmoc-D-Leu-OH, except HOAL (3.0 equivalents) was substituted for
HOBL since the coupling occurred at a hindered, N-methylated amino terminus. The final
couplings of Fmoc-D-Phe-OH (3.0 equivalents) and racemic Fmoc-(2R,3R)/(2S,3S)-B-
OH-Phe-OH (1.2 equivalents) utilized HOBt (3.0 equivalents). After the final
deprotection in 20% piperidine in DMF solution, the resin-bound pentapeptide (Resin-
CTC-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-[(2R,3R)/(2S,3S)-B-OH-Phe]-NH;) was
subjected to three DMF washes, three IPA washes, and three MeOH washes, then was
drained thoroughly and dried in vacuo overnight.

The pentapeptide was cleaved from the resin in a TFE/DCM (1:1) solution at a
concentration of 10 mL per gram of dry resin. The mixture was shaken for 24 hours at
room temperature. Finally, the solution was filtered from the resin and concentrated in
vacuo to give the DDLP (HO- Leu-NMe-Lys(Boc)-D-Leu-D-Phe-[(2R,3R)/(2S,3S)-p-
OH-Phe]-NH,, 68.3% vyield), which was verified for mass and purity by LCMS.

Cyclization was performed using a syringe pump and dilute conditions to avoid
dimerization (Figure 26). The cyclization used 1.0 equivalent of DDLP 13-T-I111, 0.7
equivalent of HATU, 0.7 equivalent of TBTU, 0.7 equivalent of DEPBT, 8.0 equivalents
of DIPEA, and dry DCM at a final concentration of 0.005M. The coupling reagents were
added to a round-bottom flask that was subsequently purged with argon. The reagents
dissolved in half of the DCM, and half of the DIPEA (4.0 equivalents) was added to the
flask. DDLP 13-T-111 was dissolved in the remaining amount of dry DCM, placed into a
syringe, and added to the coupling reagent-containing flask over the course of two hours

using a syringe pump (8 mL/hour). After the first hour, the remaining DIPEA (4.0
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equivalents) was added. After all of the DDLP was added, the reaction was allowed to
run overnight at room temperature. Upon completion, as determined by LCMS, the
reaction was quenched with three washes of saturated ammonium chloride. The organic
solution was then dried over sodium sulfate and concentrated in vacuo. The cyclized
product ([(2R,3R)/(2S,3S)-B-OH-Phe-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe, 87.9% yield)
was verified by LCMS and *H NMR.
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Conditions: (a) 1.0 eq DDLP, 0.7 eq DEPBT, 0.7 eq HATU, 0.7 eq TBTU, 8.0 eq DIPEA, DCM (0.005M)

(b) 4.0 eq NaH, 4.0 eq BnBr, THF (0.1M) (c) 25% TFA, 75% DCM (0.1M), 2.0 eq anisole

Figure 26: Cyclization and subsequent reactions for 13-T-111 synthesis

Benzylation of the free phenyl serine was performed using 1.0 equivalent of the
cyclized pentapeptide, 4.0 equivalents of NaH, and 4.0 equivalents of BnBr in dry

tetrahydrofuran (THF) at a final concentration of 0.1M. The compound was dissolved in
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THF in a round-bottom flask purged with argon, and then NaH and BnBr (2.0 equivalents
each) were added. The reaction was allowed to run for two hours and was checked by
LCMS. With only starting material present, an additional 2.0 equivalents of both NaH
and BnBr were added, and the reaction was allowed to proceed overnight. Upon
completion, the reaction was diluted in DCM and quenched with two washes of DI water.
The organic solution was dried over sodium sulfate and concentrated in vacuo to give the
benzylated product ([(2R,3R)/(2S,3S)-B-OBn-Phe]-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe,
62.3% vyield).

Finally, the lysine was deprotected using our standard solution-phase amine
deprotection procedure where 1.0 equivalent of the benzylated peptide was dissolved in a
solution of 25% TFA in DCM, followed by the addition of scavenging reagent, anisole
(2.0 equivalents). The reaction was allowed to run at room temperature for 45 minutes.
Upon verification of completion by LCMS, the reaction was concentrated in vacuo to
give the free lysine-containing pentapeptide ([(2R,3R)/(2S,3S)-B-OBn-Phe]-Leu-N-Me-
Lys-D-Leu-D-Phe, quantitative yield), which was ready to be tagged by PEG,-biotin and
fluorescein.

As noted earlier, the parent compound SanA 13 was synthesized using a racemic
amino acid (Fmoc-(2R,3R)/(2S,3S)-p-OH-Phe-OH) and its diastereomer (SanA 14) was
separated via RP-HPLC after the benzylation step. The same strategy did not work for
the synthesis of 13-T-11 or 13-T-I11. Beginning from the cyclization step and on to the
final tagging with PEG4-biotin or fluorescein, there was only one peak consisting of both
diastereomers. Since it was impossible to separate the two via RP-HPLC, we elected to

use the mixture in the subsequent bioassays. The I1Csos of SanA 13 and its diastereomer
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(SanA 14) were comparable (3.27uM vs 5.75uM, respectively), therefore it was likely
that they were acting via the same mechanism of action and would give us comparable
results.
COUPLING OF PEG-BIOTIN AND FLUORESCEIN

Attaching the PEG,-biotin tag to 1-T-111, 12-T-1, 12-T-111, 13-T-11, and 13-T-I11
required 1.0 equivalent of the deprotected lysine-containing compound and 1.2
equivalents of NHS-PEG,-biotin. Both the peg-biotin and the SanA compound were
placed in a 4 mL vial and dissolved to a 0.1M final concentration in DCM (Figure 27).
After addition of DIPEA (8.0 equivalents) the reaction was stirred overnight at room
temperature under open atmosphere. Upon verification of completion by LCMS, the
reaction was concentrated in vacuo, re-dissolved in 70% MeOH and 30% DMSO, and
purified via RP-HPLC to give the biotinylated cyclic peptides: 1-T-111-biot, Phe-Leu-
Lys(Peg-biotin)-Leu-Leu, 87% yield; 12-T-I-biot, Lys(Peg-biotin)-N-Me-D-Phe-Val-
Leu-Lys(Cbz), 75% yield; 12-T-111-biot, Phe-N-Me-D-Phe-Lys(Peg-biotin)-Leu-
Lys(Cbz), 91% yield; 13-T-I1-biot, (2R,3R)/(2S,3S)B-OBn-Phe-Lys(Peg-biotin)-N-Me-
Val-D-Leu-D-Phe, 86% yield; and 13-T-11l-biot, (2R,3R)/(2S,3S)p-OBn-Phe-Leu-N-Me-

Lys(Peg-biotin)-D-Leu-D-Phe, 30% yield.
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Figure 27: Coupling of PEG4-biotin to 13-T-111
Coupling of PEG4-biotin to the free phenyl serine on SanA 13-T-I proved to be

was significantly more challenging than coupling to all of the other SanA molecules
(Figure 28). Under the same reaction conditions there was only starting material present
after 24 hours and no product. Subsequent addition of a total of 4.0 equivalents of
DIPEA and 2.2 equivalents of NHS-PEG,-biotin over the course of two weeks resulted in
a small amount (<5%) of product and starting material (~95%). The reaction was
concentrated in vacuo and purified by RP-HPLC, where the minor amount of product was
isolated ([(2R,3R)B-O-(Peg-biotin)-Phe]-Leu-N-Me-Val-D-Leu-D-Phe, 4% yield) and the
starting material recovered. Note: 13-T-I free serine was synthesized and separated from
its diastereomer by a colleague prior to my tagging it, therefore the final biotinylated

product only contains one configuration.
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Figure 28: Coupling of PEG,-biotin to 13-T-I

The fluorescein tags were added using 1.0 equivalent of free-lysine-containing
compound, 1.5 equivalent of NHS-fluorescein, and 8.0 equivalents of DIPEA in 0.1M
solution of DCM (Figure 29). The reactions were run in vials overnight under
atmospheric conditions and at room temperature. Upon verification that the reaction was
completed, it was concentrated in vacuo and purified by RP-HPLC. This method
generated fluorescein-tagged compounds: 1-T-11-fluor, Phe-Lys(Fluorescein)-Val-Leu-
Leu, 46% yield; 1-T-111-fluor, Phe-Leu-Lys(Fluorescein)-Leu-Leu, 49% yield; 1-T-1V-
fluor, Phe-Leu-Val-Lys(Fluorescein)-Leu, 82% vyield; 12-T-I1-fluor, Lys(Fluorescein)-N-
Me-D-Phe-Val-Leu-Lys(Cbz), 75% yield; 12-T-111-fluor, Phe-N-Me-D-Phe-
Lys(Fluorescein)-Leu-Lys(Cbz), 71% yield; 12-T-1V-fluor, Phe-NMe-D-Phe-Val-
Lys(Fluorescein)-Lys(Cbz), 59% vyield; 13-T-I1-fluor, (2R,3R)/(2S,3S)B-OBn-Phe-
Lys(Fluorescein)-N-Me-Val-D-Leu-D-Phe, 47% yield; and 13-T-I11-fluor,

(2R,3R)/(2S,3S)B-OBn-Phe-Leu-N-Me-Lys(Fluorescein)-D-Leu-D-Phe, 45% vyield.
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Figure 29: Coupling of fluorescein to 13-T-I111
SUMMARY

Described was the successful solution and solid-phase synthesis of compounds
that contributed to the SAR study of SanA-amide and determining SanA’s mechanism of
action. Five derivatives included D-aas and N-Me-aas on the SanA scaffold. All final
purified compounds were tested against pancreatic and colon cancer cell lines, where
they were analyzed for their growth inhibition activity (Chapter 3).

The other derivatives incorporated tags on three of the SanA library’s lead
compounds. Compounds tagged with PEG,-biotin are used in conjunction with
streptavidin resin in pull-down assays. Compounds tagged with fluorescein are used to
determine binding constants via fluorescence polarization anisotropy and in imaging

studies. Methods, data, and conclusions from these assays are discussed in Chapter 3.
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CHAPTER 3: DETERMINING THE MECHANISM OF ACTION OF
SANA DERIVATIVES
CYTOTOXICITY ASSAYS

Sansalvamide A (SanA) exhibited a mean ICs of 46.7uM in the National Cancer

Institute’s 60-cell line panel.*®

Our goal was to synthesize analogs that would be
significantly more potent than the natural product. As such, we evaluated our derivatives
for their anti-cancer activity. After the synthesis and purification of the cyclic peptides,
the compounds were dissolved in DMSO to a 5mM stock concentration, and tested
against numerous cancer cell lines including pancreatic (BxPc3 and PL-45), colon (HCT-
116 and HCT-15), prostate (DU-145), and cervical (HeLa). The methods and data
reported in this chapter focus on the cytotoxicity of SanA in PL-45 and HCT-116 cells,
which were the main focus of my project.

Pancreatic cancer is the fourth most deadly cancer in the US and has a 95%
mortality rate within a five year period.”® Patient response to chemotherapeutics is
minimal and current drugs only serve to extend the life of the patient between a few
months to a few years.”® Given the immediate need for a new class of pancreatic cancer
drug candidates, we are interested in seeing SanA’s effect against pancreatic cancer cells.
PL-45 cells were derived from a patient with pancreatic cancer in 1992 and contain
mutated oncogenes p53, which is involved in apoptosis, and K-ras, which regulates
growth factors.””"® Testing our compounds on this commonly used cell line will provide
an indicator of how our molecules will perform against pancreatic cancer tumor models.

Colon carcinogenesis can occur through two different pathways, one having

microsatellite stability (MSS) and the other having microsatellite instability (MSI).2°
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Microsatellites are repeating sequences of DNA, and while these are present in normal
tissue, MSI occurs when there is damage to the DNA repair process, also known as
mismatch repair (MMR).2! As a result of a defect in MMR, the DNA sequence repeats
can either shorten or lengthen during DNA replication, which leads to MSI. Diagnosing
MSI colon cancer in patients can serve as a predictor of a negative response to
chemotherapeutics, specifically 5-fluorouracil (5-FU), which is a current drug on the
market for colon cancer. In clinical studies, patients with MSS colon cancers had better
survival rates than those with MSI when both were treated with 5-FU.%* Given the lack
of MSl-effective colon cancer drugs, the development of novel drug candidates that
target MSI positive cancers will help solve the challenge of drug resistance. Therefore
we examined the cytotoxicity of SanA derivatives against HCT-116 cells. HCT-116s are
widely used in cancer research and are known as being microsatellite instable.®
Generating a small molecule inhibitor of HCT-116 cancer cells that successfully blocks
their growth would be a valuable lead.

To measure the effect of SanA derivatives on cell proliferation, | used both
thymidine uptake and colorimetric methods. Radiolabeled-thymidine uptake is
frequently used to determine cell growth by approximating the number of living cells that
are actively synthesizing DNA and subsequently dividing.2*® There are many options
when choosing radio-labeled thymidine for cell proliferation studies: tritium-labeled (*H)
and carbon-14-labeled (**C)-thymidine are two of the most common derivatives.
Tritium-labeled (®H) thymidine incorporates into DNA with higher specificity and
efficiency than **C-thymidine,®” making it the method of choice for analyzing the effect

of SanA on cancer cell proliferation.
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Thymdine uptake assays involve the addition of *H-methyl-thymidine to cells that
have been treated with a compound or control, and the radio-labeled thymidine is then
incorporated into the DNA of cells that are actively dividing (Figure 30). After
incorporation, the cells are harvested onto special filter paper and the amount of

thymidine present is analyzed by a scintillation counter.
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Figure 30: Basic schematic of thymidine uptake assay

| performed thymidine uptake assays in which the cells were treated with single
concentrations of SanA derivatives for 72 hours. PL-45 or HCT-116 cells were plated in
96-well plates using 2000 cells per well; the number of cells was determined based on the
growth rate of the cell line. The cells were allowed to incubate for 6-16 hours at 37 °C.
SanA derivatives dissolved in DMSO were subsequently added directly to the wells with
final concentrations of 5 or 10 uM compound and 1% DMSO. Compound-free 1%

DMSO was used as the control for normal cell proliferation and compounds with known
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anti-proliferative activity were used as positive controls to validate each assay. The
treated cells were allowed to incubate for 55 hours at 37 °C. Next, 1 microcurie (LCi) of
tritiated thymidine was added to each well, and the cells were allowed to incubate at 37
°C for an additional 17 hours. Finally, the cells were trypsinized and harvested via
vacuum filtration onto glass fiber filter paper, and analyzed for the presence of thymidine
using scintillation fluid and a scintillation counter. The amount of thymidine present was
reported in counts per minute (cpm), and values for the compound-treated cells were
compared to that of the DMSO-only cells (control) to give percent growth inhibition.
Between six to eight wells were used per compound or control, and all errors were less
than 5% standard error of the mean.

Although thymidine uptake assays provide valuable data, and are often the assay

of choice,’* 889

the cost and safety factor (radioactivity) prompted us to explore
environmentally-friendly options for screening compound cyototoxicity. Cheap, fast, and
radioactivity-free methods involve colorimetric assays that are easily analyzed using a
plate reader. The colorimetric assays are based on tetrazolium salts that are cleaved into
formazans by mitochondrial enzymes, inducing a colorimetric change that can be read at
wavelengths around 440-460 nm.** Only live cells have mitochondrial activity, therefore
the absorbance detected is proportional to the number of living cells. The absorbance of
each well containing compound-treated cells is compared to control wells in order to
calculate percent growth inhibition.

We used the colorimetric assay Cell Counting Kit-8 (CCK-8, manufactured by

Dojindo) whereby the presence of live cells is detected by the color change of the water-

soluble tetrazolium salt (WST-8, Figure 31). Initially a yellow color, the molecule
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undergoes reduction in the presence of mitochondrial dehydrogenases to give WST-8
Formazan, which is an orange color. The absorbance of each well is measured at 450nm

using a plate reader.
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Figure 31: Mechanism of CCK-8 assay

There have been reports comparing data obtained by colorimetric assays and
thymidine uptake assays, and the results indicate that the output is similar.®* In order to
verify the efficacy of the CCK-8 assay as an alternative measurement for cell
proliferation, my colleagues and |1 compared the results of thymidine uptake and CCK-8
assays using PL-45s and HCT-116s. We determined that the 1Csys of lead compounds
remained comparable (within 2 fold), although the screening concentration had to be
increased from ~10 pM to between 25-50 uM. Thus, the CCK-8 assay successfully
replaced the tritiated thymidine uptake assay as our main method for evaluating

compounds’ effects on cell proliferation.
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Prior to CCK-8, the SanA derivatives | synthesized in Chapter 2 were tested for
their effects on cell proliferation using only thymidine uptake. My colleagues and |
screened these compounds in PL-45 cells, since the cytotoxicity of the parent compounds
had also been tested in this cell line.

We found that making single modifications at position I, including the addition of
an N-Me-aa, D-aa, and D-tyrosine residue, all produced increased cytotoxic activity
(Figure 32, black bars). There was also a small positive synergistic effect when
combining the D-aas of SanA 2 and 5 into SanA 8. However, there was a negative effect

combining the two phenyl alanines and D-aa of SanA 6 and 7 into SanA 9.
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Figure 32: Thymidine uptake assay data and structures for SanA derivatives. The
compounds in blue were synthesized by the author and the compounds in black
were synthesized by the author’s colleagues. All of the HCT-116 cytotoxicity data
was generated by the author. The PL-45 data was generated by the author and
colleagues. (Figure continued on next page).
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Figure 32 (continued): Thymidine uptake assay data and structures for SanA
derivatives. The compounds in blue were synthesized by the author and the
compounds in black were synthesized by the author’s colleagues. All of the HCT-
116 cytotoxicity data was generated by the author. The PL-45 data was generated by
the author and colleagues.

To further assess potential differences in cytotoxicity between various cell lines, |
performed assays in which both the parent compounds and their derivatives were tested
in HCT-116 cells. It was not surprising given the drug resistance of HCT-116 that all of
the compounds demonstrated reduced cytotoxic activity in HCT-116s compared to PL-45
despite increasing the screening concentration to 10 pM (Figure 32, gray bars).
However, most of the derivatives showed increased potency over SanA 1. The most

notable compound from this series was SanA 9, with its two consecutive D-aas and two
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phenyl alanine moieties. The derivatives | synthesized contributed to a series of over
one-hundred derivatives, which led to the design and synthesis of our lead compounds

SanA 11, 12, 13, and 15 (Figure 33).
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Figure 33: Structures of SanA 1 and lead derivatives 11, 12, 13, and 15

Inclusion of a single N-Me-aa, at least one D-aa, and the presence of three
aromatic groups (including the carbobenzyloxy-based lysine protecting groups in SanA
12 and 15) are common characteristics of all the lead compounds. Horst Kessler’s group
showed through NMR studies that the inclusion of an N-methylated D-aa in cyclic
pentapeptides led to structures that preferred a single conformation.?> ®* Further, the
group demonstrated that structures with conformational homogeneity had better
permeability across the membrane than those adopting multiple conformations. Thus, the
N-Me-aa and D-aas in our lead structures most likely contribute to conformational rigidity
and perhaps increased diffusion through the membrane.?* Further, our SAR indicates that

the multiple phenylalanines play an important role in potency since our leads all contain
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at least 2 phenyl moieties. Presumably these aromatic residues have favorable
hydrophobic interactions with protein targets.>’

In HCT-116 cells, our lead compounds demonstrated greater than 90% growth
inhibition at 10 uM in thymidine uptake assays. In order to further elucidate their
bioactivity, we determined the ICs, for the lead compounds. ICsgs are generally used to
evaluate the effectiveness of drug candidates, and is defined as the concentration at which
50% of growth is inhibited. The 1Csqs for our lead compounds were determined following
the standard thymidine uptake protocol. Multiple concentrations were tested (from 0 to
10 uM) in order to generate a curve from which the concentration at 50% growth
inhibition could be extrapolated. My colleagues and | used this method to determine
ICs0s in HCT-116 and PL-45 cells for our lead compounds (Figure 34). We found that
all of the lead compounds exhibit an average of 10-fold increased potency over the
natural product peptide SanA 1, with low-micromolar ICses. These values are also
comparable to the ICsq of 5-FU (~5 uM), the current drug on the market for the treatment

of both pancreatic and colon cancers.*
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Figure 34: 1Cso values and structures of lead compounds. The author generated data
for 11, 12, 13, and 15 in HCT-116 cells. The data for SanA 1 and PL-45 cells was
generated by the author’s colleagues.

These lead compounds demonstrate a significant improvement in potency over
SanA 1 and will be used in the remainder of mechanism of action studies contained in the

rest of this chapter, as well as in Chapter 4.

APOPTOSIS STUDIES

Based on the cytotoxicity assay data, we know that our SanA derivatives are
inhibiting cell proliferation. However, we are interested in knowing if and how they are
inducing cell death. There are two major ways a cell can die: they can either go through
necrosis or a process called apoptosis. Necrosis is a passive, uncontrolled process that
involves cell and organelle swelling.”™ % In necrosis, the cell looses its membrane
integrity, which releases the cell’s cytoplasmic contents into the extracellular
environment. This non-ideal process is toxic to neighboring cells and results in an

inflammatory response.”’
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Apoptosis (also known as programmed cell death, or PCD) is a controlled process
in which either extracellular or intracellular factors trigger a cascade of signaling
proteins. These signals lead to apoptosis. Unlike necrosis, apoptosis causes cell
shrinkage, DNA fragmentation, and other biochemical characteristics that render the cell
ready to be digested by neighboring cells or macrophages.®” * Apoptosis is necessary to
maintain a healthy living system, and does not typically initiate harmful immune
responses. Apoptosis is involved in the regeneration of skin, gut, and bone marrow cells,
and is responsible for recognizing and disposing of abnormal cells. However, cancerous
cells often contain mutations or an over-expression of anti-apoptotic proteins. Thus,
evading apoptosis is known as one of the hallmarks of cancer and is a characteristic
found in most cancer types.*

In general, a cell can enter apoptosis through two pathways: the extrinsic death
receptor pathway and the intrinsic mitochondrial pathway. Factors that contribute to the
choice of pathway taken by the cell include: cell type, the origination of the initial death
signal, genetics, and the presence or absence of pro- and anti-apoptotic proteins.
Cysteine aspartate-specific proteases (caspases) are proteins that are very prevalent in
apoptotic processes and, while caspase-independent apoptosis exists, much is known
about caspase-dependent cell death and the mechanisms cancer cells take to develop
resistance to these pathways.* Caspase-dependent apoptosis is depicted in Figure 35. In
the mitochondrial intrinsic caspase-dependent pathway, an apoptotic signal activates pro-
apoptotic proteins Bax/Bak, which then signal to the mitochondrion to release
cytochrome C. Cytochrome C activates Apaf-1, which then goes on to activate caspase

9, which activates caspase 3. Caspase 3 is responsible for the cleavage of nuclear and
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cytosolic proteins, which ultimately leads to apoptosis. The extrinsic pathway, which

relies on the activation of the death receptor, leads to the activation of caspase 8 followed

by caspase 3 and, finally, apoptosis.™ '
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Figure 35: Intrinsic and extrinsic caspase-dependent apoptotic pathways
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One of the proteins cleaved by caspase 3 is poly(ADP-ribose) polymerase
(PARP), which is located in the nucleus and is associated with DNA repair.'® PARP is a
113-kilodalton (kDa) protein that is cleaved into fragments when the cell undergoes
apoptosis. It is widely known that caspase 3 is responsible for clipping PARP into 89-
kDa and 24-kDa fragments (Figure 36)."% However, studies have also shown that PARP
exhibits different fragmentation patterns depending on the enzyme by which it is cleaved.
Investigating the fragmentation patterns associated with PARP can help shed light on the
characteristics of caspase-associated apoptosis and is a common method used to

determine if cell death is occurring via caspase-3-dependent apoptosis.'%®

Auto-
modification
L DNA-binding domain ,  domain Catalytic domain |
! 42 kDa " 16kDa ' 55 kDa !
e x [ I
Caspase 3 24 kDa + 89 kDa
cleavage site fragments

Figure 36: Representation of PARP functional domains and enzyme cleavage sites

There are many ways of detecting apoptosis in cells and tissues. Caspase-3
activity, mitochondrial activity, cytochrome C release, and Annexin V assays are all
methods for detecting apoptosis. Sensitivities of the different assays vary greatly, and
limitations include the impermeability of detection reagent and the inability to distinguish
between events occurring in dying cells versus those events that indicate live cell activity.
Our lab has previously shown that one SanA derivative induced apoptosis via Annexin V,

which is a reagent that stains for phosphatidylserine residues that are presented on the cell
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surface when the cell begins dying. While it is an excellent way to detect early apoptosis,
it is limited in that it does not define the mechanism by which apoptosis is occurring.

To deduce the events occurring inside the cells treated with SanA, | chose to
investigate the lead compounds SanA 13 and 15 for their induction of caspase-3
dependent apoptosis in HCT-116 cells via caspase 3 activity assays and PARP
fragmentation analysis of the lysate. Because caspase 3 activity and PARP fragmentation
are some of the last events occurring during caspase-dependent apoptosis, these assays
will indicate if SanA is inducing cell death involving caspases versus caspase-
independent apoptosis or even necrosis.

In the caspase assay for SanA 13, 7.5 x 10° HCT-116 cells were seeded in tissue-
culture grade petri dishes and allowed to incubate overnight. The media from each plate
was aspirated and replaced with media containing 1-50 uM SanA 13. DMSO (1%) was
used as the control. The cells were incubated with compound for 24 hours and then were
collected from the plate via trypsinization. They were lysed using a freeze-thaw method
in dry ice and acetone. The cellular debris was pelleted, and the remaining lysate was
analyzed for caspase 3 activity, with 30 pg of total lysate per well and 3-4 wells per
compound or control. SanA 13 induces caspase 3 activity in a concentration-dependent
fashion (Figure 37). At 1 and 5pM, there were slight increases in activity. But
significant increases were seen at 25uM and 50uM, where the lysate showed 2-fold and
3-fold greater activity over the control (DMSO) lysate, respectively. There was no
difference in caspase 3 activity between untreated cells and DMSO-treated cells (data not
shown). While the concentrations of SanA 13 at which caspase activity is detected are

several fold higher than its ICsp, this trend is consistent with data published for other anti-
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cancer compounds that demonstrate apoptotic activity and is the result of the assay

reagent requiring a large amount of caspase 3 activity to display visible detection.'®*'%

Caspase 3 activity

Caspase Activity
(Fold change)

0 1 5 25 50
SanA 13 (uM)

Figure 37: Caspase 3 activity for SanA 13-treated HCT-116 cell lysates. Statistical
analysis was performed by an unpaired t test. ***p < 0.001.

The cell lysate from the caspase assay was also analyzed via western blot for
PARP fragmentation where 10 pg of total protein was denatured in sample buffer and
resolved on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gel. The proteins were visualized via Western blot using an antibody for PARP and its
corresponding enzyme-cleaved fragments. Reaffirming the caspase 3 data, | observed a
decrease in the amount of full-length PARP with increasing concentrations of SanA 13
(Figure 38). In addition, the presence of 89 kDa PARP fragments at 25 pM and 50 uM
concentrations also indicate that the cell is undergoing apoptosis, at least in part, through
the cleavage of PARP. GAPDH, a constitutively expressed protein, was used as the
loading control. Interestingly, the presence of a ~55 kDa band was also present at the

two higher concentrations. There have been many reports of such 50—70 kDa PARP
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fragments occurring in other cells induced by apoptosis.®* 1 |n addition, traditional
proteases can cleave at the functional domains of PARP.'® Given that PARP
fragmentation for SanA 13 is associated with increased caspase 3 activity, these patterns

are likely apoptosis-related.

Full-length PARP

89kDaPARP
fragment
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~55kDaPARP Ef’ - ' Ny 55
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Figure 38: Western blot analysis of PARP in SanA 13-treated HCT-116 cell lysate,
with GAPDH as loading control

Surprisingly, despite SanA 15’s relatively low ICsp, the same caspase assay
indicated that there was no caspase 3 activity (data not shown). Further, a decrease in
full-length PARP and the presence of a ~55-kDa fragment is only noticeable at the 50
UM concentration point (Figure 39). Thus, while SanA 15 is obviously inhibiting cell
proliferation with a low micromolar 1Cso, we cannot conclude whether it is killing cells

through a caspase 3-dependent apoptotic mechanism.
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Figure 39: Western blot analysis of PARP in SanA 15-treated HCT-116 cell lysate

Using a caspase 3 activity assay along with PARP fragmentation analysis, SanA
13 appears to be acting through a caspase 3-dependent apoptotic mechanism. SanA 15,
however, does not show indications of caspase 3 activity and could be going through a
different pathway of cell death. It is still possible that SanA 15 could be inducing
apoptosis through a pathway that is caspase 3-independent. Both compounds were taken
on in further mechanism of action studies and their activities were compared to see if
they were acting through a similar mechanism, despite their difference in caspase
activity.

CELL LYSATE PULL DOWN ASSAYS

A common approach utilized in determining the mechanism of action for a
compound are affinity-based assays involving cellular lysate.'®” 1% The assay (illustrated
in Figure 40) involves synthesizing a molecule to include a linker. This linker-molecule

is incubated with cell lysate. Binding the linker-molecule-protein to a solid-support
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produces the protein target. The complex then undergoes a series of washes to remove
any non-specific binding. The proteins that remain bound to the molecule are resolved
on an SDS-PAGE gel. Sequencing the gel provides molecular weights of possible
protein targets. While there are several drawbacks associated with affinity-based assays,
including non-specific binding that may provide false positives, this approach is
extremely successful in determining the protein targets for numerous small molecules

including the natural product Didemnin B and the immunosuppressant FK506."%°
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Figure 40: Affinity-based assay to determine protein target of a small molecule

Previous group members developed a protocol for a lysate pull down using SanA
1-T-1V-biotin and determined, through sequencing analysis, that the compound bound to
Hsp90.11% However, this method utilized a large amount of compound (0.5 mg) per assay.
| worked out conditions that improved the assay efficiency, whereby only a small amount

of compound was required for successful experiments.
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My method involved growing HCT-116 cells to confluency over three days, then
harvesting and lysing them in NP-40 lysis buffer containing protease inhibitors. After
quantitating the amount of lysate, 0.1 mg 1-T-1V-biotin, dissolved in DMSO, was
incubated with either 2 mg or 4 mg of total lysate for 24 hours; both NHS-PEG,-biotin
and DMSO were used as negative controls. NeutrAvidin resin was added to the
experiments and incubated for 2 hours at 4 °C. The experiments containing 2 mg of
lysate were then washed with wash buffer for 30 minutes at 4 °C followed by three
washes for 10-15 minutes at room temperature. The experiments with 4 mg of lysate
were washed seven times for 10-15 minutes each, three of the washes were at 4 °C and
four at room temperature. After the washes, the proteins were eluted with sample buffer
and resolved on an SDS-PAGE gel. The gel was stained with coomassie blue and
analyzed for Hsp90 via western blot (Figure 41). The experiments utilizing 2 mg of
lysate and four washes, versus 4 mg of lysate and seven washes, gave the best results,
with Hsp90 only being pulled down by 1-T-1V-biotin and not the PEG-biotin and DMSO
controls. Thus using these conditions for pull-down assays will allow us to use 75% less
protein and 80% less compound than our original published protocol and it gives

identical results to the previous assay.
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Figure 41: Lysate pull-down test experiment- Coomassie blue gel and Western blot
for Hsp90

The optimized conditions were used for lysate pull-down assays using SanA 1-T-
I11-biotin and 12-T-1V-biotin as well as two of the biotin-tagged derivatives of SanA 13
(13-T-I1-biotin and 13-T-I11-biotin) and SanA 15 (15-T-11-biotin, 15-T-111-biotin)
(Figure 42). After the proteins were eluted with sample buffer, run on an SDS-PAGE
gel, and transferred to a PVDF, the presence of Hsp90 in the pulled down protein was
detected by western blot. Interestingly, SanA 1-T-I11-biotin, 12-T-1V-biotin, as well as
two of the SanA 13-tagged derivatives pulled down Hsp90, but neither of the SanA 15-

tagged compounds pulled down the protein.
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Figure 42: Cell lysate pull-down assay analysis by western blot, using an antibody
for Hsp90, and structures of tagged compounds used in assay

In summary, a pull down assay in cell lysate was used to determine the protein
target for four SanA derivatives. | confirmed that SanA 1 bound to Hsp90 in cell lysate.
Further, I showed that SanA derivatives 12 and 13 also bound to Hsp90 in cell lysate
while SanA 15 did not.

DOMAINS PULL DOWN ASSAYS
As discussed in Chapter 1, Hsp90 contains three functional domains: the N-

terminal domain (N), which houses the ATP-binding pocket, the middle domain (M),
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which is mainly involved in client protein associations, and the C-terminal domain (C),
which is responsible for dimerization of two Hsp90 monomers. In order to narrow down
the specific region of Hsp90 where SanA molecules bind, my colleagues performed pull-
down assays using purified glutathione S-transferase (GST)-tagged Hsp90 domains
including the N, NM, MC, and C, and our biotinylated compounds. They found that
SanA 1 and 12 biotinylated derivatives bind exclusively to the NM domain.™* ! In
addition, my colleagues and | performed a domain pull down assay for SanA 13
derivatives using 13-T-I-biotin, 13-T-11-biotin, and 13-T-I11-biotin.

In the assay, purified GST-tagged Hsp90 domains and biotin-tagged SanA
derivatives were incubated together for 2 hours at room temperature, with gentle
agitation. NeutrAvidin resin was added to each experiment, and the slurry was incubated
for 45 minutes at room temperature. The resin was then washed four times with wash
buffer and three times with binding buffer (20mM Tris, 150mM NaCl, 1% Triton-X-100,
pH=7.4). Finally, the proteins were eluted off the resin with sample buffer and resolved
on a 4-20% SDS-PAGE gel. Proteins were visualized using silver stain according to the

manufacturer’s protocol. Similar to SanA 12, we found that SanA 13, too, bound almost

exclusively to the NM middle domain (Figure 43).
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Figure 43: Results of domain pull down with SanA 13-tagged derivatives, silver-
stained gel

All Hsp90 inhibitors currently in clinical trials bind to the ATP-binding pocket in
the N-domain. However, all three SanA compounds (SanA 1, 12, and 13) bind
exclusively to the NM domain of Hsp90, making them a unique class of molecules.
Since the biotin-tagged compounds provided such valuable information, we used the

fluorescein-tagged compounds to determine SanA’s binding affinity for Hsp90.
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SUMMARY OF FLUORESCEIN-TAGGED SANA DATA

The fluorescein-tagged SanA derivatives | synthesized in Chapter 2 were used by
a collaborator in fluorescence polarization anisotropy to determine the dissociation
constants (Kgs) of SanA to Hsp90. Fluorescence polarization anisotropy uses pure
protein and measures the tumbling rate of the attached fluorophore (i.e. fluorescein) on
the small molecule. As the tagged-compound is exposed and binds to an increasing
amount of target protein, its tumbling rate will continually slow down until it reaches
saturation. Similar to 1Csgs, a curve is generated to determine the Ky Our collaborator
determined that the Kgs to Hsp90 for SanA 1, 12, and 13 are in the mid-micromolar range
(~50 uM). This is a 40-fold higher affinity than the Hsp90 inhibitor novobiocin (K¢~ 2
mM).m

Hsp90 also undergoes a series of ATP-driven conformational changes. Thus, our
collaborators investigated SanA’s preference for two of Hsp90 conformations by
inducing the closure of the Hsp90 dimer into its closed-twisted ATP-bound form (Figure
44). They found that the compounds exhibit a 2-fold higher affinity for Hsp90’s ‘closed’
conformation over its ‘open’ conformation (Figure 44). This is the first report of a small
molecule preferring Hsp90’s closed state. Additionally, the NM interface changes
dramatically during the course of Hsp90’s ATPase cycle, thus this data is also consistent

with our compounds binding to the NM domain.?> **?
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Figure 44: Hsp90’s ATP-driven conformational changes
Utilizing two different types of tagged SanA derivatives (PEG,-biotin and

fluorescein), we have shown that the compounds bind to Hsp90. The next goal was to
determine the whether the untagged derivatives also bind the target protein.
COMPETITIVE BINDING ASSAYS

One disadvantage of using affinity methods to determine protein targets of small
molecules is that the linker may disrupt binding to the protein. While the position of the
linker is often determined based on SAR analysis, it is not always guaranteed that
incorporating the linker will not affect bioactivity or binding to the target.'” Biotinylated
derivatives of SanA 1 and SanA 13 bind to Hsp90, thus we wanted to verify the
specificity of binding of untagged SanA using a competition assay.

A competitive binding assay between 1-T-I11-biotin and SanA 13 using native
Hsp90 would give an indication if the two compounds bound to the same site within
Hsp90. 1-T-IlI-biotin, dissolved in DMSO, was incubated with 150 nM of native Hsp90
in assay buffer with a final concentration of 10 uM compound and 2% DMSO overall.
Reactions were incubated at room temperature, with gentle agitation, for one hour
allowing the protein to bind to the compound. SanA 13 was added to each reaction, with

final concentrations of 0-25 uM, and incubated for 1 hour at room temperature. Controls
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included DMSO in the presence of 1-T-I11-biotin (positive control) and absence of 1-T-
I11-biotin (negative control). NeutrAvidin resin was added to all of the reactions and
incubated for 30 minutes at room temperature. The resin was isolated and washed four
times with wash buffer. Finally, the protein complexes were eluted in sample buffer and
resolved on an SDS-PAGE gel, followed by Western blot analysis for the presence of
Hsp90. The amount of Hsp90 detected for each concentration of SanA 13 was compared
to that of DMSO, which was set at 100% Hsp90 binding to 1-T-111-biotin. The negative
control experiment indicated that Hsp90 binding was specific to the biotinylated
compound.

The results show that increasing concentrations of untagged SanA 13 successfully
compete with 1-T-111-biotin for binding to Hsp90 with an 1Cs, of 0.92 uM (Figure 45).
This type of competition assay has been observed in literature with compounds that bind
to the N-terminal ATP-binding pocket of Hsp90 and indicates that the two compounds

share the same binding site in Hsp90.**
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Figure 45: Results from competitive binding assay with SanA 1-T-111-biot and SanA
13
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A similar assay was performed to see if SanA 13 would compete with its tagged
derivative, 13-T-111-biot, for binding to Hsp90. The affinity of Hsp90 for both the
tagged and untagged derivatives of SanA 13 is verified by the results from our affinity
purification assay, which is considered to be a valid approach for measuring specificity in
protein-ligand interactions.® % \We had previously shown that SanA 1 could compete
with its tagged derivative with an ICsq of 19.7 uM, which is comparable to its ICs in cell
culture.” The results of the experiment that | performed with SanA 13 shows that it can
compete with its tagged derivative with an ICsq of 3.6 UM (Figure 46), which is also

comparable to its ICs in cell culture.
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Figure 46: Competitive binding assay between SanA 13-T-I11-biot and SanA 13
The competitive binding assays show that the binding of biotinylated-SanA to

Hsp90 is due to a highly selective binding event between the N-middle domain. Further,
since the untagged molecules successfully competed with the tagged compounds, these
compounds are all binding to the same binding pocket of the N-middle domain within

Hsp90.
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Determining that our untagged, parent compounds bind to Hsp90 at a specific site
allows us to use these compounds to address questions regarding Hsp90 modulation.
Measuring direct binding interactions (protein-compound NMR studies), effects on
Hsp90 localization and metastasis (microscopy), effects on Hsp90 depletion or over-
expression (rescue experiments), as well as effects on Hsp90-client protein interactions
(biochemical binding assays) will provide valuable data on this new class of Hsp90
inhibitors. As such, my main focus and contribution to this project was the development
of client protein binding assays.

HSP90-CLIENT PROTEIN BINDING ASSAYS

Hsp90 helps regulate over 200 client proteins and co-chaperones. Several SanA
derivatives bind to Hsp90, thus we were interested in determining if the compounds
affected the interaction of client proteins with Hsp90.

The client proteins we initially chose to investigate include Akt, human epidermal
growth factor receptor 2 (Her2), hypoxia-inducible factor-1 (Hif-1a), and inositol
hexakisphosphate kinase 2 (IP6K2). Akt is a serine/threonine kinase that helps regulate
pathways involved in proliferation and apoptosis. Many studies have determined that
Akt has anti-apoptotic effects within those pathways.**> Her2, also known as ErbB2, is
over-expressed in many breast cancers and is highly dependent on Hsp90.*%*** |n tumor
cells, Her2 has been shown to activate Akt.**® Her2 is very sensitive to Hsp90 inhibitors
in clinical trials and its degradation can serve as a hallmark of Hsp90 inhibition.*® Hif-1
is a protein that is involved in gene transcription under hypoxic conditions; it is
responsible for regulating genes that code for proteins that help deliver oxygen to

tissues.™® Finally, IP6K2 was recently discovered as an Hsp90 client protein and has
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been reported to be pro-apoptotic when not bound to Hsp90.**° Unlike Hif-1, Akt, and
Her2, which bind Hsp90’s middle domain, [IP6K2 binds to the C-terminal domain. The
C-domain is responsible for dimerization and is mainly known for binding to co-
chaperones that contain tetratricopeptide repeats (TPRS).

The binding assays utilized native Hsp90 protein with GST or His-tagged client
proteins, where all proteins used were purchased. Native Hsp90 (100 or 150 nM)
incubated with various concentrations of compound (0-10 pM) for one hour at room
temperature with gentle agitation (Figure 47). Tagged client protein (50 or 75 nM) was
then added and allowed to incubate for an additional hour at room temperature. Assays
containing GST-tagged proteins were incubated with immobilized glutathione resin.
Assays with His-tagged clients used metal talon affinity resin. The resin was incubated
for 30 minutes at room temperature and then was washed three times with wash buffer.
Finally, the proteins were eluted in sample buffer and resolved on an SDS-PAGE gel.
Proteins were analyzed by Western blot or by staining with Coomassie Brilliant blue.
The amount of Hsp90 present for each concentration of compound was compared to the
amount present in the DMSO control. The values were normalized to the amount of
client protein detected on the gel or western blot, and the graphs were generated using

GraphPad Prism software.
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Figure 47: Hsp90-client protein binding assay method

Based on our previous results, we chose to investigate the impact of SanA 1, 11,
12, 13, and 15 in these Hsp90-client protein binding assays. 17-AAG was used as a
positive control since it has already been reported to affect the binding of Akt, Her2, and
Hif-1a to Hsp90.** 1 used the procedure described to generate all of the data in the Hif-1a
and Akt graphs, as well as for SanA 15 in the Her2 graph (Figure 48). Data for the other
compounds on the Her2 graphs, as well as the entire IP6K2 graph, were generated by my

colleagues.
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Figure 48: Hsp90-client protein binding assay data with Akt, Her2, Hif-1a, and

IP6K?2

In the Akt-Hsp90 binding assay, SanA 1, 12, 13, and 17-AAG disrupt the

interaction in a concentration-dependent manner, while SanA 11 and 15 do not. With

Her2-Hsp90, all of the compounds, except SanA 1 and 15, disrupt binding. These are

valuable findings given the important role both client proteins play in cell proliferation

and survival. Disrupting the Akt-Hsp90 interaction has been reported to lead to the

desphorylation and inactivation of Akt, which increases cell sensitivity to apoptosis.

115 In

addition, Her2 activates Akt in cancer cells. Therefore, disrupting the Her2-Hsp90

complex leads to the degradation of Her2 and decreased Akt activity.

118

The Hif-1-Hsp90 binding assays were only completed with four compounds.

However, | found that SanA 1 and 17-AAG disrupt the interaction, while SanA 11 and 15
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do not. Hif-1a is expressed in the majority of late-stage tumors, and treatment with
current Hsp90 inhibitors, including 17-AAG, leads to its decreased expression and
degradation.*?

Finally, all of the SanA derivatives disrupt the IP6K2-Hsp90 interaction except
for SanA 15 and 17-AAG. Given that IP6K2 elicits pro-apoptotic activity when it is not
bound to Hsp90, these results are favorable and further indicate that SanA induces
apoptotic events in cells. Furthermore, this binding assay confirms previously published
studies for 17-AAG, where it elicits an effect on client proteins that bind to the M-
domain (Akt, Her2, Hif-1a) but not on most proteins that bind to the C-domain,
specifically 1P6K 2.1

SanA 15 is the sole SanA derivative does not disrupt the binding between any of
the selected client proteins and Hsp90. While the 1Cso for SanA 15 is similar to that of 12
and 13, it exhibits unique behavior in our mechanism of action studies. Because these
studies are preliminary, we will not rule out that SanA 15 is still acting via a different
mechanism of Hsp90 inhibition.

These binding assays were performed where SanA or 17-AAG was allowed to
bind to Hsp90 first. The client protein was added second and competes with the
compound for binding to Hsp90. To investigate the reverse effect, | also performed
binding assays where the client protein-Hsp90 complex was allowed to form first, and
SanA was added second to see if it could compete with the client. This type of reverse
experiment was conducted by another research group using novobiocin, the C-domain-
binding molecule. The authors found that novobiocin would only have an effect on the

binding of the client protein when it was allowed to bind to Hsp0 first.**



82

| did reverse binding assay using SanA 1 and 13 with the client proteins Akt and
IP6K2. The protocol was the same as previously described except that Akt or IP6K2 was
allowed to incubate with Hsp90 for the first hour at room temperature, followed by the
addition of increasing concentrations of SanA 1 and 13. The reverse binding assay
results show that SanA 1 disrupts the binding of Akt-Hsp90 and IP6K2-Hsp90 with
similar ICsps as in the initial protocol (Figure 49). SanA 13 had a similar effect with the
IP6K2-Hsp90 interaction and was actually more effective at disrupting Akt and Hsp90
than in the first assay. These results suggest that SanA’s binding site is available in the
presence or absence of these client proteins, and that SanA binding to Hsp90 likely
induces conformational changes that results in a loss of client protein binding as opposed

to inhibiting the client from binding directly.
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Figure 49: Reverse binding assay where the client-protein Hsp90 complex is allowed
to form before the addition of SanA 1 and 13.

SUMMARY AND CONCLUSIONS
This chapter outlines our preliminary studies on the SanA mechanism of action. |

was able to show that these derivatives demonstrate anti-proliferative activity in both PL-
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45 and HCT-116 cells. Further, lead derivative, SanA 13, successfully induced apoptosis
that was detected via caspase 3 activity and PARP fragmentation methods. Using the
biotinylated derivatives of SanA 1, 12, and 13, whose syntheses were discussed in
Chapter 2, my colleagues and | demonstrated that the compounds pull down Hsp90 in
cell lysates, as well as Hsp90’s NM domain in purified domain pull down assays. The
fluorescein-tagged derivatives that | synthesized were used by our collaborator to
determine that SanA exhibited mid-micromolar Kgs to Hsp90. And, finally, using pure
protein binding assays, we were able to show that SanA disrupts the interaction between
Hsp90 and its client proteins Akt, Her2, Hif-1a, and IP6K2, all of which have been
identified as key proteins in cancer proliferation and survival.

Interestingly, all of the SanA compounds, except SanA 15, disrupt the binding
between Hsp90 and IP6K2, a client protein that binds to Hsp90’s C-domain. SanA
derivatives bind to the NM domain. Current inhibitors that bind to Hsp90’s N-domain do
not affect this interaction. Thus, SanA molecules have a novel mechanism of Hsp90
inhibition. SanA'’s effect on additional C-terminal binding client proteins and co-
chaperones will be discussed further in Chapter 4.
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CHAPTER 4: SANSALVAMIDE A AND TETRATRICOPEPTIDE
REPEAT-CONTAINING PROTEINS

BACKGROUND OF HSP90 CO-CHAPERONES WITH TPRS

The experiments discussed in Chapter 3 demonstrate that SanA derivatives bind
to Hsp90’s NM domain and inhibit the interaction of several client proteins including
Hif-1a, Her2, Akt, and IP6K2. Unlike most client proteins that bind to Hsp90’s M-
domain, IP6K2 binds to the C-domain.’® There are currently no reports of molecules
that bind to the N or NM region and allosterically inhibit C-domain binding proteins. All
17 Hsp90 inhibitors in clinical trials target the same ATP-binding pocket in the Hsp90’s
N-domain.”® However, none of the inhibitors have been approved for marketing, and
drug resistance, via the activation of heat shock factor 1 (Hsf-1) and subsequent
upregulation of Hsp70, presents a major hurdle. In the presence of current Hsp90
inhibitors, Hsp70’s ability to save cells from apoptosis and to compensate for Hsp90’s
protein folding and stabilizing function has decreased the efficacy of the molecules in
clinical trials. Given the need for the development of novel Hsp90 inhibitors, we
explored SanA’s unique ability to bind to Hsp90’s NM domain and affect proteins that
bind to Hsp90’s C-domain.

Hsp90’s C-domain serves two essential purposes: dimerization of two Hsp90
monomers, and regulating binding of tetratricopeptide (TPR)-containing co-chaperones
via MEEVD (M= methionine, E= glutamic acid, E= glutamic acid, V= valine, D=
aspartic acid), the last five amino acids on Hsp90’s C-terminus. TPRs mediate protein-

protein interactions and are often present in multi-protein complexes.”? A TPR domain

85
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is a degenerate 34 amino acid sequence found in many proteins within a variety of
organisms. The amino acids that make up the 34 residue sequence are rarely conserved
across individual TPRs.'® Rather, the defining feature of a TPR is the helix-turn-helix
secondary structure, where the residues involved in binding to proteins are presented on
the outer faces of the helices.'?

Only when TPRs form domains are they able to modulate protein-protein
interactions. TPR domains are made up of 3-16 tandem TPRs, with 3 being the most
common amongst human, yeast, bacterial, and plant genomes.*?* The first crystal
structure of a TPR domain was solved for protein phosphatase 5 (PP5), a co-chaperone of
Hsp90. It revealed that the three TPRs form a groove that interacts with MEEVD.'?
This type of motif is present in other TPR-containing proteins that bind to Hsp90. Figure
50, below, illustrates the MEEVD sequence (in white) interacting with the
electrostatically positive (denoted by blue color) groove of a TPR domain in Heat shock

organizing protein (HOP).
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Figure 50: MEEVD bound to one of HOP’s TPR domains. Positive electrostatic
potential is blue, and negative is red. Original figure is from Kajander et al. J. Biol.
Chem. 2009, v284, p25364- 25374.

TPR domains are found in numerous client proteins and co-chaperones regulated
by both Hsp90 and Hsp70. Specifically, Hsp90 has sixteen co-chaperones that bind via
their TPR domains to the MEEVD sequence in Hsp90.*° Chaperone specificity for
Hsp90 is attributed to specific hydrophobic interactions that occur between the TPR
region of the chaperones and residues upstream of the MEEVD sequence in the C-
domain.’® In addition to the hydrophobic interaction, which dictates specificity, the
strong electrostatic MEEVD-TPR interaction is derived from tight hydrogen bonding
between acidic residues in MEEVD and basic residues presented by the TPR helix. The
side-chain and terminal carboxylic group of the final residue, aspartic acid, form a
hydrogen bond clamp to the TPR domains.**® In addition, three positively-charged
residues (two lysines and one arginine) have been identified within the TPR domains of
PP5, FKBP52, and HOP, as being critical for forming an interaction with Hsp90’s

MEEVD region. ?* 2" Figure 51 illustrates the interaction of MEEVD and the three
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residues (K229, K301, and R305) in HOP’s TPR domain. Two asparagines and a
tyrosine residue within HOP’s domain also form hydrogen bonding interactions with

MEEVD.

Figure 51: MEEVD interaction with specific residues in the TPR domain of HOP.
Figure from Alag, et al. Protein Science. 2009, v18, p2115- 2124.

For our investigation of SanA’s affect on TPR-containing proteins, we focused on
five of Hsp90’s TPR-containing co-chaperones. Via binding assays with native Hsp90
we investigated how SanA impacted the binding event between Hsp90 and the following
co-chaperones: Fk506 binding protein 38 and 52 (FKBP38 and FKBP52), cyclophilin 40
(Cyp40), the UCS domain-containing protein Unc-45, and HOP.

FKBP52 and Cyp40 are immunophilins, which are proteins named for their ability
to bind to the immunosuppressant drugs FK506 and Cyclosporin A, respectively. Both
proteins are structurally similar and have been shown to compete with each other for
binding to Hsp90.2%® In complexes with Hsp90 and p23, FKBP52 and Cyp40 are among

the immunophilins that are essential in the assembly of steroid hormone receptors (SHRS)
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(Figure 52). SHRs are critical to cellular development, primarily at the gene
transcription level, and over-expression of these receptors plays a role in the development
and progression of many cancers.'?® Specifically, the androgen receptor (AR),
glucocorticoid receptor (GR), estrogen receptor (ER), and progesterone receptor (PR) are
associated with the development of cancer cells.*® Since SHRs rely heavily on the
Hsp90-immunophilin complex for their maturation, a molecule that inhibits these

complexes would be applicable to a wide range of cancers.
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Figure 52: Hsp90-immunophilin complex leads to the maturation of SHRs in cancer

FKBP38, while a member of the immunophilin family, is not involved in SHR
assembly.™ It obtained its name from its homology to the immunophilins. Although
FKBP38 is known for its ability to bind Hsp90 via its TPR domain, its primary
mechanism involves inhibiting Bcl-2, an anti-apoptotic protein.*** FKBP38 does not
promote apoptosis when bound to Hsp90 (Figure 53, Box A). Thus, preventing FKBP38
from accessing Hsp90 promotes apoptosis by inhibiting Bcl-2’s anti-apoptotic function

(Figure 53, Box B).
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Figure 53: FKBP38-Hsp90 affect on Bcl-2 mediated apoptosis

HOP is a co-chaperone that facilitates the transfer of unfolded polypeptides from
Hsp70 to Hsp90, and it contains three TPR domains.*** One domain is responsible for
binding to Hsp70’s EEVD sequence, one binds to Hsp90’s MEEVD sequence, and little
is known about the purpose of the third domain (Figure 54).*** Without HOP, the Hsp70
and Hsp90 interaction is minimal, thus this protein is crucial for Hsp90’s protein folding

function. **°

Hsp70
Complex Unfolded

polypeptide

Figure 54: Diagram of Hsp70-HOP-Hsp90 complex
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Finally, Unc45 is a co-chaperone that is involved in the assembly and folding of
myosin, it is also important to myosin’s function.’*® Myosin is an essential motor
protein, required for cell division and motility."*” Unc45 binds to Hsp90 via a single TPR
domain located in its N-terminal region, while it binds myosin via its C-terminal
domain.’® The Hsp90-Unc45 interaction is required for the folding and maturation of
myosin’s motor domain, and the depletion of Unc45 in vitro inhibits cell proliferation and
fusion.™® Therefore, a molecule that inhibits this interaction will directly affect cancer
cell proliferation.

Hsp90 inhibitors that modulate the N-terminus, including GDA and 17-AAG, do
not inhibit the binding of these TPR-containing co-chaperones to Hsp90. Thus, our SanA
derivatives, which bind to the N-middle domain, are novel Hsp90 inhibitors with a
unique mechanism. Although degradation of the SHRs is observed with both GDA and
17-AAG, it is via a mechanism independent of immunophilin modulation. N-terminal
Hsp90 inhibitors block the binding of p23, a co-chaperone that is important, but not

essential, in the Hsp90-immunophilin-SHR complex (Figure 52).'*°

p23 is responsible
for promoting the release of mature SHRs from Hsp90. However, Hsp90 can still fold
immature SHRs and facilitate their maturation in p23’s absence.*® The depletion of p23
in a cell sensitizes it to Hsp90 inhibitors, making N-terminal Hsp90 inhibitors more
effective at inducing apoptosis in p23°s absence. Therefore, in addition to current
challenges with Hsf-1 and Hsp70-related drug resistance, p23 is a factor in cells’
resistance mechanism against N-terminal Hsp90 inhibitors.*** Disrupting the Hsp90-

immunophilin interaction via our SanA molecule is likely to be more effective because

p23-associated drug resistance is exclusive to N-terminal inhibitors. Further, unlike p23,



92

the immunophilins are required for SHR development.™*® Thus, this novel mechanism
has two important advantages over the current mechanisms of current Hsp90 inhibitors.
Exploring the inhibition mechanism of molecules that bind to the C-domain
[novobiocin and coumermycin Al (Figure 55)] often focuses on their ability interrupt
Hsp90 dimerization. However, they have been shown to affect GR production in vivo,
potentially by inhibiting the Hsp90-immunophilin interaction.*** Novobiocin is a
coumarin antibiotic that binds to a nucleotide-binding site located in Hsp90’s C-
domain.**> Allan et al. reported that novobiocin depletes GR protein in HeLa cells
treated with 1 mM of the compound. Further, in the low millimolar range, novobiocin
disrupts the binding of TPR-containing immunophilins FKBP52, Cyp40, and PP5 to a C-
domain protein fragment of Hsp90 in in vitro binding assays.'?! The authors suggest that
novobiocin’s binding site in the C-domain overlaps with the region of Hsp90 upstream of
MEEVD, which is involved in hydrophobic interactions with TPR-proteins. Thus,

novobiocin directly interferes with these interactions.
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Figure 55: Novobiocin and Coumermycin Al bind to Hsp90’s C-terminal domain

Coumermycin Al is structurally related to novobiocin, but has improved
cytotoxic activity over novobiocin (ICso~ 9 UM versus ~ 470 uM in SKBr3 cells,
respectively). 1** In addition to their study of novobiocin, Allan et al. also found that
coumermycin depletes GR protein in HeLa cells at 50 uM, which is a 20-fold lower
concentration than novobiocin. Experiments examining coumermycin’s affect on the
Hsp90-immunophilin interaction were not conducted in the study. However, its
structural similarity to novobiocin means that they likely share the same binding pocket
in Hsp90.142 Thus, coumermycin’s ability to deplete GR protein is likely the result of the
same Hsp90-immunophilin inhibition mechanism as novobiocin, where it interferes with
the hydrophobic interactions that occur upstream from MEEVD.

Given the high concentrations of novobiocin required for detectable

immunophilin inhibition, it is unlikely to make an effective tool in our binding assays for
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studying the interaction between the TPR-containing proteins and Hsp90. Coumermycin
Al was used as a positive control in our studies on the Hsp90-TPR interaction because it
causes the depletion of GR at a concentration 20-fold lower than novobiocin. Further,
these binding assays will confirm that, like novobiocin, coumermycin affects GR via
inhibition of immunophilin binding to Hsp90.
PURE PROTEIN BINDING ASSAYS

In addition to coumermycin, SanA 13 was used in binding assays to determine its
effect on the interaction between Hsp90 and the TPR-containing proteins. As shown in
Chapter 3, SanA 13 induces caspase 3-dependent apoptosis and selectively pulls down
Hsp90’s NM domain. In addition, SanA 13 inhibits the binding between Hsp90 and
client proteins that bind to the M-domain, as well as IP6K2. Given that IP6K2 binds to
the C-domain, like TPR-containing proteins, we wanted to develop SanA 13’s
mechanistic profile as an allosteric Hsp90 inhibitor. SanA 15 and 17-AAG were the
SanA and Hsp90 inhibitor negative controls, respectively, because we did not expect to
observe an effect with these two compounds. SanA 15 did not disrupt the binding
between Hsp90 and any client proteins in Chapter 3, including IP6K2. And 17-AAG has
not been shown to affect the binding of TPR-containing co-chaperones to Hsp90.

Following the binding assay method described in Chapter 3, I performed the
experiments using native Hsp90 and GST- or His-tagged FKBP38, FKBP52, HOP, Unc-
45, and Cyp40. The assay involved incubating native Hsp90 with several concentrations
(0 up to 25 uM) of SanA 13, 15, coumermycin, or 17-AAG for one hour, followed by the
addition of the tagged client protein for one hour. Immobilizing beads were added for 30

minutes and then were washed thoroughly three times with wash buffer. The proteins
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were eluted with sample buffer and resolved on an SDS-PAGE gel. The proteins were
visualized by Western blot to determine the amount of Hsp90 and client protein.

SanA 13 inhibits the binding of Hsp90 to the immunophilins FKBP52 and Cyp40,
both of which are involved in the folding and maturation of SHRs, at 1Cses of 1.07 uM
and 0.70 puM, respectively (Figure 56). FKBP52 and Cyp40 are structurally similar and
can compete with each other for binding to Hsp90, which means their interactions with
Hsp90 are similar. Thus, it is reasonable that SanA 13 would affect the binding of both
FKBP52 and Cyp40 with comparable 1Cses. Given the essential roles they protein play in
SHR production by forming complexes with Hsp90, SanA’s ability to disrupt this

interaction means that it will directly affect SHRs.
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Figure 56: SanA 13 inhibits binding between Hsp90 and TPR-containing proteins
SanA 13 also inhibited the Hsp90-HOP interaction with an 1Csy of 0.55 uM.

HOP is crucial for binding to both Hsp70 and Hsp90, and facilitating the transfer of
unfolded polypeptides from 70 to 90. Without HOP, the chaperones would not interact,

the polypeptide would not be transferred, and the protein folding cycle would cease to
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progress. Therefore, SanA has the ability to prevent initial processes in folding of
oncogenic client proteins.

Adding to SanA 13’s versatility, I also found that it inhibits Unc45 from binding
to Hsp90 with an 1Csg of 0.75 uM. Both Hsp90 and Unc45 are required for the folding of
myosin’s motor domain and the depletion of Unc45 in a cell causes an arrest in cell
proliferation. Thus, SanA 13 has the ability to affect myosin-related cell proliferation by
binding to Hsp90 and inhibiting its interaction with Unc45.

Finally, only 63% of Hsp90 was bound to FKBP38 (versus 100% binding in the O
UM control) in the presence of 2-10 uM SanA 13, i.e. SanA demonstrated 37% inhibition
of the Hsp90-FKBP38 interaction. The concentration required for SanA 13 to inhibit the
FKBP38-Hsp90 interaction is not consistent with the mid-nanomolar and low micromolar
ICs0s found with the FKBP52, Cyp40, HOP, and Unc45 assays. However, FKBP38 has a
direct role in promoting apoptosis when it is free from Hsp90 by binding to the anti-
apoptotic protein Bcl-2. Thus, any inhibition of the Hsp90-FKBP38 interaction caused
by SanA will increase potential apoptotic events within cancer cells.

Despite SanA 15’s nearly identical 1Csp to SanA 13, it demonstrated unique
behavior in Chapter 3. Unlike SanA 13, 15 did not demonstrate evidence of inducing
caspase 3-related apoptosis and its biotin-tagged derivatives did not pull down Hsp90 in
cell lysate. Further, it did not have any effect in the Hsp90 client protein assays on the
interaction between Hsp90 and Hif-1, Akt, Her or IP6K2. Accordingly, it did not disrupt
the binding between Hsp90 and the TPR-containing proteins FKBP52, FKBP38, HOP,
and Unc45 (Figure 57). These results validate that SanA 15 exhibits anti-proliferative

effects via a mechanism unlike that of SanA 13. However, given that there are still many
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other aspects to investigate in Hsp90’s function, we cannot rule out that SanA 15’s
mechanism of action is unrelated to Hsp90. Using imaging and NMR methods,
additional studies on this molecule’s unique mechanistic profile are currently being

performed by my colleagues.
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Figure 57: SanA 15 as a negative control in Hsp90-TPR protein binding assays
We demonstrated in Chapter 3 that 17-AAG disrupts the binding between Hsp90

and Akt, Her2, and Hif-1a, clients that bind to Hsp90’s middle domain. However, 17-
AAG did not disrupt the IP6K2-Hsp90 interaction, confirming the literature precedence
that the N-terminal inhibitors do not affect binding of C-domain client proteins and co-
chaperones.*® % As predicted for the TPR-protein binding assays, 17-AAG did not
disrupt the binding of the TPR-containing proteins to Hsp90, even at concentrations up to
5 UM (Figure 58). These results illustrate the limitations associated with 17-AAG’s
Hsp90 inhibition mechanism, where it is specific to inhibiting Hsp90’s ATPase activity

and only affects a select group of client proteins that bind to the middle domain. Further,
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17-AAG’s results highlight SanA’s versatility in modulating proteins that bind to both the

middle and C-domain.
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Figure 58: Hsp90 inhibitors 17-AAG and Coumermycin Al binding assay data
Coumermycin demonstrated slight inhibition of Hsp90 binding to TPR-proteins,

but not with mid-nanomolar and low-micromolar 1Csps exhibited by SanA 13. Only 60%
of Hsp90 bound to both FKBP38 and FKBP52 in the presence of 25 UM coumermycin,
or 40% of Hsp90 was inhibited by the compound. For HOP and Unc45, approximately
80% of Hsp90 bound to the proteins, thus coumermycin only inhibited 20% of Hsp90.
The decreased effect observed with coumermycin can be attributed its higher ICsq values,

142193 compared to SanA, whose ICsy is less than 5 pM in

9-70 uM, in various cell lines),
PL-45 and HCT-116 cell lines. Further, coumermycin is likely binding to the same site
in Hsp90’s C-domain as novobiocin and subsequently disrupting the hydrophobic
interactions that occur between the immunophilins and Hsp90 upstream from MEEVD.
TPR-containing proteins do not bind to Hsp90 with identical hydrophobic interactions,
which contributes to binding specificity.**® Therefore, the location and degree of

hydrophobic interaction occurring upstream of MEEVD varies by protein. Thus, if HOP

and Unc45’s hydrophobic interactions with Hsp90 do not overlap with coumermycin’s
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binding site as much as FKBP38 or FKBP52’s interacting regions, a decreased effect
would be observed.

Coumermycin’s activity in these binding assays highlights the advantage of
SanA’s allosteric effect versus coumermycin or novobiocin’s direct effect. With SanA,
modulating the entire C-domain means inhibiting all TPR proteins with similar activity,
whereas coumermycin is limited to disrupting protein interactions that overlap its binding
pocket.

REVERSE BINDING ASSAYS

The data illustrating SanA 13’s affect on the binding between Hsp90 and TPR-
containing proteins (Figure 56) was generated using a protocol that allowed the
compound to bind to Hsp90 first before the addition of the TPR-protein. Because SanA
binds to the NM domain and disrupts the binding of C-domain co-chaperones, it is
inducing an allosteric affect, causing Hsp90 to undergo a conformational change. The
inhibition of TPR-proteins and Hsp90 that we observed with SanA is potentially the
result of client proteins having a lower binding affinity for Hsp90’s altered conformation
than for its native (drug-free) form. However, under biological conditions, some Hsp90
proteins will be bound to TPR-containing proteins when SanA is added. To account for
these potential limitations, | conducted reverse binding assays where the Hsp90-client
complex was formed first, followed by the addition of compound. This method addresses
two issues: 1) Is SanA’s binding site in the N-middle domain still available upon binding
of TPR proteins to Hsp90? It is possible that TPR proteins induce a change on Hsp90
that renders SanA’s site altered or blocked. 2) Is SanA able to produce the same effect on

a pre-formed Hsp90-TPR protein complex as it does when it binds to Hsp90 first?
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Utilizing SanA 13 and three TPR containing proteins, FKBP38, FKBP52, and
HOP, | conducted reverse binding assays in which Hsp90 and the TPR proteins were
allowed to incubate for 1 hour, followed by the addition of compound for one hour. The
client proteins were immobilized and the resin was washed three times with wash buffer.
The proteins were eluted with sample buffer, resolved in an SDS-PAGE gel, and
visualized via Western blot. As seen when Hsp90 was allowed to bind first with Akt and
IP6K2 before adding the compound (Chapter 3, Figure 49), SanA 13 also inhibited the
binding of all three TPR-containing proteins to Hsp90 (Figure 59). However, the degree
of inhibition was not as strong as when the SanA-Hsp90 complex formed first. In the
reverse binding assays, ~80% of Hsp90 bound to HOP in the presence of SanA 13 (i.e.
~20% was inhibited), whereas the ICsq in the original assay was 0.55 pM. For FKBP52,
~30% of Hsp90 was inhibited from binding to the co-chaperone by SanA 13, compared
to an ICsp of 1.07 uM in the first assay. Finally, ~20% of Hsp90 was inhibited from

binding to FKBP38 by SanA 13, compared to 37% in the first assay.
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Figure 59: Results of the SanA 13 reverse binding assay with Hsp90 and FKBP38,
FKBP52, and HOP
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The decreased effect of SanA can be attributed to the two issues discussed: Either
SanA’s binding site is altered when TPR proteins are bound, thus decreasing the affinity
of the compound to Hsp90, or the TPR-Hsp90 complex is more stable when the two
proteins are allowed to interact in the absence of an inhibitor than when they are
attempting to interact in the presence of an inhibitor. However, these assays show that
SanA 13 does inhibit binding between TPR-containing proteins and Hsp90 when it is
added after the formation of the protein complex. Furthermore, this characteristic was
not seen when novobiocin was tested in binding assays with FKBP52, Cyp40, and PP5.
In these assays, novobiocin only affected co-chaperone binding to Hsp90 when it was
allowed to bind to Hsp90 first.**! That means, in a cell, novobiocin is only effective as an
inhibitor if Hsp90’s C-domain is free from TPR-containing proteins. Thus, SanA 13
demonstrates a novel mechanism by which it modulates Hsp90 both in the presence or
absence of TPR-containing proteins.

HOP AND MC-DOMAIN BINDING ASSAYS

It has been established that SanA 13 binds to the NM domain of Hsp90, and the
binding assay results in this chapter indicate SanA 13’s strong effectiveness at blocking
binding between Hsp90 and TPR-containing proteins. Modulating the immunophilins via
a unigue mechanism provides an effective new lead that targets Hsp90 as well as the
opportunity to use SanA 13 as a tool to explore this mechanism. Confirming the binding
assay results and SanA 13’s binding site at the N-middle domain would strengthen
SanA’s mechanistic profile as an allosteric Hsp90 inhibitor. Performing binding assays
using only Hsp90’s MC domain would validate that SanA is binding to the NM domain

and allosterically inhibiting the binding of TPR-containing proteins. Eliminating SanA
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13’s binding site in the NM domain would result in SanA 13 having no effect on the
binding event between Hsp90 and the TPR-containing proteins.

Following the same protocol described in Chapter 3 and for the binding assays in
this chapter, several concentrations (0 to 10 uM) of SanA 13, 15, 17-AAG, and
coumermyecin were incubated with purified GST-tagged MC domain for one hour,
followed by the addition of His-tagged HOP protein for one hour. HOP was immobilized
with metal talon affinity resin, and the proteins were eluted with sample buffer, resolved
on an SDS-PAGE gel, and analyzed via Western blot. In addition to SanA 13, both SanA
15 and 17-AAG were used as negative controls to validate our results. SanA 15 does not
affect Hsp90 in binding assays, and 17-AAG only binds to the N-domain and has no
effect on binding between TPR-proteins and Hsp90. Coumermycin was used as a
positive control because it binds in the C-domain and directly inhibits binding of TPR-
proteins.

As expected, none of the three compounds (SanA 13, 15, and 17-AAG) inhibited
the binding between HOP and the MC domain (Figure 60). Since the binding sites for
SanA 13 and 17-AAG are no longer on the protein, these compounds are not expected to
have any effect on the binding event between Hsp90 and HOP. And SanA 15 has not
demonstrated any affect in previous binding assays in chapters 3 or 4. Appropriately,
coumermycin had comparable inhibitory activity to when the binding assay is run using
full-length protein, where ~80% of Hsp90 was bound to the client protein (20% inhibition
of the binding interaction) in both assays. Given that the binding site for coumermycin is
at the C-terminus, unlike the other three compounds, it would have the ability to directly

inhibit the HOP-Hsp90 interaction (Figure 60). In summary, eliminating the NM
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interface supports our previous evidence that SanA binds to the NM domain and induces

an allosteric affect on Hsp90, thereby modulating TPR-containing co-chaperones.
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Figure 60: Results of MC-domain binding assay with SanA, 17-AAG, and
Coumermycin

SUMMARY AND CONCLUSIONS FROM SANSALVAMIDE A MECHANISM
OF ACTION STUDIES

This mechanism demonstrated by SanA 13 is unique to any compound reported,
where SanA binds to the NM region of Hsp90 and affects the binding of TPR-containing
co-chaperones. Using pure protein binding assays, | showed that increasing
concentrations of SanA 13 successfully disrupts the binding between Hsp90 and TPR-
containing proteins FKBP38, FKBP52, HOP, Unc-45, and Cyp40. SanA’s disruption of
the Hsp90 and client protein interaction was observed when SanA bound to Hsp90 prior
to the addition of client protein, as well as when the client-Hsp90 complex was allowed
to form before the addition of compound. The co-chaperones used in the binding assays
are involved in SHR production, apoptosis, and myosin function, thus SanA 13 affects a

multitude of processes that are essential to cancer cell development, proliferation, and
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survival. In addition, using only Hsp90’s MC domain, I found that SanA did not disrupt
the binding of the clients and Hsp90, which validates that SanA binds to the NM region
and causes an allosteric effect on the client proteins and co-chaperones.

There are still a number factors and pathways to investigate in SanA’s inhibitory
mechanism on Hsp90. However, SanA’s ability to bind to Hsp90 and modulate the
binding of client proteins and co-chaperones demonstrates its potential role in elucidating
the function that client proteins and co-chaperones involved in cancer cell progression.
Using pull-down assays, in vitro binding assays, fluorescence anisotropy, and apoptosis
studies, we have begun to expose the unique mechanism of this cyclic pentapeptide.
Based on the data collected, our compounds act at a distinct and earlier point in Hsp90’s
protein folding cycle than either GDA or 17-AAG (Figure 61). As seen in Figure 61,
Box 1, SanA inhibits the binding of C-terminal client proteins and co-chaperones.
Further, shown in Box 2, SanA successfully inhibits the binding of HOP, which is
responsible for docking Hsp90 to Hsp70, and facilitating the transfer of unfolded
polypeptides between Hsp70 to Hsp90. Given the drug resistance associated with 17-
AAG in clinical trials, SanA’s ability to affect multiple parts of Hsp90’s cycle, including
Hsp70’s mechanism will make SanA more effective against resistance mechanism than

all N-terminal Hsp90 inhibitors.
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Figure 61: Diagram of Hsp90’s folding cycle and SanA’s effect
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Hsp90’s involvement in folding, protecting, and modulating oncogenic proteins
associated with all of the hallmarks of cancer makes it an ideal target in cancer
therapeutics. Further, Hsp90 exists in 2-3 fold higher amounts in cancer cells than
normal cells, which means that drugs will be more selective, resulting in fewer side-
effects during treatment than non-selective drugs that affect both normal and cancerous
cells. However, the drug resistance mechanisms associated with current inhibitors in
clinical trials, including Hsf-1 activation and Hsp70 up-regulation, has delayed their
advancement from clinical to market. Thus, there is an urgent need for the development
of Hsp90 inhibitors with new mechanisms of action. The experiments described in both
chapter 3 and this chapter, describe a novel Hsp90 inhibitor. The unique mechanism
demonstrated by SanA will contribute to the development of more effective cancer
therapeutics.
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CHAPTER 5: SYNTHESIS, SAR, AND MECHANISM OF ACTION
OF DIMERIZED SANSALVAMIDE A DERIVATIVES

Dimerization and oligomerization are motifs commonly found in nature.
Dimerized natural products include potential anti-cancer agents torreyanic acid and
curcumin, as well as the marketed antibiotic Gramicidin S (Figure 62). Many proteins
also function as dimers including the therapeutic targets Hsp90, tubulin, and
topoisomerase 11 enzymes.*** 1*> One advantage of dimeric compounds is that they can
simultaneously bind two monomeric targets at once, thereby halving the therapeutic dose.
Alternatively, dimeric compounds can bind to both monomers of a dimeric target protein.
In the case of Gramicidin S, its symmetrical, dimeric structure allows it to adopt an
amphipathic conformation that is favorable for bacterial cell permeation.*® 4/
Monomeric compounds are only capable of binding to a single protein or adopting

unfavorable conformations. Thus, investigating dimeric molecules can lead to the

discovery of effective drugs.
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Figure 62: Examples of dimeric natural products

Chapters 3 and 4 discuss the unique mechanism of action of cyclic pentapeptide
SanA, which binds to the N-middle domain of Hsp90. I described how SanA
allosterically inhibits the binding of Hsp90’s client proteins and co-chaperones,
specifically those that bind to Hsp90’s C-domain. SanA’s unique mechanism combined
with the advantages of dimerized natural products prompted us to design dimerized SanA
derivatives (Di-SanA). These derivatives were evaluated for their potential anti-cancer
activity in cancer cell lines.

Large molecules are not ideal drug candidates due to their high molecular weights
and perceived low bioavailability. However, there several large macrocyclic drugs
currently on the market: the undecapeptide immunosuppressant Cyclosporin A
(MW=1185), the antifungal compound Caspofungin (MW=1093), the last-resort

antibiotic Vancomycin (MW= 1431), an eight amino acid peptide-based anticancer agent
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Aplidine (MW=1096), and decapeptide Gramicidin S (MW= 1140)."*'*® The success of
these large macrocyclic drugs in treating diseases sets a precedent in exploring the
therapeutic potential of Di-SanA derivatives (MW=1170).
RATIONAL DESIGN OF DI-SANA DERIVATIVES

The first five derivatives of the Di-SanA series were synthesized via solution-
phase chemistry by previous group members.™ These decapeptides, like Gramicidin S,
contain rotational C-2 symmetry where they are identical when rotated 180° around the
center of the macrocycle. To obtain this symmetry, they are synthesized from two
identical pentapeptide fragments that are cyclized head-to-tail (Figure 63). The
redundancy of amino acid residues around the Di-SanA macrocycle means that there are
two positions called I, 11, 111, IV, and V in our naming system for designating amino acid

positions around the ring.
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o A
R=Hor|\/|eHOjo‘)M | ! RNTO‘}\Q)%NTOHM |
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Linear pentapeptide Cyclized decapeptide

Figure 63: Formation of C-2 symmetrical Di-SanA derivatives

The first five Di-SanA derivatives included Phe, Leu, and Val and focused on
changes in stereochemistry (L=D) and N-methylation (Figure 64). We maintained the
hydrophobicity of the amino acids because we anticipated it would mimic the successful

undecapeptide drug, cyclosporin A (Chapter 1, Figure 3), which enters cells via passive
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membrane diffusion. Cyclosporin A is made up of hydrophobic amino acids (leucines,
valines, and alanines) and contains one D-aa and seven N-methylated residues. Thus, we
incorporated these types of key features into Di-SanA derivatives 1-5 in an attempt to

generate a lead compound.

Di-SanA 3 Di-SanA 4 Di-SanA 5

Figure 64: First generation Di-SanA derivatives 1-5

Di-SanA derivatives 1-5 were evaluated at 5 UM in cytotoxicity assays against
pancreatic cancer cell lines PL-45 and BxPc3, as well as in HCT-116 colon cancer cells.
One of the compounds, Di-SanA 4, exhibited low nanomolar 1Cs activity (1.5-19.9 nM)
in all three cell lines (Figure 65). Di-SanA 4 contains two consecutive D-aas at positions
I1 and 111, for a total of 4 D-aas. The biological and conformational stability associated
with D-aas contributes to more potent and effective compounds than those containing all

L-aas.® %



111

;O
Iz
<
ZT
! —_—
<
(@)
Z
T
O
o =) I~
N D v
H

o)
Z
T
o
o)
'so (Nanomolar)
[a—
]

' NH L\ 7 h
D >* = 0 _4—_l
o)\?/ 0 HNT S0 A

: H 4
HN . N
P jfu I | mPL-45 15
BxPc3 19.9

mHCT-116 3.6
Di-SanA 4

Figure 65: Structure of Di-SanA 4 and its corresponding 1Csg values in several cell
lines

Structure-activity relationship (SAR) analysis for this class of compounds was
accomplished by synthesizing 12 second-generation Di-SanA derivatives. These D-aas
were included at several C-2 symmetrical positions around the decapeptide ring in order
to explore how their placement would affect cytotoxicity. In addition, synthesizing
asymmetrical decapeptides in the second generation would determine if symmetry was
essential for bioactivity.

We investigated the importance of 2 consecutive D-aas that were seen in lead
compound Di-SanA 4 by designing compounds that contained no consecutive D-aas. Di-
SanA 4 had 2 D-aas at positions Il and Ill, for a total of 4 D-aas within the macrocycle.
With no consecutive D-aas, Di-SanA 6 contains a D-aa at both positions | (Figure 66).
Compounds 7 and 8 contain D-aas at positions Il and 1V, respectively. Synthesizing these
derivatives would allow us to determine if the 2 consecutive D-aas present in Di-SanA 4

were necessary for its activity.
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Figure 66: C-2 symmetrical Di-SanA derivatives with no consecutive D-aas

Designing symmetrical compounds with 2 consecutive D-aas were aimed at
evaluating the importance of this motif. Di-SanA 9 contains 2 consecutive D-aas at
position I and Il. Di-SanA 10 has 2 consecutive D-aas also at positions Il and 111, but
with a phenylalanine at position Il instead of a leucine (Figure 67). Both compounds
were synthesized via solution-phase dimerization of linear pentapeptides, as discussed in
Chapter 2.

Including 3 or more consecutive D-aas would determine if the number of D-aas
played a role in the anti-cancer activity of this class of compounds. Thus, symmetrical

decapeptides 11, 12, and 13 were designed (Figure 67). Di-SanA 11 contains 3 D-aas at
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positions I through I11. Di-SanA 12 has 3 consecutive D-aas at positions Il through 1V.

Di-SanA 13 contains 4 consecutive D-aas at positions | through IV.

N T

QT
%W’ N - L L0

HN

e %w i
HN )\ff[:: f%\f )\ f%\f Y
ﬁff £ )\d » A?%(L

Figure 67: C-2 symmetrical Di-SanA derivatives with two or more consecutive D-
aas

Finally, asymmetrical decapeptides include Di-SanA 14, 15, 16, and 17 (Figure
68). Given the asymmetry, the residues are designated as positions | through X. All of
the derivatives contained between 2 to 4 consecutive D-aas within the macrocycle. Di-
SanA 14 has D-aas at positions | through 111 and at positions VII and VIII; 15 has 3 D-aas
at positions 11-1V and 4 at positions VI through IX; 16 contains 3 D-aas at positions I-111

and 3 at positions VII-IX; and 17 has 3 D-aas at positions I-111 and 4 at positions VI-1X.
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Figure 68: Asymmetrical Di-SanA decapeptide derivatives
SOLID-PHASE SYNTHESIS OF C-2 SYMMETRICAL DECAPEPTIDES

Di-SanA 9 and 10 were synthesized using solution-phase chemistry as previously
discussed in Chapter 2. Our solid-phase peptide synthesis (SPPS) protocol, also
described in Chapter 2, was used to synthesize the linear precursors of the second
generation Di-SanA derivatives. SPPS is more efficient and less time-consuming than
solution-phase synthesis, ultimately allowing for the rapid generation of Di-SanA
molecules. Elimination of the cyclic pentapeptide occurred by contructing linear
decapeptides precursors on solid-support, followed by solution-phase cyclization of the
decapeptide.

Using the SPPS protocol described in Chapter 2, linear decapeptides for Di-SanA

11, 12, and 13 were synthesized utilizing pre-loaded D-Phe CTC resin (for 11 and 13,
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0.50 mmol/gram resin loading; 0.5 g scale) and Phe CTC resin (12, 0.50 mmol/gram resin
loading; 0.5 g scale). Fmoc-protected amino acids (3.0 equivalents) were coupled using
HOBt (3.0 equivalents) and DIC (6.0 equivalents) as coupling reagents (Figure 69).
Peptide couplings were performed in 0.2 M DMF solutions. The linear peptides were
cleaved from the resin using a TFE/DCM (1:1, v/v) solution and analyzed by LCMS for
the presence and purity of double-deprotected linear decapeptides (DDLD).
Unfortunately, only linear nonapeptide formed for 11, and DDLDs for 12 and 13 made
up only 20% of the cleaved material, the other 80% contained a mixture of nonapeptides,
octapeptides, and other impurities. Cyclizations of DDLD 12 and 13 were attempted
using a cocktail of coupling reagents (0.5 equivalents DEPBT, 0.7 equivalents HATU,
0.5 equivalents TBTU) in DMF/ACN (3:1) to a final concentration of 0.01M. The linear
peptides were very insoluble, thus the need for DMF. Unfortunately, neither reaction

formed cyclized decapeptide product.
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Figure 69: Initial synthetic route for Di-SanA 11, 12, and 13

The success of cyclizing large macrocycles depends on the conformation of the

linear precursor.*® Intramolecular hydrogen bonding associated with long, linear
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peptides is unpredictable and cyclizations often result in low yields. Because of the low
synthesis yields of Di-SanA 11, 12, and 13 using the decapaptide synthesis approach, and
the failed cyclizations, synthesis via dimerization of pentapeptides might be the most
viable option. Pre-loaded CTC-Phe or CTC-D-Phe resin was used for the construction of
the linear pentapeptides for 11, 12, and 13 (Figure 70). The resin was subjected to the
TFE/DCM cleaving solution resulting in the cleaved pentapeptide. Although all three
cleaved pentapeptides were isolated in low yields (10-30%), LCMS analysis found all
three to be greater than 90% pure. Cyclizations were performed using a cocktail of
coupling reagents (0.5 equivalents DEPBT, 0.7 equivalents HATU, 0.5 equivalents
TBTU) in DMF to a final concentration of 0.1M. For Di-SanA 11, both cyclic
pentapeptide and decapeptide formed in a 4:1 ratio based on LCMS analysis of the crude
product. Only decapeptide formed for Di-SanA 12. And both cyclized products formed
for Di-SanA 13 in a 2:1 pentapeptide to decapeptide ratio. The decapeptide was purified

and separated from the pentapeptide by RP-HPLC.
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Figure 70: Synthesis of Di-SanA 11, 12, and 13

Following the same SPPS protocol described in Chapter 2, the double-deprotected

linear pentapeptides for Di-SanA 6, 7, and 8 were synthesized and cleaved from CTC-

Leu resin (Figure 71). Using CTC-Leu resin, | achieved significantly better yields (39%

for Di-SanA 6, 42% for Di-SanA 7, and 89% for Di-SanA 8) than had been obtained by

the CTC-Phe or CTC-D-Phe resins when synthesizing compounds 11-13 (10-30%).

Cyclizations were performed using the same cocktail of coupling reagents (0.5

equivalents DEPBT, 0.7 equivalents HATU, 0.5 equivalents TBTU) and concentrated

conditions (0.1M DMF) successfully gave the cyclic decapeptides, along with their

pentapeptide counterparts. Based on LCMS analysis, the cyclization of Di-SanA 17

resulted in a 3:1 ratio of cyclic pentapeptide to decapeptide, Di-SanA 18 had a 4:1 ratio,
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and Di-SanA 20 resulted in a 1:2 ratio. The decapeptides were purified and separated

from the pentapeptides using a combination of flash column chromatography and RP-

HPLC.
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Figure 71: General synthesis of C-2 symmetrical Di-SanA derivatives

SOLID-PHASE SYNTHESIS OF ASYMMETRICAL DI-SANA DERIVATIVES

Because of the asymmetry associated with Di-SanA 14, 15, 16, and 17, forming

the linear decapeptide on solid-phase was the only synthesis option. CTC-Leu resin was

used because the yields obtained in the cleaving step are higher than when using CTC-

Phe or D-Phe resins. The linear decapeptides for Di-SanA 14, 15, 16, and 17, were

synthesized following the standard SPPS protocol (Figure 72). The ninth amino acids

for these compounds were allowed to couple overnight, and two individual couplings of

the tenth amino acids were performed to ensure only decapeptide products formed.

Cleaving from the resin gave the linear precursors. The decapeptides were cyclized using
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a cocktail of coupling reagents and DMF to a final concentration of 0.1M. The resulting

decapeptides were purified by RP-HPLC.
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Figure 72: General synthesis of non-C-2 symmetrical Di-SanA derivatives

CYTOTOXICITY DATA

Di-SanA derivatives were tested at 5 UM against both HCT-116 and PL-45 cancer

cell lines using the thymidine uptake protocol described in Chapter 3. None of the newly

synthesized derivatives demonstrated improved potency over lead compound Di-SanA 4

(99% growth inhibition, Figure 73). Di-SanA 13, which is C-2 symmetrical with a total

of 8 D-aas and 2 L-aas, was the most potent of the new derivatives with 40% growth

inhibition in HCT-116s and 79% growth inhibition in PL-45s. The asymmetrical

derivatives (14, 15, 16, and 17) and the compounds that did not contain consecutive D-aas

(6, 7, and 8) did not demonstrate significant anti-proliferative activity. Thus, the
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presence of C-2 symmetry and two consecutive D-aas is important for the potency of Di-

SanA 4.
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Figure 73: Cytotoxicity data of Di-SanA derivatives in HCT-116 and PL-45 cell lines
using thymidine uptake. HCT-116 data was produced by the author and PL-45
data was generated by the author’s colleague.

CELL LYSATE PULL-DOWN ASSAY
From the cytotoxicity assays, it is evident that Di-SanA 4 remains the lead
decapeptide derivative and that its nanomolar potency is unique. We investigated its
mechanism of action by following the same approach that was taken for the initial
mechanism of action studies for SanA: cell lysate pull down assay. My colleague
synthesized a biotinylated derivative of Di-SanA 4 (Figure 74), and | subsequently ran a

pull down assay in HCT-116 cell lysate in order to determine its potential protein target.
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Figure 74: Structure of Di-SanA 4 tagged with PEG4-biotin (4-T-1V-biotin) to be
used in pull-down assays

In the assay, Di-SanA 4-T-1V-biotin was incubated with HCT-116 cell lysate for
42 hours at 4 °C followed by the addition of NeutrAvidin resin for 2 hours at 4 °C and 2
hours at room temperature. The resin was washed ten times with wash buffer and the
proteins were eluted from the resin with sample buffer. Proteins were resolved on an
SDS-PAGE gel and visualized with silver stain using following the manufacturer’s
protocol. The band containing the proteins pulled down by 4-T-1V-biotin was sequenced
by LC/MS/MS and screened against a protein database. Cytosolic Hsp90 was identified
as one of the proteins pulled down (Figure 75), and | verified it by Western blot. Other
proteins found in the sequencing include myosin, tubulin, and actin, which are all known
to be associated with Hsp90."*® *#™>* Since Di-SanA 4 is a dimerized derivative of the
cyclic pentapeptide SanA, which also pulls down Hsp90, it is not surprising that they
share the same protein target. In addition, Di-SanA 4’s potential capability to bind to
both monomers of an Hsp90 dimer is an explanation for its low nanomolar potency

compared to the low micromolar potency of the lead monomeric SanA derivatives.
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Figure 75: Cropped silver-stained gel from Di-SanA 4-T-1V-biotin cell lysate pull-
down assay

IP6K2-HSP90 BINDING ASSAY

Hsp90 is associated with hundreds of oncogenic client proteins that are involved
in apoptotic pathways, and its inhibition leads to cell death via apoptosis rather than
necrosis. Like SanA, we anticipated that Di-SanA 4’s binding to Hsp90 would cause a
disruption in client protein-Hsp90 binding interactions. We investigated compound 4’s
affect on the binding between Hsp90 and its C-domain client protein, IP6K2. Since
IP6K2 is pro-apoptotic when it is not bound to Hsp90, disrupting this interaction would
lead to pro-apoptotic events and, ultimately, cell death. In addition, investigating Di-
SanA’s affect on the binding of [P6K2 to Hsp90 would indicate if the compound
modulated C-domain binding compounds, similar to SanA.

| performed a binding assay following the same procedure described in Chapters 3
and 4 where Di-SanA was incubated with native Hsp90 first, followed by the addition of
GST-tagged IP6K2. After protein elution and analysis, it was found that Di-SanA 4
successfully inhibits the binding between IP6K2 and Hsp90 in low nanomolar
concentrations (ICso~ 1.7 nM) that correspond to its ICsgs in cytotoxicity assays (1.5- 20
nM) (Figure 76). The pro-apoptotic role IP6K2 takes when its binding to Hsp90 is
disrupted suggests that Di-SanA 4’s potency comes, in part, from apoptotic effect it

induces in cancer cells via Hsp90 inhibition.
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Figure 76: Client protein binding assay with Di-SanA 4 and Hsp90-1P6K2

SUMMARY AND CONCLUSIONS

The SAR analysis of Di-SanA compounds established that the placement of D-aas
around the decapeptide ring played a significant role in potency. We found that the low
nanomolar potency exhibited by Di-SanA 4 is unique to that compound as no other
derivatives demonstrated comparable potency in pancreatic and colon cancer cell lines.
Preliminary mechanism of action studies were completed using a biotinylated derivative
of Di-SanA 4 in HCT-116 cell lysate. We determined that this compound, like its cyclic
pentapeptide relative, bound to Hsp90. Further, pure protein binding assays show that
Di-SanA 4 disrupts the binding between Hsp90 and the pro-apoptotic C-terminal-binding
client protein IP6K2.

Upon re-synthesizing Di-SanA 4 via both solution-phase and solid-phase
chemistry methods, we found that we could not replicate the nanomolar potency
exhibited by the original compound in cytotoxicity assays against PL-45, BxPc3, and

HCT-116s. Thus, although we obtained promising initial data using the original
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compound, we were not able to continue exploring this class of molecules as potential
Hsp90 inhibitors.
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CHAPTER 6: EXPERIMENTAL

GENERAL SYNTHETIC PROCEDURES
GENERAL SOLUTION-PHASE SYNTHESIS REMARKS
All peptide coupling reactions were performed in glass round-bottom flasks
capped with rubber septa and run at room temperature under argon gas, unless otherwise
stated. Coupling of PEG-biotin or fluorescein tags were performed in 24 mL or 40 mL
glass vials at room temperature under open atmosphere. Reactions were stirred with
magnetic stir bars. Anhydrous DCM, anhydrous ACN, and anhydrous DMF were
purchased from Sigma-Aldrich and packaged under nitrogen gas with an AcroSeal®
extra wide septum. Anhydrous DIPEA was purchased from Sigma-Aldrich and packaged
under nitrogen gas in a Sure/Seal™ amber glass bottle. All amino acids and coupling
reagents were purchased from Novabiochem, Peptides International, Chem Impex, Sigma
Aldrich, ChemPep, or Fisher Scientific. Amino acids were either protected at the amino
terminus with the Boc-protecting group or protected at the carboxy-terminus as a methyl
ester. Purification via flash chromatography was performed using 230-400 mesh 32-63
micron 60A silica gel from Silicycle, and the solvents were purchased from Fisher
Scientific in 20L aluminum drums. Peptide purity was verified using *H NMR, LC/MS,
and/or RP-HPLC. *H NMR spectra were performed on Varian spectrometers at 200, 400
or 600 MHz. Chloroform-d (7.27 ppm), methanol-d, (3.34 ppm), or acetone-ds (2.05
ppm) was used as a reference point. LC/MS data was performed on Agilent Technologies

1200 series quaternary pump and acquired on the Agilent LC/MSN Trap XCT Plus
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System. HPLC data was acquired with a Waters Flex Inject System and acquired on 2487
dual wavelength absorbance detector (215A and 222)).
GENERAL SOLUTION-PHASE PEPTIDE COUPLING

All peptide couplings utilized 1.1 equivalents of free amine and 1.0 equivalents of
free acid. For the formation of dipeptides and tripeptides, 1.2 equivalents of TBTU was
used as a coupling reagent unless otherwise stated. The flask was purged with argon gas,
and the contents inside were dissolved in anhydrous DCM (0.1M). If necessary,
anhydrous ACN was used to increase solubility of the materials. Once dissolved,
anhydrous DIPEA (4-8 equivalents) was added to the reaction flask. The solution was
stirred at room temperature for 1-2 hours and monitored via TLC every 20-30 minutes.
Upon completion, the peptides were subjected to an Acid-base work-up/purification:
two aqueous washes of 10% HCI (100 mL each), ten washes of sodium bicarbonate
solution (100 mL, sat. aq.), and two washes of brine (100 mL). If necessary, the
dipeptides and tripeptides were further purified via flash column chromatography using
an ethyl acetate:hexanes gradient solvent system.

Linear pentapeptide synthesis utilized tripeptide free amine (1.1 equivalents),
dipeptide free acid (1.0 equivalents) and TBTU, HATU and/or DEPBT (up to a total of
1.2-1.5 equivalents). The flask was purged with argon gas, and the contents inside were
dissolved in anhydrous DCM, and/or anhydrous ACN (0.1 M). If necessary, anhydrous
DMF was used to increase solubility of the materials. Once dissolved, anhydrous DIPEA
(8 equivalents) was added to the reaction flask. The solution was stirred at room
temperature for 1-3 hours and monitored via TLC and LC/MS every 20-30 minutes.

Upon completion, the excess base was removed by dissolving the crude solution in 100
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mL of EA and extracting it twice with 100 mL of aqueous 10% HCI*. The organic layer
was then washed 4-10 times with DI water saturated with sodium bicarbonate. The
organic layer was collected, dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo. Pentapeptides were purified via flash column chromatography
using an ethyl acetate:hexane gradient system to purify the desired product.
SOLUTION-PHASE AMINE DEPROTECTION

Deprotection of the Boc-protected peptide was performed under open atmosphere
in a round-bottom flask. The reaction was run in a 0.1M solution of 25% TFA and 75%
DCM. The peptide was first dissolved in DCM followed by the addition of TFA and 2.0
equivalents of anisole. The solution was stirred at room temperature for 45 minutes and
was monitored every 15 minutes by TLC. Upon completion, the reaction was
concentrated in vacuo and to give the free-amine peptide in a quantitative yield.

SOLUTION-PHASE ACID DEPROTECTION

Methyl ester hydrolysis was done under open atmosphere in a round-bottom flask.
The peptide (1.0 equivalent) and 8.0 equivalents of lithium hydroxide were dissolved in
methanol to a final concentration of 0.1M. The reaction was allowed to run for 1 hour up
to overnight and was monitored by TLC. Once complete, the reaction was diluted in
DCM and treated with pH 1 water. The aqueous layer was tested for acidity and, if
needed, drops of HCI were added until pH= 3. Finally, the product was extracted several
times with DCM, dried over sodium sulfate, and concentrated in vacuo to give the free-

acid peptide.
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IN SITUDOUBLE DEPROTECTION

The double deprotection of both the amine and acid protecting groups on the
linear peptide was performed under open atmosphere. The protected linear peptide was
dissolved in THF to a final concentration of 0.1M, followed by the addition of 2.0
equivalents of anisole. HCI was added dropwise over the course of one week and the
reaction was monitored by LCMS. Upon completion, the reaction was concentrated in
vacuo to give the double-deprotected linear peptide.

MACROCYCLIZATION PROCEDURE

All pentapeptides were acid and amine deprotected using the general deprotection
methods described above. Three coupling agents (DEPBT, HATU, and TBTU) were
used at ~0.5 to 0.75 equivalents each. The dry double deprotected peptide and coupling
agents were dissolved in acetonitrile and/or methylene chloride (various ratios based on
solubility of materials) at a concentration of 0.1M to 0.007M. 6-10 equivalents of
DIPEA were then added to the reaction. TLC (macrocycle Rt similar to protected linear
pentapeptide) and LCMS were used to monitor the reaction which was usually finished in
1-3 hours. If reaction was not complete in 2 hours, additional coupling agents (~0.5-1
equivalent total) were added. If reaction was complete, then work-up was done by
extracting with 10% aqueous hydrochloric acid and saturated sodium bicarbonate. After
back extraction of aqueous layers with large quantities of methylene chloride, the organic
layers were combined, dried over sodium sulfate, filtered and concentrated in vacuo. All
macrocycles were first purified by flash column chromatography using an ethyl

acetate/hexane gradient on silica gel. Finally, when necessary, reversed-phase HPLC was
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used for additional purification using a gradient of acetonitrile and deionized water with
0.1% TFA.
MACROCYCLIZATION PROCEDURE (SYRINGE PUMP)

Three coupling agents (DEPBT, HATU, and TBTU) were used at 0.5 to 0.75
equiv each. These coupling agents were dissolved in 1/2 of a calculated volume of dry
methylene chloride and/or acetonitrile that would give a 0.005-0.007 M overall
concentration when included in the volume used for the deprotected peptide. The crude,
dry, double deprotected peptide (free acid and free amine) was dissolved in the other 1/2
solvent volume of methylene chloride. DIPEA (8 equiv) was then added to the solution
containing coupling reagents dissolved in methylene chloride. The double deprotected
peptide was then added to the bulk solution dropwise using a syringe pump at a rate of 8
mL/h. The reaction was monitored via LCMS and generally complete in 2-4 h after the
addition of all of the double deprotected peptide. Upon completion, the reaction was
worked up by washing with aqueous HCI (pH 1) and saturated sodium bicarbonate. After
back extraction of aqueous layers with large quantities of DCM, the organic layers were
combined, dried, filtered and concentrated. All macrocycles were first purified by flash
column chromatography using an ethyl acetate/hexane gradient on silica gel. Finally,
when necessary, reversed-phase HPLC was used for additional purification using a
gradient of acetonitrile and deionized water with 0.1% TFA.

BENZYLATION

The cyclized peptide was dissolved in THF to make a 0.1 M solution. Sodium

hydride (60% NaH in mineral oil, w/w) was used at 4.0 equivalents and dissolved in the

0.1M solution. Benzyl bromide (4 equivalents) was then added to the reaction, which was
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allowed to run and monitored by LCMS. More sodium hydride and benzyl bromide were
added, as needed, in increments of 2 equivalents each. Upon completion, the reaction was
diluted in DCM and subject to two aqueous washes of DI water. The organic layer was
collected and dried in vacuo.
COUPLING OF PEG4-BIOTIN

The coupling of PEG,-biotin was performed in a 4 mL glass vial with a screw top.
The free lysine-containing peptide was placed in the vial, with a magnetic stir-bar, along
with 1.2 equivalents of NHS-PEG-biotin. Both were dissolved in DCM to a final
concentration of 0.1M followed by the addition of 8.0 equivalents of DIPEA. The
reaction was allowed to run for 2 hours up until overnight and was monitored by LCMS.
Upon completion, the reaction was concentrated in vacuo, re-dissolved in a solution of
80% MeOH and 20% DMSO, and purified via RP-HPLC.

COUPLING OF FLUORESCEIN

The coupling of fluorescein was performed in a 4 mL glass vial with a screw top.
The free lysine-containing peptide was placed in the vial, with a magnetic stir-bar, along
with 1.2-1.8 equivalents of NHS-fluorescein. The reagents were dissolved in DCM to a
final concentration of 0.1M, followed by the addition of 8.0 equivalents of DIPEA. The
reactions were allowed to run for at least 3 hours up until overnight and were monitored
by LCMS. Upon completion, the solution was concentrated in vacuo, re-dissolved in a
solution of ACN and DMSO (ratios vary), and purified via RP-HPLC.

GENERAL SOLID-PHASE SYNTHESIS REMARKS
Solid-phase peptide synthesis was performed in a polypropylene solid-phase

extraction cartridge fitted with a 20 um polyethylene frit purchased from Applied
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Separations (Allentown, PA). 2-chlorotrityl resins were purchased in pre-loaded form
with L-Leucine, L-Phenylalanine, and D-Phenylalanine attached at its carboxyl. Resins
were swelled in DMF for 30 minutes prior to assembly of the linear peptide sequence.
Incoming amino acids were protected at the amino terminus with the Fmoc protecting
group, unless otherwise stated. Solid-phase syntheses were performed on a 1 g resin
scale (typical resin loading= 0.5-0.8 mmol/g) unless otherwise stated. All reactions were
performed at room temperature under open atmosphere.
GENERAL SOLID-PHASE PEPTIDE COUPLING

Fmoc-protected amino acids were coupled using 1.2-3.0 equivalents of amino
acid, 3.0 equivalents of HOBt, and 6.0 equivalents of DIC. Couplings were performed in
DMF at 0.2 M, with respect to the resin loading as 1.0 equivalent. Couplings were
allowed to proceed for a minimum of 2 hours, and were assayed via ninhydrin test (aka
Kaiser test) to verify completion. Once complete, the coupling reaction solution was
drained. The resin was washed 3 x 1 min in DMF and subjected to the solid-phase amine
deprotection procedure. Note: Fmoc and N-methyl amino acids are coupled according to
the cycle above, however for subsequent coupling onto the secondary amino terminus,
HOBt was substituted with HOALt, and the coupling was allowed to proceed overnight.

SOLID-PHASE AMINE DEPROTECTION

The Fmoc-protected resin-bound peptide was subjected to the following series of
washes to remove the Fmoc group: 20% piperidine in DMF (1 x 5min, 1 x 10min), DMF
(2 x Imin), IPA (1 x 1min), DMF (1 x 1min), IPA (1 x 1min), and DMF (3 x 1min).

SOLID-PHASE N-TERMINAL AMINE DEPROTECTION
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The Fmoc protecting group on the peptide’s final amino acid was removed with a
modified series of washes: 20% piperidine in DMF (1 x 5min, 1 x 10min), DMF (3 x
1min), IPA (3 x 1min), and MeOH (3 x 1min). After the washes, the resin was drained
well and dried in vacuo overnight.

SOLID-PHASE CLEAVING FROM RESIN

Linear peptides were cleaved from the resin in a solution of 50% TFE and 50%
DCM. The dried peptide-bound resin was stirred in the solution in either in a round-
bottom flask with a magnetic stir-bar or in a 40 mL vial with a septa cap. All reactions
were performed under open atmosphere at room temperature and allowed to run for 24
hours. Upon completion, the solution was filtered and concentrated in vacuo to give the
free linear peptide.

METHODS OF CHROMATOGRAPHIC PURITY
Method A
Instrument: Agilent 1200 Series HPLC
Agilent 62440A LC/MSD Trap
Column: Zorbax SB-C18
2.1x30mm 3.5-Micron
Mobile Phase A: 0.1% (v/v) formic acid, 100% (v/v) water

Mobile Phase B: 0.1% (v/v) formic acid, 100% (v/v) acetonitrile

Gradient: Time (min) Profile %A Profile %B
0 80 20
4.5 10 90

4.6 10 90
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7.0 85 15

Flow Rate: 1.0 ml/min
Injection: 4pL
Solvent: 100% Methanol
Method B
Instrument: Waters Flex Inject
Waters 2487 Dual A Absorbance Detector

Column: Symmetry C;g 3.5um

4.6x75mm Column
Mobile Phase A: 0.1% (v/v) Trifluoroacetic acid, 100% (v/v) water

Mobile Phase B: 0.1% (v/v) Trifluoroacetic acid, 100% (v/v) acetonitrile

J1: 215nm
Jg: 222nm
Gradient: Time (min) Profile %A Profile %B
0 70 30
4.00 0 100
13.00 0 100
15.00 70 30
16.00 70 30

Flow rate: 0.50 ml/min
Injection: 20 pL

Solvent: 100% Methanol
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GENERAL BIOCHEMICAL ASSAY PROCEDURES

All cancer cells lines used in our SanA studies were grown in tissue-culture grade
plates in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin, unless otherwise
specified. They were housed in a water-jacketed incubator at 37 °C, under a 5% CO,
atmosphere. The cells were passaged every 2-4 days. All cell lines were obtained from
either ATCC or from collaborators in the San Diego area.

All proteins separated and analyzed by gel electrophoresis were denatured in 4x
laemmli sample buffer and were loaded onto 4-20% gradient SDS-PAGE gel, unless
otherwise specified. All coomassie staining and silver staining were done according to
manufacturers’ protocols. For gels analyzed by western blot, the proteins were
transferred to PVDF membranes that were subsequently blocked with a solution of 5%
dry milk in TBST.

SanA derivatives used in the biochemical assays were dissolved in a 5mM
solution of cell-grade DMSO and stored at 4 °C. Back-up compounds (not dissolved in
solvent) were stored at -20 °C. The compounds were tested for decomposition 2-3 times
a year via LCMS and most derivatives remained stable for more than 2 years when
dissolved in solution, and indefinitely when kept dry.

THYMIDINE UPTAKE ASSAYS

Proliferation of the PL-45 pancreatic cancer cells and HCT-116 colon cancer cells
was tested in the presence and absence of the compounds using *H-thymidine uptake
assays. Cells treated with the compounds were compared to dimethyl sulfoxide (DMSO)

controls for their ability to proliferate as indicated by the incorporation of *H-thymidine
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into their DNA. Cells were cultured in 96 well plates at a concentration of 2000-4000
cells/well in DMEM (Gibco) supplemented with L-glutamine, 10% fetal bovine serum
and 1% penicillin-streptomycin antibiotic. After overnight incubation, the compounds
were added. The compounds were dissolved in DMSO (at a final concentration of 1.0%)
and tested at the concentrations indicated in the manuscript. The DMSO control was also
at 1.0%. After the cells had been incubated with the compounds for 56 h, 1uCi *H-
thymidine per well was added and the cells were cultured for an additional 16-18 h (for
the cells to have a total of 72 h treatment), at which time the cells were harvested using a
PHD cell harvester (Cambridge Technology Inc.). The samples were then counted (CPM)
in a scintillation counter for 1.5 m. Decreases in *H-thymidine incorporation, as
compared to DMSO controls, are an indication that the cells are no longer progressing
through the cell cycle or synthesizing DNA, as is shown in the studies presented. Mean
growth inhibition (n=8-12) is the 1 minus CPM of compound-treated cells over DMSO-
treated cells. 1Cso were determined using 0, 0.1, 0.5, 5, 10, and 50 uM of compound (in
1% DMSO final concentration). All calculations including mean, SEM, and ICs, were

performed on Excel or Prism.

CCK-8
Proliferation of the PL-45 pancreatic cancer cells and HCT-116 colon cancer cells
was tested in the presence and absence of the compounds using Cell Counting Kit-8
(Dojindo, catalog number CK04-11). Cells treated with the compounds were compared
to dimethyl sulfoxide (DMSO) controls for their ability to proliferate as indicated the

absorbance measured at 450nm on a microplate reader. Cells were cultured in 96 well
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plates at a concentration of 2000-4000 cells/well in DMEM (Gibco) supplemented with
L-glutamine, 10% fetal bovine serum and 1% penicillin-streptomycin antibiotic. After
overnight incubation, the compounds were added. The compounds were dissolved in
DMSO (at a final concentration of 1.0%) and tested at the concentrations indicated in the
manuscript. The DMSO control was also at 1.0%. After the cells had been incubated
with the compounds for 72 h, 10l CCK-8 solution per well was added and the cells were
incubated for an additional 2-4 h. Absorbances at A= 450nm were measured twice
throughout the 2-4 h period using a Tecan Infinite 200 Platereader. Decreases in
absorbances, as compared to DMSO controls, are an indication that the cells are no
longer living and producing mitochondrial activity, as is shown in the studies presented.
Data was analyzed for mean and SEM by Excel and/or Prism.
CELL LYSATE PULL DOWN ASSAYS

Protein pull down was carried out following a standard batch purification method
in 1.5 mL micro centrifuge tubes. Biotinylated compounds were pre-dissolved in DMSO
to which crude cellular protein from the lysates of HCT-116 cells was added along with
lysis cocktail (500 mM Tris, 150 mM NaCl, 500 mM EDTA, 1% NP-40) to give a final
1-5% DMSO concentration. Samples were incubated for 24 hours at 4 °C. The biotin-
conjugated compounds were immobilized by the addition of NeutrAvidin™ resin slurry
and incubated for 2 hours at 4 °C. The unbound proteins were removed by washing 4
times with 500 pl of wash buffer (20 mM Tris pH 7.4, 150 mM NacCl, 1% Triton X-100),
one wash was 30 minutes at 4 °C and three washes were 10-15 minutes each at room
temperature. After wash buffer removal, the biotinylated molecule along with bound

protein complex was eluted from the NeutrAvidin™ resin by boiling in SDS-PAGE
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sample buffer for 15 min. Elution was ran on a 4-20% SDS-PAGE gel and visualized
with Pierce Silver Stain kit, coomassie blue stain, and or Western blot. For Di-SanA 16-
T-1V-biotin pull down analysis, the prominent protein gel band(s) were analyzed by
Nano-LC/MS/MS analysis (Scripps Mass Spec facility), and comparison of peptide
fragmentation results were screened against the NCBInr Eukaryotic database, identifying
Hsp90 with an excellent expectancy value. NHS-PEGylated Biotin linker and DMSO
were used as the negative controls. Relative protein concentrations were determined with
densometric software, Image J.
DOMAINS PULL DOWN ASSAY

Gst-tagged Hsp90 proteins containing N-, NM-, MC-, or C-domain were
expressed and purified from BL21 (DE3) Escherichia coli. A batch purification was
completed according to manufacturer’s protocol (Thermo Scientific, Immobilized
Glutathione cat#15160). To verify that San A-amide derivatives are binding to a specific
domain of Hsp90, we performed a domain pull down using 5 UM of purified Hsp90
proteins (i.e. N-, NM-, MC-, or C-domain). All reactions were performed in MilliQ
Ultrapure water. Biotinylated SanA (10 uM) or DMSO (control, 2% final concentration)
was added to each reaction and incubated for 2 hours at room temperature. Then, 25 pl
of NeutrAvidin™ agarose resin was prepared according to manufacturer’s protocol
(Thermo Scientific, cat#209200), added to each reaction, and incubated for an additional
45 minutes at room temperature. After 4 washes with wash buffer (20 mM Tris-HCI, 300
mM NaCl, 1% (v/v) triton X-100, pH 7.4) and 3 washes with binding buffer (20 mM
Tris-HCI, 150 mM NacCl, 1% (v/v) triton X-100, pH 7.4), proteins were eluted from

NeutrAvidin resin with 20 pl sample buffer and boiling. Samples were ran on a SDS-
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PAGE gel, and visualized by silver staining using standard manufacturer’s protocol

(Pierce, cat#24621).

CLIENT PROTEIN BINDING ASSAYS

The binding affinity between Hsp90 and its co-chaperone (i.e. FKBPs and Hop)
or client proteins (i.e. IP6K2) were completed using 100-150 nM (final concentration) of
human native protein Hsp90 (Enzo Life Sciences ) and 75-50 nM (final concentration) of
recombinant co-chaperone or client proteins (GST-FKBP38: Abnova cat# H00023770-
PO1. His-FKBP38: Abcam cat# ab91801. GST-FKBP52: Abnova H00002288-P01. His-
FKBP52: Abcam ab91801. GST-IP6K2: Abnova H00051447-P01. His-Her2: R&D
Systems 1129-ER-050. His-Akt: Millipore 14-276. His-Hop: Stressmarq SPR-302. His-
Cyp40: Abcam ab78815. His-PP5: Abcam ab91714. GST-Hif-1a: Abnova H00055662-
PO1. His-Unc45: kindly provided by the Huxford lab at SDSU). Experiments were
conducted using five different concentrations of San A (0-10 uM), 17-AAG (0-5 pM) or
coumermycin Al (0-25 uM). Protein pull down was completed using Immobilized
Glutathione agarose (Pierce, cat#20211) or Talon-Metal Affinity Resin (Clontech,
cat#635501), followed by three washes of the bead (20 mM Tris-HCI, 300 mM NacCl, 1%
(v/v) triton X-100, pH 7.4), and finally boiling the beads with 4x Laemmli sample buffer.
Samples were analyzed using 4-20% SDS-PAGE gel, followed by either coomassie blue
stain and/or standard Western blot protocol to detect Hsp90 (Stressgen rabbit polyclonal
anti-Hsp90 antibody, cat#SPA-836) and its co-chaperone or client proteins (R&D

Systems rat monoclonal anti-FKBP38 antibody, cat#MAB3580; Abcam rabbit
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polyclonal anti-FKBP52 antibody, cat# ab2926; Santa Cruz Biotechnology goat
polyclonal anti-Hop antibody, cat# sc-27962; Santa Cruz Biotechnology goat anti-IP6K2
antibody, cat#SC-10425, anti-His tag). The respective ratio of Hsp90 to its co-chaperone
or client proteins were analyzed via Image J and transformed to a percent of Hsp90

bound to co-chaperone or client proteins.

CASPASE 3 ASSAY
Caspase-3 analyses were completed according to manufacturer’s protocol (Promega, cat#
G7351). Briefly, 1 x 1006 HCT-116 cells was treated with compound (0-50 uM) for 24
hours. Cells were harvested and lysed according to manufacturer’s protocol. A total of
30 pg of protein lysate was used per well in the assay and the lysate incubated with the
caspase detection reagent for 4 hours. Absorbances were read on a Tecan Infinite 200
Platereader at A= 405nm and analyzed via Prism.
PARP FRAGMENTATION ANALYSIS

Lysate prepared from the Caspase-3 analyses above was loaded onto a 4-20%
SDS-PAGE gradient gel, using 10 ug of total protein per lane. The proteins were
resolved and transferred to a PVDF for Western blot analysis using a PARP-1 antibody
(Enzo Life Sciences, rabbit polyclonal, cat# ALX-210-302-R100) and GAPDH (Santa
Cruz Biotech, rabbit polyclonal, cat# sc-25778) for the loading control. Densiometric
analyses were performed using ImageJ software and statistical analyses were performed

using Prism software.
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SYNTHESIS OF CHAPTER 2 DERIVATIVES
SYNTHESIS OF SANA 2

Dipeptide MeO-D-Phe-Leu-NHBoc
Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
D-Phe-OMe+HCI (0.48 g, 2.21 mmol), Boc-Leu-OH+<H,0O (0.50 g, 2.01 mmol), TBTU
(0.77 g, 2.41 mmol), and DIPEA (1.40 mL, 8.02 mmol) were dissolved in 20.1 mL of
anhydrous DCM (0.1M), 1.0 mL of anhydrous ACN was also added to improve
solubility. The reaction was stirred for 1 h. The reaction mixture was diluted in ethyl
acetate (100 mL) and subjected to the “General acid-base work-up”. The organic layer
was collected, dried over sodium sulfate, and concentrated in vacuo to give the pure
dipeptide MeO-D-Phe-Leu-NHBoc (96.0% vyield) as a white powder.
Rf: 0.74 (35% EA/Hex)
'H NMR (200 MHz, CDCls): & 0.89 (d, 6H), 1.45 (s, 9H), 1.51-1.64 (m, 3H), 3.08-3.13
(m, 2H), 3.72 (s, 3H), 4.05-4.15 (m, aH), 4.76 (d, NH), 4.80-4.92 (m, aH), 6.55 (d, NH),
7.08-7.18 (m, 2H), 7.22-7.36 (m, 3H).
Dipeptide MeO-D-Phe-Leu-NH,
Following the “General solution-phase amine deprotection” procedure, MeO-D-Phe-
Leu-NHBoc (756 mg, 1.93 mmol) was dissolved in a 19.3 mL solution of DCM/TFA
(3:1, v/v, 0.1M) along with anisole (0.42 mL, 3.85 mmol). The reaction mixture was
allowed to stir for 45 minutes, and then was concentrated in vacuo to give MeO-D-Phe-
Leu-NH; in a quantitative yield. This dipeptide was taken on to the next coupling step
without any further purification or characterization.

Tripeptide MeO-D-Phe-Leu-Val-NHBoc
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Following the “General solution-phase peptide synthesis” procedure, a mixture of
MeO-D-Phe-Leu-NH; (565 mg, 1.93 mmol), Boc-Val-OH (381 mg, 1.75 mmol), TBTU
(676 mg, 2.41 mmol), and DIPEA (1.20 mL, 7.02 mmol) were dissolved in 17.5 mL of
anhydrous DCM (0.1M), 1.0 mL of anhydrous ACN was also added to improve the
solubility of the mixture. The solution was stirred for 2 h. The reaction mixture was then
diluted in ethyl acetate (100 mL) and subjected the “General acid-base work-up”. The
organic layer was collected, dried over sodium sulfate, and concentrated in vacuo to give
the pure tripeptide MeO-D-Phe-Leu-Val-NHBoc (98.9% vyield) as a white powder.

Rf: 0.68 (50% EA/Hex)

'H NMR (200 MHz, CDCls): § 0.84-0.96 (m, 12H), 1.15-1.32 (m, 3H), 1.46 (s, 9H),
2.04-2.18 (m, 1H), 2.98-3.14 (m, 2H), 3.71 (s, 3H), 4.36-4.44 (m, oH), 4.78-4.87 (m,
aH), 4.95 (m, aH), 6.27 (d, NH), 6.61 (d, NH), 7.09-7.17 (m, 5H).

Tripeptide MeO-D-Phe-Leu-Val-NH,

Following the “General solution-phase amine deprotection” procedure, MeO-D-Phe-
Leu-Val-NHBoc (659 mg, 1.34 mmol) was dissolved in a 10.1 mL solution of DCM/TFA
(3:1, v/v, 0.1M) along with anisole (0.29 mL, 2.68 mmol). The reaction mixture was
allowed to stir for 1.5 hours, and then was concentrated in vacuo to give MeO-D-Phe-
Leu-Val-NH, in a quantitative yield. This tripeptide was taken on to the next coupling
step without any further purification or characterization.

Dipeptide MeO-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
Leu-OMe<HCl (0.40 g, 2.21 mmol), Boc-Leu-OH+H,0 (0.50 g, 2.01 mmol), TBTU (0.77

g, 2.41 mmol), and DIPEA (1.40 mL, 8.02 mmol) were dissolved in 20.1 mL of
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anhydrous DCM (0.1M). The reaction was stirred for 1 h. The reaction mixture was
diluted in ethyl acetate (100 mL) and subjected to the “General acid-base work-up”
procedure. The organic layer was collected, dried over sodium sulfate, and concentrated
in vacuo to give the pure dipeptide MeO-Leu-Leu-NHBoc (97.2% yield) as a white
powder.

Rf: 0.57 (30% EA/Hex)

'H NMR (200 MHz, CDCls): § 0.90-1.00 (m, 12H), 1.46 (s, 9H), 1.50-1.75 (m, 6H +
H,0), 3.73 (s, 3H), 4.02-4.17 (m, oH), 4.58-4.65 (m, aH), 4.85 (d, NH), 6.41 (d, NH).
Dipeptide HO-Leu-Leu-NHBoc

Following the “General solution-phase acid deprotection” procedure, MeO-Leu-Leu-
NHBoc (698 mg, 1.94 mmol) and lithium hydroxide (653 mg, 15.6 mmol) was dissolved
in 19.4 mL of methanol (0.1M). The reaction mixture was allowed to stir for 1 hour. The
reaction was diluted in DCM (100 mL) and treated with pH 1 water (100 mL). After
verifying that the aqueous layer remained acidic (pH ~3), the product was extracted with
five washes of DCM (100 mL each). The organic layers were combined, dried over
sodium sulfate, and concentrated in vacuo to give the pure dipeptide HO-Leu-Leu-
NHBoc (99% yield). This dipeptide was taken on to the next coupling step without any
further purification or characterization.

Linear pentapeptide MeO-D-Phe-Leu-Val-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of Boc-
Leu-Leu-OH (669 mg, 1.94 mmol), TBTU (311 mg, 0.970 mmol), HATU (369 mg,
0.970 mmol) and DIPEA (1.20 mL, 7.02 mmol) were dissolved in a 9.7 mL solution of

anhydrous DCM and ACN (1:1, v/v). MeO-D-Phe-Leu-Val-NH; (837 mg, 2.13 mmol)
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was dissolved in another 9.7 mL anhydrous DCM/ACN solution and was added, by long-
needle syringe, to the mixture containing the coupling reagents (0.1M final
concentration). The solution was stirred for 1.5 h. The reaction was then diluted in DCM
(100 mL) and subjected to two aqueous washes of 10% HCI (100 mL each) and four
washes of sodium bicarbonate solution (100 mL, sat. ag.). The organic layers were
combined, dried over sodium sulfate, and concentrated in vacuo to give the crude peptide.
The peptide was purified by flash column chromatography using an ethyl acetate/hexanes
gradient solvent system where the pure linear pentapeptide eluted at 65EA/35Hex. The
pure linear pentapeptide (10.1% yield) was verified by NMR.

Rf: 0.61 (50% EA/Hex)

'H NMR (500 MHz, CDCls): & 0.85-1.00 (m, 24H), 1.28 (s, 9H), 1.47 (m, 6H), 1.66-1.80
(m, 3H), 2.33 (m, 1H), 3.06-3.20 (m, 2H), 3.67 (s, 3H), 3.99 (m, o), 4.22 (m, oH), 4.28
(m, aH), 4.44 (m, oH), 4.73 (m, aH), 4.91 (br, NH), 5.36 (NH), 6.60 (m, NH), 6.88 (br,
NH), 7.02 (br, NH), 7.19-7.34 (m, 5H).

Linear pentapeptide HO-D-Phe-Leu-Val-Leu-Leu-NHBoc

Following the “General solution-phase acid deprotection” procedure, MeO-D-Phe-
Leu-Val-Leu-Leu-NHBoc (141 mg, 0.196 mmol) and lithium hydroxide (66 mg, 1.57
mmol) was dissolved in 1.96 mL of methanol (0.1M). An additional 0.20 mL of
methanol was added to the reaction to increase solubility. The reaction mixture was
allowed to stir overnight. The reaction was diluted in DCM (100 mL) and treated with
pH 1 water (100 mL). After verifying that the aqueous layer remained acidic (pH ~3),
the product was extracted with five washes of DCM (100 mL each). The organic layers

were combined, dried over sodium sulfate, and concentrated in vacuo to give the linear
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pentapeptide HO-D-Phe-Leu-Val-Leu-Leu-NHBoc (73.2% yield). This pentapeptide was
taken on to the next deprotection step without any further purification or characterization.
Linear pentapeptide HO-D-Phe-Leu-Val-Leu-Leu-NH,

Following the “General solution-phase amine deprotection” procedure, HO-D-Phe-
Leu-Val-Leu-Leu-NHBoc (101 mg, 0.143 mmol) was dissolved in a 1.43 mL solution of
DCM/TFA (3:1, viv, 0.1M) along with anisole (0.031 mL, 0.286 mmol). The reaction
mixture was allowed to stir for 1 hour, and then was concentrated in vacuo to give the
double-deprotected linear pentapeptide HO-D-Phe-Leu-Val-Leu-Leu-NH, (73.1% yield),
which was verified by LCMS.

LCMS: m/z called for C3,Hs3NsOg (M+1) = 604.4, found 604.3.

Cyclic pentapeptide D-Phe-Leu-Val-Leu-Leu

Following the “General macrocyclization procedure”, HO-D-Phe-Leu-Val-Leu-Leu-
NH; (63.2 mg, 0.104 mmol), DEPBT (12.4 mg, 0.0416 mmol), HATU (23.7 mg, 0.0624
mmol), TBTU (16.8 mg, 0.0522 mmol), and DIPEA (0.109 mL, 0.624 mmol) were
dissolved in 14.9 mL of anhydrous DCM and ACN (1:1, v/v, 0.007M). The reaction was
allowed to stir for 1.5 h and was monitored by LCMS. Upon completion, the reaction
was worked up with 2 washes of saturated ammonium chloride (aqueous) and back-
extracted with DCM. The organic layers were collected, dried over sodium sulfate, and
concentrated in vacuo. The pentapeptide was purified by flash column chromatography
using an EA/Hex gradient solvent system where the pure product eluted at 100EA. The
pure cyclic pentapeptide D-Phe-Leu-Val-Leu-Leu (79.8% yield) was verified by NMR
and LCMS.

Rf: 0.57 (75% EA/Hex)
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'H NMR (500 MHz, CD3;0D): 6 0.64 (d, 3H), 0.76 (d, 3H), 0.83-1.00 (m, 18H), 1.21-
1.38 (m, 6H), 1.38-1.70 (m, 3H), 2.52-2.61 (m, 1H), 2.92-3.03 (m, 2H), 4.05-4.13 (m,
2aH), 4.40-4.52 (m, 3aH), 7.19-7.30 (m, 5H).
LCMS: m/z called for C3,Hs1NsOs (M+1) = 586.39, found 586.3.

SYNTHESIS OF SANA 3
Note: The protected linear pentapeptide for SanA 3 was synthesized and purified by the
author’s colleague.
Linear pentapeptide HO-N-Me-Phe-Leu-Val-Leu-Leu-NHBoc
Following the “General solution-phase acid deprotection” procedure, MeO-N-Me-Phe-
Leu-Val-Leu-Leu-NHBoc (185.1 mg, 0.253 mmol) and lithium hydroxide (84.7 mg, 2.02
mmol) was dissolved in 2.53 mL of methanol (0.1M). The reaction mixture was allowed
to stir overnight. Completion was verified by TLC. The reaction was diluted in DCM
(100 mL) and treated with pH 1 water (100 mL). After verifying that the aqueous layer
remained acidic (pH ~3), the product was extracted with five washes of DCM (100 mL
each). The organic layers were combined, dried over sodium sulfate, and concentrated in
vacuo to give the linear pentapeptide HO-N-Me-Phe-Leu-Val-Leu-Leu-NHBoc (181.9
mg, 100% yield). This pentapeptide was taken on to the next deprotection step without
any further purification or characterization.
Double-deprotected linear pentapeptide HO-N-Me-Phe-Leu-Val-Leu-Leu-NH,
Following the “General solution-phase amine deprotection” procedure, HO-N-Me-
Phe-Leu-Val-Leu-Leu-NHBoc (181.9 mg, 0.253 mmol) was dissolved in a 2.53 mL
solution of DCM/TFA (3:1, v/v, 0.1M), along with anisole (0.055 mL, 0.506 mmol). The

reaction mixture was allowed to stir for 1 hour, and then was concentrated in vacuo to
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give the double-deprotected linear pentapeptide HO-N-Me-Phe-Leu-Val-Leu-Leu-NH,
(156 mg, 99.6% yield), which was verified by LCMS.
LCMS: m/z called for C33HssNs05 (M+1) = 618.42, found 618.4.
Cyclic pentapeptide N-Me-Phe-Leu-Val-Leu-Leu
Following the “General macrocyclization procedure”, HO-N-Me-Phe-Leu-Val-Leu-
Leu-NH; (156 mg, 0.252 mmol), DEPBT (30.1 mg, 0.101 mmol), HATU (57.0 mg, 0.151
mmol), TBTU (40.0 mg, 0.126 mmol), and DIPEA (0.264 mL, 1.51 mmol) were
dissolved in 36.0 mL of anhydrous DCM and ACN (1:1, v/v, 0.007M). The reaction was
allowed to stir for 2.5 h and was monitored by TLC. Upon completion, the reaction was
worked up with 2 washes of saturated ammonium chloride (aqueous) and back-extracted
with DCM. The organic layers were collected, dried over sodium sulfate, and
concentrated in vacuo. The pentapeptide was purified by flash column chromatography
using an EA/Hex gradient solvent system where the semi-pure product eluted at 100EA.
Further purification as performed using RP-HPLC to give the cyclic pentapeptide N-Me-
Phe-Leu-Val-Leu-Leu (51.2% yield) was verified by NMR and LCMS.
Rf: 0.32 (75% EA/Hex)
'H NMR (500 MHz, CD30OD): § 0.73 (d, 3H), 0.77 (d, 3H), 0.83-1.05 (m, 18H), 1.28-
1.40 (m, 3H), 1.41-1.68 (m, 9H), 2.51-2.63 (m, 1H), 3.02-3.10 (m, 1H), 3.12-3.19 (m,
1H), 3.15 (s, 3H), 4.20-4.28 (m, 1aH), 4.30-4.35 (m, 1aH), 4.81-4.89 (m, 1oH), 5.03-5.10
(m, 1aH), 7.19-7.33 (m, 5H), 7.55 (d, NH), 8.05 (d, NH), 8.33 (d, NH).
LCMS: m/z called for C33Hs3NsOs (M+1) = 600.4, found 600.4.

SYNTHESIS OF SANA 4

Dipeptide MeO-D-Tyr-Leu-NHBoc
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Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
D-Tyr-OMe<HCI (0.512 g, 2.21 mmol), Boc-Leu-OH+H,O (0.500 g, 2.01 mmol), DEPBT
(0.721 g, 2.41 mmol), and DIPEA (1.40 mL, 8.02 mmol) were dissolved in 20.1 mL of
anhydrous DCM (0.1M). The reaction was stirred for 1.5 h. The reaction mixture was
diluted in DCM (100 mL) and quenched with two saturated sodium chloride washes (100
mL, sat. ag.). The organic layers were collected, dried over sodium sulfate, and
concentrated in vacuo to give the crude dipeptide. The dipeptide was purified via flash
column chromatography using an EA/Hex gradient solvent system where the pure
product eluted at 50% EA/Hex. The pure dipeptide MeO-D-Tyr-Leu-NHBoc (85.3%
yield) was verified by NMR.

Rf: 0.39 (50% EA/Hex)

'H NMR (200 MHz, CDCls): & 0.91 (d, 6H), 1.45 (s, 9H), 3.02-3.07 (m, 1H), 3.72 (s,
3H), 4.04-4.17 (m, aH), 4.73-4.85 (m, oH), 4.98 (br, OH) 6.75 (d, 2H), 6.94-7.02 (m,
2H).

Dipeptide MeO-D-Tyr-Leu-NH,

Following the “General solution-phase amine deprotection” procedure, MeO-D-Tyr-
Leu-NHBoc (701 mg, 1.71 mmol) was dissolved in a 17.1 mL solution of DCM/TFA
(3:1, v/v, 0.1M) along with anisole (0.37 mL, 3.42 mmol). The reaction mixture was
allowed to stir for 1 h, and then was concentrated in vacuo to give MeO-D-Tyr-Leu-NH,
in a quantitative yield. This dipeptide was taken on to the next coupling step without any
further purification or characterization.

Tripeptide MeO-D-Tyr-Leu-Val-NHBoc
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Following the “General solution-phase peptide synthesis” procedure, a mixture of
MeO-D-Tyr-Leu-NH, (695 mg, 2.24 mmol), Boc-Val-OH (444 mg, 2.04 mmol), TBTU
(786 mg, 2.45 mmol), and DIPEA (1.42 mL, 8.16 mmol) were dissolved in 20.4 mL of
anhydrous ACN (0.1M). The solution was stirred for 1 h. The reaction mixture was then
diluted in DCM (60 mL) and quenched with two saturated sodium chloride washes (100
mL, sat. ag.). The organic layers were collected, dried over sodium sulfate, and
concentrated in vacuo to give the crude dipeptide. The dipeptide was purified via flash
column chromatography using an ethyl acetate and hexanes gradient solvent system
where the pure product eluted at 65% EA/Hex. The pure tripeptide MeO-D-Tyr-Leu-
Val-NHBoc (27.2% yield) was verified by NMR.

Rf: 0.52 (50% EA/Hex)

'H NMR (600 MHz, CD30D): § 0.82-0.93 (m, 12H), 1.27-1.44 (m, 2H), 1.45 (s, 9H),
1.96-2.05 (m, 1H), 2.18 (m, 1H), 2.82-2.87 (m, 1H), 3.11 (m, 1H), 3.70 (s, 3H), 3.82 (m,
aH), 4.43 (m, aH), 4.61 (m, aH), 5.34 (OH), 6.70 (d, 2H), 7.01 (d, 2H).

Note: Dipeptide HO-Leu-Leu-NHBoc for the following linear pentapeptide was
synthesized by the author’s colleague.

Linear pentapeptide MeO-D-Tyr-Leu-Val-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of Boc-
Leu-Leu-OH (370 mg, 0.505 mmol), DEPBT (60 mg, 0.202 mmol), HATU (96 mg,
0.252 mmol), TBTU (48 mg, 0.151 mmol), and DIPEA (0.71 mL, 4.04 mmol) were
dissolved in a 6.0 mL solution of anhydrous DCM. MeO-D-Tyr-Leu-Val-NH; (227 mg,
0.556 mmol) was dissolved in another 6.0 mL anhydrous DCM and was added, by long-

needle syringe, to the mixture containing the coupling reagents (0.05M final
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concentration). The solution was stirred for 2 h. The reaction was then diluted in DCM
(100 mL) and subjected to two aqueous washes of 10% HCI (100 mL each), four washes
of sodium bicarbonate solution (100 mL, sat. aq.), and one wash of saturated sodium
chloride (100 mL, sat. ag.). The organic layers were combined, dried over sodium
sulfate, and concentrated in vacuo. Upon analysis by TLC, LCMS, and NMR, the product
(MeO-D-Tyr-Leu-Val-Leu-Leu-NHBoc, 68.2% yield) was found mostly pure and was
not taken on for further purification.

Rf: 0.46 (65% EA/Hex)

'H NMR (400 MHz, CD30D): § 0.72-0.88 (m, 24H), 1.15-1.47 (m, 6H), 1.35 (s, 9H),
1.48-1.65 (m, 3H), 1.90-1.99 (m, 1H), 2.71-2.81 (m, 1H), 2.95-3.07 (m, 1H), 3.59 (s,
3H), 3.96-4.08 (m, 2aH), 4.27-4.39 (m, 20H), 4.48-4.53 (m, laH), 6.60 (d, 2H), 6.92 (d,
2H).

LCMS: m/z called for C3gHgsNsOg (M+1) = 734.46, found 734.4.

Double-deprotected linear pentapeptide HO-D-Tyr-Leu-Val-Leu-Leu-NH,
Following the general “In situ double deprotection” procedure, MeO-D-Tyr-Leu-Val-
Leu-Leu-NHBoc (253 mg, 0.344 mmol) and anisole (0.074 mL, 0.688 mmol) were
dissolved in 3.44 mL of THF. HCI was added dropwise (7 drops) and the reaction was
allowed to run overnight. By LCMS, no product had formed and there was no change in
the amount of starting material, so additional HCI was added (7 drops) and allowed to run
for four days. When reaction did not indicate completion, an additional 5 drops of HCI
was added over three days. Finally, the reaction was concentrated in vacuo and analyzed
by LCMS.

LCMS: m/z called for C3,Hs3NsO7 (M+1) = 620.39, found 620.4.
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Cyclic pentapeptide D-Tyr-Leu-Val-Leu-Leu
Following the “General macrocyclization procedure”, HO-D-Tyr-Leu-Val-Leu-Leu-
NH2 (214 mg, 0.344 mmol), DEPBT (41.0 mg, 0.137 mmol), HATU (78.0 mg, 0.206
mmol), TBTU (55.0 mg, 0.172 mmol), and DIPEA (0.360 mL, 2.06 mmol) were
dissolved in 49.1 mL of anhydrous DCM and ACN (1:1, v/v, 0.007M). Anhyrdous DMF
(10 mL) was added to improve solubility. The reaction was allowed to stir for 1.5 h and
was monitored by LCMS. Upon completion, the reaction was worked up with 2 washes
of saturated sodium chloride (150 mL each, sat. ag.) and back-extracted with DCM. The
organic layers were collected, dried over sodium sulfate, and concentrated in vacuo. The
pentapeptide was purified by flash column chromatography using an EA/Hex gradient
solvent system where the semi-pure product eluted at 100EA. Further purification was
performed using RP-HPLC to give the cyclic pentapeptide D-Tyr-Leu-Val-Leu-Leu
(48.5% yield) was verified by NMR, LCMS, and analytical HPLC.
Rf: 0.27 (100% EA)
'H NMR (600 MHz, CD3OD): § 0.66 (d, 3H), 0.79 (d, 3H), 0.89-1.00 (m, 18H), 1.26-
1.42 (m, 2H), 1.44-1.72 (m, 7H), 2.58-2.67 (m, 1H), 2.84-2.93 (m, 2H), 4.05-4.11 (m,
laH), 4.32-4.38 (m, 1aH), 4.43-4.50 (m, 1aH), 4.50-4.57 (m, 1aH), 6.70 (d, 2H), 7.02 (d,
2H), 7.49 (d, NH), 8.12 (d, NH), 8.29 (d, NH), 8.76 (d, NH)
LCMS: m/z called for C3,Hs;NsOg (M+1) = 602.38, found 602.4.

SYNTHESIS OF SANA 8 AND DI-SANA 8
Dipeptide MeO-D-Phe-D-Leu-NHBoc
Following the “General solution-phase peptide synthesis” procedure, a mixture of H-

D-Phe-OMe<HCI (0.951 g, 4.40 mmol), Boc-D-Leu-OH (1.0 g, 4.00 mmol), TBTU (1.54
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g, 4.80 mmol), and DIPEA (2.80 mL, 16.00 mmol) were dissolved in 44.1 mL of
anhydrous DCM (0.1M). The reaction was stirred for 1 h. The reaction mixture was
diluted in ethyl acetate (100 mL) and subjected to the “General acid-base work-up”
procedure. The organic layer was collected, dried over sodium sulfate, and concentrated
in vacuo to give the pure dipeptide MeO-D-Phe-D-Leu-NHBoc as a white powder
(98.7% yield).

Rf: 0.56 (30% EA/Hex)

'H NMR (200 MHz, CDCl5): 6 0.86 (d, 6H), 1.43 (s, 9H), 1.60-1.71 (m, 2H+ H.0), 3.08-
3.18 (M, 2H), 3.71 (s, 3H), 4.02-4.14 (m, oH), 4.73-4.85 (m, aH), 6.47 (d, 1 NH), 7.07-
7.15 (m, 2H), 7.23-7.33 (m, 3H).

Dipeptide MeO-D-Phe-D-Leu-NH,

Following the “General solution-phase amine deprotection” procedure, MeO-D-Phe-
D-Leu-NHBoc (1.55 g, 3.95 mmol) was dissolved in a 39.5 mL solution of DCM/TFA
(3:1, v/v, 0.1M) along with anisole (0.86 mL, 7.90 mmol). The reaction mixture was
allowed to stir for 1 hour, and then was concentrated in vacuo to give MeO-D-Phe-D-
Leu-NH; in a quantitative yield. This dipeptide was taken on to the next coupling step
without any further purification or characterization.

Tripeptide MeO-D-Phe-D-Leu-Val-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of
MeO-D-Phe-D-Leu-NH; (1.15 g, 3.95 mmol), Boc-Val-OH (0.780 g, 3.59 mmol), TBTU
(1.38 g, 4.30 mmol), and DIPEA (2.5 mL, 14.4 mmol) were dissolved in 35.9 mL of
anhydrous DCM (0.1M). The solution was stirred for 2 h. The reaction mixture was then

diluted in ethyl acetate (100 mL) and subjected to the “General acid-base work-up”
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procedure. The organic layer was collected, dried over sodium sulfate, and concentrated
in vacuo to give the pure tripeptide MeO-D-Phe-D-Leu-Val-NHBoc as a white powder
(97.0% vyield).

Rf: 0.54 (50% EA/Hex)

'H NMR (200 MHz, CDCls): § 0.8-1.1 (m, 12H), 1.4 (s, 9H), 1.6-1.8 (m, 3H), 2.1-2.2 (m,
1H), 3.0-3.2 (m, 2H), 3.7 (5, 3H), 3.8-4.0 (m, aH), 4.4-4.5 (m, aH), 4.7-4.9 (m, oH), 4.9
(br, 1H), 6.1-6.3 (d, 1H), 6.5-6.6 (br, 1H), 7.1-7.4 (m, 5H).

Tripeptide MeO-D-Phe-D-Leu-Val-NH;

Following the “General solution-phase amine deprotection” procedure, MeO-D-Phe-
D-Leu-Val-NHBoc (1.72 g, 3.49 mmol) was dissolved in a 34.9 mL solution of
DCM/TFA (3:1, v/v, 0.1M) along with anisole (0.76 mL, 6.99 mmol). The reaction
mixture was allowed to stir for 1.5 hours, and then was concentrated in vacuo to give
MeO-D-Phe-Leu-Val-NH; in a quantitative yield. This tripeptide was taken on to the
next coupling step without any further purification or characterization.

Dipeptide MeO-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
Leu-OMe<HCI (0.80 g, 4.41 mmol), Boc-Leu-OH+H,0 (1.00 g, 4.01 mmol), TBTU (1.54
g, 4.81 mmol), and DIPEA (2.79 mL, 16.00 mmol) were dissolved in 40.1 mL of
anhydrous DCM (0.1M). The reaction was stirred for 1 h. The reaction mixture was
diluted in ethyl acetate (100 mL) and subjected to the “General acid-base work-up”
procedure. The organic layer was collected, dried over sodium sulfate, and concentrated
in vacuo to give the pure dipeptide MeO-Leu-Leu-NHBoc as a white powder (98%

yield).
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Rf: 0.57 (30% EA/Hex)

'H NMR (200 MHz, CDCls): § 0.80-1.00 (m, 12H), 1.21-1.32 (m, 4H), 1.45 (s, 9H),
1.53-1.77 (m, 2H+ H,0), 3.73 (s, 3H), 4.04-4.19 (m, aH), 4.52-4.71 (m, aH), 4.83 (br, 1
NH), 6.43 (br, 1 NH).

Dipeptide HO-Leu-Leu-NHBoc

Following the “General solution-phase acid deprotection” procedure, MeO-Leu-Leu-
NHBoc (698 mg, 1.94 mmol) and lithium hydroxide (653 mg, 15.6 mmol) was dissolved
in 19.4 mL of methanol (0.1M). The reaction mixture was allowed to stir for 1 h. The
reaction was diluted in DCM (100 mL) and treated with pH 1 water (100 mL). After
verifying that the aqueous layer remained acidic (pH ~3), the product was extracted with
five washes of DCM (100 mL each). The organic layers were combined, dried over
sodium sulfate, and concentrated in vacuo to give the pure dipeptide HO-Leu-Leu-
NHBoc. This dipeptide was taken on to the next coupling step without any further
purification or characterization.

Linear pentapeptide MeO-D-Phe-D-Leu-Val-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of Boc-
Leu-Leu-OH (1.09 mg, 3.17 mmol), DEPBT (284 mg, 0.950 mmol), HATU (361 mg,
0.950 mmol), TBTU (611 mg, 1.90 mmol), and DIPEA (4.43 mL, 25.4 mmol) were
dissolved in a 6.0 mL solution of anhydrous DCM (0.025M). MeO-D-Phe-Leu-Val-NH;
(1.37 g, 3.49 mmol) was dissolved in another 15.8 mL anhydrous DCM and ACN (1:1,
v/v) and was added, by long-needle syringe, to the mixture containing the coupling
reagents (0.1M final concentration). Anhydrous THF (1 mL) and DMF (3 drops) were

added to improve solubility. The solution was stirred for 1.5 h and was monitored by
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TLC. The reaction was then diluted in DCM (100 mL) and subjected to two aqueous
washes of 10% HCI (100 mL each), four washes of sodium bicarbonate solution (100
mL, sat. ag.), and two washes of saturated sodium chloride (100 mL, sat. aq.). The
organic layers were combined, dried over sodium sulfate, and concentrated in vacuo.
Crude material was purified by flash column chromatography using an EA/Hex gradient
solvent system where the product eluted at 75EA/25Hex and was verified by NMR.
(MeO-D-Phe-D-Leu-Val-Leu-Leu-NHBoc, 58.0% yield).

Rf: 0.52 (50% EA/Hex)

'H NMR (400 MHz, CD30D): 6 0.8-1.0 (m, 24H), 1.4 (s, 9H), 3.1-3.2 (m, 2H), 3.7 (5,
3H), 4.2 (m, 2aH), 4.4-4.5 (m, 2aH), 4.6-4.7 (m, aH), 7.2-7.3 (M, 5H).

Linear pentapeptide HO-D-Phe-D-Leu-Val-Leu-Leu-NHBoc

Following the “General solution-phase acid deprotection” procedure, MeO-D-Phe-D-
Leu-Val-Leu-Leu-NHBoc (475 mg, 0.661 mmol) and lithium hydroxide (222 mg, 5.28
mmol) was dissolved in 6.61 mL of methanol (0.1M). The reaction mixture was allowed
to stir overnight. Completion was verified by TLC. The reaction was diluted in DCM
(100 mL) and treated with pH 1 water (100 mL). After verifying that the aqueous layer
remained acidic (pH ~3), the product was extracted with five washes of DCM (100 mL
each). The organic layers were combined, dried over sodium sulfate, and concentrated in
vacuo to give the linear pentapeptide HO-D-Phe-D-Leu-Val-Leu-Leu-NHBoc (81.5%
yield). This pentapeptide was taken on to the next deprotection step without any further
purification or characterization.

Double-deprotected linear pentapeptide HO-D-Phe-D-Leu-Val-Leu-Leu-NH,
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Following the “General solution-phase amine deprotection” procedure, HO-D-Phe-D-
Leu-Val-Leu-Leu-NHBoc (381 mg, 0.539 mmol) was dissolved in a 4.04 mL solution of
DCMI/TFA (3:1, viv, 0.1M), along with anisole (0.12 mL, 1.08 mmol). The reaction
mixture was allowed to stir for 2 h, and then was concentrated in vacuo to give the
double-deprotected linear pentapeptide HO-D-Phe-D-Leu-Val-Leu-Leu-NH;
(quantitative yield), which was verified by LCMS.

LCMS: m/z called for C3;Hs3NsOg (M+1) = 604.4, found 604.3.

Macrocycle D-Phe-D-Leu-Val-Leu-Leu

Following the “General macrocyclization procedure”, HO-D-Phe-D-Leu-Val-Leu-Leu-
NH2 (163 mg, 0.269 mmol), DEPBT (56.3 mg, 0.188 mmol), HATU (51.1 mg, 0.135
mmol), TBTU (43.1 mg, 0.135 mmol), and DIPEA (0.38 mL, 2.15 mmol) were dissolved
in 0.54 mL of anhydrous DMF (0.5M). The reaction was allowed to stir for 1.5 h and
was monitored by LCMS for the formation of cyclic pentapeptide and decapeptide. Upon
completion, the ratio of cyclic pentapeptide to cyclic decapeptide products was
approximately 1:1. The reaction was diluted in DCM (100 mL) and worked up with 2
washes of saturated sodium chloride (100 mL each, sat. ag.) and back-extracted with
DCM. The organic layers were collected, dried over sodium sulfate, and concentrated in
vacuo. The products were initially purified by flash column chromatography using an
EA/Hex gradient solvent system where the semi-pure mixture (1:1) of pentapeptide and
decapeptide products eluted at 75EA. Further purification and separation was performed
using RP-HPLC. Both the cyclic pentapeptide and decapeptide (71.4% combined yield)
were analyzed by NMR, LCMS, and analytical HPLC.

Rf: 0.50 (80% EA/Hex)
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Cylized pentapeptide
'H NMR (600 MHz, CDs0D): & 0.8-1.0 (m, 24H), 1.2-1.4 (m, 3H), 1.5-1.7 (m, 6H), 2.9-
3.1 (m, 1H), 3.2-3.4 (m, 1H), 3.6-3.8 (M, 1H), 4.0-4.1 (m, 1aH), 4.1-4.2 (m, 20H), 4.2-
4.4 (m, 1aH), 4.6-4.8 (m, 1aH), 7.2-7.4 (m, 5H).
LCMS: m/z calcd for C3,Hs1NsOs (M+23) = 608.39, found 608.6.
Cyclized decapeptide
'H NMR (600 MHz, CD30D): § 0.74-1.00 (m, 48H), 1.42-1.85 (m, 20H), 1.98-2.10 (m,
2H), 2.64-2.71 (m, 2H), 2.91-2.97 (m, 2H), 3.61-3.68 (M, 2H), 4.02-4.12 (m, 30H), 4.42-
4.52 (m, 2aH), 4.59-4.70 (m, 2aH), 7.18-7.32 (m, 10H), 7.50 (d, NH), 7.58 (d, NH), 7.67
(d, NH), 8.16 (d, NH), 8.24 (m, 2NH), 8.35 (m, 2NH), 8.52 (d, 2NH).
LCMS: m/z called for CesH102N10010 (M+1) = 1171.78, found 1175.1.

SYNTHESIS OF SANA 9 AND DI-SANA 9
Dipeptide MeO-Phe-D-Phe-NHBoc
Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
Phe-OMe (0.450 g, 2.00 mmol), Boc-D-Phe-OH (0.500 g, 1.90 mmol), TBTU (0.724 g,
2.30 mmol), and DIPEA (1.30 mL, 7.60 mmol) were dissolved in 18.8 mL of anhydrous
DCM (0.1M). The reaction was stirred for 1 h. The reaction mixture was diluted in ethyl
acetate (100 mL) and subjected to the “General acid-base work-up” procedure. The
organic layer was collected, dried over sodium sulfate, and concentrated in vacuo to give
the pure dipeptide MeO-Phe-D-Phe-NHBoc as a white powder (99.6% yield).
Rf: 0.61 (35% EA/Hex)
'H NMR (200 MHz, CDCls): & 1.40 (s, 9H), 2.88-3.15 (m, 4H), 3.68 (s, 3H), 4.30-4.40

(m, aH), 4.79-4.94 (m, oH), 6.30-6.39 (M, 1H), 6.91-6.98 (m, 1H), 7.15-7.33 (M, 10H).
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Dipeptide MeO-Phe-D-Phe-NH,

Following the “General solution-phase amine deprotection” procedure, MeO-Phe-D-
Phe-NHBoc (0.798 g, 1.87 mmol) was dissolved in an 18.7 mL solution of DCM/TFA
(3:1, v/v, 0.1M) along with anisole (0.41 mL, 3.74 mmol). The reaction mixture was
allowed to stir for 1 h, and then was concentrated in vacuo to give MeO-Phe-D-Phe -NH,
in a quantitative yield. This dipeptide was taken on to the next coupling step without any
further purification or characterization.

Tripeptide MeO-Phe-D-Phe-D-Val-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of
MeO-Phe-D-Phe -NH; (0.610 g, 1.87 mmol), Boc-D-Val-OH (0.369 g, 1.70 mmol),
TBTU (0.655 g, 2.04 mmol), and DIPEA (1.5 mL, 8.50 mmol) were dissolved in 17.0
mL of anhydrous DCM (0.1M). The solution was stirred for 1 h. The reaction mixture
was then diluted in ethyl acetate (100 mL) and subjected to the “General acid-base
work-up” procedure. The organic layer was collected, dried over sodium sulfate, and
concentrated in vacuo to give the pure tripeptide MeO-Phe-D-Phe-D-Val-NHBoc as a
white powder (99.6% yield).

Rf: 0.50 (50% EA/Hex)

'H NMR (200 MHz, CDCls): § 0.72-0.94 (m, 6H), 1.44 (s, 9H), 2.05-2.10 (m, 1H), 2.95-
3.08 (m, 4H), 3.65 (s, 3H), 3.82-3.90 (m, aH), 4.60-4.79 (m, 2aH), 4.80-4.88 (m, 1H),
6.39-6.52 (m, 2H), 6.90-7.00 (m, 2H), 7.15-7.36 (m, 10H).

Tripeptide MeO-Phe-D-Phe-D-Val-NH,

Following the “General solution-phase amine deprotection” procedure, MeO-Phe-D-

Phe-D-Val-NHBoc (0.890 g, 1.70 mmol) was dissolved in a 17.0 mL solution of
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DCMI/TFA (3:1, viv, 0.1M) along with anisole (0.37 mL, 3.40 mmol). The reaction
mixture was allowed to stir for 1 h, and then was concentrated in vacuo to give MeO-
Phe-D-Phe-D-Val-NH; in a quantitative yield. This tripeptide was taken on to the next
coupling step without any further purification or characterization.

Dipeptide MeO-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of H-
Leu-OMe*HCI (0.402 g, 2.21 mmol), Boc-Leu-OH+H,0 (0.500 g, 2.01 mmol), TBTU
(0.774 g, 2.41 mmol), and DIPEA (1.40 mL, 8.02 mmol) were dissolved in 20.1 mL of
anhydrous DCM (0.1M). The reaction was stirred for 1.5 h. The reaction mixture was
diluted in ethyl acetate (100 mL) and subjected to the “General acid-base work-up”
procedure. The organic layer was collected, dried over sodium sulfate, and concentrated
in vacuo to give the pure dipeptide MeO-Leu-Leu-NHBoc as a white powder (89.4%
yield). This dipeptide was taken on to the next coupling step without any further
purification or characterization.

Rf: 0.57 (30% EA/Hex)

Dipeptide HO-Leu-Leu-NHBoc

Following the “General solution-phase acid deprotection” procedure, MeO-Leu-Leu-
NHBoc (0.664 g, 1.85 mmol) and lithium hydroxide (0.621 g, 14.8 mmol) was dissolved
in 18.5 mL of methanol (0.1M). The reaction mixture was allowed to stir for 3 h. The
reaction was diluted in DCM (100 mL) and treated with pH 1 water (100 mL). After
verifying that the aqueous layer remained acidic (pH ~3), the product was extracted with
five washes of DCM (100 mL each). The organic layers were combined, dried over

sodium sulfate, and concentrated in vacuo to give the pure dipeptide HO-Leu-Leu-
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NHBoc (0.573 g, 89.7% yield). This dipeptide was taken on to the next coupling step
without any further purification or characterization.

Pentapeptide MeO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc

Following the “General solution-phase peptide synthesis” procedure, a mixture of Boc-
Leu-Leu-OH (532 mg, 1.54 mmol), HATU (505 mg, 1.33 mmol), TBTU (346 mg, 1.08
mmol), and DIPEA (2.2 mL, 12.3 mmol) were dissolved in a 7.7 mL solution of
anhydrous DCM. MeO-Phe-D-Phe-D-Val-NH; (1.37 g, 3.49 mmol) was dissolved in
another 7.7 mL anhydrous DCM, and was added, by long-needle syringe, to the mixture
containing the coupling reagents (0.1M final concentration). The reaction was stirred for
1 hour and was monitored by TLC. Upon completion, the reaction was then diluted in
DCM (100 mL) and subjected to two aqueous washes of 10% HCI (100 mL each), two
washes of sodium bicarbonate solution (100 mL, sat. ag.), and two washes of saturated
sodium chloride (100 mL, sat. ag.). The organic layers were combined, dried over
sodium sulfate, and concentrated in vacuo. Crude material was purified by flash column
chromatography using an EA/Hex gradient solvent system where the product eluted at
75EA/25Hex. The pure pentapeptide (MeO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc, 80.2%
yield) was verified by NMR.

Rf: 0.55 (75% EA/Hex)

'H NMR (400 MHz, CD3;0D): § 0.67-0.86 (m, 6H), 0.90-1.00 (m, 12H), 1.42 (s, 9H),
1.49-1.75 (m, 4H), 1.90-2.02 (m, 1H), 2.03-2.14 (m, 1H), 2.74-2.80 (m, 1H), 2.90-3.00
(m, 2H), 3.01-3.14 (m, 2H), 3.67 (s, 3H), 3.96-4.18 (m, 2aH), 4.35-4.40 (m, aH), 4.54-
4.67 (m, 2aH), 7.08-7.29 (m, 10H).

Linear pentapeptide HO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc
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Following the “General solution-phase acid deprotection” procedure, MeO-Phe-D-
Phe-D-Val-Leu-Leu-NHBoc (931 mg, 1.24 mmol) and lithium hydroxide (415 mg, 9.89
mmol) was dissolved in 12.4 mL of methanol (0.1M). The reaction mixture was allowed
to stir overnight. Completion was verified by TLC. The reaction was diluted in DCM
(100 mL) and treated with pH 1 water (100 mL). After verifying that the aqueous layer
remained acidic (pH ~1-3), the product was extracted with five washes of DCM (100 mL
each). The organic layers were combined, dried over sodium sulfate, and concentrated in
vacuo to give the linear pentapeptide HO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc (98.0%
yield). This pentapeptide was taken on to the next deprotection step without any further
purification or characterization.

Double-deprotected linear pentapeptide HO-Phe-D-Phe-D-Val-Leu-Leu-NH,
Following the “General solution-phase amine deprotection” procedure, HO-Phe-D-
Phe-D-Val-Leu-Leu-NHBoc (904 mg, 1.22 mmol) was dissolved in a 12.2 mL solution
of DCM/TFA (3:1, v/v, 0.1M), along with anisole (0.27 mL, 2.44 mmol). The reaction
mixture was allowed to stir for 45 min, and then was concentrated in vacuo to give the
double-deprotected linear pentapeptide HO-Phe-D-Phe-D-Val-Leu-Leu-NH,
(quantitative yield), which was verified by LCMS.

LCMS: m/z called for C3sHs:NsOg (M+1) = 638.38, found 638.4.

Macrocycle Phe-D-Phe-D-Val-Leu-Leu

Following the “General macrocyclization procedure”, HO-Phe-D-Phe-D-Val-Leu-Leu-
NH; (259 mg, 0.405 mmol), DEPBT (60.2 mg, 0.202 mmol), HATU (107.1 mg, 0.283
mmol), TBTU (64.9 mg, 0.202 mmol), and DIPEA (0.56 mL, 3.24 mmol) were dissolved

in 4.05 mL of anhydrous ACN (0.1M). The reaction was allowed to stir for 1 h, and was
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monitored by LCMS for the formation of cyclic pentapeptide and decapeptide. Upon
completion, the ratio of cyclic pentapeptide to cyclic decapeptide products was
approximately 1:1. The reaction was diluted in DCM (100 mL) and worked up with 2
washes of saturated ammonium chloride (100 mL each, sat. aq.) and back-extracted with
DCM. The organic layers were collected, dried over sodium sulfate, and concentrated in
vacuo. The products were initially purified by flash column chromatography using an
EA/Hex gradient solvent system where the semi-pure mixture (1:1) of pentapeptide and
decapeptide products eluted at 75EA. Further purification and separation was performed
using RP-HPLC. Both the cyclic pentapeptide and decapeptide (67.1% combined yield)
were analyzed by NMR, LCMS, and analytical HPLC.
Cyclized pentapeptide Rf: 0.34 (75% EA/Hex)
'H NMR (400 MHz, CD30D): § 0.8-1.0 (m, 24H), 1.2-1.4 (m, 3H), 1.5-1.7 (m, 6H), 2.9-
3.1 (m, 1H), 3.2-3.4 (m, 1H), 3.6-3.8 (M, 1H), 4.0-4.1 (m, 1aH), 4.1-4.2 (m, 2aH), 4.2-
4.4 (m, 1oH), 4.6-4.8 (m, 1aH), 7.2-7.4 (m, 5H).
LCMS: m/z calcd for C3sH49NsOs (M+1) = 620.37, found 621.0.
Cyclized decapeptide Rf: 0.56 (75% EA/Hex)
'H NMR (600 MHz, CDs0OD): & 0.68-1.00 (m, 36H), 1.52-1.84 (m, 12H), 2.02-2.13 (m,
2H), 2.85-2.98 (m, 4H), 3.01-3.11 (m, 2H), 3.12-3.16 (m, 2H), 3.97 (m, aH), 4.30-4.45
(m, 20H), 4.52 (m, 2aH), 4.65 (m, 2aH), 7.02 (d, NH), 7.09-7.34 (m, 20H), 7.57 (d, NH),
7.72 (d, NH), 7.99 (d, NH), 8.25 (d, NH), 8.44 (d, NH).
LCMS: m/z calcd for C7oHggN19010 (M+1) = 1239.75, found 1240.8.

SYNTHESIS OF 13-T-I11

Dipeptide Resin-Leu-N-Me-Lys(Boc)-NH
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CTC-Leu-NH; resin (1.08 g, 0.874 mmol) was swelled in DMF for 30 min and drained.
Then, following the “General solid-phase peptide coupling” procedure, the resin,
Fmoc-N-Me-Lys-OH (0.50 g, 1.05 mmol), HOBt (0.40 g, 2.62 mmol), and DIC (0.81
mL, 5.24 mmol) were combined in 4.37 mL of DMF (0.2M, to the resin loading). The
reaction was shaken overnight. Completion of the reaction was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine dipeptide in a
quantitative yield.

Tripeptide Resin-Leu-N-Me-Lys(Boc)-D-Leu-NH;

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-N-Me-
Lys(Boc)-NH, (0.874 mmol), Fmoc-D-Leu-OH (0.93 g, 2.62 mmol), HOAt (0.36 g, 2.62
mmol), and DIC (0.81 mL, 5.24 mmol) were combined in 4.37 mL of DMF (0.2M, to the
resin loading). The reaction was shaken overnight. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield.

Tetrapeptide Resin-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-N-Me-
Lys(Boc)-D-Leu-NH; (0.874 mmol), Fmoc-D-Phe-OH (1.01 g, 2.62 mmol), HOBt (0.40
g, 2.62 mmol), and DIC (0.81 mL, 5.24 mmol) were combined in 4.37 mL of DMF
(0.2M, to the resin loading). The reaction was shaken overnight. Completion of the

reaction was verified by ninhydrin test. The resin was washed three times with DMF and



163

subjected to the “General solid-phase amine deprotection” procedure to give the resin-
bound free-amine tetrapeptide in a quantitative yield.

Pentapeptide Resin-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-[(2R,3R)/(2S,3S)-p-OH-Phe]-
NH>

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-N-Me-
Lys(Boc)-D-Leu-D-Phe-NH; (0.874 mmol), Fmoc-[(2R,3R)/(2S,3S)--OH-Phe]-OH
(0.43 g, 1.06 mmol), HOBt (0.33 g, 2.16 mmol), and DIC (0.81 mL, 5.24 mmol) were
combined in 3.50 mL of DMF (0.25M, to the resin loading). The reaction was shaken
overnight. Completion of the reaction was verified by ninhydrin test. The resin was
washed three times with DMF and subjected to the “General solid-phase N-terminal
amine deprotection” procedure to give the resin-bound free-amine pentapeptide in a
quantitative yield.

Double-deprotected pentapeptide HO-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-
[(2R,3R)/(2S,3S)-B-OH-Phe]-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-[(2R,3R)/(2S,3S)-p-OH-
Phe]-NH, (1.45 g) was stirred in a 15 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin)
for 24 h. The solution was filtered from the resin and concentrated in vacuo to give the
DDLP (475.5 mg, 68.3% yield).

Macrocyclic pentapeptide [(2R,3R)/ (25/3S)-p-OH-Phe]-Leu-N-Me-Lys(Boc)-D-Leu-
D-Phe

Following the “General macrocyclization (syringe pump) procedure”, HO-[(2R,3R)/

(2S/3S)-B-OH-Phe]-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe-NH; (190 mg, 0.238 mmol) was
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dissolved in 17.0 mL of dry DCM and loaded into a syringe. In a round-bottom flask,
DEPBT (50.0 mg, 0.167 mmol), HATU (63.0 mg, 0.167 mmol), TBTU (54.0 mg, 0.167
mmol), and DIPEA (0.165 mL, 0.950 mmol) were dissolved in 17 mL of anhydrous
DCM. The peptide in the syringe was injected into the flask at a rate of 8mL/hour. After
the first hour, additional DIPEA (0.165 mL, 0.950 mmol) was added. The final
concentration of the reaction was 0.007M. The reaction was allowed to stir for 1 h after
the addition of all of the peptide and was monitored by LCMS. Upon completion, the
reaction was worked up with 2 washes of saturated ammonium chloride (150 mL each,
sat. ag.) and back-extracted with DCM. The organic layers were collected, dried over
sodium sulfate, and concentrated in vacuo. The pentapeptide was purified by flash
column chromatography using an EA/Hex gradient solvent system where the pure
product eluted at 100EA. The cyclized pentapeptide ([(2R,3R)/ (25/3S)--OH-Phe]-Leu-
N-Me-Lys(Boc)-D-Leu-D-Phe, 87.9% yield) was verified by NMR and LCMS.

LCMS: m/z calcd for C4,Hg2NgOg (M+1) = 779.46, found 779.0.

Benzylated macrocycle[(2R,3R)/(2S/3S)-$-OBn-Phe]-Leu-N-Me-Lys(Boc)-D-Leu-D-
Phe

Following the general “Benzylation” procedure, cyclized [(2R,3R)/(2S/3S)-p-OH-Phe]-
Leu-N-Me-Lys(Boc)-D-Leu-D-Phe (185 mg, 0.238 mmol) was dissolved in 2.38 mL of
anhydrous THF (0.1M). NaH (23.0 mg, 0.952 mmol, 60% in mineral oil, w/w) was
added and the reaction was subsequently re-purged with argon gas. After the addition of
BnBr (0.11 mL, 0.952 mmol), the reaction was allowed to run for three hours and was
checked by LCMS. Additional NaH (11.5 mg, 0.476 mmol) was added at three hours

and the reaction proceeded to run overnight. Upon checking the reaction by LCMS,
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additional BnBr (0.06 mL, 0.476 mmol) was added and the reaction ran overnight again.
Upon completion, the reaction was diluted in DCM (50 mL), quenched with two DI water
washes (50 mL each), dried over sodium sulfate, and concentrated in vacuo. The product
(62.3% yield) was analyzed by LCMS and not subjected to further purification.
LCMS: m/z calcd for C49HgsNeOg (M+1) = 869.51, found 873.9.
Deprotected lysine macrocycle [(2R,3R)/(2S/3S)-p-OBn-Phe]-Leu-N-Me-Lys-D-Leu-
D-Phe
Following the “General solution-phase amine deprotection” procedure,
[(2R,3R)/(2S/3S)-p-OBn-Phe]-Leu-N-Me-Lys(Boc)-D-Leu-D-Phe (126.8 mg, 0.148
mmol) was dissolved in a 1.5 mL solution of DCM/TFA (3:1, v/v, 0.1M), along with
anisole (0.03 mL, 0.296 mmol). The reaction was allowed to run for 45 minutes.
Completion was verified by LCMS and the reaction was concentrated in vacuo to give
the free lysine-containing macrocycle in a quantitative yield. This product was taken on
to the tagging step without any further purification or characterization.

SYNTHESIS OF 13-T-111-PEG-BIOTIN
[(2R,3R)/ (2S/3S)-p-OBn-Phe]-Leu-N-Me-Lys(Peg-biotin)-D-Leu-D-Phe
Following the “General coupling of PEG-biotin” procedure, cyclized
[(2R,3R)/(2S/3S)-B-OBn-Phe]-Leu-N-Me-Lys-D-Leu-D-Phe (9.0 mg, 0.012 mmol),
NHS-PEG;,-biotin (8.2 mg, 0.014 mmol), and DIPEA (0.016 mL, 0.094 mmol) were
dissolved in 0.12 mL of DCM (0.1M). The reaction was allowed to run overnight. Upon
completion, the reaction was concentrated in vacuo, and purified via RP-HPLC to give
the biotinylated compound (29.7% yield).

LCMS: m/z calcd for CsHgsNgO13S (M+1) = 1242.68, found 1244.1.
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SYNTHESIS OF 13-T-11I-FLUORESCEIN
[(2R,3R)/ (2S/3S)-p-OBn-Phe]-Leu-N-Me-Lys(Fluorescein)-D-Leu-D-Phe
Following the “General coupling of fluorescein” procedure, cyclized [(2R,3R)/(2S/3S)-
-OBn-Phe]-Leu-N-Me-Lys-D-Leu-D-Phe (9.9 mg, 0.0123 mmol), NHS-fluorescein
(10.5 mg, 0.0221 mmol), and DIPEA (0.017 mL, 0.0984 mmol) were dissolved in 0.12
mL of DCM (0.1M). The reaction was allowed to run for 3 h. The crude reaction was
concentrated in vacuo and purified via RP-HPLC to give the tagged peptide (44.8%
yield).
LCMS: m/z calcd for CgsH7oNgO12 (M+1) = 1127.51, found 1127.5 .

SYNTHESIS OF 1-T-111-PEG-BIOTIN
Following the “General coupling of PEG-biotin” procedure, cyclized Phe-Leu-Lys-
Leu-Leu (9.9 mg, 0.0161 mmol), NHS-PEG;-biotin (9.0 mg, 0.0153 mmol), and DIPEA
(0.07 mL, 0.0405 mmol) were dissolved in 0.15 mL of DCM (0.1M). The reaction was
allowed to run overnight. Upon completion, the reaction was concentrated in vacuo, and
purified via RP-HPLC to give the biotinylated compound (87.3% yield).
LCMS: m/z calcd for CssHggNgO12S (M+1) = 1088.6, found 1088.6.
SYNTHESIS OF 12-T-1-PEG-BIOTIN

Following the “General coupling of PEG,-biotin” procedure, cyclized Lys-N-Me-D-
Phe-Val-Leu-Lys(Cbz) (9.5 mg, 0.0124 mmol), NHS-PEG,-biotin (8.8 mg, 0.0149
mmol), and DIPEA (0.02 mL, 0.0995 mmol) were dissolved in 0.12 mL of DCM (0.1M).
The reaction was allowed to run overnight. Upon completion, the reaction was
concentrated in vacuo, and purified via RP-HPLC to give the biotinylated compound

(74.8% vield).
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'H NMR (400 MHz, CDs0D): & 0.8-1.0 (m, 12H), 1.0-1.2 (m, 2H), 1.3-1.8 (m, 21H),
2.0-2.1 (m, 2H), 2.2 (t, 2H), 2.4 (t, 2H), 2.7 (t, 1H), 2.9 (m, 1H), 3.1 (s, 3H), 3.1-3.2 (m,
7H), 3.5-3.8 (m, 12H), 3.9 (M, 1H), 4.1-4.2 (m, 2H), 4.3 (m, aH), 4.5 (m, 20H), 5.1 (s,
2H), 5.2 (t, 1H), 7.2-7.4 (m, 10H), 7.8 (d, 1H), 7.9 (d, 1H), 8.0 (d, 1H), 8.3 (d, 1H).
LCMS: m/z calcd for CgaHgsN10014S (M+1) = 1237.68, found 1238.2.

SYNTHESIS OF 12-T-111-PEG-BIOTIN
Following the “General coupling of PEG4-biotin” procedure, cyclized Phe-N-Me-D-
Phe-Lys-Leu-Lys(Cbz) (10.5 mg, 0.0129 mmol), NHS-PEG,-biotin (9.1 mg, 0.0155
mmol), and DIPEA (0.02 mL, 0.103 mmol) were dissolved in 0.13 mL of DCM (0.1M).
Additional NHS-PEG-biotin (4.0 mg, 0.00679 mmol) was added after 4 h and the
reaction was allowed to continue overnight. Upon completion, the reaction was
concentrated in vacuo, and purified via RP-HPLC to give the pure biotinylated compound
Phe-N-Me-D-Phe-Lys(Peg-biotin)-Leu-Lys(Cbz) (90.6% yield).
'H NMR (400 MHz, CD;0D): & 0.8-1.0 (m, 6H), 1.3-1.8 (m, 21H), 2.2 (t, 2H), 2.4 (t,
2H), 2.7 (t, 1H), 2.8 (s, 3H), 2.9-3.0 (m, 2H), 3.1-3.2 (m, 2H), 3.2 (m, 1H), 3.4 (m, 2H),
3.5 (m, 2H), 3.6 (s, 12H), 3.7 (m, 2H), 4.2 (m, oH), 4.3 (m, aH), 4.5 (m, aH), 4.6-4.7 (m,
2H), 5.1 (s, 2H), 5.2 (t, 1H), 7.2-7.4 (m, 15H), 7.4 (d, 1H), 7.9 (d, 1H), 8.1 (d, 1H), 8.4 (d,
1H).
LCMS: m/z calcd for CegHgsN10014S (M+1) = 1284.68, found 1285.8.

SYNTHESIS OF 13-T-1-PEG-BIOTIN
Following the “General coupling of PEG,-biotin” procedure, cyclized [(2R,3R)-B-OH-
Phe]-Leu-N-Me-Val-D-Leu-D-Phe (7.0 mg, 0.0108 mmol), NHS-PEG,-biotin (7.6 mg,

0.0129 mmol), and DIPEA (0.015 mL, 0.0864 mmol) were dissolved in 0.11 mL of DCM
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(0.1M). Additional NHS-PEG-biotin (7.6 mg, 0.0108 mmol) and DIPEA (4 equivalents)
was added over the course of two weeks. The reaction could not be pushed to
completion, less than 5% product formed and 95% starting material remained. The
reaction was concentrated in vacuo, and the product and starting material were separated
via RP-HPLC. The pure biotinylated compound [(2R,3R)-p-OPeg-biotin-Phe]-Leu-N-
Me-Val-D-Leu-D-Phe (4.1% yield).
LCMS: m/z calcd for Cs7HgsNgO13S (M+1) = 1123.6, found 1124.6.
SYNTHESIS OF 13-T-11-PEG-BIOTIN

Following the “General coupling of PEG-biotin” procedure, cyclized [(2R,3R)/
(2S,3S)-p-OBn-Phe]-Lys-N-Me-Val-D-Leu-D-Phe (6.3 mg, 8.34 umol), NHS-PEG,-
biotin (5.9 mg, 0.0100 mmol), and DIPEA (0.011 mL, 0.0667 mmol) were dissolved in
0.083 mL of DCM (0.1M). The reaction was allowed to run overnight. Upon
completion, the reaction was concentrated in vacuo and purified by RP-HPLC. The pure
biotinylated compound [(2R,3R)/ (25/3S)-p-OBn-Phe]-Lys(Peg-biotin)-N-Me-Val-D-
Leu-D-Phe (85.5% vyield).
'H NMR (400 MHz, CD30D): § 0.8-1.0 (m, 12H), 1.3-1.4 (m, 4H), 1.4-1.8 (m, 11H), 2.2
(t, 2H), 2.4 (t, 2H), 2.8 (s, 3H), 2.9 (m, 2H), 3.2 (M, 5H), 3.4 (m, 2H), 3.5 (m, 2H), 3.6 (s,
12H), 3.7 (m, 2H), 4.2-4.5 (m, 40H), 4.7 (m, 4H), 6.8 (m, 2H), 7.2-7.4 (m, 15H), 7.8 (d,
1H), 8.0 (d, 1H), 8.2 (d, 1H), 8.3 (d, 1H).
LCMS: m/z calcd for CggHg3NgO13S (M+1) = 1228.7, found 1228.7+23.

SYNTHESIS OF 1-T-1I-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Phe-Lys-Val-Leu-

Leu (8.0 mg, 0.0133 mmol), NHS-fluorescein (11.0 mg, 0.0239 mmol), and DIPEA
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(0.018 mL, 0.106 mmol) were dissolved in 0.13 mL of DCM (0.1M). To improve
solubility, and addition 0.2 mL was added. The reaction was allowed to run for 3 h. The
crude reaction was concentrated in vacuo, re-dissolved in 33% DMSO/67% ACN and
purified via RP-HPLC to give the tagged peptide Phe-Lys(Fluor)-Val-Leu-Leu (46.1%
yield).
'H NMR (400 MHz, (CD3),CO): & 0.8-1.0 (m, 18H), 1.2-1.4 (m, 4H), 1.5 (m, 2H), 1.6
(m, 6H), 2.0 (solvent peak), 3.0 (5H, under residual H,O peak), 4.2 (m, 2aH), 4.5 (m,
2aH), 4.6 (1aH), 6.6-6.8 (M, 6H), 7.2-7.4 (m, 5H), 7.7 (s, 1H), 7.8 (1H), 7.9 (1H), 8.0 (d,
1H), 8.2 (d, 1H).
LCMS: m/z called for Cs3Hg2NsO11 (M+1) = 959.4, found 959.0.

SYNTHESIS OF 1-T-111-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Phe-Leu-Lys-Leu-
Leu (10.4 mg, 0.0169 mmol), NHS-fluorescein (12.0 mg, 0.0254 mmol), and DIPEA
(0.042 mL, 0.135 mmol) were dissolved in 0.17 mL of DCM (0.1M). The reaction was
allowed to run overnight. The crude reaction was concentrated in vacuo, re-dissolved in
1.2 mL 50% DMSO/50% ACN, and purified via RP-HPLC to give the tagged peptide
Phe-Leu-Lys(Fluor)-Leu-Leu (44.8% vyield).
'H NMR (400 MHz, (CD3),CO): & 0.8-1.0 (m, 18H), 1.2-1.4 (m, 4H), 1.5 (m, 2H), 1.6
(m, 6H), 2.0 (solvent peak), 3.3 (m, 2H), 3.5 (m, 2H), 4.3 (m, 2aH), 4.5 (m, 2aH), 4.7
(1aH), 6.6-6.8 (m, 6H), 7.2-7.4 (m, 5H), 7.8-7.9 (m, 4H), 8.0 (1H), 8.2 (1H), 8.3 (d, 1H),
8.4 (d, 1H), 8.5 (s, 1H).

LCMS: m/z called for Cs4HgsNgO11 (M+1) = 973.5, found 973.4.
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SYNTHESIS OF 1-T-1V-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Phe-Leu-Val-Lys-
Leu (12.0 mg, 0.0200 mmol), NHS-fluorescein (14.0 mg, 0.0300 mmol), and DIPEA
(0.03 mL, 0.16 mmol) were dissolved in 0.20 mL of DCM (0.1M). The reaction was
allowed to run overnight. The crude reaction was concentrated in vacuo, re-dissolved in
1.2 mL 50% DMSO/50% ACN, and purified via RP-HPLC to give the tagged peptide
Phe-Leu-Val-Lys(Fluor)-Leu (82.4% vyield).
'H NMR (400 MHz, (CD3),CO): 5 0.8-1.0 (m, 18H), 1.1-1.2 (m, 4H), 1.5-1.8 (m, 8H),
2.0 (solvent peak), 2.5 (m, 2H), 3.1 (dd, 1H), 3.2 (m, 2H), 4.2 (aH), 4.5 (2aH), 4.7 (oH),
5.1 (aH), 6.6-6.8 (m, 5H), 7.2-7.4 (m, 5H), 7.7 (d, 2H), 7.9 (2H), 8.1 (1H), 8.2 (1H), 8.4
(d, 1H), 8.5 (1H).
LCMS: m/z called for Cs3HgNsO11 (M+1) = 959.4, found 959.7.

SYNTHESIS OF 12-T-1-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Lys-N-Me-D-Phe-
Val-Leu-Lys(Cbz) (16.0 mg, 0.0209 mmol), NHS-fluorescein (20.0 mg, 0.0419 mmol),
and DIPEA (0.03 mL, 0.167 mmol) were dissolved in 0.21 mL of DCM (0.1M). The
reaction was allowed to run for 5 h. The crude reaction was concentrated in vacuo, re-
dissolved in 1.2 mL 50% DMSO/50% ACN and purified via RP-HPLC to give the tagged
peptide Lys(Fluor)-N-Me-D-Phe-Val-Leu-Lys(Cbz) (75.4% yield).
'H NMR (400 MHz, (CD3),CO): & 0.6-0.7 (m, 3H), 0.8-1.0 (m, 9H), 1.2 (s, 1H), 1.3-1.6
(m, 8H), 1.6-1.9 (m, 7H), 2.1 (solvent peak), 2.6 (m, 1H), 2.8 (s, 3H), 2.9 (m, 2H), 3.1

(m, 5H), 3.5 (m, 2H), 4.1 (aH), 4.2 (aH), 4.4 (20H), 5.0 (s, 2H), 5.2 (m, 1H), 6.4 (br, 1H),
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6.6-6.7 (dd, 4H), 6.8 (d, 2H), 7.1-7.4 (m, 10H), 7.5 (d, INH), 7.8 (d, 1H), 7.9 (dd, 2H),
8.1 (d, 1H), 8.2 (1H), 8.3 (d, 1H), 8.5 (s, 1H).
LCMS: m/z called for CgpH71N;O13 (M+1) = 1122.5, found 1121.9.

SYNTHESIS OF 12-T-11I-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Phe-N-Me-D-Phe-
Lys-Leu-Lys(Cbz) (7.0 mg, 0.00862 mmol), NHS-fluorescein (8.2 mg, 0.0172 mmol),
and DIPEA (0.012 mL, 0.0690 mmol) were dissolved in 0.086 mL of DCM (0.1M). The
reaction was allowed to run overnight. Upon completion, the reaction was diluted to a
total of 1.5 mL DCM, and subjected to 1.2 mL pH 1 aqueous wash. The organic layer
was concentrated in vacuo to give the pure tagged peptide Phe-N-Me-D-Phe-Lys(Fluor)-
Leu-Lys(Cbz) (71.3% yield).
LCMS: m/z called for CegH71N;O13 (M+1) = 1170.5, found 1171.5.

SYNTHESIS OF 12-T-1V-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized Phe-N-Me-D-Phe-
Val-Lys-Lys(Cbz) (8.3 mg, 0.0104 mmol), NHS-fluorescein (5.9 mg, 0.0125 mmol), and
DIPEA (0.014 mL, 0.0832 mmol) were dissolved in 0.02 mL of DCM (0.05M). The
reaction was allowed to run overnight. Upon completion, the crude reaction was
concentrated in vacuo and purified by RP-HPLC to give the pure tagged peptide Phe-N-
Me-D-Phe-Val-Lys(Fluor)-Lys(Cbz) (58.7% yield).
'H NMR (400 MHz, (CD3),CO): & 0.6 (m, 2H), 0.8-0.9 (m, 4H), 1.2-1.4 (m, 4H), 1.4-1.6
(m, 4H), 1.6-1.8 (m, 4H), 2.0 (solvent peak), 2.6 (s, 3H), 2.8 (m, 3H), 3.0-3.1 (m, 2H),
3.4 (m, 2H), 4.3 (20H), 4.7 (20H), 5.0 (s, 2H), 5.3 (m, 1H), 6.6-6.8 (m, 6H), 7.1-7.4 (m,

15H), 7.7 (1H), 8.0 (d, 2H), 8.2 (m, 1H), 8.4 (d, 1H), 8.5 (s, 1H).
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LCMS: m/z called for CgsHs9N7013 (M+1) = 1156.5, found 1155.9.

SYNTHESIS OF 13-T-11-FLUORESCEIN
Following the “General coupling of fluorescein” procedure, cyclized [(2R,3R)/ (2S/3S)-
B-OBn-Phe]-Lys-N-Me-Val-D-Leu-D-Phe (6.3 mg, 8.34 umol), NHS-fluorescein (5.9
mg, 0.0125 mmol), and DIPEA (0.011 mL, 0.0667 mmol) were dissolved in 0.083 mL of
DCM (0.1M). The reaction was allowed to run overnight. Upon completion, the reaction
was concentrated in vacuo and purified by RP-HPLC. The pure fluorescein-tagged
compound [(2R,3R)/ (25/3S)-B-OBn-Phe]-Lys(Fluor)-N-Me-Val-D-Leu-D-Phe was

verified by LCMS (47.2% yield).

SYNTHESIS OF CHAPTER 5 DERIVATIVES
SYNTHESIS OF DI-SANA 17

Dipeptide Resin-Leu-Val-NH,
CTC-Leu-NH; resin (2.10 g, 1.70 mmol) was swelled in DMF for 30 min and drained.
Then, following the “General solid-phase peptide coupling” procedure, the resin,
Fmoc-Val-OH (1.73 g, 5.10 mmol), HOBt (0.78 g, 5.10 mmol), and DIC (1.6 mL, 10.2
mmol) were combined in 8.50 mL of DMF (0.2M, to the resin loading). The reaction
was shaken for 2 h. Completion of the reaction was verified by ninhydrin test. The resin
was washed three times with DMF and subjected to the “General solid-phase amine
deprotection” procedure to give the resin-bound free-amine dipeptide in a quantitative
yield. This dipeptide was synthesized for both 17 and 20; it was split in half after this
step.

Tripeptide Resin-Leu-Val-Leu-NH,
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Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-
NH2 (0.850 mmol), Fmoc-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol), and
DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield.

Tetrapeptide Resin-Leu-Val-Leu-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-
Leu-NH; (0.850 mmol), Fmoc-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol),
and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin
loading). The reaction was shaken overnight. Upon completion, the resin was washed
three times with DMF and subjected to the “General solid-phase amine deprotection”
procedure to give the resin-bound free-amine tetrapeptide in a quantitative yield.
Pentapeptide Resin-Leu-Val-Leu-Leu-D-Phe-NH,

Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-
Leu-Leu-NH; (0.850 mmol), Fmoc-D-Phe-OH (0.99 g, 2.55 mmol), HOBt (0.39 g, 2.55
mmol), and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 4 h. Completion was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase N-terminal amine deprotection” procedure to give the resin-bound free-amine
tetrapeptide in a quantitative yield. The resin dried in vacuo overnight.

Double-deprotected pentapeptide HO-Leu-Val-Leu-Leu-D-Phe-NH,



174

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-Val-Leu-Leu-D-Phe-NH; (1.30 g) was stirred ina 13 mL
solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was filtered from
the resin and concentrated in vacuo to give the DDLP (0.201 g, 39.2% yield).
Cyclized decapeptide D-Phe-Leu-Val-Leu-Leu-D-Phe-Leu-Val-Leu-Leu
Following the “Macrocyclization” procedure, DDLP HO-Leu-Val-Leu-Leu-D-Phe-NH,
(180 mg, 0.298 mmol), DEPBT (44 mg, 0.149 mmol), HATU (79 mg, 0.209 mmol),
TBTU (47 mg, 0.149 mmol), and DIPEA (0.42 mL, 2.38 mmol) were dissolved in 2.98
mL of anhydrous DMF (0.1M). The reaction was stirred for 1.5 h and was monitored by
LCMS and TLC. Upon completion, the reaction was diluted in 50 mL of EA and
quenched with a pH 1 aqueous wash (50 mL) and two washes of brine (50 mL each).
The organic layers were combined, dried over sodium sulfate, and concentrated in vacuo.
The crude material was initially purified by flash column chromatography using an
EA/Hex gradient solvent system. Semi-pure decapeptide eluted at 7SEA/25Hex and was
further purified by RP-HPLC to give the cyclized decapeptide (18.3% yield).
Rf: 0.42 (65% EA/Hex)
'H NMR (600 MHz, CD30OD): § 0.62 (d, 6H), 0.70 (d, 6H), 0.88-0.96 (m, 36H), 1.24-
1.35 (m, 3H), 1.48-1.73 (m, 13H), 1.78-1.85 (m, 2H), 1.92-2.00 (m, 2H), 2.96-3.00 (m,
4H), 4.14-4.22 (m, 20H), 4.37-4.48 (m, 4aH), 4.56-4.67 (m, 4aH), 7.09-7.19 (m, 10H),
8.05-8.14 (m, 4 NH), 8.35 (d, 2 NH), 8.58 (d, 2 NH), 8.84 (d, 2 NH).
LCMS: m/z called for CgsH102N10010 (M+1) = 1171.78, found 1194.8 (+23).
SYNTHESIS OF DI-SANA 18

Dipeptide Resin-Leu-Leu-NH;
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CTC-Leu-NHj; resin (1.05 g, 0.850 mmol) was swelled in DMF for 30 min and drained.
Then, following the “General solid-phase peptide coupling” procedure, the resin,
Fmoc-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol), and DIC (0.79 mL, 5.10
mmol) were combined in 4.25 mL of DMF (0.2M, to the resin loading). The reaction
was shaken for 2 h. Completion of the reaction was verified by ninhydrin test. The resin
was washed three times with DMF and subjected to the “General solid-phase amine
deprotection” procedure to give the resin-bound free-amine dipeptide in a quantitative
yield.

Tripeptide Resin-Leu-Leu-Phe-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Leu-NH;
(0.850 mmol), Fmoc-Phe-OH (0.99 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol), and DIC
(0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin loading).
The reaction was shaken for 2 h. Completion of the reaction was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine tripeptide in a
quantitative yield.

Tetrapeptide Resin-Leu-Leu-Phe-D-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Leu-Phe-
NH (0.850 mmol), Fmoc-D-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol),
and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin
loading). The reaction was shaken overnight. Upon completion, the resin was washed
three times with DMF and subjected to the “General solid-phase amine deprotection”

procedure to give the resin-bound free-amine tetrapeptide in a quantitative yield.
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Pentapeptide Resin-Leu-Leu-Phe-D-Leu-Val-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Leu-Phe-
D-Leu-NH; (0.850 mmol), Fmoc-D-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55
mmol), and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 4 h. Completion was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase N-terminal amine deprotection” procedure to give the resin-bound free-amine
pentapeptide in a quantitative yield. The resin was dried in vacuo overnight.
Double-deprotected pentapeptide HO-Leu-Leu-Phe-D-Leu-Val-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-Leu-Phe-D-Leu-Val-NH; (1.30 g) was stirred ina 13 mL
solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was filtered from
the resin and concentrated in vacuo to give the DDLP (0.455 g, 88.6% yield).

Cyclized decapeptide Phe-D-Leu-Val-Leu-Leu-Phe-D-Leu-Val-Leu-Leu

Following the “Macrocyclization” procedure, DDLP HO-Leu-Leu-Phe-D-Leu-Val-NH,
(202 mg, 0.334 mmol), DEPBT (49 mg, 0.167 mmol), HATU (89 mg, 0.233 mmol),
TBTU (54 mg, 0.167 mmol), and DIPEA (0.46 mL, 2.67 mmol) were dissolved in 3.34
mL of anhydrous DMF (0.1M). The reaction was stirred for 1 h and was monitored by
LCMS. Upon completion, the reaction was diluted in 50 mL of DCM and quenched with
a pH 1 aqueous wash (50 mL), a saturated sodium bicarbonate wash (50 mL), and one
wash of brine (50 mL). The organic layers were combined, dried over sodium sulfate,
and concentrated in vacuo. The crude material was initially purified by flash column

chromatography using an EA/Hex gradient solvent system. A 1:1 mixture of
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pentapeptide and decapeptide eluted at 75% EA/Hex and the two were separated by RP-
HPLC to give the pure cyclized decapeptide (53.3% yield).
Rf: 0.50 (70% EA/Hex)
'H NMR (600 MHz, CD;0D): 6 0.72 (d, 6H), 0.79-0.98 (m, 42H), 1.20-1.27 (m, 2H),
1.29-1.39 (m, 4H), 1.33-1.41 (m, 6H), 1.65-1.71 (m, 2H), 1.72-1.83 (m, 4H), 2.04-2.10
(m, 2H), 2.64-2.70 (m, 2H), 3.46-3.52 (m, 2H), 4.00-4.04 (m, 20H), 4.05-4.11 (m, 2aH),
4.60-4.66 (m, 2aH), 4.73-4.79 (m, 2aH), 4.80-4.88 (m, 2aH), 7.18-7.21 (m, 2H), 7.22-
7.28 (m, 2H), 8.14 (d, 2 NH), 8.20 (d, 2 NH), 8.26 (d, 2 NH), 8.55 (d, 2 NH).
LCMS: m/z called for CesH102N10010 (M+1) = 1171.78, found 1174.2.

SYNTHESIS OF DI-SANA 20
Dipeptide Resin-Leu-Val-NH,
The synthesis of this dipeptide can be found under “Synthesis of Di-SanA 17.”
Tripeptide Resin-Leu-Val-D-Leu-NH,
Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-
NH; (0.850 mmol), Fmoc-D-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol),
and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield.
Tetrapeptide Resin-Leu-Val-D-Leu-Leu-NH;
Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-

Leu-NH; (0.850 mmol), Fmoc-Leu-OH (0.90 g, 2.55 mmol), HOBt (0.39 g, 2.55 mmol),
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and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the resin
loading). The reaction was shaken overnight. Upon completion, the resin was washed
three times with DMF and subjected to the “General solid-phase amine deprotection”
procedure to give the resin-bound free-amine tetrapeptide in a quantitative yield.
Pentapeptide Resin-Leu-Val-D-Leu-Leu-Phe-NH,

Following the “General solid-phase peptide coupling” procedure, the Resin-Leu-Val-
D-Leu-Leu-NH, (0.850 mmol), Fmoc-Phe-OH (0.99 g, 2.55 mmol), HOBt (0.39 g, 2.55
mmol), and DIC (0.79 mL, 5.10 mmol) were combined in 4.25 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 4 h. Completion was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase N-terminal amine deprotection” procedure to give the resin-bound free-amine
tetrapeptide in a quantitative yield. The resin dried in vacuo overnight.
Double-deprotected pentapeptide HO-Leu-Val-D-Leu-Leu-Phe-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-Val-D-Leu-Leu-Phe-NH, (1.23 g) was stirred ina 12 mL
solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was filtered from
the resin and concentrated in vacuo to give the DDLP (0.382 g, 74.5% yield).

Cyclized decapeptide Phe-Leu-Val-D-Leu-Leu-Phe-Leu-Val-D-Leu-Leu

Following the “Macrocyclization” procedure, DDLP HO-Leu-Val-D-Leu-Leu-Phe-NH,
(207 mg, 0.343 mmol), DEPBT (51 mg, 0.171 mmol), HATU (91 mg, 0.240 mmol),
TBTU (55 mg, 0.171 mmol), and DIPEA (0.48 mL, 2.74 mmol) were dissolved in 3.43
mL of anhydrous DMF (0.1M). The reaction was stirred for 1 h and was monitored by

TLC. Upon completion, the reaction was diluted in 50 mL of DCM and quenched with a
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pH 1 aqueous wash (50 mL), a saturated sodium bicarbonate wash (50 mL), and one
wash of brine (50 mL). The organic layers were combined, dried over sodium sulfate,
and concentrated in vacuo. The crude material was initially purified by flash column
chromatography using an EA/Hex gradient solvent system. Semi-pure decapeptide
eluted at 75% EA/Hex and was further purified by RP-HPLC to give the pure cyclized
decapeptide (42.8% vyield).
Rf: 0.53 (75% EA/Hex)
'H NMR (400 MHz, CD30D): § 0.85-1.01 (m, 48H), 1.40-1.64 (m, 14H), 1.65-1.80 (m,
2H), 1.80-1.93 (m, 2H), 2.43-2.58 (m, 2H), 2.70-2.78 (m, 2H), 2.91-2.97 (m, 2H), 4.32-
4.43 (m, 6aH), 4.57-4.63 (m, 2aH), 6.95-7.12 (m, 10H), 7.90 (d, 2 NH), 8.20 (m, 5 NH),
8.56 (d, 2 NH).
LCMS: m/z called for CeaH102N10010 (M+1) = 1171.78, found 1174.4.

SYNTHESIS OF DI-SANA 21
Dipeptide Resin-D-Phe-D-Leu-NH,
CTC-D-Phe-NHj resin (1.35 g, 0.972 mmol) was swelled in DMF for 30 min and
drained. Then, following the “General solid-phase peptide coupling” procedure, the
resin, Fmoc-D-Leu-OH (1.03 g, 2.92 mmol), HOBt (0.45 g, 2.92 mmol), and DIC (0.90
mL, 5.83 mmol) were combined in 4.86 mL of DMF (0.2M, to the resin loading). The
reaction was shaken for 2 h. Completion of the reaction was verified by ninhydrin test.
The resin was washed three times with DMF and subjected to the “General solid-phase
amine deprotection” procedure to give the resin-bound free-amine dipeptide in a
quantitative yield.

Tripeptide Resin-D-Phe-D-Leu-D-Val-NH,
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Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
NH2 (0.972 mmol), Fmoc-D-Val-OH (0.99 g, 2.92 mmol), HOBt (0.45 g, 2.92 mmol),
and DIC (0.90 mL, 5.83 mmol) were combined in 4.86 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield.

Tetrapeptide Resin-D-Phe-D-Leu-D-Val-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
D-Val-NH; (0.972 mmol), Fmoc-Leu-OH (1.03 g, 2.92 mmol), HOBt (0.45 g, 2.92
mmol), and DIC (0.90 mL, 5.83 mmol) were combined in 4.86 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 2 h. Completion of the reaction was verified
by ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tetrapeptide in a quantitative yield.

Pentapeptide Resin-D-Phe-D-Leu-D-Val-Leu-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
D-Val-Leu-NH; (0.972 mmol), Fmoc-Leu-OH (1.03 g, 2.92 mmol), HOBt (0.45 g, 2.92
mmol), and DIC (0.90 mL, 5.83 mmol) were combined in 4.86 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 2 h. Completion of the reaction was verified
by ninhydrin test. The resin was washed three times with DMF and subjected to the

“General solid-phase N-terminal amine deprotection” procedure to give the resin-
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bound free-amine pentapeptide in a quantitative yield. The resin was dried in vacuo
overnight.

Double-deprotected pentapeptide HO-D-Phe-D-Leu-D-Val-Leu-Leu-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-D-Phe-D-Leu-D-Val-Leu-Leu-NH, (1.59 g) was stirred in a 16
mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was filtered
from the resin and concentrated in vacuo to give the DDLP (0.064 g, 12.0% yield).
Cyclized decapeptide D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-Leu-Leu
Following the “Macrocyclization” procedure, DDLP HO-D-Phe-D-Leu-D-Val-Leu-Leu-
NH; (64 mg, 0.106 mmol), DEPBT (16 mg, 0.0530 mmol), HATU (28 mg, 0.0742
mmol), TBTU (17 mg, 0.0530 mmol), and DIPEA (0.15 mL, 0.874 mmol) were
dissolved in 1.06 mL of anhydrous DMF (0.1M). The reaction was stirred for 1 h and
was monitored by LCMS. Upon completion, the reaction was diluted in 50 mL of DCM
and quenched with a pH 1 aqueous wash (50 mL) and two washes of brine (50 mL each).
The organic layers were combined, dried over sodium sulfate, and concentrated in vacuo
to give the crude product. The material was purified via RP-HPLC to give the cyclic
decapeptide (40.1% vyield).

Rf: 0.59 (75% EA/Hex)

'H NMR (600 MHz, CD30D): & 0.67 (d, 6H), 0.74 (d, 6H), 0.81-1.10 (m, 36H), 1.27-
1.48 (m, 7H), 1.50-1.64 (m, 4H), 1.68-1.76 (m, 5H), 1.78-1.87 (m, 2H), 2.15 (br, 2H),
2.88-2.94 (m, 2H), 3.02-3.10 (m, 2H), 3.91 (br, 1aH), 4.04 (br, 1aH), 4.26 (br, 2aH),
4.35-4.42 (m, 2aH), 7.20-7.32 (m, 10H), 7.68 (br, NH), 8.25 (br, 2 NH), 8.43 (br, NH).

LCMS: m/z called for CgsH102N10010 (M+1) = 1171.78, found 1172.5.
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SYNTHESIS OF DI-SANA 22
Dipeptide Resin-Phe-D-Leu-NHy*
CTC-Phe-NHj resin (2.50 g, 1.60 mmol) was swelled in DMF for 30 min and drained.
Then, following the “General solid-phase peptide coupling” procedure, the resin,
Fmoc-D-Leu-OH (1.69 g, 4.80 mmol), HOBt (0.73 g, 4.80 mmol), and DIC (1.48 mL,
9.60 mmol) were combined in 8.0 mL of DMF (0.2M, to the resin loading). The reaction
was shaken overnight. Completion of the reaction was verified by ninhydrin test. The
resin was washed three times with DMF and subjected to the “General solid-phase
amine deprotection” procedure to give the resin-bound free-amine dipeptide in a
quantitative yield.
* This dipeptide was to be used for two compounds, thus the amounts utilized were
doubled.
Tripeptide Resin-Phe-D-Leu-D-Val-NH;
Following the “General solid-phase peptide coupling” procedure, Resin-Phe-D-Leu-
NH2 (1.60 mmol), Fmoc-D-Val-OH (1.62 g, 4.80 mmol), HOBt (0.73 g, 4.80 mmol), and
DIC (1.48 mL, 9.60 mmol) were combined in 8.0 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield. The resin was split into two equal batches, one to
be used for Di-SanA 1767 synthesis and one for the synthesis of a different compound.

Tetrapeptide Resin-Phe-D-Leu-D-Val-D-Leu-NH,
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Following the “General solid-phase peptide coupling” procedure, Resin-Phe-D-Leu-D-
Val-NH; (0.800 mmol), Fmoc-D-Leu-OH (0.850 g, 2.40 mmol), HOBt (0.360 g, 2.40
mmol), and DIC (0.75 mL, 4.80 mmol) were combined in 4.0 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 2 h. Completion of the reaction was verified
by ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tetrapeptide in a quantitative yield.

Pentapeptide Resin-Phe-D-Leu-D-Val-D-Leu-Leu-NH;

Following the “General solid-phase peptide coupling” procedure, Resin-Phe-D-Leu-D-
Val-D-Leu-NH; (0.800 mmol), Fmoc-Leu-OH (0.850 g, 2.40 mmol), HOBt (0.360 g,
2.40 mmol), and DIC (0.75 mL, 4.80 mmol) were combined in 4.0 mL of DMF (0.2M, to
the resin loading). The reaction was shaken for 2 h. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase N-terminal amine deprotection” procedure to give the resin-
bound free-amine pentapeptide in a quantitative yield. The resin was dried in vacuo
overnight.

Double-deprotected pentapeptide HO-Phe-D-Leu-D-Val-D-Leu-Leu-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Phe-D-Leu-D-Val-D-Leu-Leu-NH, (1.67 g) was stirred in a
16.7 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was
filtered from the resin and concentrated in vacuo to give the DDLP (0.150 g, 30.0%
yield).

Cyclized decapeptide Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-Leu
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Following the “Macrocyclization” procedure, DDLP HO-Phe-D-Leu-D-Val-D-Leu-Leu-
NH2 (145 mg, 0.240 mmol), DEPBT (36 mg, 0.120 mmol), HATU (64 mg, 0.168 mmol),
TBTU (39 mg, 0.120 mmol), and DIPEA (0.33 mL, 1.92 mmol) were dissolved in 2.4
mL of anhydrous DMF (0.1M). The reaction was stirred for 1 h and was monitored by
LCMS. Upon completion, the reaction was diluted in 100 mL of DCM and quenched
with a saturated ammonium chloride wash (100 mL) and two washes of brine (75 mL
each). The organic layers were combined, dried over sodium sulfate, and concentrated in
vacuo to give the crude product. The material was initially purified using flash column
chromatography with an EA/Hex gradient solvent system. Semi-pure product eluted at
75EA/25Hex and was further purified via RP-HPLC to give the cyclic decapeptide
(38.2% yield).
Rf: 0.50 (75% EA/Hex)
'H NMR (600 MHz, CD30D): 6 0.74 (d, 12H), 0.82-0.98 (m, 36H), 1.16-1.26 (m, 2H),
1.33-1.40 (m, 2H), 1.40-1.54 (m, 4H), 1.55-1.74 (m, 10H), 2.12-2.20 (m, 2H), 2.81-2.88
(m, 2H), 4.20-4.25 (m, 2aH), 4.33-4.38 (m, 2aH), 4.43-4.49 (m, 20H), 4.52-4.57 (m,
2aH), 4.57-4.62 (m, 2aH), 7.21-7.32 (m, 10H), 7.63 (d, 2 NH), 7.73 (d, 2 NH), 8.15 (d, 2
NH), 8.32 (d, 2 NH), 8.46 (d, 2 NH).
LCMS: m/z called for CgaH102N10010 (M+1) = 1171.78, found 1194.4 (+23).
SYNTHESIS OF DI-SANA 23
Dipeptide Resin-D-Phe-D-Leu-NH,
CTC-D-Phe-NHj resin (1.26 g, 0.907 mmol) was swelled in DMF for 30 min and
drained. Then, following the “General solid-phase peptide coupling” procedure, the

resin, Fmoc-D-Leu-OH (0.96 g, 2.72 mmol), HOBt (0.42 g, 2.72 mmol), and DIC (0.84
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mL, 5.44 mmol) were combined in 4.5 mL of DMF (0.2M, to the resin loading). The
reaction was shaken overnight. Completion of the reaction was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine dipeptide in a
quantitative yield.

Tripeptide Resin-D-Phe-D-Leu-D-Val-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
NH; (0.907 mmol), Fmoc-D-Val-OH (0.92 g, 2.72 mmol), HOBt (0.42 g, 2.72 mmol),
and DIC (0.84 mL, 5.44 mmol) were combined in 4.5 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tripeptide in a quantitative yield.

Tetrapeptide Resin-D-Phe-D-Leu-D-Val-D-Leu-NH;

Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
D-Val-NH; (0.907 mmol), Fmoc-D-Leu-OH (0.96 g, 2.72 mmol), HOBt (0.42 g, 2.72
mmol), and DIC (0.84 mL, 5.44 mmol) were combined in 4.5 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 2 h. Completion of the reaction was verified
by ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tetrapeptide in a quantitative yield.

Pentapeptide Resin-D-Phe-D-Leu-D-Val-D-Leu-Leu-NH;
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Following the “General solid-phase peptide coupling” procedure, Resin-D-Phe-D-Leu-
D-Val-D-Leu-NH; (0.907 mmol), Fmoc-Leu-OH (0.96 g, 2.72 mmol), HOBt (0.42 g,
2.72 mmol), and DIC (0.84 mL, 5.44 mmol) were combined in 4.5 mL of DMF (0.2M, to
the resin loading). The reaction was shaken for 2 h. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase N-terminal amine deprotection” procedure to give the resin-
bound free-amine pentapeptide in a quantitative yield. The resin was dried in vacuo
overnight.

Double-drotected pentapeptide HO-D-Phe-D-Leu-D-Val-D-Leu-Leu-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-D-Phe-D-Leu-D-Val-D-Leu-Leu-NH, (1.55 g) was stirred in a
15.5 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h. The solution was
filtered from the resin and concentrated in vacuo to give the DDLP (0.057 g, 10.4%
yield).

Cyclized decapeptide D-Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-D-Leu-D-Val-D-Leu-
Leu

Following the “Macrocyclization” procedure, DDLP HO-D-Phe-D-Leu-D-Val-D-Leu-
Leu-NH; (57 mg, 0.0945 mmol), DEPBT (14 mg, 0.0472 mmol), HATU (25 mg, 0.0661
mmol), TBTU (15 mg, 0.0472 mmol), and DIPEA (0.13 mL, 0.756 mmol) were
dissolved in 0.945 mL of anhydrous DMF (0.1M). The reaction was stirred for 1 h and
was monitored by LCMS. Upon completion, the reaction was diluted in 50 mL of DCM
and guenched with two pH=1 aqueous washes (50 mL each) and two washes of brine (50

mL each). The organic layers were combined, dried over sodium sulfate, and



187

concentrated in vacuo to give the crude product. The material was dissolved in 2.5 mL of

80% ACN/20% DMSO and purified via RP-HPLC to give the cyclic decapeptide (11.1%

yield).

'H NMR (600 MHz, CDs0D):  0.75-1.03 (m, 48H), 1.28-1.48 (m, 4H), 1.29-1.71 (m,

14H), 2.27-2.37 (m, 2H), 2.84-2.90 (m, 2H), 3.08-3.16 (M, 2H), 4.08-4.15 (m, 2aH),

4.20-4.27 (m, 20H), 4.46-4.52 (m, 2aH), 4.61-4.68 (m, 20H), 7.12-7.32 (m, 10H), 8.06

(d, 2 NH), 8.14 (d, 2 NH), 8.18 (d, 2 NH), 8.54 (br, NH).

LCMS: m/z called for CesH102N10010 (M+1) = 1171.78, found 1198.5 (+23+4).
SYNTHESIS OF DI-SANA 24

Dipeptide Resin-Leu-Phe-NH;

CTC-Leu-NH; resin (1.34 g, 1.08 mmol) was swelled in DMF for 30 min and drained.

Then, following the “General solid-phase peptide coupling” procedure, the resin,

Fmoc-Phe-OH (1.26 g, 3.25 mmol), HOBt (0.50 g, 3.25 mmol), and DIC (1.00 mL, 6.48

mmol) were combined in 5.4 mL of DMF (0.2M, to the resin loading). The reaction was

shaken overnight. Completion of the reaction was verified by ninhydrin test. The resin

was washed three times with DMF and subjected to the “General solid-phase amine

deprotection” procedure to give the resin-bound free-amine dipeptide in a quantitative

yield.

Tripeptide Resin-Leu-Phe-D-Leu-NH;

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-NH,

(2.08 mmol), Fmoc-D-Leu-OH (1.15 g, 3.25 mmol), HOBt (0.50 g, 3.25 mmol), and DIC

(1.00 mL, 6.48 mmol) were combined in 5.4 mL of DMF (0.2M, to the resin loading).

The reaction was shaken for 2 h. Completion of the reaction was verified by ninhydrin
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test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine tripeptide in a
quantitative yield.

Tetrapeptide Resin-Leu-Phe-D-Leu-D-Val-NH;

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-NH; (1.08 mmol), Fmoc-D-Val-OH (1.10 g, 3.25 mmol), HOBt (0.50 g, 3.25 mmol),
and DIC (1.00 mL, 6.48 mmol) were combined in 5.4 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 2 h. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine tetrapeptide in a quantitative yield.

Pentapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-NH; (1.08 mmol), Fmoc-Leu-OH (1.15 g, 3.25 mmol), HOBt (0.50 g, 3.25
mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4 mL of DMF (0.2M, to the
resin loading). The reaction was shaken for 2 h. Completion of the reaction was verified
by ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine pentapeptide in a quantitative yield.

Hexapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-Leu-NH, (1.08 mmol), Fmoc-Leu-OH (1.15 g, 3.25 mmol), HOBt (0.50 g,

3.25 mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4 mL of DMF (0.2M, to



189

the resin loading). The reaction was shaken overnight. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine hexapeptide in a quantitative yield.

Heptapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-Leu-Leu-NH; (1.08 mmol), Fmoc-D-Phe-OH (1.26 g, 3.25 mmol), HOBt
(0.50 g, 3.25 mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4 mL of DMF
(0.2M, to the resin loading). The reaction was shaken overnight. Completion of the
reaction was verified by ninhydrin test. The resin was washed three times with DMF and
subjected to the “General solid-phase amine deprotection” procedure to give the resin-
bound free-amine heptapeptide in a quantitative yield.

Octapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-NH,

Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-NH, (1.08 mmol), Fmoc-D-Leu-OH (1.15 g, 3.25 mmol),
HOBt (0.50 g, 3.25 mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4 mL of
DMF (0.2M, to the resin loading). The reaction was shaken overnight. Completion of
the reaction was verified by ninhydrin test. The resin was washed three times with DMF
and subjected to the “General solid-phase amine deprotection” procedure to give the
resin-bound free-amine octapeptide in a quantitative yield. The presence of the
octapeptide was verified by LCMS analysis of 2 mg resin-cleaved peptide.

Nonapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-NH,
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Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-D-Leu-NH; (1.08 mmol), Fmoc-D-Val-OH (1.10 g, 3.25
mmol), HOBt (0.50 g, 3.25 mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4
mL of DMF (0.2M, to the resin loading). The reaction was shaken overnight.
Completion of the reaction was verified by ninhydrin test. The resin was washed three
times with DMF and subjected to the “General solid-phase amine deprotection”
procedure to give the resin-bound free-amine nonapeptide in a quantitative yield.
Decapeptide Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-Leu-NH,
Following the “General solid-phase peptide coupling” procedure, Resin-Leu-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-NH; (1.08 mmol), Fmoc-Leu-OH (1.15 g, 3.25
mmol), HOBt (0.50 g, 3.25 mmol), and DIC (1.00 mL, 6.48 mmol) were combined in 5.4
mL of DMF (0.2M, to the resin loading). The reaction was shaken for 3 h and drained.
To ensure complete coupling of the final amino acid, the resin was subjected to a new
batch of Fmoc-Leu-OH (1.15 g, 3.25 mmol), HOBt (0.50 g, 3.25 mmol), and DIC (1.00
mL, 6.48 mmol) combined in 5.4 mL of DMF (0.2M). The reaction was shaken
overnight. Completion of the reaction was verified by ninhydrin test. The resin was
washed three times with DMF and subjected to the “General solid-phase N-terminal
amine deprotection” procedure to give the resin-bound free-amine decapeptide in a
quantitative yield. The resin was dried in vacuo overnight.

Double-deprotected decapeptide HO-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-
D-Val-Leu-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from

resin” procedure. Resin-Leu-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-Leu-NH;
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(2.0 g) was stirred in a 20 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24 h.
The solution was filtered from the resin and concentrated in vacuo to give the DDLD
(0.296 g, 23.1% yield).
Cyclized decapeptide Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-Leu-Leu
Following the “Macrocyclization” procedure, DDLD HO-Leu-Phe-D-Leu-D-Val-Leu-
Leu-D-Phe-D-Leu-D-Val-Leu-NH, (172 mg, 0.144 mmol), DEPBT (26 mg, 0.0867
mmol), HATU (44 mg, 0.115 mmol), TBTU (28 mg, 0.0867 mmol), and DIPEA (0.20
mL, 1.15 mmol) were dissolved in 1.44 mL of anhydrous DMF (0.1M). The reaction was
stirred for 1 h and was monitored by LCMS. Upon completion, the reaction was diluted
in 50 mL of DCM and quenched with two pH=1 aqueous wash (50 mL each), one wash
of saturated sodium bicarbonate (50 mL, sat. ag.) and two washes of brine (50 mL each).
The organic layers were combined, dried over sodium sulfate, and concentrated in vacuo
to give the crude product. The material was purified via semi-prep RP-HPLC to give the
pure cyclic decapeptide (52.0% yield).
Rf: 0.32 (75% EA/Hex)
'H NMR (600 MHz, CD30D): § 0.7-1.02 (m, 48H), 1.28-1.60 (m, 12H), 1.62-1.80 (m,
6H), 2.10-2.20 (m, 2H), 2.96-3.08 (m, 2H), 3.15-3.22 (m, 2H), 4.03-4.08 (m, oaH), 4.12-
4.24 (m, 2aH), 4.30-4.40 (m, 3aH), 4.40-4.47 (m, aH), 4.50-4.57 (m, oH), 7.17-7.30 (m,
10H), 7.81 (d, 2 NH), 7.91 (d, 2 NH), 8.05 (br, 2 NH), 8.29 (br, 2 NH).
LCMS: m/z called for CsaH102N10010 (M+1) = 1171.78, found 1173.0.

SYNTHESIS OF DI-SANA 25

Dipeptide Resin-Leu-D-Phe-NH,*
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CTC-Leu-NH; resin (3.06 g, 2.48 mmol) was swelled in DMF for 30 min and drained.
Then, following the “General solid-phase peptide coupling” procedure, the resin,
Fmoc-D-Phe-OH (2.88 g, 7.44 mmol), HOBt (1.14 g, 7.44 mmol), and DIC (2.3 mL, 14.9
mmol) were combined in 12.4 mL of DMF (0.2M, to the resin loading). The reaction
was shaken overnight. Completion of the reaction was verified by ninhydrin test. The
resin was washed three times with DMF and subjected to the “General solid-phase
amine deprotection” procedure to give the resin-bound free-amine dipeptide in a
quantitative yield.

* This dipeptide was meant for the synthesis of Di-SanA 25, 26, and 27, thus a greater
amount of reagents were used.

Tripeptide Resin-Leu-D-Phe-D-Leu-NHy*

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-
NH,, Fmoc-D-Leu-OH (2.62 g, 7.44 mmol), HOBt (1.14 g, 7.44 mmol), and DIC (2.3
mL, 14.9 mmol) were combined in 12.4 mL of DMF (0.2M, to the resin loading). The
reaction was shaken overnight. Completion of the reaction was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine tripeptide in a
quantitative yield.

* This tripeptide was meant for the synthesis of Di-SanA 25, 26, and 27, thus a greater
amount of reagents were used.

Tetrapeptide Resin-Leu-D-Phe-D-Leu-D-Val-NH,*

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-

Leu-NH,, Fmoc-D-Val-OH (2.52 g, 7.44 mmol), HOBt (1.14 g, 7.44 mmol), and DIC
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(2.3 mL, 14.9 mmol) were combined in 12.4 mL of DMF (0.2M, to the resin loading).
The reaction was shaken overnight. Completion of the reaction was verified by ninhydrin
test. The resin was washed three times with DMF and subjected to the “General solid-
phase amine deprotection” procedure to give the resin-bound free-amine tetrapeptide in
a quantitative yield. The resin was divided into thirds, based on total weight, one-third
was used for the continued synthesis of Di-SanA 25. The continued synthesis of the
other two-thirds will be described in “Synthesis of Di-SanA 26.”

* This tetrapeptide was meant for the synthesis of Di-SanA 25, 26, and 27, thus a greater
amount of reagents were used.

Pentapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-NH,

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-NH;, Fmoc-D-Leu-OH (0.87 g, 2.48 mmol), HOBt (0.37 g, 2.48 mmol), and
DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF (0.2M, to the resin
loading). The reaction was shaken overnight. Completion of the reaction was verified by
ninhydrin test. The resin was washed three times with DMF and subjected to the
“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine pentapeptide in a quantitative yield.

Hexapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-NH;

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-D-Leu-NH,, Fmoc-Leu-OH (0.87 g, 2.48 mmol), HOBt (0.37 g, 2.48 mmol),
and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF (0.2M, to the resin
loading). The reaction was shaken for 3 h. Completion of the reaction was verified by

ninhydrin test. The resin was washed three times with DMF and subjected to the
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“General solid-phase amine deprotection” procedure to give the resin-bound free-
amine hexapeptide in a quantitative yield.

Heptapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-NH,

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-D-Leu-Leu-NH;, Fmoc-Phe-OH (0.95 g, 2.48 mmol), HOBt (0.37 g, 2.48
mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF (0.2M, to the
resin loading). The reaction was shaken overnight. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine heptapeptide in a quantitative yield.

Octapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-NH,

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-D-Leu-Leu-Phe-NH;, Fmoc-D-Leu-OH (0.87 g, 2.48 mmol), HOBt (0.37 g,
2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF (0.2M, to
the resin loading). The reaction was shaken overnight. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine octapeptide in a quantitative yield.

Nonapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-NH,
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-D-Leu-Leu-Phe-D-Leu-NH;, Fmoc-D-Val-OH (0.84 g, 2.48 mmol), HOBt
(0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF

(0.2M, to the resin loading). The reaction was shaken overnight. Completion of the
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reaction was verified by ninhydrin test. The resin was washed three times with DMF and
subjected to the “General solid-phase amine deprotection” procedure to give the resin-
bound free-amine nonapeptide in a quantitative yield.

Decapeptide Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-
NH>

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-NH;, Fmoc-D-Leu-OH (0.87 g, 2.48 mmol),
HOBt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of
DMF (0.2M, to the resin loading). The reaction was shaken overnight. Completion of
the reaction was verified by ninhydrin test. The resin was washed three times with DMF
and subjected to the “General solid-phase N-terminal amine deprotection” procedure
to give the resin-bound free-amine decaapeptide in a quantitative yield. The resin was
dried in vacuo overnight.

Double-deprotected decapeptide HO-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-
Leu-D-Val-D-Leu-NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-D-
Leu-NH; (1.7 g) was stirred in a 17 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin)
for 24 h. The solution was filtered from the resin and concentrated in vacuo to give the
DDLD (0.280 g, 28.5% yield).

Cyclized decapeptide D-Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-Leu
Following the “Macrocyclization” procedure, DDLD HO-Leu-D-Phe-D-Leu-D-Val-D-

Leu-Leu-Phe-D-Leu-D-Val-D-Leu-NH; (138 mg, 0.118 mmol), DEPBT (21 mg, 0.0706
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mmol), HATU (36 mg, 0.0942 mmol), TBTU (23 mg, 0.0706 mmol), and DIPEA (0.16

mL, 0.942 mmol) were dissolved in 1.18 mL of anhydrous DMF (0.1M). The reaction

was stirred for 1.5 h and was monitored by LCMS. Upon completion, the reaction was

diluted in 50 mL of EA and quenched with two pH=1 aqueous wash (50 mL each), one

wash of saturated sodium bicarbonate (50 mL, sat. ag.) and two washes of brine (50 mL

each). The organic layers were combined, dried over sodium sulfate, and concentrated in

vacuo to give the crude product. The material was initially purified via semi-prep RP-

HPLC, and again with analytical RP-HPLC to give the pure cyclic decapeptide (54.0%

yield).

Rf: 0.62 (75% EA/Hex)

'H NMR (600 MHz, CD30D): § 0.76-1.10 (m, 48H), 1.27-1.88 (m, 18H), 1.92-2.04 (m,

2H), 2.82-2.88 (m, 1H), 2.91-3.01 (m, 1H), 3.24-3.30 (m, 1H), 3.41-3.51 (m, 1H), 3.90

(br, aH), 3.99 (br, oaH), 4.08 (br, aH), 4.18 (m, 20H), 4.42 (m, oH), 4.63 (m, 2aH), 4.77

(m, aH), 7.14-7.38 (m, 10H), 7.44 (br, NH), 7.55 (br, NH), 7.60 (br, NH), 7.83 (m, NH),

7.88 (br, NH), 7.96 (br, NH), 8.14 (br, NH), 8.25 (br, NH), 8.57 (d, NH).

LCMS: m/z called for CgsH102N10010 (M+1) = 1171.78, found 1196.1 (+23+1).
SYNTHESIS OF DI-SANA 26

Note: The synthesis of the linear tetrapeptide and precursors is described in “Synthesis of

Di-SanA 25.”

Pentapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-NH,*

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-

Leu-D-Val-NH; (0.825 mmol), Fmoc-Leu-OH (1.75 g, 4.96 mmol), HOBLt (0.75 g, 4.96

mmol), and DIC (1.53 mL, 9.92 mmol) were combined in 8.25 mL of DMF (0.2M, to the
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resin loading). The reaction was shaken overnight. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine pentapeptide in a quantitative yield.

* This pentapeptide was meant for the synthesis of both Di-SanA 26 and 27.
Hexapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-NH,*

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-NH; (0.825 mmol), Fmoc-Leu-OH (1.75 g, 4.96 mmol), HOBt (0.75 g,
4.96 mmol), and DIC (1.53 mL, 9.92 mmol) were combined in 8.25 mL of DMF (0.2M,
to the resin loading). The reaction was shaken for 4 h. Completion of the reaction was
verified by ninhydrin test. The resin was washed three times with DMF and subjected to
the “General solid-phase amine deprotection” procedure to give the resin-bound free-
amine hexaapeptide in a quantitative yield. The resin was divided in half, based on total
weight. One half was used for the continued synthesis of Di-SanA 26 and the other half
for the synthesis of Di-SanA 27.

* This hexapeptide was meant for the synthesis of both Di-SanA 26 and 27.
Heptapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-NH,

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-NH, (0.825 mmol), Fmoc-Phe-OH (0.95 g, 2.48 mmol), HOBt (0.37
g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF (0.2M,
to the resin loading). The reaction was shaken overnight. Completion of the reaction

was verified by ninhydrin test. The resin was washed three times with DMF and
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subjected to the “General solid-phase amine deprotection” procedure to give the resin-
bound free-amine heptapeptide in a quantitative yield.

Octapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-NH;

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-Phe-NH, (0.825 mmol), Fmoc-D-Leu-OH (0.87 g, 2.48 mmol),
HOBt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of
DMF (0.2M, to the resin loading). The reaction was shaken overnight. Completion of
the reaction was verified by ninhydrin test. The resin was washed three times with DMF
and subjected to the “General solid-phase amine deprotection” procedure to give the
resin-bound free-amine octapeptide in a quantitative yield.

Nonapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-NH;
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-Phe-D-Leu-NH, (0.825 mmol), Fmoc-D-Val-OH (0.84 g, 2.48
mmol), HOBt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1
mL of DMF (0.2M, to the resin loading). The reaction was shaken overnight.
Completion of the reaction was verified by ninhydrin test. The resin was washed three
times with DMF and subjected to the “General solid-phase amine deprotection”
procedure to give the resin-bound free-amine nonapeptide in a quantitative yield.
Decapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-NH,
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-NH, (0.825 mmol), Fmoc-D-Leu-OH (0.87 g,
2.48 mmol), HOBLt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined

in 4.1 mL of DMF (0.2M, to the resin loading). The reaction was shaken overnight.
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Completion of the reaction was verified by ninhydrin test. The resin was washed three
times with DMF and subjected to the “General solid-phase N-terminal amine
deprotection” procedure to give the resin-bound free-amine decapeptide in a quantitative
yield.

Decapeptide HO-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-NH;
The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-
NH; (2.0 g) was stirred in a 20 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin) for 24
h. The solution was filtered from the resin and concentrated in vacuo to give the DDLD
(0.311 g, 31.6% vyield).

Cyclized decapeptide D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-Leu-D-Val-D-Leu-Leu
Following the “Macrocyclization” procedure, DDLD HO-Leu-D-Phe-D-Leu-D-Val-
Leu-Leu-Phe-D-Leu-D-Val-D-Leu-NH; (176 mg, 0.148 mmol), DEPBT (27.0 mg,
0.0887 mmol), HATU (45.5 mg, 0.118 mmol), TBTU (27.8 mg, 0.0887 mmol), and
DIPEA (0.21 mL, 1.18 mmol) were dissolved in 1.48 mL of anhydrous DMF (0.1M).
The reaction was stirred overnight and was monitored by LCMS. Additional TBTU
(50.0 mg) and DIPEA (0.10 mL) was added after three hours. Upon completion, the
reaction was diluted in 75 mL of EA and quenched with two washes of saturated sodium
bicarbonate (75 mL, sat. aq.) and two washes of brine (50 mL each). The organic layers
were combined, dried over sodium sulfate, and concentrated in vacuo to give the crude
product. The material was initially purified via semi-prep RP-HPLC, and again with
analytical RP-HPLC to give the cyclic decapeptide (28.8% yield).

LCMS: m/z called for CgsH102N19010 (M+1) = 1171.78, found 1195.1 (+23).
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SYNTHESIS OF DI-SANA 27
Note: The synthesis for the hexapeptide and precursors was discussed in “Synthesis of
Di-SanA 26.”
Heptapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-NH,
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-NH, (0.825 mmol), Fmoc-D-Phe-OH (0.95 g, 2.48 mmol), HOBt
(0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of DMF
(0.2M, to the resin loading). The reaction was shaken overnight. Completion of the
reaction was verified by ninhydrin test. The resin was washed three times with DMF and
subjected to the “General solid-phase amine deprotection” procedure to give the resin-
bound free-amine heptapeptide in a quantitative yield.
Octapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-NH,
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-NH; (0.825 mmol), Fmoc-D-Leu-OH (0.87 g, 2.48 mmol),
HOBt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1 mL of
DMF (0.2M, to the resin loading). The reaction was shaken overnight. Completion of
the reaction was verified by ninhydrin test. The resin was washed three times with DMF
and subjected to the “General solid-phase amine deprotection” procedure to give the
resin-bound free-amine octapeptide in a quantitative yield.
Nonapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-NH;
Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-D-Leu-NH; (0.825 mmol), Fmoc-D-Val-OH (0.85 g, 2.48

mmol), HOBt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined in 4.1
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mL of DMF (0.2M, to the resin loading). The reaction was shaken overnight.
Completion of the reaction was verified by ninhydrin test. The resin was washed three
times with DMF and subjected to the “General solid-phase amine deprotection”
procedure to give the resin-bound free-amine nonapeptide in a quantitative yield.
Decapeptide Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-D-Leu-
NH>

Following the “General solid-phase peptide coupling” procedure Resin-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-NH; (0.825 mmol), Fmoc-D-Leu-OH (0.87 g,
2.48 mmol), HOBLt (0.37 g, 2.48 mmol), and DIC (0.76 mL, 4.96 mmol) were combined
in 4.1 mL of DMF (0.2M, to the resin loading). The reaction was shaken overnight and
drained. To ensure complete coupling of the final amino acid, the resin was subjected to
a new batch of Fmoc-D-Leu-OH (0.87 g, 2.48 mmol), HOBt (0.37 g, 2.48 mmol), and
DIC (0.76 mL, 4.96 mmol) combined in 4.1 mL of DMF (0.2M). Completion of the
reaction was verified by ninhydrin test. The resin was washed three times with DMF and
subjected to the “General solid-phase N-terminal amine deprotection” procedure to
give the resin-bound free-amine decapeptide in a quantitative yield. The resin was dried
in vacuo overnight.

Decapeptide HO-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-D-Leu-
NH,

The linear peptide was cleaved from the resin following the “Solid-phase cleaving from
resin” procedure. Resin-Leu-D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-D-

Leu-NH; (1.3 g) was stirred in a 13 mL solution of TFE/DCM (1:1, v/v, 10 mL/g resin)
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for 24 h. The solution was filtered from the resin and concentrated in vacuo to give the
DDLD (0.134 g, 13.6% yield).

Cyclized decapeptide D-Phe-D-Leu-D-Val-Leu-Leu-D-Phe-D-Leu-D-Val-D-Leu-Leu
Following the “Macrocyclization” procedure, DDLD HO-Leu-D-Phe-D-Leu-D-Val-
Leu-Leu-D-Phe-D-Leu-D-Val-D-Leu-NH; (94 mg, 0.0789 mmol), DEPBT (13.7 mg,
0.0473 mmol), HATU (24.5 mg, 0.0631 mmol), TBTU (14.6 mg, 0.0473 mmol), and
DIPEA (0.11 mL, 0.631 mmol) were dissolved in 0.80 mL of anhydrous DMF (0.1M).
The reaction was stirred for 1.5 h and was monitored by LCMS. Upon completion, the
reaction was diluted in 75 mL of EA and quenched with two washes of saturated sodium
bicarbonate (75 mL, sat. aq.) and two washes of brine (50 mL each). The organic layers
were combined, dried over sodium sulfate, and concentrated in vacuo to give the crude
product. The material was purified via RP-HPLC to give the cyclic decapeptide (51.0%
yield).

LCMS: m/z called for CgsH102N19010 (M+1) = 1171.78, found 1194.7 (+23).
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_094_PB.D Instrument: Agilent 6330 Ion Trap Print Date: 4/15/2008 1:33:50 PM
Method: SANA.M Operator: sdsu Acq. Date: 4/15/2008 12:39:35 PM
Sample Name: LDA_094_pB

Analysis Info:

Intens.
x109]

LDA_094_PB D: TIC +All M§
47
3_
2_

: f _/m

)(‘10‘5 LDA_094_PB.D: EIC 601-603 +All ME{
1.04

0.8+
0.6
0.4
0.2 L
0.0 - T

1 2 3 4 5 6 Time [min]

Intens. +MS, 2.7min #211
x109] 1203.9

1.25+ O
O
N
H obn

1.004 H
o NH /@/
QNH AN o
0.75 602.4 /7_/',/
o 2

0.50

HO

0.25

L 930.4
0.00 T T S r T g T T T ' y T
200 400 600 800 1000 1200 1400 1600 1800 2000 m/z

MSD Trap Report v 4 (Let-Opt2) Page 1of 1 i Agilent Technologies

SanA 4 LCMS Cyclized Pentapeptide: D-Tyr-Leu-Val-Leu-Leu (MW= 602)
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Project Narrer Defauts - B re eZ@
Reported by User:  shelf |

SAMPLE INFORMATION j

1
Sanple Name: LDA_084 cyc51final Acquired By: shelii ‘i
Sarpie Type: Unknown Sanple Set Narre; ;
i Viak 1 Acq. Method: TT_SanA_ss ]
J Injection #: 123 Date Acquired: 4/22/2008 4:45:51 PM |
i Run Time: 17.00 Minutes Injection Volure: 35,00 ul i
3.00- ]FA \
2 00j ; % a
.00 \ i
2 1 |[ % (
100 | " |
1 i S S | g
0.00—— e T W
s00d !
2 2-0‘*; \ ; ,
1000
0.00}—— = : i ""v—l--fv-r--- — _._,.;‘.. £ S T A ,,,l, e o ,‘__ i .;_,_, —~— :
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
———— Channel 2487Channel 1 Channel Desc.: Processing Method: ***
-~ Channel: 2487Cnhannel 2 Channel Desc.: Processing Method: ****
Peak | RT Area Height .
Nae | (in) | (uV*sec) % Area @) Ampunt | Units
1 dekdek dkder Rl R ] ThRR Fedokve | ok
2 ik k. Eia st ARk ool AR | kR
Q NH HN’O/
HO
Report Method: Injection Surmmary Report Printed 5:04:.04 PV 4/22/2008 Page: 1 of 1

SanA 4 HPLC trace Cyclized Pentapeptide: D-Tyr-Leu-Val-Leu-Leu
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_129_SSHPL Instrument: Agilent 6330 Ion Trap Print Date: 9/2/2008 3:50:08 PM
Method: SANA.M C.D Operator: sdsu Acq. Date: 8/8/2008 10:58:40 AM
Sample Name: LDA_129_sshplc

Analysis Info:

Intens.
x107

6

LDA_129_SSHPLC D: TIC +All M§|

«108] [DA_129_SSHPLC.D: EIC 607-609 +All MS|

1 2 3 a 5 6 Time [min]

Inlens7, +MS, 3.0min #118
x10 1193.9

1.0

g

(@]
N
H
ONH

O
N "
0.6+ /& —
NH HN o
608.6 )
0.4 ‘ o Z
0.2 i C;
428.4
|

0.0 WIS TN § Y T y : - .
200 400 600 800 1000 1200 1400 1600 1800 2000 miz

676.3 1329.8
Rk i

MSD Trap Report v 4 (Let-Opt2) Page 1of1 ‘= Agilent Technologies

SanA 8 LCMS Cyclized Pentapeptide: D-Phe-D-Leu-Val-Leu-Leu (MW=586)



San Diego State University; Department of Chemis

7///f/f

Project Name: Defaults
Reported by User: shelli
SAMPLE INFORMATION
Sample Name: LDA_129_inj1 Acquired By: shelli
Sample Type: Unknown Sample Set Name:
Vial: 1 Acq. Method: PrimarySanA_SS_new
Injection #: 5 Date Acquired: 8/6/2008 2:27:33 PM
Run Time: 16.00 Minutes Injection Volume:  100.00 ul
3.00+
2.00 \W
-
= |
1.00- I
[
000l— “—— —
3.004
2.00
2
1.00]
0.00 . 4
e SR ) R ST — T T g T T =—r—
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
——— Channel: 2487Channel 1 Channel Desc.: Processing Method: *
Channel: 2487Channel 2 Channel Desc.: Processing Method: * |
Peak | RT Area Height .
L
Name | (min)| ( V*sec) % Area (V) Amount| Units
1| P P e e [y —
2 [~ P = p— e Py p—
(0]
(0]
N
o< NH HN
NH HN o :
O -
Report Method: Injection Summary Report  Printed 2:43:48 PM 8/6/2008 Page: 10f1

SanA 8 HPLC Cyclized Pentapeptide: D-Phe-D-Leu-Val-Leu-Leu
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Di-SanA 8 'H-NMR Cyclized Decapeptide: D-Phe-D-Leu-Val-Leu-Leu-D-Phe-D-

Leu-Val-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name:
Method: DISANA.MIN.D
Sample Name:
Analysis Info:

LDA_106_1129Afin

sdsu

LDA_106_1129A Instrument: Agilent 6330 Ion Trap
Operator:

Print Date: 6/24/2008 1:39:01 PM
Acq. Date: 6/24/2008 1:19:12 PM

Intens. . LDA_106_1129AFIN.D: TIC +All MS|
x108] !
i
3 |
I
I
2 |
1
i
! i
i
<108 [DA_106_1129AFIN.D: EIC 1174-1176 +AIlMS
25
2.04
15
1.0
0.51
00 . . v .
1 3 5 6 Time [min]
Intens S, 4.2min #259] |
x108 11751
(o] H (o]
H Y NH
NH o} : :.\%o
06 N
/‘\ T \ HN_
DS o
04 N >/ L
O i 7 (o] HN (6]
: H
HN N
WN/\N
0.2 H
sl 973.11073.9
200 400 600 800 1000 1200 1400 1600 1800 2000 miz
MSD Trap Report v 4 (Let-Opt2) Page 1of1  Agilent Technologies

242

Di-SanA 8 LCMS Cyclized Decapeptide: D-Phe-D-Leu-Val-Leu-Leu-D-Phe-D-Leu-

Val-Leu-Leu (MW=1172)



San Diego State University; D2partmant of Chemis
Project Name:

[
l
|
\
\

Defaults
Reported by User:  shelli

243

SAMPLE INFORMATION

Sanrple Narre: LDA_106_1129A Acquired By: shelli |
Sanple Type: Unknown Sarrple Set Narre: !
| Vial 1 Acq. Method: PrimarySanA_SS i
Injection #: 33 Date Acquired: 6/24/2008 9.54:33 AM i
Run Tirre: 16.00 Minutes Injection Volume:  50.00 ul |
S - e
00l !
2.0 1 H
T |
"] |
i o 13\
0.00—;“ I e — S —— e e = S s e s i — -
I__ = z
2.001
- l '
< 1.00—1 !
! !
0.00- o
2.00 4,00 6.00 8.00 10,00 12.00 14.00 16.00
Minutes
~———— Channel 2487Channel 1 Channel Desc.. Processing Method: ****
Channel: 2487Channel 2 Channel Desc . Processing Method: ****
Peak | RT Area Height s
Narre | (min) | (uV*sec) % Area W) Armount | Units
1 [ e R e wenn R [
o e i oy waww | eew R
(e} (0}
H
v A
N T NH
H z
(0] NH

Seport Memad  itjection unvary Xeport

Frinted 1010 48-awaraoes

ZT

Di-SanA 8 HPLC trace Cyclized Decapeptide: D-Phe-D-Leu-Val-Leu-Leu-D-Phe-D-
Leu-Val-Leu-Leu
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SanA 9 'H-NMR Linear Pentapeptide: MeO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc



Display Report - All Windows Selected Analysis

Analysis Name: LDA_128_131LP. Instrument: Agilent 6330 Ion Trap Print Date: 9/10/2008 11:13:12 AM
Method: SANA.M D Operator: sdsu Acq. Date: 9/9/2008 7:19:49 PM
Sample Name: LDA_128 131Ip

Analysis Info:

Intens7. T LDA_128_131LP.D: TIC +All MS)
x10 1
B 1

4 |
3]
21

| RO YO

o
x107 LDA_128_131LP.D: EIC 773-775 +All
1.254

1.00 ‘J
0.75 I

0.50+

- LM
0.00 T T AAR—O.

1 2 3 4 5 6 Time [min]

Intens7. +MS, 3.7min #171
x10 7746

1.0-

0.8 —/
0] ;\«O
\Q\H HN @
0.6
NH ¥0
o HN

04 MeO
652.8 NHBoc

426.
02 85 5737

kb ILJAJ,L 11

200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 Agilent Technolagies

SanA 9 LCMS Linear Pentapeptide: MeO-Phe-D-Phe-D-Val-Leu-Leu-NHBoc
(MW=752)
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Phe-D-Phe-D-Val-Leu-Leu

SanA 9 'H-NMR Cyclized Pentapeptide
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_131_HPLC2 Instrument: Agilent 6330 Ion Trap Print Date: 6/24/2009 2:54:13 PM
Method: SANAM _F51.D Operator:  sdsu Acq. Date: 5/9/2009 1:09:43 PM
Sample Name: LDA_131_hplc2_f51

Analysis Info:

lntensa. T LDA_131_HPLC2_F51.D: TIC +All MS|
x10 !

ot LDA_131_HPLC2_F51.D: EIC 620-622 +All MS|

1 "3 3 a 5 6 "Time [min]

Intens. "" - . +MS, 3.4min #138|
x108] 1240.4

6210 (0]
05 {

0.0 b v oy e — - ‘ , e T T
200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of 1 Agilent Technolagies

SanA 9 LCMS Cyclized Pentapeptide: Phe-D-Phe-D-Val-Leu-Leu (MW=620)



SDSU
Project Name: Defautts B re ¢l 4
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_131_final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 333 Date Acquired: 6/1/2009 11:08:15 AM
Run Time: 16.00 Minutes Injection Volume: 30.00 ul
s [
< 0.50- |
' \ I\
I \\_"__,7_,,, R ,‘ e S oS N
PR | A ’—/
200 _fi
2 !
< 1.001 il
! I
0.00-- Bt S e T o e e
2,00 4.00 6.00 8.00 10,00 1200 14.00 16.00
Minutes
——— Channel: 2487Channel 1 Channel Desc.: Processing Method: ****
— +~— Channel: 2487Channel 2 Channel Desc.: Processing Method: ***
Peak | RT | Area |, Height :
: % Area Amount | Units
Name | (min) | (uV*sec) (HV)
1 Eid Arkdh Ll L il R | RAAR
2 kR R Rt Wik ik ik | ARk
o Y
- O
N
o NH /& n
)j\NH HN N
(0]
Report Method: Injection Summary Report Printed 11:24:29 AM 6/1/2009 Page: 1of1

SanA 9 HPLC trace Cyclized Pentapeptide: Phe-D-Phe-D-Val-Leu-Leu
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Di-SanA 9 'H-NMR Cyclized Decapeptide: Phe-D-Phe-D-Val-Leu-Leu-Phe-D-Phe-

D-Val-Leu-Leu



Display Report - All Windows Selected Analysis

Print Date: 6/25/2009 5:51:50 PM
Acq. Date: 5/9/2009 2:12:43 PM

Analysis Name: LDA_131_HPLC2 Instrument: Agilent 6330 Ion Trap
Method:  SANA.M _F57.D Operator:  sdsu

Sample Name: LDA_131_hplc2 f57

Analysis Info:

unensB " LDA_131_HPLCZ_F57.D: TIC +AllMS]
x10 '

2 : ’
J i

<103 LDA_131_HPLC2_F57.D: EIC 1239-1241 +All MS|

o e 3 E 24 5 6 Time [min]

Hters . +MS, 4 1min #187|
x108 1240.8

zZ
ZT

-~
ot

ot - T v v . b, ; ,
i 200 400 600 800 1000 1200 1400 1600 1800 2000 miz

Agilent Technolagies

MSD Trap Report v 4 (Let-Opt2) Page 1of1
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Di-SanA 9 LCMS Cyclized Decapeptide: Phe-D-Phe-D-Val-Leu-Leu-Phe-D-Phe-D-

Val-Leu-Leu (MW = 1240)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_90_F14. Instrument: Agilent 6330 Ion Trap Print Date: 12/13/2010 11:11:19 AM
Method: SANA.M D Operator: sdsu Acq. Date: 12/10/2010 1:07:27 PM
Sample Name: LDA_III_90_f14

Analysis Info:

Intens.

LDA_lII_90_F14.D: TIC +All MS|
x1%8]

0.8

0.6

0.4

«5oH [DA_II_90_F14.D: EIC 1087-1089 +All MS

1 2 3 4 5 6  Time[min]

Intens . +MS, 2.2min #121

x107 1088.6
NHPeg-biotin

1.254

1.004

0.751 (o) n/
)j\NH HN™Y,

0.50

Iz

0.25

0.00 b ethes 7 + h\‘ 7 7 7 7 ?
200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 3% Agilent Technolagies

SanA 1-T-111-Biotin LCMS: Phe-Leu-Lys(Peg-biotin)-Leu-Leu (MW= 1088)
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Lys(Peg-biotin)-N-Me-D-Phe-Val-Leu-Lys(Cbz)

SanA 12-T-1-Biotin *H-NMR
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_122-T1 BI Instrument: Agilent 6330 Ion Trap Print Date: 4/18/2011 4:16:13 PM
Method:  SANA.M OTIN.D Operator:  sdsu Acq. Date: 1/11/2011 1:54:16 PM
Sample Name: LDA_122-t1_biotin

Analysis Info:

Intens. T LDA_122-T1_BIOTIN.D: TIC +All MS]
x107 !
57 i
4 i
i
1
3.. 1
!
2 1
e "
i
xmc}" LDA_122-T1_BIOTIN.D: EIC 1237-1239 +All MS|
257
2.0
1.59
1.09
0.5
0.0 : r . . - ,
1 2 3 4 5 6 Time [min]
Intens. +MS, 2.3min #78|
x108 1238.1
84
(e}
619.4 N o
H
64 o) NH - i.\\
4 (Cbz)HN d
24
NH-Peg-biotin
200 400 600 800 1000 1200 1400 1600 1800 2000 miz
MSD Trap Report v 4 (Let-Opt2) Page 1of1 4 Agilent Technologies

SanA 12-T-1-Biotin LCMS: Lys(Peg-biotin)-N-Me-D-Phe-Val-Leu-Lys(Cbz) (MW=
1237)



SDSU 1/
Project Name:  Defaults l /’ﬁ /¢
Reported by User: System /
SAMPLE INFORMATION
Sample Name: LDA_lll_88_122-tag1-peg Acquired By: System
Sample Type: Unknown Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 267 Date Acquired: 3/25/2011 1:51:25 PM
Run Time: 16.00 Minutes Injection Volume:  30.00 ul
080] - - ]
1
0.60;
5 040]
K 1
020
000 S | S
2,00 |
5 100
< el
| |
] |
o'oo-i'*r——" = . P o e BN o e e T T T e S |
2, 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
—— Channel: 2487Channel 1 Channel Desc.: Processing Method: *
———— Channel: 2487Channel 2 Channel Desc.: Processing Method: *
Peak | RT | Area Height ”
Name | (min)| ( V*sec) % Area (V) Amount | Units
1 [ - o | e PrTey pvewy
2 Riiid b il Eai ] ek Eii ] hkh | whhk
QN 0
N
/\/J NH HN/< \O
(Cbz)HN 1)
NH-Peg-biotin
Report Method: Injection Summary Report  Printed 2:07:39 PM 3/25/2011 Page: 1of1
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S_anA 12-T-1-Biotin HPLC trace: Lys(Peg-biotin)-N-Me-D-Phe-Val-Leu-Lys(Cbz)
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SanA 12-T-111-Biotin 1H-NMR: Phe-N-Me-D-Phe-Lys(Peg-biotin)-Leu-Lys(Cbz)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III80_122- Instrument: Agilent 6330 Ion Trap Print Date: 3/31/2011 2:10:16 PM
Method:  SANA.M T3-PEG.D Operator:  sdsu Acq. Date: 3/31/2011 2:03:39 PM
Sample Name: LDA_III80_122-t3-peg

Analysis Info:

Intens. r LDA_il80_122-T3-PEG.D: TIC +All MS
x1081
10{
1
I
084 !
061 i
]
044 !
02 f
5 i
<107 LDA_I180_122-T3-PEG.D: EIC 1285-1287 +All MS|
6.
4
24
0 - ; ; . , -
1 2 3 4 5 6  Time [min]
Intens. +MS, 2.3min #85|
x107 1285.8
2.0 .
NH-Peg-biotin
1.5 (e}
H o
6435
1.0- f0) NH N
H HN/& B
N 0 R
05 (Cbz)HN o
0.0 - : L : : ; ; LK* — ; 7
200 400 600 800 1000 1200 1400 1600 1800 2000 miz
MSD Trap Report v 4 (Let-Opt2) Page 1of1 i Agilent Tachnologies

SanA 12-T-111-Biotin LCMS: Phe-N-Me-D-Phe-Lys(Peg-biotin)-Leu-Lys(Cbz)
(MW= 1284)
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SDSU 1/
Project Name: Defaults // /ﬁ /i ¢
Reported by User: System ¥
SAMPLE INFORMATION
Sample Name: LDA_122-3peg-biotin Acquired By: System
Sample Type: Unknown Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 99 Date Acquired: 1/14/2011 2:42:25 PM
Run Time: 16.00 Minutes Injection Volume:  25.00 ul
i "
o %
100 |
> ] :
< o.so} }
0.00- §
j |
2 1.00]
i |
1 |
0.00- 1
T T T T T SRS J
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes

——— Channel: 2487Channel 1 Channel Desc.: Processing Method: *
——— Channel: 2487Channel 2 Channel Desc.: Processing Method: *

Peak | RT | Area Height .
Name | (min)| ( V*sec) % Area (V) Amount | Units
1 [~ prowy e | wwe waae | suae
A R e B e NH-Peg-biotin
O
H (0]
o NH /i“\
Dmad, D
(Cbz)HN o
Report Method: Injection Summary Report  Printed 2:58:38 PM 1/14/2011 Page: 1of 1

SanA 12-T-111-Biotin HPLC trace: Phe-N-Me-D-Phe-Lys(Peg-biotin)-Leu-Lys(Cbz)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_128_F2 Instrument: Agilent 6330 Ion Trap Print Date: 4/29/2011 1:39:40 PM
Method:  SANA.M 5.D Operator:  sdsu Acq. Date: 3/15/2011 8:39:26 PM
Sample Name: LDA_III_128_f25

Analysis Info:

Intens. ]

LDA_III_128_F25.D: TIC +All MS
x107

i
i
5] i
i
J
a9
|
3]

2

14

o] [DA_IIl_128_F25.D: EIC 1123-1125 +All MIS|
25]

2.0

0.5

0.0 T T T T T T
1 2 3 4 5 6  Time [min]

Intens. +MS, 2.4min #96]
x1061 1124.6

Y fe)
i (0]
) A,
H

HN

N
562.3 O\w\\ /O/
4 ©\ NH HN

)_/ (e}

; 110O-Peg-biotin
24

4917 || 6322
A A

200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 7 Agilent Tachnologies

SanA 13-T-1-Biotin LCMS: (2R, 3R)-p-O(Peg-biotin)-Phe-Leu-N-Me-Val-D-Leu-D-
Phe (MW= 1123)
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Val-D-Leu-D-Phe
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_130_14 Instrument: Agilent 6330 Ion Trap Print Date: 4/21/2011 6:13:21 PM
Method:  SANA.M 5-TAG2.D Operator:  sdsu Acq. Date: 4/21/2011 5:15:17 PM

Sample Name: LDA_III_130_145-tag2
Analysis Info:

Intens, [DA_Ill_130_145-TAG2.D: TIC +All M3

x107
2.5

2.0

)(9()g DA _II_130_145-TAG2.D: EIC 1252-1254 +All MS|

1 2 3 4 5 6 Time [min]

Intens. +MS, 2.4min #82
x1064 1252.7

2.0

1.54 618.8 HJ\ E
] \V\\ I NH-Peg-biotin

10 ©\ NH HN/(\/\ g

m L C§ O

0.0 ; - - 7 7 &
200 400 600 800 1000 1200 1400 1600 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 4 Agilent Technologies

SanA 13-T-11-Biotin LCMS: (2R,3R)/ (2S,3S)-p-OBn-Phe-Lys(Peg-biotin)-N-Me-
Val-D-Leu-D-Phe MW= (1230+23)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_145-TAG3_ Instrument: Agilent 6330 Ion Trap Print Date: 4/18/2011 5:40:21 PM
Method:  SANA.M DD.D Operator:  sdsu Acq. Date: 12/15/2010 11:22:20 AM
Sample Name: LDA_145-tag3_dd

Analysis Info:

Intens, LDA_145-TAG3_DD.D: TIC +All MS

T
x108 i
1.5 i
'
1
i
|

0.5

o8 LDA_145-TAG3_DD.D: EIC 795-797 +All MS
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0.8
0.6

0.4

0.24

(Boc)HN
0.0l ' . ; : | ;
1 2 a 4 5 ( 6 | Time[min]
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0
] NH i HNi\(
s
©\ NH Ho” ©

2 o) NH,
Crbo

1592.5

200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 i3 Agilent Technologies

SanA 13-T-111 LCMS DDLP: NH,-(2R,3R)/ (2S,3S)-B-OH-Phe-Leu-N-Me-Lys(Boc)-
D-Leu-D-Phe-OH (MW=797)
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SanA 13-T-111 *H-NMR Cyclized Pentapeptide: (2R,3R)/ (2S,3S)-p-OH-Phe-Leu-N-

Me-Lys(Boc)-D-Leu-D-Phe
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Display Report - All Windows Selected Analysis

Print Date: 4/18/2011 5:38:44 PM
Acq. Date: 1/17/2011 11:52:38 AM

Analysis Name: LDA_III_116_PO Instrument: Agilent 6330 Ion Trap
Method: ~ SANA.M ST WASH.D Operator:  sdsu

Sample Name: LDA_III_116_post wash

Analysis Info:

lntens7.- I LDA_IlI_116_POST WASH.D: TIC +All MS|
x10 !
'
41 |

i

3 i

|

|

2]

14

x1 09- LDA_llI_116_POST WASH.D: EIC 778-780 +All MS|

2.0

1.54

0.5

(Boc)HI}l

0.0

5 Time [1f

nin]

Intens.

x106

779.0

+MS, 2.8min #

09

N

1 OQ&NH HN/O/
; (D g

O
OH
5] 679.3 dm

1 1577.0

1457.2 L
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o] Y (@)
//".Hj\’?‘ O
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o
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" Agilent Technologies

MSD Trap Report v 4 (Let-Opt2) Page 1of1

SanA 13-T-I I'I LCMS Cyclizéd Pentapeptide: (2R,3R)/ (2S,3S)-p-OH-Phe-Leu-N-
Me-Lys(Boc)-D-Leu-D-Phe (MW= 779)



Display Report - All Windows Selected Analysis

Analysis Name: LDA_145-T3_UN Instrument: Agilent 6330 Ion Trap
Method:  SANA.M K.D Operator:  sdsu

Sample Name: LDA_145-t3_unk

Analysis Info:

Print Date: 4/25/2011 4:44:17 PM
Acq. Date: 4/25/2011 3:59:12 PM

Intens.
x107
54

4

3

LDA_145-T3_UNK D: TIC +All MS]

0.5

LDA_145-T3_UNK.D: EIC 872-874 +All MS|
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5 6 Time [fnin)

Intens.
x106 873.9

1 777.4

] 1322.8
0

15732
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MSD Trap Report v 4 (Let-Opt2) Page 1of1

3 Agilent Technologies
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SanA 13-T-111 LCMS Cyclized Pentapeptide: (2R,3R)/ (2S,3S)-p-OBn-Phe-Leu-N-

Me-Lys(Boc)-D-Leu-D-Phe (MW= 869)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_122_4M Instrument: Agilent 6330 Ion Trap Print Date: 2/21/2011 11:15:56 AM
Method: SANA.M G.D Operator:  sdsu Acq. Date: 2/21/2011 11:01:48 AM
Sample Name: LDA_III_122_4mg

Analysis Info:

Intens. ] !

3 LDA_III_122_4MG.D: TIC +All MT
x10 !

4

LDA_llI_122_4MG.D: EIC 1243-1245 +All Mgl

x109-
20

1.0

NH-Peg-bioti

p=}

0.51

0.0 T
6  Time[min)

I
Intens. 4 .Bmi
nxa1r:)ss_ - "'K\N/\fo +MS, 2.6min #98
NH l HN

i" Oy

(e} ., 0
2 622.1
0 s |
200 400 600 800 1000 1200 1400 1600 1800 2000 miz
MSD Trap Report v 4 (Let-Opt2) Page 1of1 i Agilent Technolagies

S:';mA 13-T-111-Biotin LCMS Cyclized Pentapeptide: (2R,3R)/ (2S,3S)-p-OBn-Phe-
Leu-N-Me-Lys(Peg-biotin)-D-Leu-D-Phe (MW= 1243)



SDSU

Project Name: Defaults l/‘ﬁ / [
Reported by User: System /
SAMPLE INFORMATION
Sample Name: LDA_145-t3_peg-biotin Acquired By: System
Sample Type: Unknown Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 177 Date Acquired: 3/2/2011 2:47:17 PM
Run Time: 16.00 Minutes Injection Volume:  25.00 ul
|
1.00-
5 ]
Ed
0.00-|
3.00]
2.00
S 1
< 1.00-
0.00-|
1 - — — T T —
2,00 4.00 6.00 8.00 10.00 12,00 14.00 16.00
Minutes
——— Channel: 2487Channel 1 Channel Desc.: Processing Method: *
——— Channel: 2487Channel 2 Channel Desc.: Processing Method: *
Peak | RT | Area Height 2
Name | (min)| ( V*sec) % Area (V) Amount | Units —
1 | e e | wee | weer | weer | e NH-Peg-biotin
2 [+ pron Py | e wan | o
Y e}
Hk“ﬂ 0
NH HN
O\V\\ ,O/
©\ NH HN o
O< l/: .l IO\/@
Report Method: Injection Summary Report  Printed 3:03:29 PM 3/2/2011 Page: 1 of 1

SanA 13-T-111-Biotin HPLC trace Cyclized Pentapeptide: (2R,3R)/ (2S,3S)-p-OBn-
Phe-Leu-N-Me-Lys(Peg-biotin)-D-Leu-D-Phe
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Display Report - All Windows Selected Analysis

Analysis Name:
SANA.M D

Method:
Sample Name:

Analysis Info:

LDA_III_74_f48

LDA_III_74_F48. Instrument: Agilent 6330 Ion Trap

Operator: sdsu

Print Date: 11/16/2010 9:38:02 AM

Acq. Date: 11/15/2010 7:26:29 PM

Intens.
x108
1.25

1.004
0.75
0.504

0.25

T
|
|
|
1
1

LDA_lIl_74_F48.D: TIC +All MS|

0.0
x109'

LDA_Il_74_F48.D: EIC 958-360 +All MiS

6  Time[min]

Intens.
x107

2.0

0.5

306.0
A

480.3

+MS, 2.6min #102]

959.0

G

,(\/\/NH Fluorescein
NH HN
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MSD Trap Report v 4 (Let-Opt2)

Page 1of1

i Agilent Technologies

SanA 1-T-l1-Fluorescein LCMS: Phe-Lys(Fluor)-Val-Leu-Leu (MW= 959)
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Display Report -

All Windows Selected Analysis

Analysis Name:
Method: SANA.M .D
Sample Name: LDA_1-t3_final
Analysis Info:

LDA_1-T3_FINAL Instrument: Agilent 6330 Ion Trap
Operator:  sdsu

Print Date: 12/17/2010 12:56:26 PM
Acq. Date: 12/17/2010 12:28:42 PM

Intens.
x107.

1.5
1.0

0.5

T
1
|
(
1
'
'
'
'
|
|
I
|
|
|
1
!

LDA_1-T3_FINAL.D: TIC +All MS]

LDA_1-T3_FINAL.D: EIC 972-974 +All Mg‘

3 4 5 6 Time [min]

Intens.
x106.
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2.0

0.5
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00 |
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NH-Fluorescein
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N (0]
H
N

NH  H
O /@/
)j\NH HNY,
o
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| MSD Trap Report v 4 (Let-Opt2)

SanA 1-T-l11-Fluorescein LCMS:

‘ Agilent Technologies

Page 1of1

Phe-Leu-Lys(Fluor)-Leu-Leu (MW= 973)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_1-TAG4.D Instrument: Agilent 6330 Ion Trap Print Date: 12/18/2010 11:53:18 AM

Method: SANA.M Operator:  sdsu Acq. Date: 12/18/2010 11:28:43 AM
Sample Name: LDA_1-tag4
Analysis Info:
Intens. T LDA_1-TAG4.D: TIC +All MS]
x107 | |
0.84
0.6
0.4+
0.24
081 : 7Sl
x10 L[DA_1-TAG4.D: EIC 958-960 +All M3
4]
3]
2]
14
Ol== - - : ~ 7 :
1 2 3 4 5 6 Time [min]
Intens. N +MS, 2.6min #93|
1061 7 Fluorescein-HN
1.25]
1.001
480.3
0.75] /@/
0501 NH HN
0.251
- Jo h“ 1096.1 —
T200 400 600 800 1000 120 1400 1600 1800 4 2000 = miz
MSD Trap Report v 4 (Let-Opt2) Page 1of1 i Agilent Technologies

SanA 1-T-1V-Fluorescein LCMS: Phe-Leu-Val-Lys(Fluor)-Leu (MW= 959)
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SanA 12-T-I-Fluorescein *H-NMR: Lys(Fluor)-N-Me-D-Phe-Val-Leu-Lys(Cbz)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_72_122- Instrument: Agilent 6330 Ion Trap Print Date: 3/31/2011 1:42:37 PM
Method:  SANA.M T1-FLUOR.D Operator:  sdsu Acq. Date: 3/31/2011 1:34:20 PM

Sample Name: LDA_III_72_122-t1-fluor
Analysis Info:

Intens.

% LDA_MN_72_122-T1-FLUOR.D: TIC +AllMS
x10¢

1.004
0.75
0.50

0.25 !

0.0
x10%~ LDA_lll_72_122-T1-FLUOR.D: EIC 1121-1123 +All MS
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0.2

0.0 T T T T r
1 2 3 4 5 6  Time [min]

Intens. +MS, 2.7min #98|
X107 1121.9

2.5+

2.0 NH —

(Cbz)HN 4

1 561.8 )
05 NH-Fluorescein

0.0 7 7 - ; 7 7 7 7 7 7
200 400 600 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of1 il Agilent Technologies

SanA 12-T-I-Fluorescein LCMS: Lys(Fluor)-N-Me-D-Phe-Val-Leu-Lys(Cbz) (MW=
1122)



Display Report - All Windows Selected Analysis

Analysis Name:

Method:

Sample Name:

Analysis Info:

LDA_122-tag3

LDA_122-TAG3. Instrument: Agilent 6330 Ion Trap
SANA.M D

Operator: sdsu

Print Date: 11/10/2010 2:47:33 PM

Acq. Date: 11/10/2010 2:39:30 PM

Intens.
x107]

2.5

2.0

LDA_122-TAG3.D: TIC +All MS]

0.6

0.4

0.2+

LDA_122-TAG3.D: EIC 1170-1172 +AllMS|

0.0

5 6 Time [min]

Intens.{
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2.5
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1.0

0.5

N
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+MS, 2.9min #118|
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MSD Trap Report v 4 (Let-Opt2)

SanA 12-T-l11-Fluorescein LCMS: Phe-N-Me-D-Phe-Lys(Fluor)-Leu-Lys(Cbz)

(MW= 1171)

Page 1of 1

‘i Agilent Technolagies
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_III_136_F3 Instrument: Agilent 6330 Ion Trap Print Date: 7/12/2011 2:45:51 PM
Method: SANA.M 5.D Operator:  sdsu Acq. Date: 7/12/2011 12:39:26 PM
Sample Name: LDA_III_136_f35

Analysis Info:

Intensé LDA_II_136_F35.D: TIC +All MS
x10
1.5

0.51

x?ﬁg LDA_II_136_F35.D: EIC 1155-1157 +All MS)|
1.24

0.8
0.6
0.4

0.24

0.0 T T A T T T
1 2 3 4 5 6  Time [min]

Intens. +MS, 2.7min #146|
x107 1155.9

34 FluoresceinHN

2 NH N

) NH HN’i;\\()

(Cbz)HN 4

578.7

200 400 600 800 1000 1200 1400 1600 1800 2000 miz

" Agilent Technologies

MSD Trap Report v 4 (Let-Opt2) Page 1of1

SanA 12-T-1V-Fluorescein LCMS: Phe-N-Me-D-Phe-Val-Lys(Fluor)-Lys(Cbz)
(MW= 1155)



Display Report - All Windows Selected Analysis

Analysis Name: LDA_1022_DD.D Instrument: Agilent 6330 Ion Trap Print Date: 7/25/2009 10:58:33 AM
Method: SANA_LONG.M Operator: sdsu Acq. Date: 7/25/2009 10:34:34 AM
Sample Name: LDA_1022 DD
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Di-SanA 17 LCMS DDLP: HO-D-Phe-Leu-Val-Leu-Leu-NH; (MW = 604)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA _1022_F62. Instrument: Agilent 6330 Ion Trap Print Date: 7/24/2009 2:07:20 PM
Method: SANA.M D Operator: sdsu Acq. Date: 7/11/2009 12:27:48 PM
Sample Name: LDA_1022_f62

Analysis Info:
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Di-SanA 17 LCMS Cyclized Decapeptide: D-Phe-Leu-Val-Leu-Leu-D-Phe-Leu-Val-
Leu-Leu (MW = 1172)



285

SDSU
Project Name: Defaults B reeZ 4
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_ll_162_1022final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 20 Date Acquired: 7/14/2009 2:23:56 PM
Run Time: 16.00 Minutes Injection Volume: 30.00 ul
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-~—— Channel. 2487Channel 1 Channel Desc.: Processing Method: ****
Channel: 2487Channel 2 Channel Desc.: Processing Method: **** -

Peak [ RT | Area |, Height '
Name | (min) | (uv*sec) % Area W) Amount | Units
1] e e ™
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Report Method: Injection Summary Report

.

Frinted 2:40:11 PM  7/14/2009

Page: 1of 1

Di-SanA 17 HPLC trace Cyclized Decapeptide: D-Phe-Leu-Val-Leu-Leu-D-Phe-

Leu-Val-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name:
Method:

Print Date: 6/24/2009 10:36:40 AM
Acq. Date: 6/24/2009 12:34:30 AM

LDA_1023_DD.D Instrument: Agilent 6330 Ion Trap
SANA.M Operator:  sdsu

Sample Name: DA 1023 dd
Analysis Info:
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MSD Trap Report v 4 (Let-Opt2)

Agilent Technologies

Page 1of 1

Di-SanA 18 LCMS DDLP: HO-Phe-D-Leu-Val-Leu-Leu-NH; (MW=604)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_1023_FINA Instrument: Agilent 6330 Ion Trap Print Date: 6/24/2009 4:00:04 PM
Method: DI SANAMD Operator:  sdsu Acq. Date: 6/24/2009 3:33:04 PM
Sample Name: LDA_1023_final

Analysis Info:
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MSD Trap Report v 4 (Let-Opt2) Page 1of 1 Agilent Technologies

Di-SanA 18 LCMS Cyclized Decapeptide: Phe-D-Leu-Val-Leu-Leu-Phe-D-Leu-Val-
Leu-Leu (MW =1172)
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SDSU p
Project Name: Defaults B re 0l
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_1023_final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 507 Date Acquired: 6/23/2009 10:34:54 AM
Run Time: 16.00 Minutes Injection Volume:  25.00 ul
] f,
5 ]
< 1.00
DN i ]
0.00 s
3.00 | -
li
i}
2,00+ ; |
2 ] b i
1.00 it H
] B fﬁ
1 IA "
0.001 == - e ST - - oo e = 1
200 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
———— Channel: 2487Channel 1 Channel Desc.: Processing Method: ****
- Channel: 2487Channel 2 Channel Desc.: Processing Method: ****,
Peak | RT Area |, Height :
Name | (min) | (uv*sec) % Area V) Amount | Units
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Report Method: Injection Summary Report Printed 10:51:08 AM 6/23/2009 Page: 1of 1

Di-SanA 18 HPLC trace Cyclized Decapeptide: Phe-D-Leu-Val-Leu-Leu-Phe-D-
Leu-Val-Leu-Leu



Display Report - All Windows Selected Analysis

290

Analysis Name: LDA_1025_DD.D Instrument: Agilent 6330 Ion Trap Print Date: 6/24/2009 10:37:39 AM
Method: SANA.M Operator: sdsu Acq. Date: 6/24/2009 12:43:35 AM
Sample Name: LDA_1025_dd

Analysis Info:
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MSD Trap Report v 4 (Let-Opt2) Page 1of 1 Agilent Technologies

Di-SanA 20 LCMS DDLP: HO-Phe-Leu-Val-D-Leu-Leu-NH; (MW = 604)
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Di-SanA 20 'H-NMR Cyclized Decapeptide: Phe-Leu-Val-D-Leu-Leu-Phe-Leu-Val-

D-Leu-Leu
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_1025_FINA Instrument: Agilent 6330 Ion Trap Print Date: 7/24/2009 11:19:46 AM
Method: DI SANA.MD Operator: sdsu Acq. Date: 6/27/2009 9:46:46 AM
Sample Name: LDA_1025 final

Analysis Info:
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MSD Trap Report v 4 (Let-Opt2) Page 1of1 % Agilent Technologies

Di-SanA 20 LCMS Cyclized Decapeptide: Phe-Leu-Val-D-Leu-Leu-Phe-Leu-Val-D-
Leu-Leu (MW = 1174)
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SDSU
Project Name: Defaults B re ¢ Ze
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_ll_156_1025 Acquired By: System
Sample Type: Unknow n Sanple Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 547 Date Acquired: 6/27/2009 9:23:12 AM
Run Time: 16.00 Mnutes Injection Volume: 20.00 ul
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—— Channel: 2487Channel 1 Channel Desc.: Processing Method: *=***
Channel: 2487Channel 2 Channel Desc.: Processing Method: **+
Peak | RT Area Height :
Name | (min) | (uV*sec) % Area ) Amount | Units
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Report Method: Injection Summary Report Printed 9:39:25 AM™ 672772009 Page: 1 of 1

Di-SanA 20 HPLC trace Cyclized Decapeptide: Phe-Leu-Val-D-Leu-Leu-Phe-Leu-

Val-D-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name: LDA_1767 21HR Instrument: Agilent 6330 Ion Trap Print Date: 5/6/2009 1:52:26 PM
Method: SANAM .D Operator: sdsu Acq. Date: 3/27/2009 11:48:56 AM
Sample Name: DA 1767_21hr

Analysis Info:
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MSD Trap Report v 4 (Let-Opt2) Page 1of1l Agilent Technologies

Di-SanA 22 LCMS DDLP: HO-Phe-D-Leu-D-Val-D-Leu-Leu-NH; (MW = 604)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_1767_FINA Instrument: Agilent 6330 Ion Trap Print Date: 5/6/2009 11:05:30 AM
Operator: sdsu

Method: DI SANAMD
Sample Name: LDA_1767 final
Analysis Info:

Acq. Date: 5/6/2009 10:20:30 AM
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MSD Trap Report v 4 (Let-Opt2)

Di-SanA 22 LCMS Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-Phe-D-
Leu-D-Val-D-Leu-Leu (MW=1172)

Page 1of 1

Agilent Technologies
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SDSU
Project Name: Defaults B re e Z e
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_34-1_1767_final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 133 Date Acquired: 7/28/2009 5:32:51 PM
Run Time: 16.00 Minutes injection Volume: 35.00 ul
3 ( ]
b | ‘
< _- | \
L | i
o.oo-i:) % = £ e — T = el
}
- i
2
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0.007 - . ]
T 200 400 600 800 1000 1200 14.00 16.00
Minutes

-——— Channet: 2487Channel 1 Channel Desc.: Processing Method: ****
Channel: 2487Channel 2 Channel Desc.. Processing Method: *** -

Peak | RT Area Height 5
Name | (min) | (uv*sec) % Area (V) Amount | Units
1 R Rl hhk ek Raasd ek | okiehk
2 R d Rt d R Raa R d Wik | dewdn

297

Report Method: Injection Summary Report

Printed 5:49:04 PM  7/28/2009

Page: 10of1

Di-SanA 22 HPLC trace Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-Phe-
D-Leu-D-Val-D-Leu-Leu
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Display Report - All Windows Selected Analysis

Analysis Name: Instrument: Agilent 6330 Ion Trap Print Date: 3/26/2009 7:29:22 PM
Method: SANA.M 08.D Operator: sdsu Acq. Date: 3/26/2009 7:15:57 PM
Sample Name: LDA_1867

Analysis Info:

Intens. 1 ! o
x108] f
] i

!

“7TT108.D: TIC +ATMS

34

PP PEPRSNEI o BT

|
|
|
|
|
|
|
|
1
|
|
|
|
|
|
|
|
|
|
|
|
'
|
|

R NS

NH,

1 2 3 4 5 6 Time {min]

Intens +MS, 2.7min #145]
x108; 6046

20

10 1208.1

05

00 e T —— e e i)
200 400 800 800 1000 1200 1400 1600 1800 2000 miz

MSD Trap Report v 4 (Let-Opt2) Page 1of 1 * Agilent Technologies

Di-SanA 23 LCMS DDLP: HO-D-Phe-D-Leu-D-Val-D-Leu-Leu-NH; (MW = 604)
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Di-SanA 23 'H-NMR Cyclized Decapeptide: D-Phe-D-Leu-D-Val-D-Leu-Leu-D-

Phe-D-Leu-D-Val-D-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name: LDA_1867_FINA Instrument: Agilent 6330 Ion Trap

Method: DI SANA.MD Operator:  sdsu
Sample Name: LDA 1867 final
Analysis Info:

Print Date: 5/6/2009 11:06:13 AM
Acq. Date: 5/6/2009 10:29:27 AM
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MSD Trap Report v 4 (Let-Opt2) Page 1ofl Agilent Technolagies
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Di-SanA 23 LCMS Cyclized Decapeptide: D-Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-

D-Leu-D-Val-D-Leu-Leu (MW = 1172)



SDSU
ProjectName:  Defaults B ree 7¢
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_62-1_1867_final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 131 Date Acquired: 7/28/2009 4:56:51 PM
Run Time: 16.00 Minutes Injection Volume: 35.00 ul
3.00 \
3
2.00 \
2
<
1.001 ‘
0.00-— o AN o T S | ST
2.001 |
2 [ 3
< 1,00 |
0.00 o i -
a— . et e PR, e e it L i e B
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
~———— Channel: 2487Channel 1 Channel Desc.: Processing Method: ***
- Channel: 2487Channel 2 Channel Desc.: Processing Method: *** .
Peak | RT Area |, Height ’
i % Area Amount | Units
Name | (min) [ (uV*sec) (1V)
2 [ +eer P e v v US|
(0}
H
N
‘HKN NH
H

Report Method: Injection Summary Report

Frinted 5:13:04 PM  7/28/2009

Page: 1o0of 1
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Di-SanA 23 HPLC trace Cyclized Decapeptide: D-Phe-D-Leu-D-Val-D-Leu-Leu-D-

Phe-D-Leu-D-Val-D-Leu-Leu
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Di-SanA 24 *H-NMR Cyclized Decapeptide: D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-

Leu-D-Val-Leu-Leu
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Display Report - All Windows Selected Analysis

Analysis Name: LDA 1567 F64. Instrument: Agilent 6330 Ion Trap Print Date: 7/29/2009 1:34:00 PM
Method: SANA_LORG.M Operator: sdsu Acq. Date: 7/16/2009 8:56:09 PM
Sample Name: LDA 1567 f64

Analysis Info:

Intens. |~~~ T T - T 7 'LDA_1567_F64.D: TIC +AlIMS
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Di-SanA 24 LCMS Cyclized Decapeptide: D-Phe-D-Leu-D-Val-Leu-Leu-Phe-D-
Leu-D-Val-Leu-Leu (MW =1172)



SDSU

Project Name: Defaults B re 4 28
Reported by User:  System
SAMPLE INFORMATION
Sanple Name LDA_192-Il_1567_final Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
Injection #: 136 Date Acquired: 7/28/2009 6:20:23 PM
Run Time: 16.00 Mnutes Injection Volume: 35.00 ut
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——— Channel: 2487Channel 1 Channel Desc.: Processing Method: i
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Report Method: Injection Summary Report Printed 6:36:37 PM  7/28/2009 Page: 1of 1

Di-SanA 24 HPLC trace Cyclized Decapeptide: D-Phe-D-Leu-D-Val-Leu-Leu-Phe-
D-Leu-D-Val-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name:
Method: SANA_LONG.M
Sample Name: |DA_1967_dd
Analysis Info:

Operator: sdsu

LDA_1967_DD.D Instrument: Agilent 6330 Ion Trap

Print Date: 7/31/2009 11:35:40 AM
Acq. Date: 7/20/2009 9:27:39 PM
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Di-SanA 25 LCMS DDLD: HO-Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-D-Leu-D-Val-

D-Leu-Leu-NH, (MW = 1190)
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Di-SanA 25 *H-NMR Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-

D-Leu-D-Val-D-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name:
Method: SANA_LONG.M
Sample Name: LDA_ssl_peak2
Analysis Info:

Operator:

LDA_SS1_PEAK2 Instrument: Agilent 6330 Ion Trap
sdsu

Print Date: 7/31/2009 4:31:57 PM
Acq. Date: 7/25/2009 1:14:05 PM
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Di-SanA 25 LCMS Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-D-

Leu-D-Val-D-Leu-Leu (MW = 1172)
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SDSU
Project Name: Defaults B re e Z e
Reported by User:  System
SAMPLE INFORMATION
Sample Name: LDA_240-1_1967 Acquired By: System
Sample Type: Unknow n Sample Set Name:
Vial: 1 Acq. Method: primary_sanA_ss_ACN
injection #: 114 Date Acquired: 712712009 5:07:33 PM
Run Time: 16.00 Minutes Injection Volume: 40.00 ul
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Report Method: Injection Summary Report Printed 6:23:46 PM  7/27/2009 Page: 10of 1

Di-SanA 25 HPLC Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-D-
Leu-D-Val-D-Leu-Leu



Display Report - All Windows Selected Analysis

Analysis Name:
Method:  SANA_LORG.M
Sample Name: LDA_2167 55
Analysis Info:

LDA_2167_F55.

Operator: sdsu

Instrument: Agilent 6330 Ion Trap

Print Date: 7/25/2009 11:42:29 AM
Acq. Date: 7/25/2009 11:10:31 AM
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Di-SanA 26 LCMS Cyclized Decapeptide: Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-D-
Leu-D-Val-Leu-Leu (MW= 1172)
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Display Report - All Windows Selected Analysis

Analysis Name: LDA_2367_SS1. Instrument: Agilent 6330 Ion Trap Print Date: 7/30/2009 3:25:22 PM
Method: SANA_LORG.M Operator: sdsu Acq. Date: 7/30/2009 1:28:07 PM
Sample Name: LDA_2367_ss1

Analysis Info:
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MSD Trap Report v 4 (Let-Opt2) Page 1of1 <2 hgitent Technologies

Di-SanA 27 LCMS Cyclized Decapeptide: D-Phe-D-Leu-D-Val-D-Leu-Leu-D-Phe-
D-Leu-D-Val-Leu-Leu (MW= 1172)
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SUPPORTING DATA FOR BIOCHEMICAL ASSAYS

311



1C5o CURVES FOR LEAD COMPOUNDS IN HCT-116
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I1C;, of SanA 13 in HCT-116
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COMPETITIVE BINDING ASSAY WESTERN BLOTS

SanAl13(uM) 0 05 1 5 10 50

Anti-HspO0 ol S s Sln gup S IP: 13-T-III-biotin

SanA13(uM): 0 1 2 5 75 10 125 15 25
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CLIENT PROTEIN BINDING ASSAY WESTERN BLOT SAMPLES

His-Akt and Hsp90

SanA13 (M) 0 01 03 1 3 10
Anti-Hsp90 m. =
Anti-His tag “d

His-Cyp40 and Hsp90
SanA 13 (uM): 0 0.1 03 1 3 10
Anti-Hsp90 -“ -
ANG-HIS tag s ane . s S S0 \
Non-specific binding to

the resin in the absence of
client protein

His-Hop and Hsp90

SanA 13 (pM): 0 0103 1 3 10

Anti-Hsp90 “ v "
Anti-Hop ”

His-Unc4S and Hsp90
SanA 13 (pM): 0 0103 1 3 10

Anti-Hspo0  [SEE S

Anti-His tag .m
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His-Her2 and Hsp90
SanA 15 (uM): 0 0103 1 3 10

Coomassie
staimn for Her2

His-HOP and Hsp90
SanA 15 (uM): 0 0.1 03 1 3 10

- .—
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Anti-H op D me (IS @ <D RTD oo

REVERSE BINDING ASSAY WESTERN BLOT SAMPLES

GST-IP6K2 and Hsp90
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His-FKBP38 and Hsp90
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Coomassie blue stain
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DI-SANA PULL DOWN ASSAY GEL
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Western blot for Hsp90 with Di-SanA 16 cell lysate pull down:






