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Abstract

Peptides offer distinct advantages as a protein targeting modality for mechanistic
probe and drug development. Given their large surface area and the potential for highly
tailored design, peptide ligands can have exquisite target-binding affinities and
specificities. To counteract conformational and metabolic instabilities, many peptide
stabilization strategies have been deployed, in some cases leading to cell-permeable
bioactive compounds. A noteworthy peptide stabilization chemistry is ring-closing olefin
metathesis, used in the formation of stapled peptides, constrained alpha-helical peptides
that serve as protein-protein interaction inhibitors. Herein we report first-in-class cell-
active stapled peptide inhibitors of RAB25, a recalcitrant protein target implicated in the
pathogenesis of a variety of cancers. This work exemplifies the potential of stabilized
peptides to engage challenging targets in relevant biological contexts, however the
current repertoire of peptide stabilization chemistries have several limitations, including:
the requirement of exogeneous reagents or harsh conditions often incompatible with
unprotected peptide, full length proteins, or aqueous conditions; a narrow scope of
applicable folds and resulting stabilized structures; limited diversity in stabilizing linker
structure, which rigidifies peptide conformation and can itself impact target-binding. To
begin addressing these shortcomings, we applied the Diels-Alder reaction as a
bioorthogonal chemistry for peptide cyclization. Our studies confirm its suitability for both

on-resin and in-solution peptide cyclization, in organic and aqueous solutions

XVi



respectively. Cyclization kinetics are rapid and high-yielding across a range of diene and
dienophile functional groups and peptide folds, predominantly resulting in cycloadducts
with endo stereochemistry as ascertained by NMR and X-ray crystallographic studies.
Further, Diels-Alder cyclized peptides display enhanced bioactivity, with cycloadduct
composition and geometry having differential impacts on target-binding, confirmed by the
observation of substantial cycloadduct-protein contacts in a crystal structure of an SRC2-
derived Diels-Alder cyclized peptide bound to its target estrogen receptor alpha.
Additionally, Diels-Alder peptide cyclization is shown to be compatible with both ring-
closing olefin metathesis and disulfide formation, suggesting the broad applicability of this
chemistry alongside other stabilization chemistries. Separate work reports on the design
and screening of peptide inhibitors targeting a highly conserved coronavirus
methyltransferase complex, nsp16/nsp10, central to the infectivity of SARS-CoV-2, the
cause of the ongoing COVID-19 global pandemic. Finally, we present a robust, multi-
readout cell penetration, compound stability, and membrane disruption assay for peptides
and other synthetic biologics. This allows for conclusive reporting of key pharmacologic
properties of these promising protein-targeting modalities. Taken together, these works
serve to expand the application, function, and study of synthetic biologics and related

compounds for probing biology and treating disease.
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CHAPTER 1: Synthetic biologics provide new handles for challenging targets

1.1 Introduction

In the early nineteenth century, as a rudimentary molecular understanding of
proteins was emerging, the term was coined from the Greek mpwTtelog, or proteios
(“primary” or “of the first rank”) [1, 2]. Subsequently and fittingly, proteins have emerged
to be central drivers in the majority of biological processes. Proteins are thus the primary
targets of most pharmaceuticals to treat disease, as well as the targets of probe molecules
to elucidate biological mechanisms [3-6]. Indeed, there are numerous examples
throughout human history of protein modulation through the use of exogeneous
substances; the use of plant-derived salicylates (predecessors of acetylsalicylic acid,
modern day aspirin) for their anti-inflammatory properties being just one example [7].
Therefore, over the last century, a large part of modern research has been dedicated to
the design, synthesis, and study of molecules that modulate protein function. These are
central goals across the fields of chemical biology, medicinal chemistry, and many of the
biological sciences. This focus on the study and targeting of proteins is exemplified by the
lofty goal of designing a targeted probe for every one of the ~20,000 proteins in the human

body [8]. Probe design (and likewise drug design and development) can be an



exceptionally challenging, even perilous, process [9]. This is due in large part to proteins’
structural similarities, their complex interdependencies and context-dependencies, and
the physicochemical requirements for adequate probe or drug design.

Protein structure is encoded by its primary amino acid sequence, which in turn
dictates function. These functions can include enzymatic catalysis, signaling, and
regulation of other proteins and biomolecules via binding interactions for translocation,
sequestration, inhibition, and activation. Given the evolutionary history of proteins and
families of proteins (e.g. gene duplication events or convergent evolution), as well as the
fact proteins across all domains of life are composed of almost exclusively the same 20
amino acids, many structural features are often homologous. This necessarily makes
selective protein target engagement a challenge, as outlined in later sections. Adding
further complexity to this targeting problem, the structures and functions of proteins are
context-dependent across many variables including: space (e.g. tissue type, cell type,
subcellular distribution); time (e.g. cell state, protein lifetime, dynamic processes); and
environment or proximity (e.g. phases of matter, solute composition, binding partners).
One of the most critical variables defining protein structure and function are interactions
with other proteins [10]. Driven by molecular recognition, these protein-protein
interactions (PPIs) are involved in the vast majority of biological processes, and are
therefore highly regulated, complex events critical for the proper functioning of biological
systems [11]. When dysregulated, PPIs are often drivers of disease states. Much work
has been devoted to the discovery and characterization of PPls [12-14], yet they remain

challenging targets for probe and drug development [15]. The following sections outline



the strengths and weaknesses of current protein targeting modalities, as well as recent
progress and new opportunities for selective inhibition of PPlIs.
1.2 Small molecules

The pharmacopeia has historically been composed of small molecules that ideally
elicit effects on target proteins with high potency and specificity. Since prehistory,
humanity used compounds found in natural occurring sources to treat disease, so not
surprisingly natural product discovery and screening was central to many of the early
successes of modern drug discovery [16, 17]. Through this process, it was discovered
that small molecules are well-suited for development into drugs due to their size,
physicochemical properties, and similarity to biologically active compounds found in
nature. Their hydrophobicity makes them readily cell-permeable and often orally
bioavailable; their constituent functional groups can be tuned for binding with protein
backbones and side chains; they are unlikely to trigger immunogenicity due to their small
size. The synthetic tractability of small molecules is another attractive property,
continuously enriched by the growing repertoire of chemical transformations that expands
the scope of synthesizable matter.

Indeed, the development of medicinal chemistry over the last half-century has led
to the refinement of design principles for more selective, targeted small molecule
therapeutics. Heuristics like Lipinksi’s Rule of Five (i.e. five or less hydrogen bond donors;
ten or less hydrogen bond acceptors; 500 dalton or less molecular weight; log P below 5)
and beyond have helped improve design, identification, and selection of more drug-like

small molecules. Theoretically, such data and experience-driven metrics should increase



the chances of success while progressing through the drug discovery and development
pipeline [18-20]. With further advances, such as data-driven computational design [21]
and increasingly sophisticated high-throughput screening platforms [22, 23], it would
seem that any target could yield to small molecule drug discovery given sufficient time
and effort.

A noteworthy example is imatinib, sold under the tradename Gleevec. Imatinib
targets the BCR-ABL fusion protein, the product of a genetic translocation that results in
the formation of the Philadelphia Chromosome and the central driver of chronic myeloid
leukemia and other blood cancers [24-26]. Through iterative rounds of medicinal
chemistry, an early hit targeting protein kinase C was derivatized to both selectively target
the fusion protein’s ABL tyrosine kinase active site (Figure 1.1 A-C) and improve its drug-
like properties, ultimately leading to rapid clinical testing and FDA approval for an
otherwise hard to treat disease with poor prognosis [24]. Imatinib is further noteworthy as
it was one of the first drugs that brought to bear advances in the understanding of a
disease’s genetic basis, and was thought to herald a revolution in pharmacogenomic drug
discovery at the dawn of the genomics era, in part through the successful design of next
generation analogs for treatment-resistant BCR-ABL mutants [27, 28]. While genomics
has greatly enhanced our understanding of health and disease, and advances in genetic
technologies has enriched many drug discovery platforms, this revolution has so far not
come to pass in the post-genomic era. We have a much better understanding of the
molecular underpinnings of disease, with ~4000 protein-coding genes implicated in

disease progression [29, 30]. Unfortunately, fundamental limitations of small molecules



have held back progress in expanded targeting of these proteins. Like the vast majority
of approved small molecule drugs, imatinib and its successors elicit their effect by
engaging and inhibiting the activity of a binding site evolved to bind small molecule
metabolites.

A

—/

Figure 1.1: Imatinib, a representative small molecule inhibitor of BCR-ABL’s
tyrosine kinase domain.

(A) Structure of imatinib. (B) Imatinib (green, sticks) shown bound in the active site of the
ABL tyrosine kinase domain (light blue) (PDB: 3K5V). (C) Detailed image of polar binding
interactions (yellow dashes) between imatinib and main chain and side chain functional
groups of the ABL tyrosine kinase active site.

Only approximately 10% of the proteome is believed to contain binding pockets
suitable for engagement by small molecules (Figure 1.1 C) [31, 32]. Smoother, large
interfaces such as those found at PPIs, are especially challenging targets for small

molecules [33-35]. Further, due to the nature of molecular evolution, many proteins within



the same family or that share similar structural or functional features may contain
analogous small molecule binding sites. This increases the risk of off-target binding,
diminishing therapeutic efficacy and potentially causing unacceptable toxicity [36, 37].
While the potential chemical space occupied by relatively broad definitions of drug-like
small molecules is enormous (~10%° distinct possible structures), only a very small subset
will actually have requisite drug-like properties while also being sufficiently differentiated
to specifically engage a target protein [38-40]. Thus in recent years, Eroom’s Law — an
inversion of Moore’s Law, charting the continual decrease in newly approved drugs per
bilion US dollars spent on pharmaceutical research and development — has been
invoked. Additionally, some protein targets or classes of targets have begun to be labeled
as “undruggable” following decades of targeting attempts [41].

A notable class of so-called undruggable targets are the many transcription factors
for which mounting evidence implicates their dysregulation in an outsized number of
cancers [42, 43]. Their purported “undruggability” stems from several key, frustrating
features. As opposed to nuclear receptor transcription factors, which are typically ligand
activated, many other transcription factors lack the small molecule binding sites or other
known pockets required for traditional small molecule drug design [44]. Further, many are
unstructured, intrinsically disorder proteins that only take on structure upon engagement
with other protein binding partners. This reliance on PPls and protein-DNA interactions
for their functions, means many transcriptions factors are primarily composed of large,
smooth surfaces. In addition, the design of small molecule inhibitors targeting the largely

positively-charged DNA-binding regions of transcription factors is traditionally a non-



starter as resulting molecules would lack requisite small molecule drug-like properties [45,
46]. Recent advances in targeting transcription factor, PPls, and other allegedly
undruggable targets with small molecules, however, have emerged, primarily mediated
through inhibitory allosteric interactions [34, 47, 48]. In addition, covalent small molecule
inhibitors and other technologies such as molecular glues and degraders are emerging
as more potent methods for hitting recalcitrant target classes [49-51]. While small
molecule therapeutics continue to expand in targetable scope and potency, other
emerging modalities can greatly complement these potential therapies.
1.3 Biologics

Biologics have emerged in recent decades to seize a large share of the drug
market. While newer modalities such as RNA-based therapeutics are growing in
prominence, proteins dominate the category, composing over 20% of newly approved
drugs in 2019, with antibodies representing the majority and many achieving blockbuster
status [52, 53]. Antibodies have many favorable pharmacologic properties and a history
of therapeutic use dating back to protective ‘serum therapies’, despite being considered
poor candidates for drugs as recently as the 1980s [54]. Antibodies’ antigen-binding
surface area is quite large (~1000 A2 on average), providing for exceptional target-binding
specificity and affinity (Figure 1.2) [55]. This coverage allows antibodies to inhibit PPIs,
an exceptionally challenging target for traditional small molecules [33]. Their capacity for
iterative rounds of selection and optimization can confer high binding affinities for protein
targets. Given that the majority of therapeutic antibodies are now produced in humanized

forms, and mechanisms for maintaining high antibody titers exist in the human body, the



circulating half-life of an antibody can be weeks, prolonging the therapeutic window and
reducing the frequency of administration [56, 57]. In addition, the deep study of the post-
translational modifications of antibodies, as well as bioconjugation chemistry, provides for
increased quality control as well as the ability to modify antibodies for enhanced efficacy,
stability, and targeting of therapeutic payloads, as in the emerging class of antibody-drug
conjugates [58-60]. Other protein therapeutics, including enzyme replacement therapies
and engineered proteins designed to mimic existing signaling factors such as interleukins,
are also growing in prominence, sharing or taking advantage of many of the same

advances as described above for antibodies.

Figure 1.2: Representative structure of the antigen-binding fragment of antibody
Adalimumab (blue) bound to its target TNFalpha (red), displaying the large binding
interface characteristic of these biomolecular interactions (PDB 3WD5).

Antibodies and other protein therapeutics are not without down sides. Since they
are proteins, they cannot survive passage through the gastrointestinal tract and are thus
not orally bioavailable; intravenous injection is the most common route of administration
to ensure rapid and complete delivery into the blood stream. Their large size (150
kilodaltons) also typically precludes the targeting of intracellular proteins. Therefore only
extracellular proteins, ~10% of the proteome, are addressable by antibodies. Further,

antibodies may trigger unfavorable immunogenic responses in some patients or with



repeated administration. Long term storage and stability of antibodies and other biologics
is another perennial issue, and despite decades of advances in antibody expression
system technologies and largescale manufacturing, minor changes in production
conditions can lead to wide variance in final products which may have dramatic impacts
on efficacy. Taken together, the current arsenal of therapeutic modalities leaves much to
be desired. This is profoundly apparent in the fact that currently approved drugs only
target ~754 disease-associated proteins, of an estimated 4000 targets with evidence-
based involvement with various diseases [29, 61].

1.4 Peptides: In the “Goldilocks zone”?

Peptide drugs can achieve many of the beneficial properties of both small
molecules and biologics, while mitigating many of their down sides (Figure 1.3) [62].
Synthesis of peptides has been standardized through the advent of solid-phase peptide
synthesis (SPPS), a facile method for the routine synthesis of up to ~40-50mer peptides
from constituent orthogonally-protected amino acid monomers [63-65]. Advances in
SPPS methods and automation, as well as the introduction of native chemical ligation,
have provided access to longer sequences, allowing for the full-length chemical synthesis
or semi-synthesis of entire proteins [66-68]. Due to the iterative, modular nature of SPPS,
natural and unnatural amino acids can be incorporated with minimal optimization of
synthetic conditions, resulting in products with high purity. Thus, like small molecules,
peptides are synthetically tractable, while also sampling across a large span of chemical
space due to their size. This large surface area also contributes to increases in peptide

binding affinities and specificities, as seen in biologics. Further, given that peptides are



chemically identical to the proteins they target, fragments designed to structurally mimic
a binding partner may achieve comparable affinities to that of the native interaction, and
are also relatively benign from a toxicity standpoint. The fact that suitable peptide
sequences can be rapidly identified, synthesized, and derivatized for screening is another
attractive feature. Chapter 4 will explore this process toward the development of peptide
inhibitors targeting SARS-COV-2. In addition, advances in recent decades have allowed
for the high-throughput synthesis and screening of peptides, synthesized either
chemically or biosynthetically, the latter providing access to directed evolutionary
approaches for high affinity binding [69]. Indeed, pioneering work in phage display and
other expression technologies have enhanced humanity’s ability to harness the incredible
power of molecular evolution to discover peptide and protein ligands with high target

binding affinity and other desirable properties [70, 71].
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Figure 1.3, continued: Aspirin and imatinib, structures in the left panel, are two examples
of small molecule inhibitors with mechanisms of action which target the pockets of protein
active sites. Diels-Alder cyclized SRC2 peptide 6a (from PDB 6PIT) and a disulfide-
bridged RGD peptide are depicted in the middle panel. An antibody structure is depicted
in the right panel, composed of two light chains (wheat and dark blue) and two heavy
chains (light green and teal) (PDB 1HZH).

Peptides on their own, however are often not ideal drug candidates. Many linear
peptide sequences, if intended to inhibit a protein-protein interaction through mimicking
one of the interacting partners’ surfaces, will lack the requisite topology for high-affinity
binding once removed from the larger context of their source protein. A given peptide’s
size and proteinaceous nature can also confer many of the same liabilities as biologics.
Typically, peptides are not cell-permeable and are susceptible to proteolysis by the wide
array of proteases in the human body. Thus, many synthetic analogs of peptide
hormones, such as insulin, glucagon-like peptide 1 (GLP-1), and atrial natriuretic peptide
(ANP), are not orally bioavailable and must be administered by injection, and since the
body tightly regulates the activities of their native counterparts, these synthetic hormones
have low circulating half-lives [72, 73]. All of the above largely holds true for the vast
majority of linear peptides, as proteases preferentially cleave extended peptide chains
[74].

1.5 Peptide macrocyclization

For millions of years, nature has solved the peptide stability problem through the

use of macrocyclization. Peptide macrocycles are ubiquitous across the natural world,

first emerging as bacterially-produced antibiotics for chemical warfare against competing

microbes. These microbial arsenals have served as sources of and inspiration for critical
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medicines. Cyclization rigidifies the peptide’s structure, reducing its length, flexibility, and
ultimately susceptibility to proteolysis. This altered topology can also confer binding
advantages through ligand pre-organization, reducing the entropic penalty of binding [75].
Additionally, some macrocyclic peptide drugs, notably cyclosporin A, can be formulated
for oral administration, spurring continual research in this area [76-78]. A wide array of
stabilization chemistries have been observed in nature, from the common disulfide bond
to back-bone cyclized structures and diverse sidechain-sidechain crosslinks, some of
which require non-ribosomal peptide synthesis or post-translational modification of
ribosomal peptides [79-81]. Taken together, synthetic biologics present an intriguing
opportunity for high-affinity, tunable targeting of proteins, especially intracellular protein-
protein interactions, both as a therapeutic modality and mechanistic probing strategy.
Inspired by the beneficial properties of peptide macrocyclization, chemists have
devised many strategies to cyclize peptides to form various secondary structures, motifs,
and ring sizes in order to impart desirable properties [82, 83]. Given that many peptide
macrocycles or other derivatives are often synthetic mimics of biological structures
containing non-natural functionalities for improved pharmacologic properties, they are
sometimes referred as peptidomimetics or synthetic biologics. The observation that
macrocyclization can preferentially stabilize a peptide into a privileged high-affinity
conformation has driven the study of this phenomena [75], including the recent
exploration of so-called “dark conformers” through the use of dominant rotors to confine
macrocycles in a tunable manner [84, 85]. As stated above, cyclization can reduce

peptide susceptibility to proteolysis, and (from direct experimental observation)
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appropriately designed and stored stabilized peptides retain their structure for many
years, suggesting long term storage and distribution in a variety of settings would not be
as large an issue as with other biologics. Further, cyclization can improve peptide cell
permeability by reducing polar content/increasing hydrophobicity, stabilizing
conformations that promote internal hydrogen bonding, or otherwise occlude polar
functional groups from contributing to the total polar surface area [86, 87]. A review of
general stabilization strategies, highlighted macrocyclization chemistries, and synthetic
considerations follows.
1.5.1 Stabilization through native peptide and protein functional groups

Various sidechain-to-sidechain, head-to-sidechain, and head-to-tail peptide
macrocyclization processes are found throughout the natural world, largely in microbes
and plants. The cyclizing step, which may occur between a wide variety of residues or the
peptide termini, is predominantly carried out by non-ribosomal peptide synthetases —
multicomponent complexes of enzymes that: stitch together proteinogenic and non-
proteinogenic amino acids; can chemically modify them; can form branched and/or cyclic
peptide products — or through the biosynthesis of ribosomally synthesized and post-
translationally modified peptides (i.e. RiPPs), an important emerging class of peptide
natural products [81, 88-90]. The history of synthetic organic chemistry, and many of its
most profound and elegant discoveries, is built in large part on the total synthesis Inspired
by these powerful ligands, chemists have extensively explored diverse connection

strategies utilizing the canonical amino acids.
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A common strategy, very frequently encountered in natural peptides and proteins,
begins with the incorporation of one or more pair of cysteines into a target peptide
scaffold. These are then oxidized to form disulfide bond(s) (Figure 1. A). In many cases,
particularly when multiple disulfides are desired, careful synthetic route design and
incorporation of orthogonally protected cysteines may be required (Figure 3.1 B). This is
to ensure accurate, sequential templating of intramolecular disulfides, and often requires
a combination of on-resin and in-solution manipulations, all while controlling factors such
as reaction redox state and dilution [91-93]. There are documented examples of disulfide-
rich peptides or proteins that, through evolution or design, do not require onerous
conditions for establishing the required connectivity [94, 95]. This is often not the case,
however, so careful compound characterization and screening of conditions is usually
necessary.
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Figure 1.4: Disulfide bonds, a native peptide and protein stabilization strategy.
(A) Disulfide formation. (B) Schematic representation of selective deprotection and
oxidation to form multiple disulfide bonds with the desired connectivity.
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Another prevalent strategy is amide bond or lactam formation on peptide scaffolds.
Lactam formation can be achieved on resin through the selective deprotection of lysine
and a carboxylic acid group of an aspartic or glutamic acid residue, allowing for sidechain-
to-sidechain cross-linking, typically over short separating distances, using similar
coupling chemistries as main chain SPPS [96, 97]. Head-to-tail peptide macrocyclization
can similarly be achieved by N-terminal deprotection, cleavage of the fully protected
peptide from resin, and subsequent peptide bond formation [98]. As with disulfide
formation above, careful design and control of reaction conditions is required to ensure
the accurate cross-linked species is produced and to minimize side products.

1.5.2 Stabilization through exogeneous reactive linkers or enzymatic processes

Another popular peptide stabilization strategy takes advantage of the nucleophilic
properties of cysteines and lysines through the incorporation of, or reaction with, a
bridging component containing requisite electrophilic groups. Double cysteine S-
alkylation or arylation with a bridging group provides for increased cross-linking lengths
and structural diversity relative to disulfide bond formation; further, peptides stabilizes by
these chemistries are not susceptible to reductive linearization [99-102]. Notable
examples of these linkers include di-brominated species such as 1,3-
bis(bromomethyl)benzene and perfluoro-aryl groups (Figure 1.5 A) [103, 104]. In a
similar manner, a lysine residue or N-terminal amine may be derivatized with a suitable
functional group for reaction with a neighboring cysteine or lysine (Figure 1.5 B,C) [105-
108]. Such strategies often require careful synthetic planning for on-resin derivatization

and subsequent cyclization, judicious selection of by-standing residues, and/or tailored
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reagents for selective modification of side chains in solution [109, 110]. Extensions of
some of these strategies have been applied to phage-displayed libraries of cyclic peptides
or native proteins [69, 111]. Such protein-expression based platforms allow for directed
evolution-type strategies for enhanced screening of optimal stabilized peptide or protein
structures.
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Figure 1.5: Representative examples of cysteine-cysteine (A), lysine-lysine (B), and
cysteine-lysine (C) cross-linking chemistries.

In addition, more exotic macrocyclization reactions have emerged in recent years,

from enzymatic cyclization, multi-component cross-linking chemistries, photochemical
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methods, and cross-links that occur at less frequently utilized residues [112-116]. Key
limitations with many of these chemistries include: their incompatibility with layering
multiple stabilizing chemistries; requirement of extensive manipulations; requirements for
on-resin crosslinking/dilution to avoid side reactions/oligomerization; may require forcing
conditions due to impediments of complete reaction (e.g. target sequence or cross-link
composition); or may necessitate further engineering of reaction conditions or tailored
cross-linking reagents for highly specific, robust reactions [109, 117, 118].
1.5.3 Stabilization through non-canonical functional groups

Non-native functionalities may also be incorporated directly during peptide
synthesis or through the use of non-canonical amino acid incorporation orthogonal protein
expression systems [119-121]. Such reported macrocyclization chemistries include
copper-catalyzed azide-alkyne cycloaddition (CuAAC), thiol-ene click chemistry, ring-
closing metathesis, as well as a variety of multicomponent reactions [112, 122-126]. The
incorporation of non-canonical amino acids enabling metal-catalyzed bond formation is a
noteworthy example [127]. The most well-studied of these strategies include ruthenium-
catalyzed ring-closing olefin metathesis (RCM) of terminal alkene-containing groups, as
well as [3 + 2] Huisgen ligation of alkyne/azide pairs [122, 128-131]. These “stapled”
peptides show increased favorable properties including structural stability, binding affinity,
cellular uptake, and in vivo pharmacokinetics for direct or allosteric targeting of PPIs [132-
135]. Notably, compounds in the RCM class have entered clinical trials for various
indications [136]. The utility of stapled peptides resides in their structure and function:

they are short, constrained, alpha-helical peptides capable of inhibiting PPIs by faithfully
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templating and mimicking an alpha helix found at the interface of interaction (Figure 1.6
A) [132, 133, 135]. This is accomplished through the incorporation and RCM of one or
more pairs of olefin-containing non-natural amino acids through the treatment of the fully-
protected peptide on resin with Grubbs | catalyst (Figure 1.6 B). First synthesized by
Blackwell and Grubbs [137], the Verdine group standardized the design of optimal stapled
peptide inhibitors [128, 138]. Central to this was the synthesis and use of (S)-N-Fmoc-2-
(4'-pentenyl)alanine (Ss) and (R)-N-Fmoc-2-(7'-octenyl)alanine (Rs), bis-alkylated olefin-
containing amino acids. Two Ss residues (incorporated with i, i+3 or i, i+4 spacing), or one
Ss residue and one Rs residue (incorporated with J, i+7 spacing), are positioned on the
same face of the alpha helix allowing for productive cross metathesis [129, 139, 140].
Residues selected for Ss or Rs substitution should of course not be critical contributors to
target binding, however we and others have observed through structural study that
resulting stabilization crosslinks can contribute favorably to binding interactions [141-
143]. In addition to optimal structural mimicry for high-affinity binding and stabilization,
stapled peptides also display an increased propensity for cell penetration, in part likely
due to the hydrophobic nature of the bridging ‘staple’ and intramolecular hydrogen
bonding characteristic of alpha helices. Amino acid content is also a major contributing
factor to cell penetrance and is central to the related study of cell penetrating peptides
[144, 145]. Chapter 2 will present work on the design, synthesis and characterization of

first-in-class stapled peptide inhibitors of the GTPase RAB25.
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Figure 1.6: Design inspiration, rationale, and chemical stabilization of stapled
peptides by RCM.

(A) The H1 alpha helix (red) of the ACE2 receptor (blue) composes the bulk of the
interaction surface with the receptor binding domain of the SARS-COV-2 Spike protein
(green) (PDB: 6M17). When isolated outside the context of the full-length protein, the H1
peptide, and most linear sequences, are largely unstructured (inset). (B) Through the
incorporation of bis-alkylated olefin-containing amino acids and cross metathesis of the
olefin groups with Grubbs | catalyst, a helix can be stabilized.

While all of the above chemistries can successfully stabilize peptide secondary
structure, most macrocyclization transformations require some combination of exogenous
reagents, harsh conditions, peptide side-chain protection, and typically must be
performed on-resin. They are also often incompatible with diverse structures, other
natural and non-natural functionalities, and the aqueous conditions necessary for proper
folding of specific peptide and protein scaffolds. Further, they often have limited
orthogonality with other stabilization chemistries and may only template a subset of
peptide folds. In cases of in-solution macrocyclization chemistries, highly selective or

otherwise tailored reagents are required for the modification and cross-linking of target

side chains. Additionally, the transition-metal catalyzed reactions mentioned often require
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expensive and toxic catalysts that must be removed during purification. Therefore, new
strategies to control secondary and tertiary structure, ideally with wide functional group
and reaction condition tolerance, would greatly expand the synthetic arsenal for
developing peptide-based chemical probes. Chapter 3 will describe the application of
Diels-Alder cycloaddition toward expanding the repertoire of peptide cyclization
chemistries.
1.6 Application and structural and functional characterization of synthetic
biologics

As interest in peptide probes and therapeutics has grown, researchers have
devised numerous methods to best establish their structures and functions. Traditional
analytical methods such as liquid chromatography, mass spectrometry, and nuclear
magnetic resonance (NMR) are used to assess compound identity, purity, connectivity
and structure. X-ray crystallography can be used to further elucidate peptide structure as
well as inform design through the study of protein targets’ binding interfaces and their
interacting partners. Circular dichroism (CD) spectroscopy is widely used to monitor well-
defined secondary structures of peptides, especially for the alpha helical content of
stapled peptides, which is characterized by distinct minima at 208 and 222 nm (Figure

1.7) [146].
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Figure 1.7: Representative data for CD spectroscopic analysis of helical content of
linear and stapled peptides.

Linear ACE2 receptor H1 analogs, either H1 wildtype (blue) or solubilized lysine-
substituted H2+ (green), display CD spectra characteristic of unstructured random coil.
RCM-stabilized variants H3-5+ display spectra characteristic of high alpha helical content,
with minima at 208 and 222 nm (denoted by open circles) *, denotes staple-bridging
residues.

The ease with which peptides can be functionalized by appending linkers and
desired moieties on their N-termini during SPPS has led to the wide adoption of
fluorescence and enrichment-based methods for studying peptide function. Peptides
labeled with fluorescein isothiocyanate (FITC), for example, can serve both as “tracer”
molecules in fluorescence polarization experiments to assess in vitro target binding as

well as probes to assess cell penetrance through fluorescence imaging [144, 147]. The

limitations of this fluorescent cell penetration readout will be discussed in greater depth
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in Chapter 5, along with the design and application of a new strategy for measuring
peptide cell penetrance and stability. Biotinylated peptides can be used in binding assays
such as surface plasmon resonance (SPR) and pull-down experiments to detect, and in
the former quantify, peptide-protein binding interactions [148, 149]. Additional
biochemical analyses such as isothermal calorimetry, gel-shift assays, and thermal shift
assays can similarly be used for characterization. Further in the development process,
cell- and animal-based studies are employed to study the in cellulo and in vivo activity of
peptide inhibitors. These can range from kit-based viability assays and fluorescent
reporter assays, to phenotypic screens such as cell migration assays or changes in
transcriptomic or proteomic profiles.
1.7 Concluding remarks

While synthetic biologics show great promise as therapeutics and mechanistic
probes, the field is still maturing. Expansions in target scope and deeper understanding
of design principles for current strategies such as stapled peptides are critical. | believe
increasing the structural and functional diversity of synthetic biologics will be paramount
to further advance the field. To accomplish this, new chemistries are necessary to
stabilize a broader spectrum of peptide and protein folds, ideally with the versatility to
operate in aqueous environments, on large scaffolds, and in concert with other orthogonal
stabilization or conjugation chemistries. This will allow for the incorporation of multiple
functional features into one molecule for enhanced: stability; binding; tissue-, cell-, or
subcellular-specific targeting; and overall potency through combination with other

emerging modalities in drug discovery. In addition, advances in analytical, (bio)synthetic,
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and high-throughput screening technologies should be brought to bear on the
development of next generation synthetic biologics in the same manner that medicinal
chemistry has impacted small molecule drug discovery in the last half century.
1.8 Dissertation scope

This dissertation will focus on my work in the Moellering Lab broadly addressing
the design, synthesis, characterization, and screening of synthetic biologics. Chapter 2
presents first-in-class stapled peptide inhibitors of the RAB25 GTPase, a challenging
target and context-dependent driver or inhibitor of tumor progression. Chapter 3 presents
the application of Diels-Alder cycloadditions for the stabilization of diverse peptide
scaffolds. Chapter 4 presents recent work toward the targeting of the NSP16
methyltransferase of SARS-COV-2 with peptide inhibitors. Chapter 5 presents the
development of a cell penetration assay for synthetic biologics that reports in an unbiased

manner on the cytosolic delivery and stability of cargos.
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CHAPTER 2: Design, synthesis, and evaluation

of stapled peptide inhibitors of RAB25*

*This chapter was adapted from: Mitra, Montgomery, et al. Nat Commun, 2017. 8: 660,
under a Creative Commons Attributions 4.0 License:

http://creativecommons.org/licenses/by/4.0/

2.1 Introduction

The dense, complex intracellular environment is the setting for the vast majority of
biological processes; with the vast majority of these processes carried out by proteins;
with all the protein-mediated processes at least tangentially affected by protein-protein
interactions (PPIs). With estimates of total mammalian intracellular protein concentration
on the order of ~102 mg/mL (or ~10%-10'° individual proteins per cell), regulatory binding
events mediated by PPls must have sufficiently high affinity and specificity to faithfully
carry out their actions [11, 150]. Multicomponent protein complexes, prevalent binding
partner promiscuity, and context-dependent changes in the structure and function of
proteins add additional layers of complexity to the study of the “interactome” in healthy
and diseased states [13, 35, 151]. Unsurprisingly, potent and specific intracellular PPI
inhibitors that could serve as mechanistic probes or drugs are comparatively rare relative
to active site-targeting small molecule inhibitors (though the reported specificities of many

probes in the literature are suspect) [9].
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Taking inspiration from the remarkable molecular recognition properties of
proteins, chemists have brought forward a multitude of synthetic peptide-based probes
for targeting intracellular PPIs [11, 152, 153]. To accomplish this, probe sequence and
structure is often informed by these corresponding properties of the PPl-members of
interest. Perhaps the most noteworthy and widely implemented example of this is peptide
stapling [140]. Through intramolecular cross-linking of two side chains of a natively-helical
peptide sequence, the resulting product can have a templated alpha-helical structure,
capable of binding with affinities comparable to or better than the targeted interaction.
This methodology, primarily employing ring-closing olefin metathesis (RCM) as the cross-
linking chemistry, has been applied for the synthesis of inhibitors of many otherwise
challenging PPIs [129, 133, 154-156]. Using this powerful technology, we sought to
develop mechanistic probes for a new target: RAB25, a small GTPase with a globular
and relatively featureless structure (Figure 2.1), had so far proven to be an intractable
target for probe or drug development.
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Figure 2.1: X-ray crystal structure of the small GTPase RAB25, bound to GDP
(orange sticks) (PDB: 20IL).

25



Members of the Ras-oncogene superfamily of small GTPases, RAB proteins are
predominantly involved in membrane trafficking through regulation of vesicle formation,
targeting, and fusion. RAB11a/b and RAB25, members of the RAB11 subfamily, play
roles in early endosome compartmentalization of membrane protein trafficking,
localization, and recycling [157, 158]. Several RAB proteins, including RAB25, have been
implicated in the progression of multiple cancer types [159-162]. A molecular
understanding of RAB25-mediated contributions to these different disease states remains
poorly defined. Further, seemingly contradictory reports suggest a tumor suppressor role
for RAB25 that is silenced in invasive breast cancers and intestinal cancers [163-166].
Taken together, this mounting body of evidence serves as motivation for the development
of RAB25 inhibitors, both for therapeutic use as well as to parse the clearly complex
biology surrounding RAB25 function in cancers and other contexts.

The RAB11-family of interacting proteins (Rab11-FIPs, referred to herein as FIPs)
have previously been demonstrated as obligate members of RAB11/25 trafficking
complexes [167, 168]. Subdivided into Class-I (FIP1, FIP2, and FIP5) and Class-Il (FIP3,
4) proteins, FIP proteins have been shown to bind RAB11 and RAB25 through a
conserved C-terminal RAB-binding domain (RBD), which appears to make contact with a
hydrophobic patch on RAB25 in an extended alpha-helix-turn-310-helix conformation
(Figure 2.2 A) [169, 170]. Structural data also show that RAB/FIP complexes exist, at
least in vitro, as heterotetramers, with extensive RAB-FIP and FIP-FIP contacts (Figure
2.2 A,B). Overexpression of dominant-negative mutant FIP proteins, incapable of binding

RAB11/25, and shRNA knockdown of FIP expression block cargo protein recruitment by
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RAB11 and/or RAB25 in cells [171, 172]. We reasoned that development of inhibitors
targeting the RAB25-FIP binding interface may allow disruption of RAB25 and/or RAB11
signaling in cells. Here we report the design and synthesis of all-hydrocarbon stapled
peptides that exhibit increased structural stability and binding affinity toward RAB25.
Several optimized cell permeable stapled peptides disrupt RAB25:FIP complex formation
in vitro and in situ, and oppose the context-specific phenotypes associated with RAB25
function in ovarian and breast cancer cell lines.

2.2 Results

2.2.1 Initial restrained-FIP peptide design, synthesis, and screening

Due to the alpha-helical nature of the FIP-RBD, we hypothesized that it could be a suitable
scaffold for stapled peptides targeting RAB25. Study of RBD sequences from FIP1-4
revealed several conserved residues, shown to contact RAB11a and RAB25 in X-ray
structures with FIP3 and FIP2, respectively, as well as residues on the other side of the
binding interface that could be suitable for stapling sites (Figure 2.2 B). A representative
panel of stapled peptides (Restrained-FIP Peptides, RFPs) with a single i, i+4 staple at
each of the four candidate positions were designed from Class-I (FIP1) and Class-II
(FIP3) sequences (Figure 2.2 C). These initial RFPs, as well as corresponding wildtype
peptides, were synthesized with an N-terminal monoethylene glycol linker and a
fluoresceinisothiocyanate (FITC) label for downstream fluorescence polarization (FP)
analysis of recombinant RAB11a (activated Q70L mutant, herein referred to as RAB11a)

and RAB25 binding affinity measurements.
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FIP2-RBD FIP2 (475-499) Isoform (residues) Sequence

* * * * ok kok ok *k ok

FIP1 (1243-1274) KKEFQVRELEDYIDNLLVRVMEET P NILRIPA
FIP2 (469-500) ERDTHIRELEDYIDNLLVRVMEET P SILRVPY
FIP3 (726-756) KQEEINFRLQDYIDRIIVAIMETN P SILEVK
FIP4 (606-637) EQEEINFRLRQYMDKIILAILDHN P SILEIKH

a-helix turn 3-10
* - Rablla/25 binding residue
X - potential stapling site

C Ky, (95% C.1.) / (uM)
Peptide Sequence RAB11a RAB25
RFP1 BOVRELEDYIDNLLVRVMEETPNILRIP >5 >5 “IME”
RFP2 BHIRELEDYIDNLLVRVMEETPSILRVP >5 >5
RFP3 BNFRLQDYIDRIIVAIMETNPSILEVK 2.3 (1.6-3.4) >5
RFP4 BNFRLRQYMDKIILAILDHNPSILEIK 0.93 (0.4-2.2) 2.3 (1.3-4.3)
RFP5 BNFRLODYIDRIIVAIM ETNPSILEVK >5 >5
RFP6 BRQVRELES,YIDS LLVRVMEETPNILRIPR >5 >5 Ve
RFP7 BRQVRELEDYIDS LLVS VMEETPNILRIPR 0.11 (0.07-0.17) 0.51 (0.41-0.65)
RFP8 BRQVRELEDYIDRLLVS,VMES TPNILRIPR 0.04 (0.03-0.05) 0.17 (0.08-0.37)
RFPY BRQVRELEDS, IDRS, LVRVMEETPNILRIPR 2.4 (1.4-4.0) 1.2 (0.80-1.8)
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Figure 2.2: Design, synthesis, and RAB11 and RAB25 binding of linear wildtype
and RFP stapled peptides.

(A) Crystal structure of the RAB25:FIP2 heterotetramer (left). The C-terminal RAB-
binding domain of FIP2 binds as a helix-turn-helix peptide (gray and blue) to a
hydrophobic groove on RAB25 (tan surface). Side chains not involved in RAB25 binding
are highlighted as red surfaces while others are shown as sticks (right). PDB accession:
3TSO. (B) Sequence alignment of the RAB-binding domains from Class-I (FIP1 and 2)
and Class-Il (FIP3 and 4) FIP proteins. Residue annotations were assigned based on
published RAB11a:FIP3 and RAB25:FIP2 crystal structures. (C) Table of initial series of
FIP1- and FIP3-derived stapled peptides, with apparent binding affinities to both RAB11a
and RAB25. Each peptide stapling position is denoted by the residues in FIP3 spanned
by the hydrocarbon staple (e.g., “llV”), highlighted in red on the schematic structures
shown (right). The respective RAB11a/25 ligand affinities in the table show the mean
apparent Kp with 95% confidence interval from triplicate replicates and application of a
sigmoidal curve fit using Prism 5 software.

Unmodified Class-l peptides (FIP1 and 2) showed minimal binding to either
RAB11a or RAB25; unmodified Class-ll (FIP3 and 4) peptides showed micromolar
affinities (Table 2.1). The RAB11a-Class-Il FIP interactions appeared quite specific, as a
molecule identical to RFP4 besides an oxidized methionine (RFP5, an isolable side

product of the synthesis) displayed ~5-fold lower binding affinity for RAB11a. In contrast
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to the unmodified peptides, the stapled peptides displayed a wide range of affinities for
RAB11a and RAB25. In line with the unmodified peptide results, Class-ll-derived stapled
peptides (RFP10-13) generally displayed stronger binding to each protein than Class-I
sequences (RFP6-9). Several structure-activity relationships (SARs) emerged for each
staple position in both classes (Table 2.1 and Figure 2.2 C). Both peptides containing
the most N-terminal staple position (RFP6 and RFP10, spanning residues ‘YID’ in FIP3,
thus referred to as the ‘YID’ staple position) displayed negligible affinity toward RAB11a
and RAB25. This is likely caused by a steric clash between the staple and Ala75 and
Ala76 in RAB11a and RAB25, respectively (Figure 2.3 A,B). Stapled peptides containing
the internal staple positions ‘IME’, ‘lIV’, and ‘IDR’ displayed apparent Kb values that were
significantly lower (up to ~100-fold) than the corresponding unmodified peptides,
highlighting the positive effect of hydrocarbon stapling on target engagement (Figure 2.3
C). Finally, peptides from both FIP classes generally displayed higher affinities for
RAB11a compared to RAB25, which, to our knowledge, has not been systematically

explored in the literature.
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A RAB11a:FIP3 Structure B  RAB25:FIP2 Structure
'YID' staple residues 'YID'staple residues

- \
Figure 2.3: Relevant interactions highlighted in RAB11a:FIP3 and RAB25:FIP2

crystal structures.
(A,B) Potential steric clash between the hydrocarbon staple in peptides harboring the
YID’ staple position with Ala75 or Ala76 in RAB11a (PDB 2HV8) and RAB25 (PDB
3TSO0), respectively. (C) The hydrophobic residues L485, V486 and M489 in FIP2 make
critical contacts with the RAB25 binding interface and are the sites of alanine substitution
in the negative control peptides RFP31 and RFP32.
2.2.2 Improved stability and binding of optimized RFPs

Several stapled peptides in the initial panel showed improved binding affinity for
RAB11a and RAB25 compared to their corresponding wildtype peptides. Therefore, we

sought to optimize several of their properties, including: chemical stability, cell

permeability, solubility, and isoform-selectivity. Chemical stability was accomplished by
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replacing the oxidation-sensitive critical methionine present in wild-type FIP1-3 (e.g.,
M489 in the RAB25:FIP2 structure; Figure 2.3 C) with a norleucine (NL) isostere or other
hydrophobic residues. To improved peptide solubility and cell permeability, we replaced
non-binding, acidic residues with neutral-polar or cationic residues, as well as
incorporation of additional positively charged residues on the periphery of the stapled
peptide to convey a net-positive charge [144]. Candidate stapled peptides were iteratively
synthesized and screened for binding against RAB11a and RAB25 by fluorescence
polarization. Three optimized peptides from the ‘IME’ and ‘IDR’ staple positions, RFP14,
RFP24, and RFP26, exhibited tight binding with a preference for RAB25 relative to
RAB11a (Figure 2.4 A). As negative controls, two inactive stapled peptides were
synthesized, RFP31 and RFP32, containing alanine-substitutions of three critical
hydrophobic FIP residues involved in RAB11a/25 binding (L485, V486, and M489 in FIP2;
Figure 2.3 C). Several studies have shown stapled peptide formal charge tends to
correlate with active cell uptake [132, 133, 144, 156, 173, 174], and therefore RFP31 and
RFP32 differed by a single Glu-to-Arg mutation to span the range of formal charges in the
active lead compounds (Figure 2.4 A). Relative to the active leads, these negative control
peptides showed reduced binding affinity (Ko >5 yM) for both RAB11a and RAB25,
further supporting the specificity of the binding interaction between active RFP peptides
and RAB11a/25 (Figure 2.4 A).

Circular dichroism (CD) spectroscopy was used to study the effects hydrocarbon
stapling had on the secondary structure of these RFPs. Wildtype FIP3 and FIP4 peptides

(RFP3 and RFP4) generated spectra characteristic of B-sheet and partially disordered
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peptide folds, respectively (Figure 2.4 B). RFP24, 26, 31, and 32 generated spectra that
were more alpha-helical than their parent RFP3 sequence as measured by CD signal at
222 nm (Figure 2.4 C). RFP14 exhibited classic alpha-helical characteristics, with strong
minima at ~208 and 222nm (Figure 2.4 C). To further test the stabilizing effect of
hydrocarbon stapling, especially considering that the bioactive conformation of FIP
peptides is not expected to be entirely a-helical, we measured the thermal stability of
several unmodified and stapled peptides by CD. While the unmodified RFP4 peptide
displayed modest helical character by CD (Figure 2.4 B), it exhibited low thermal stability,
with a Tm value of 37 °C (Figure 2.4 D). All optimized hydrocarbon stabilized RFPs
showed significantly higher thermal stability, with Tm values ranging from 52 to 69°C
(Figure 2.4 D). Taken together, these data confirm that peptide stapling results in
stabilization of FIP peptide secondary structure, which is correlated with significant gains

in affinity toward both RAB11a and RAB25.

32



A K., (95% C.1) / (uM) B —~1es —
Stapled Peptide Sequence RABi1a RAB25 - g RFP3
RFP14 PBRQVRELENYIDRLLVS VI ES TPNILRIPR 0.32 (0.21-0.49) 0.04 (0.025-0.078)] © S 5e5
RFP24  PRINFRLONS IDRS IVRIFETNPSILRVK 0.56 (0.44-0.74) 0.16 (0.11-0.23) E-E 0P
RFP26 PBRINFRLONS IDRS_IVRIN ETNPSILRVK 0.09 (0.064-0.12) 0.02 (0.016-0.029) W 5 ’ 20 260
RFP31 PRINFRLONS IDRS AARIAETNPSILEVK >5 >5 § 5e5 /
RFP32  BRINFRLONS _IDRS _AARIAETNPSILRVK >5 >5 ) );( )
nm
—RFP4 T, =37C°— RFP26 T, =69C°
C D —RFP14 T,=60C°— RFP31 T =59C°
— RFP14 RFP26 T, =52C°— RFP32 T =54C°
° 1.0 RFP24 I _ -
5 101 gepas =~ 1e6 Ribss QFE
2 ~ RFP31 >E 5e5 - EEE%? (_g &S
P e -
S 05 05| < RFPe2 s 32 g &
5 o ® =
R A\p—— s
w D S 2
0.0 0.0 3-5e5 Zwn 0.
T T T : .» -~ T 2 =~ .
100 10° 10% 100 T0° 100 200 220 240 260 1020 40 60 80
A (nm) Temperature (C°)
[RAB11a]/M [RAB25] /M

Figure 2.4: Optimized stapled peptides targeting RAB25 show correlated structural
stability and high-affinity binding.

(A) Fluorescence polarization binding curves for three lead compounds, RFP14, 24, and
26, as well as two negative control peptides, RFP31 and 32, to both RAB11a and RAB25
(bottom). Sequences and calculated apparent Ko values are shown (top). Residues
highlighted in yellow denote potential gain-of-function mutations to RAB-binding
positions, while those in green denotes loss-of-function alanine replacement of
hydrophobic RAB-binding side chains for the negative controls. (B) Circular dichroism
(CD) spectra of unmodified peptides RFP3 and 4, derived from the RBD of FIP3 and FIP4.
(C) CD spectra of optimized RFP stapled peptides. (D) Thermal denaturation CD curves
measuring relative helical content (CD absorbance at 222 nm) of the indicated peptides
over a temperature range from 10 to 90°C. Individual data points at one-degree
increments are shown with a sigmoidal curve fit overlay. Binding data points represent
the meanxs.e.m. from triplicate measurements. Affinities in the table show the mean
apparent Kp with 95% confidence interval from triplicate replicates and application of a
sigmoidal curve fit using Prism 5 software. 3, beta-alanine; Ni, norleucine.

2.2.3 Cell permeable RFPs inhibit RAB25:FIP complex formation

We next sought to measure direct RAB25:RFP complex formation as well as RFP
antagonism of the RAB25:FIP binding interaction. We developed an ALPHAscreen
proximity assay to measure RAB25:FIP complexes in solution [175]. Unmodified or
stapled N-terminally biotinylated RFPs were used with recombinant RAB25 proteins

harboring affinity tags (e.g., Hise- or GST-), which, when associated in solution, localize

acceptor and donor beads in proximity to initiate a sensitive and specific luminescent
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signal (Figure 2.5 A). Biotinylated RFP14 (bio-RFP14) strongly associated with both
Hise-labeled and GST-labeled RAB25 (Figure 2.5 B), which varied in saturation point due
to differences in binding capacities of the corresponding beads. We next quantified the
relative potencies of soluble RFPs and unmodified peptides by applying this assay in a
competitive format. While RFP3 (FIP3, residues 726—756) and FIP3 protein (residues
649-756) showed modest inhibition of RAB25-bio-RFP14 complex formation at high
concentrations (Figure 2.5 C), the stapled peptides RFP14, 24, and 26 all displayed very
potent inhibition (Figure 2.5 C). The negative control mutant RFP31 exhibited significantly
reduced inhibition. Finally, to test whether RFPs inhibit complex formation with full-length
endogenous RAB25 and FIP proteins, we performed competitive pull-down assays in
lysate from HEY cells expressing HA-RAB25 and Hise-FIP1. Immunoprecipitation of HA-
RAB25 effectively co-precipitated FIP1, and this interaction was significantly inhibited by
RFP14, RFP24, and RFP26 (Figure 2.5 D), whereas RFP31 was less effective. Together,

these data confirm that RFP stapled peptides inhibit RAB25:FIP complex formation.
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Figure 2.5: RFPs form stable complexes with RAB25 and compete for FIP binding.
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Figure 2.5, continued: (A) Schematic of RAB25 ALPHAscreen proximity assay.
Incubation of a synthetic, biotinylated-FIP-derived peptide with tagged (Hiss- or GST-)
RAB25 leads to soluble complex formation and proximal association of streptavidin-
coated donor beads with acceptor beads (Ni2*-NTA or anti-GST). Donor bead excitation
at 680 nm produces singlet oxygen, which selectively initiates a luminescent cascade in
bound acceptor beads. (B) Bio-RFP14 binds Hiss- (left) and GST-RAB25 (right) in a dose-
dependent manner, leading to robust ALPHAscreen signal. (C) Competitive inhibition of
RAB25:bio-RFP14 complex formation by soluble RFP and FIP peptide ligands. Constant
His6-RAB25 (0.2uM) and bio-RFP14 (0.2uM) were incubated in the presence of
indicated ligand concentrations prior to addition of ALPHAscreen reagents and reading
of luminescent signal. (D) RFP stapled peptides (1 uM) compete with HA-RAB25 binding
and co-immunoprecipitation of FIP1 in HEY RAB25 cell lysate. These results are
representative of experiments performed in triplicate. Binding data points represent the
mean+s.e.m. from triplicate measurements. ICso values represent mean with 95%
confidence interval from triplicate replicates and application of a sigmoidal curve fit using
Prism 5 software.

As a final filter for RFP optimization, we used confocal fluorescence microscopy to
evaluate cellular uptake of RFPs in MCF7 breast cancer cells, which express RAB25.
Treatment with 5 uM FITC-labeled RFPs for 8 hours revealed that RFP14, 24, 26, 31, and
32 each showed cellular uptake and distribution in the cytosol (Figure 2.6). While having
a formal charge between the other RFP stapled peptides (+ 2) and sharing the ‘IDR’
structural backbone, RFP31 displayed only modest cellular uptake with punctate
fluorescence distribution relative to other compounds. With a formal charge of + 1, RFP14
showed significant cellular uptake and distribution throughout cytosol and nucleus.
RFP24, 26, and 32, all derived from the ‘IDR’ structural backbone, showed high levels of
intracellular fluorescence. Importantly, while RFP31 and RFP32 showed equivalently
reduced binding to RAB11a and RAB25 in vitro (Figure 2.4 A), RFP32 showed superior
cellular uptake. Thus it was chosen to serve as negative control in cellular studies.

Together with the active compounds RFP14, RFP24, and RFP26, which encompass a
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range of target binding affinities with roughly equivalent, robust cell penetration, this panel

of stapled peptides were ideal candidates to study RAB25-mediated phenotypes in cells.

MCF7
DMSO RFP14

RFP31

Figure 2.6: FITC-RFP peptides are cell permeable.
Confocal fluorescence imaging of DAPI-stained MCF7 cells treated with FITC-RFP
peptides in 10% FBS-containing RPMI (5 uM, 8 hours). FITC-RFP14, 24, and 26 show
comparable cellular uptake of peptide, whereas one negative control appears less
permeable (FITC-RFP31) and the other (FITC-RFP32) appears more permeable. DMSO-
treated control cells show no background fluorescence under the acquisition settings.
Inset white scale bars =5 um.
2.2.4 RFP14 inhibits RAB25-dependent phenotypes in cancer cells

With the optimization and validation of our panel of RFP stapled peptides
complete, we next sought to establish if RFP-mediated disruption of RAB25-FIP
complexes in cells would antagonize RAB25-mediated phenotypes. It has been
established in the literature that RAB25 expression confers either pro-tumorigenic or anti-
tumorigenic phenotypes in differential cellular contexts. For instance, HEY ovarian cancer
and MCF7 breast cancer cell lines overexpressing RAB25 display increased cell

proliferation, migration, and other malignant phenotypes [159, 164]. Conversely,

aggressive MDA-MB231 triple-negative breast cancer cells, which natively exhibit
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hypermethylation of the RAB25 locus [176], display a reduction in oncogenic phenotypes
when RAB25 is overexpressed, including reduced cell migration and proliferation [164,
177]. Motivated by these context-dependent differences in RAB25-associated phenotype,
we sought to test RFP effects in different cellular contexts, with or without RAB25
overexpression, such that we may observe opposite effects across contexts. We
reasoned this would increase the likelihood that changes observed would be due to
RAB25-dependent activity. To accomplish this, we generated HEY, MCF7, and MDA-
MB231 cell lines that stably overexpress RAB25 (referred to as RAB25-HEY, RAB25-
MCF7, and RAB25-MDA-MB231). Endogenous RAB25 protein is expressed at low levels
in HEY and MDA-MB231 cells, while MCF7 expresses RAB25 at higher endogenous
levels (Figure 2.7 A). As previously observed, RAB11a is constitutively expressed in all
of these lines (Figure 2.7 B).

We first measured RAB25-dependent effects on cell proliferation, finding
that RAB25 overexpression promotes cell growth in HEY cells, as previously observed
(Figure 2.7 C). For RFP cell-based studies, we used the two most potent compounds,
RFP14 and RFP26, as well as the negative control RFP32. Treatment of control HEY
cells with RFP14 and RFP32 had no effect on proliferation at 48 hours. In contrast, RFP14
significantly inhibited RAB25-HEY cell proliferation, but not the negative control RFP32
(Figure 2.7 C). RFP26 inhibited proliferation for both control HEY cells and RAB25-HEY
cells. MCF7 cells, which endogenously express RAB25, exhibited similar proliferation in
mock and RAB25 overexpression conditions (Figure 2.7 D). In this context, RFP14 and

RFP26 reduced proliferation in both control and RAB25-MCF7 cells, as seen in previous
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studies in which shRNA knockdown of endogenous RAB25 decreased MCF7 proliferation
[159, 164]. Finally, RAB25 overexpression significantly decreased MDA-MB231 cell
proliferation relative to mock cells, in agreement with previous data on a tumor
suppressive role for RAB25 in this cellular context. RFP14 treatment slightly increased
proliferation in both cell lines, an effect that was more pronounced in RAB25
overexpressing cells (Figure 2.7 E). As seen in HEY cells, RFP26 decreased MDA-
MB231 proliferation in both contexts, deviating from the RAB25-dependent effects
observed with RFP14. This suggests that RFP26 is potentially causing non-specific cell
toxicity (see Chapter 5, Section 5.2.4, for confirmation of this effect). These studies
established that modulation of RAB25 levels, but not RAB11a, which was constitutively
expressed in all cell lines tested, resulted in context-specific and opposing effects on

proliferation, all of which were significantly inhibited by RFP14.
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Figure 2.7: RFPs alter RAB25-driven cell proliferation.

(A) Western blot analysis of mock vector and RAB25 overexpressing HEY, MDA-MB231,
and MCF7 cells. (B) Western blot analysis for endogenous RAB11a in HEY, MDA231,
and MCF7 isogenic lines, with or without RAB25 overexpression. (C) Left panel compares
the viability of untreated HEY cells under low-serum condition in mock or RAB25
expressing lines while right panel shows the effects of treatment with DMSO or RFP14,
26, and 32 (15 uM) on the viability of HEY mock or RAB25 expressing cell lines at 48 hour
post-treatment. (D,E) Corresponding results from MCF7 isogenics and MDA-MB231
isogenics, respectively. RAB25 expression results in enhancement (HEY, MCF7) or
inhibition (MDA-MB231) of cell proliferation, which is reversed by RFP14, but not RFP32.
Images and data shown represent meanzs.e.m. of triplicate biological replicates.
*P<0.05; **P<0.01; ***P<0.001, Student’s t-test. NS, not significant.
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Cell migration is the most well-studied RAB25-dependent phenotype in cancer. In
this context, we again validated opposing RAB25-dependent effects, with significant
RAB25-dependent induction of migration in both HEY and MCF7 cells, and RAB25-
dependent inhibition of migration in MDA-MB231 cells (Figure 2.8 A,B). RFP treatment
of control HEY cells (10 uM) did not significantly affect cell migration (Figure 2.8 C), likely
due to the low endogenous levels of RAB25. Conversely, RFP14 treatment
of RAB25 overexpressing HEY and MCF7 cells resulted in significant inhibition of cell
migration (Figure 2.8 D,E). Negative control peptide RFP32 did not display any inhibitory
effect. Notably, RFP14 treatment of RAB25 expressing MDA-MB231 cells significantly
increased cell migration and wound closure, with no significant effect observed with
RFP32 treatment (Figure 2.8 F). In agreement with the previous cell proliferation data,
treatment with RFP26 showed toxicity in all cell lines tested, preventing proper wound
healing studies. In combination with the previous data, unexpected effects of RFP26 on
proliferation and migration in mock and RAB25 overexpressing cells may be a result of a
lack of selectivity between RAB11a and RAB25, supported by its high affinity for both
isoforms in vitro relative to other lead inhibitors (Figure 2.4 A), or may be caused by other
non-specific cell toxicity. Separately, it should be emphasized that these RAB25-
dependent effects were observed in RAB11a-expressing contexts (Figure 2.7 B), and
thus phenotypic responses stemming from RAB11a inhibition should be apparent and
independent of RAB25 expression. As an additional measure to support RFP-target
engagement of RAB25 and/or RAB11a in cells, we applied a cellular thermal shift assay

(CETSA) [178] to assess binding of RAB25 and RAB11a. Monitoring endogenous RAB25
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and RAB11a in MCF7 proteomes revealed no appreciable Tm shifts with RFP32
treatment, indicative of no apparent binding of either isoform (Figure 2.9). Conversely,
RFP14 treatment resulted in a significant+2.5 °C shift in Tm for RAB25, but not for
RAB11a, suggestive of compound target engagement of a significant fraction of RAB25
in cells but not for RAB11a. Taken together, these data indicate the specific effects of
RFP14 on RAB25-dependent signaling likely stem from a combination of higher RAB11a
abundance, differential regulation of RAB11a signaling complexes in cells, as well as the
tighter binding affinity observed between RFP14 and RAB25 relative to RAB11a. These
biochemical annotations of RFP14, and its ability to confer both loss- and gain-of-function
phenotypes in distinct contexts, strongly supports its utility as a RAB25-targeting chemical

probe.
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Figure 2.8: RFP14 specifically inhibits RAB25-dependent migration in cancer cells.
(A,B) Representative time-dependent scratch-wound cell migration assay images and
quantification, respectively, of mock vector (A, top) and RAB25-expressing (A, bottom)
HEY, MCF7, and MDA-MB231 cells. RAB25 expression results in significant
enhancement (HEY, MCF7) or inhibition (MDA-MB231) of cell migration. These data are
representative of triplicate biological replicates. (C,D) RFP 14 (10uM) significantly
impaired cell migration of RAB25-expressing (D), but not vector control (C), HEY cells.
(E) RFP14, but not RFP32, significantly impaired cell migration of RAB25-expressing
MCF7 cells. (F) Treatment of RAB25-expressing MDA-MB231 cells with RFP14,
conversely, significantly increased cell migration relative to vehicle while the inactive
control RFP32 remained unchanged compared to vehicle control. Representative scratch
wound images are shown for RFP14, RFP32, and vehicle (DMSO) treatment conditions
with overlaid arrows highlighting distance between cell fronts. Images and data shown
represent mean s.e.m. of triplicate biological replicates. *P<0.05; **P<0.01, Student’s
t-test. NS, not significant. Inset scale bars for HEY cells in A=250 um; MCF7 and MDA-
MB231 cells in A=100 um. Inset scale bars for C-E, f=250 um.
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Figure 2.9: Cellular thermal shift assay (CETSA) denaturation curves (top) and Tm
values (bottom) from indicated treatments in MCF7 cells.

Lysate samples were incubated with the indicated peptide at 10 uM for 30 min, aliquoted,
and processed for CETSA analysis and western blot. The only significant and positive
Tm-shift is seen for RAB25 with RFP14 treatment, which is indicative of target-binding
and thermal-stabilization. These results are representative of two or more technical
replicates from two or more biological replicates. Data points represent the mean +s.e.m.
from three or more technical replicates. Tm values represent mean with s.e.m from the
application of a sigmoidal curve fit using Prism 5 software.

Finally, to compliment the RAB25-dependent phenotypic assays employed here,
we also sought to capture RFP14 treatment effects on global signaling in a RAB25-
dependent context. Specifically, we wanted to identify the gene expression changes
enacted by RAB25-dependent signaling, and determine whether these program(s) are
affected by RFP14 treatment. To ask this question in a global and unbiased manner, we
performed RNAseq on transcripts from pcDNA3-expressing and RAB25-expressing HEY

cells. Expression profiling identified a set of 104 and 269 genes that were significantly

increased (RAB25_UP gene set) and decreased (RAB25_DOWN gene set) with RAB25
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expression, respectively (Table 2.2). In parallel, we performed global profiling of
transcripts that changed in response to RFP14 treatment, relative to DMSO, in RAB25-
expressing HEY cells. Each RAB25-dependent gene set was queried for enrichment
within the expression profile generated by comparing DMSO and RFP14 treated RAB25-
HEY cells using GSEA [176], thereby asking whether RAB25-regulated genes are
targeted by RFP14 in an unbiased manner and in the specific biological contexts
associated with phenotypic changes. Both RAB25-dependent gene sets were
significantly enriched in the RFP14 gene expression profile, but in the opposite direction
(i.e. genes upregulated by RAB25 were downregulated by RFP14, Figure 2.10 A-C), and
leading edge gene ontology analysis identified genes involved in ER and Golgi-mediated
vesicular trafficking, small GTPase signaling, transmembrane signaling, GPCR signaling,
and cAMP signaling, among other pathways (Figure 2.11). Targeted expression analysis
with qPCR validated significant effects of RFP14, contrasted by minimal effects of the
less active control RFP32, on the expression of enriched genes from functional categories
associated with protein modification and vesicular trafficking (MGAT1, PRSS23, LY6K),
migration (AMIGO3, PRSS23), GPCR signaling (FPR1, GPERI1, LPAR4, P2RY14),
regulation of transcription (CEBPG, FOXI1), as well as tumorigenesis
(IGF1, LPAR4, VHL; Figure 2.11; Table 2.4). These expression profiles should provide
hypotheses to further explore the downstream pathways enacted by RAB25 function and
their link to pathogenic phenotypes in certain cancers. Furthermore, these data establish

in an unbiased manner that RFP14 treatment antagonizes the RAB25-dependent gene
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expression program in a context where it also abrogates several RAB25-dependent

phenotypes.
A
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Figure 2.10: RFP14 inhibits RAB25-dependent gene expression in ovarian cancer
cells.

(A) Relative RAB25 mRNA levels in pcDNAS-HEY cells treated with DMSO, RAB25-
expressing HEY cells treated with DMSO, and RAB25-expressing HEY cells treated with
RFP14 measured by RNA-Seq profiling. (B,C) Quantitative GSEA plots of RAB25_UP
and RAB25_DOWN gene set enrichment within the RFP14 vs. DMSO gene expression
profile in RAB25-expressing HEY cells. Both RAB25-depenent gene sets were
significantly enriched in the RFP14 vs. DMSO profile as indicated by the GSEA results
for RAB25_DOWN (ES=0.70, NES=1.35, P<0.0001) and RAB25_UP (ES=-0.74,
NES=-1.61, P<0.0001). The data represents two technical replicates from two
independent biological replicate experiments. ES, enrichment score; NES, normalized
enrichment score; NS, not significant. ***P <0.005, Student’s t-test.
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Figure 2.11: RFP14 opposes the global RAB25-dependent gene expression
program in HEY ovarian cancer cells.

(A,B) Heat map representations showing the effect of RFP14, normalized on a per-gene
basis to DMSO, on the expression of each gene in the RAB25_UP (A) and
RAB25_DOWN (B) gene sets in RAB25-expressing HEY cells. Heat maps are derived
from the GSEA analyses presented in Figure 2.10. (C,D) Gene ontology biological
process categories (GOTERM_BP, identified by DAVID.

2.3 Discussion
While the critical role of RAB GTPases, and the broader small GTPase
superfamily, in cancers and other diseases is increasingly evident, few cell-active probes

have been developed targeting this class of proteins, or its broader superfamily [179,
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180]. Recently, stabilized peptides targeting the RAB8a:RIP interaction resulted in probes
with improved low micromolar affinities and protease resistance, but were not tested for
cell activity [174, 181]. Using stapled peptides, we developed cell permeable, stabilized
peptides capable of inhibiting RAB25-FIP complex formation in cells. We extensively
studied the biochemical interactions of the FIP-RBD of several FIP classes, characterizing
their engagement with both RAB11a and RAB25. Critically, we demonstrated the
generation of RFP stapled peptides capable of engaging both proteins with high affinity
and that these compounds can inhibit RAB25-FIP complex formation. RFP14, RFP24 and
RFP26, the three lead compounds applied to cell-based studies, all demonstrated
sufficient cell permeability and improved binding for RAB25 compared to RAB11a. Such
SARs are challenging to derive, design, and assess, therefore we carried forward several
active compounds for extensive screening. RFP14 exhibited preferential binding to
RAB25 over RAB11a, and displayed RAB25-dependent effects in functional assays.
Context-dependent effects of compound treatment on migration and proliferation
phenotypes established RFP14 antagonizes RAB25 leading to loss- and gain-of-function
phenotypes, as well as effects on this protein’s global gene expression program.
Conversely, RFP26 demonstrated RAB25-independent effects. Given RFP26 retained
the most binding to RAB11a, these effects may stem from inhibition of RAB11a-mediated
signaling or other potential targets and effects. While the activity of RFP14 was primarily
studied in the context of its parent FIP-family protein-associated effects, further

biochemical and cellular work is warranted to establish additional effects of this compound
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and derivatives on global RAB-GTPase signaling networks, potential crosstalk between
pathways, and impacts on cancer phenotypes.

Here we report the first cellular-active probes targeting RAB25, which suggest
RAB25-FIP interfaces may serve as a pharmacologic handle for modulating RAB25
signaling. We believe the structure-activity relationships derived here will allow for the
design of future stapled peptides or peptidomimetics targeting other RAB-family proteins
(Table 2.1). Given the oncogenic role assigned to RAB25 in several cancers, RFP14
represents a an entry point toward therapeutic development targeting RAB25 in cancers.
Critically, we believe these first-in-class probes will enable, as established for chemical
probes targeting other protein classes [182], future studies into RAB-family biochemistry
and signal transduction both in normal and pathologic biological processes. Finally, this
work serves as another instance of the development of synthetic biologic probes for

targeting historically challenging proteins.
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2.4 Tables

Apparent K, (95% C.1.) / (uM)

Tnat Cell Inhibition of RAB25-
Peptide Sequence RAB11a RAB25 222 nm Uptake dependent phenotypes
RFP1 BQVRELEDY IDNLLVRVMEETPNILRIP >5 >5
RFP2 BHIRELEDYIDNLLVRVMEETPSILRVP >5 >5
RFP3 BNFRLODYIDRIIVAIMETNPSILEVK 2.3 (1.6-3.4) >5
RFP4 BNFRLRQYMDKIILAILDHNPSILEIK 0.93 (0.4-2.2) 2.3 (1.3-4.3) 37 - -
RFP5 BNFRLQDYIDRIIVAIM ETNPSILEVK >5 >5
RFP6 BRQVRELES,YIDS,LLVRVMEETPNILRIPR >5 >5
RFP7 BRQVRELEDYIDS,LLVS,VMEETPNILRIPR 0.11 (0.07-0.17) 0.51 (0.41-0.65)
RFP8 BRQVRELEDYIDRLLVS,VMES,TPNILRIPR 0.04 (0.03-0.05) 0.17 (0.08-0.37)
RFP9Y PRQVRELEDS, IDRS,LVRVMEETPNILRIPR 2.4 (1.4-4.0) 1.2 (0.80-1.8)
RFP10 BRINFRLQS,YIDS,IIVAIMETNPSILEVK >5 >5
RFP11 BRINFRLQDYIDS,IIVS IMETNPSILEVK 0.007 (0.005-0.01) 0.05 (0.03-0.08)
RFP12 BRINFRLODYIDRIIVS,IMESNPSILEVK 0.02 (0.007-0.06) 0.03 (0.02-0.06)
RFP13  BRINFRLQDS,IDRS,IVAIMETNPSILEVK 0.08 (0.05-0.12) 0.04 (0.02-0.10)
RFP14 BRQVRELENYIDRLLVS,VN ES,TPNILRIPR 0.32 (0.21-0.49) 0.04 (0.025-0.078) 60 ++ +
RFP24 PRINFRLQNS,IDRS,IVRIFETNPSILRVK 0.56 (0.44-0.74) 0.16 (0.11-0.23) 52 ++ +
RFP26 PRINFRLONS,IDRS IVRIN ETNPSILRVK 0.09 (0.064-0.12) 0.02 (0.016-0.029) 69 ++ -
RFP31 BRINFRLQNS,IDRS,AARIAETNPSILEVK >5 >5 59 + -
RFP32 BRINFRLQONS IDRS.AARIAETNPSILRVK >5 >5 54 ++ -

Table 2.1: Stapled RFP peptide structure activity relationships.

Name, sequence, binding affinities to RAB11a and RAB25, structural characteristics and
cell- based data for the unmodified and stapled RFP peptides analyzed in this study. All
blank positions represent assays that were not performed. Negative (-), positive (+) and
double positive (++) signs are qualitative indicators of compound performance in an
indicated assay. Relevant biochemical, structural and cell-based parameters for the main
compounds utilized in this study are presented here for structure activity relationship
analysis; additional quantitative annotations for the given compounds are presented in
the main text.
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ABHD16A  abhydrolase domain containing 16A(ABHD16A) up

ALDHS5A1  aldehyde dehydrogenase 5 family member A1(ALDH5A1) up
ALDOA aldolase, fructose-bisphosphate A(ALDOA) up
ANAPC11  anaphase promoting complex subunit 11(ANAPC11) up
ARF1 ADP ribosylation factor 1{ARF1) up
ATPS5G3 ATP synthase, H+ transporting, mitochondrial Fo complex subunit C3 (subunit 9)(ATP5G3) UP
BCL6 B-cell CLL/lymphoma 6(BCL6) up
BIRCS baculoviral IAP repeat containing 5(BIRCS) up
Clorf116  chromosome 1 open reading frame 116(Clorf116) up
CAPZB capping actin protein of muscle Z-line beta subunit(CAPZB) up
CDK2AP2  cyclin dependent kinase 2 associated protein 2(CDK2AP2) up
CEP164 centrosomal protein 164(CEP164) up
CLN8 ceroid-lipofuscinosis, neuronal 8(CLN8) up
COA7 cytochrome ¢ oxidase assembly factor 7 (putative){(COA7) up
COPS5P1 COPS signalosome subunit 5 pseudogene 1(COPS5P1) up
COXS5AP2  cytochrome c oxidase subunit SA pseudogene 2(COXS5AP2) up
CcT1SZ cathepsin Z(CTSZ) up
CcTU2 cytosolic thiouridylase subunit 2(CTU2) up
DBILSP diazepam binding inhibitor-like 5, pseudogene(DBILSP) up
DCXR dicarbonyl and L-xylulose reductase(DCXR) up
DDX54 DEAD-box helicase 54(DDX54) up
DNAJA3 Dnal heat shock protein family (Hsp40) member A3(DNAJA3) up
DOK4 docking protein 4(DOK4) up
EDF1 endothelial differentiation related factor 1{EDF1) up
EEF1G eukaryotic translation elongation factor 1 gamma(EEF1G) up
ELOF1 elongation factor 1 homolog(ELOF1) up
ENO1P4 enolase 1 pseudogene 4(ENO1P4) up
FAM788 family with sequence similarity 78 member B(FAM78B) up
FAM96A family with sequence similarity 96 member A(FAMS6A) up
FBRS fibrosin(FBRS) up
GJC1 gap junction protein gamma 1(GJC1) up
GNG13 G protein subunit gamma 13(GNG13) up
GSTP1 glutathione S-transferase pi 1{GSTP1) up
H2AFV H2A histone family member V(H2AFV) up
HISTIH1B  histone cluster 1 H1 family member b(HIST1H1B) up
HIST1H2AI histone cluster 1 H2A family member i(HIST1H2AI) up
IFITM9P interferon induced transmembrane protein 9 pseudogene(IFITM9P) up
IFT22 intraflagellar transport 22(IFT22) up
IRAK1 interleukin 1 receptor associated kinase 1{IRAK1) up
IRF7 interferon regulatory factor 7(IRF7) up
KIF188 kinesin family member 18B(KIF18B) up
KRTAP12-3 keratin associated protein 12-3(KRTAP12-3) up
LCAT lecithin-cholesterol acyltransferase(LCAT) up
LGALSL galectin like(LGALSL) up
LINCOO668 long intergenic non-protein coding RNA 668(LINC00668) up
LINCO1539 long intergenic non-protein coding RNA 1539(LINC01539) up
LRRC27 leucine rich repeat containing 27(LRRC27) up
LRRC3B leucine rich repeat containing 3B(LRRC3B) up
LRRC8D leucine rich repeat containing 8 family member D(LRRC8D) up
LY6K lymphocyte antigen 6 complex, locus K(LY6K) up
MACROD2-IT MACROD2 intronic transcript 1{MACROD2-IT1) up

Table 2.2: RAB25_UP and RAB25_DOWN gene sets.
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MID1IP1 MID1 interacting protein 1{MID1IP1) up
MIR128-2  microRNA 128-2(MIR128-2) up
MIR96 microRNA 96(MIRS6) up
MRPL17 mitochondrial ribosomal protein L17(MRPL17) up
MRPL38 mitochondrial ribosomal protein L38(MRPL38) up
MTND4P24 mitochondrially encoded NADH:ubiguinone oxidoreductase core subunit 4 pseudogene 24(MTND4P24) UP
MTX1 metaxin 1(MTX1) up
MUC2 mucin 2, oligomeric mucus/gel-forming(MUC2) up
MYEOV myeloma overexpressed(MYEOV) up
NAAL1O N(alpha)-acetyltransferase 10, NatA catalytic subunit(NAA10) up
NIPAL non imprinted in Prader-Willi/Angelman syndrome 1(NIPA1) up
NKRF NFKB repressing factor(NKRF) up
0TuB1 OTU deubiquitinase, ubiquitin aldehyde binding 1{(OTUB1) up
P2RY14 purinergic receptor P2Y14(P2RY14) up
PANK2 pantothenate kinase 2(PANK2) up
PLEKHJ1 pleckstrin homology domain containing J1(PLEKHI1) up
POGK pogo transposable element with KRAB domain({POGK) up
PPP1R13L  protein phosphatase 1 regulatory subunit 13 like(PPP1R13L) up
PRSS23 protease, serine 23(PRSS23) up
RAB1B RAB1B, member RAS oncogene family(RAB1B) up
RAB25S RAB25, member RAS oncogene family(RAB25) up
RASA4B RAS p21 protein activator 4B(RASA4B) up
RN7SL62P  RNA, 7SL, cytoplasmic 62, pseud (RN7SL62P) up
RNASSP164 RNA, 5S ribosomal pseudogene 164(RNASSP164) up
RNASEK ribonuclease K(RNASEK) up
RPL13 ribosomal protein L13(RPL13) up
RPL35P2 ribosomal protein L35 pseudogene 2(RPL35P2) up
SCARNA1  small Cajal body-specific RNA 1(SCARNA1L) up
SCHIP1 schwannomin interacting protein 1{SCHIP1) up
SCO2 SCO2, cytochrome c oxidase assembly protein(SCO2) up
SEPHS1 selenophosphate synthetase 1{SEPHS1) up
SFR1 SWI5 dependent homologous recombination repair protein 1(SFR1) up
SLN sarcolipin{SLN) up
SPACAG sperm acrosome associated 6(SPACA6) up
SSR4 signal sequence receptor subunit 4(SSR4) up
STRN4 striatin 4(STRN4) up
TCIRG1 T-cell immune regulator 1, ATPase H+ transporting VO subunit a3(TCIRG1) up
TMEM219 transmembrane protein 219(TMEM219) up
TMEMS8A  transmembrane protein 8A(TMEMS8A) up
TNNI3K TNNI3 interacting kinase(TNNI3K) up
TRAF7 TNF receptor associated factor 7(TRAF7) up
TRAPPC1 trafficking protein particle complex 1(TRAPPC1) up
ucpP2 uncoupling protein 2(UCP2) up
UNC13D unc-13 homolog D(UNC13D) up
UNK unkempt family zinc finger(UNK) up
UsSB1 U6 snRNA biogenesis phosphodiesterase 1(USB1) up
UTP14C UTP14, small subunit processome component homolog C (S. cerevisiae)(UTP14C) up
VARS valyl-tRNA synthetase(VARS) up
WRNIP1 Werner helicase interacting protein 1(WRNIP1) up
YIF1A Yip1 interacting factor homolog A, membrane trafficking protein(YIF1A) up
2C2HC1C zinc finger C2HC-type containing 1C{ZC2HC1C) up
ZNF121 zinc finger protein 121(ZNF121) up
ZNF286B zinc finger protein 286B(ZNF2868B) up

Table 2.2, continued.

51



A4GALT
ABCD4
ABHD2
ACTBP1
ACTC1
ACTG2
ADAMTS12
ADCYS

AKS
AKAIN1
AMIGO3
APEX1
ARHGAP19
ARRDC4
ATPEV1E2
AZGP1
BEXS
BHLHE40-AS1
BMS1P1
Cl4orf105
C19orfas

alpha 1,4-galactosyltransferase(A4GALT) DOWN
ATP binding cassette subfamily D member 4(ABCD4) DOWN
abhydrolase domain containing 2(ABHD2) DOWN
actin, beta pseudogene 1(ACTBP1) DOWN
actin, alpha, cardiac muscle 1{ACTC1) DOWN
actin, gamma 2, smooth muscle, enteric{ACTG2) DOWN
ADAM I idase with th b din type 1 moti DOWN
adenylate cyclase 5{ADCYS) DOWN
adenylate kinase 5(AKS) DOWN
A-kinase anchor inhibitor 1{AKAIN1) DOWN
adhesion molecule with Ig like domain 3(AMIGO3) DOWN
apurinic/apyrimidinic endodeoxyribonuclease 1(APEX1)  DOWN
Rho GTPase activating protein 19(ARHGAP19) DOWN
arrestin domain containing 4(ARRDC4) DOWN
ATPase H+ transporting V1 subunit E2(ATP6V1E2) DOWN
alpha-2-glycoprotein 1, zinc-binding(AZGP1) DOWN
brain expressed X-linked 5(BEXS) DOWN

DOWN

BHLHE4O0 antisense RNA 1(BHLHE40-AS1)
Rib Bi is Factor Pseud e DOWN
chromosome 14 open reading frame 105(C140rf105) DOWN
chromosome 19 open reading frame 45(C190rf45) DOWN

C1QTNF3-AMACR C1QTNF3-AMACR readthrough (NMD candidate){(C1QTNF3 DOWN

C5orf49
Céorfl
CA1
CAMKV
CD163L1
CD74
CDCP1
CDON
CDs2
CEBPG
CERS3
CHRNA3
CLECSA
CORO1A
CPEB2
M
CXCR2
CYP4B1
DEFB134
DPYSLS
DUBR
EFEMP1
ELAVLA
EML6
ENOX1-AS1
ENPEP
EOMES
ERVFRD-1
ETFBKMT
ETV3
EYAl

chromosome 5 open reading frame 49(C5orf49) DOWN
chromosome 6 open reading frame 1(C6orf1) DOWN
carbonic anhydrase 1{CA1) DOWN
CaM kinase like vesicle associated(CAMKV) DOWN
C€D163 molecule like 1{CD163L1) DOWN
CD74 molecule(CD74) DOWN
CUB domain containing protein 1{CDCP1) DOWN
cell adhesion associated, oncogene regulated(CDON) DOWN
CDP-diacylglycerol synthase 2(CDS2) DOWN
CCAAT/enhancer binding protein gamma(CEBPG) DOWN
ceramide synthase 3(CERS3) DOWN
cholinergic receptor nicotinic alpha 3 subunit{CHRNA3) DOWN
C-type lectin domain family S member A(CLECSA) DOWN
coronin 1A(CORO1A) DOWN
cytoplasmi; lyadenylation el t binding protein 2(CPIDOWN
carboxypeptidase M(CPM) DOWN
C-X-C motif chemokine receptor 2(CXCR2) DOWN

cytochrome P450 family 4 subfamily B member 1(CYP4B1) DOWN

defensin beta 134(DEFB134) DOWN
dihydropyrimidinase like S(DPYSLS) DOWN
DPPA2 upstream binding RNA(DUBR) DOWN

EGF containing fibulin like extracellular matrix protein 1(EF DOWN

ELAV like RNA binding protein 4(ELAVL4) DOWN
echinoderm microtubule associated protein like 6(EML6) DOWN
ENOX1 antisense RNA 1{ENOX1-AS1) DOWN
glutamyl aminopeptidase(ENPEP) DOWN
eomesodermin(EOMES) DOWN
endogenous retrovirus group FRD member 1{(ERVFRD-1) DOWN

electron transfer flavoprotein beta subunit lysine methyltri DOWN
ETS variant 3(ETV3) DOWN
EYA transcriptional coactivator and phosphatase 1{(EYA1l) DOWN

Table 2.2, continued.
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FAM102A
FAM1368P
FAMS84A
FAXDC2
FBX025
FBXO036
FCF1P6
FGD2
FGF12
FOXI1
FPGT-TNNI3K
FPR1
FXYD7
GABBR1
GARSP1
GLODS
GP6

GPER1
GPRC58
GSTM3
HHLA1
HIST1H2BPS2
HMGB3P13
HMGB3P17
HMGCLL1
HNRNPCP4
HPX

HTN3
HYAL4
IFT172
IGF1
IL13RA2
IL17RA
1QSEC3
IRF1

JAML
KIAA0100
KIAA1671
KIDINS220
KLK4
KRBOX1
KRT4
KRTAP10-9
LAMTOR3P2
LCMT1
LCN10
LcP2

LECT2

LGI1
LINCO0701
LINC00939
LINC01128
LMBR1L

family with similarity 102 A(FAM102A) DOWN
family with similarity 136 ber B, d DOWN
family with sequence similarity 84 member A(FAM84A)  DOWN
fatty acid hydroxylase domain containing 2(FAXDC2) DOWN
F-box protein 25(FBX025) DOWN
F-box protein 36{FBX036) DOWN
FCF1 pseudogene 6(FCF1P6) DOWN
FYVE, RhoGEF and PH domain containing 2(FGD2) DOWN
fibroblast growth factor 12(FGF12) DOWN
forkhead box I11(FOXI1) DOWN
FPGT-TNNI3K readthrough(FPGT-TNNI3K) DOWN
formyl peptide receptor 1{FPR1) DOWN

FXYD domain containing ion transport regulator 7(FXYD7) DOWN
gamma-aminobutyric acid type B receptor subunit 1{GABB DOWN

glycyl-tRNA synthetase pseudogene 1(GARSP1) DOWN
glyoxalase domain containing 5(GLODS) DOWN
glycoprotein VI platelet(GP6) DOWN
G protein-coupled estrogen receptor 1(GPER1) DOWN

G protein-coupled receptor class C group 5 member B(GPR DOWN

glutathione S-transferase mu 3(GSTM3) DOWN
HERV-H LTR-associating 1(HHLA1) DOWN
histone cluster 1 H2B pseudogene 2(HIST1IH2BPS2) DOWN
high mobility group box 3 pseudogene 13(HMGB3P13) DOWN
high mobility group box 3 pseudogene 17(HMGB3P17) DOWN

2. hvd hyl.3 -

y yl-CoA lyase like 1{HMGCL DOWN
heterogeneous nuclear ribonucleoprotein C pseudogene 4 DOWN

hemopexin{HPX) DOWN
histatin 3(HTN3) DOWN
hyaluronoglucosaminidase 4(HYAL4) DOWN
intraflagellar transport 172(IFT172) DOWN
insulin like growth factor 1{IGF1) DOWN
interleukin 13 receptor subunit alpha 2(IL13RA2) DOWN
interleukin 17 receptor A(IL17RA) DOWN
1Q motif and Sec7 domain 3(IQSEC3) DOWN
interferon regulatory factor 1(IRF1) DOWN
junction adhesion molecule like(JAML) DOWN
KIAA0100(KIAA0100) DOWN
KIAA1671(KIAA1671) DOWN
kinase D-interacting substrate 220kDa(KIDINS220) DOWN
kallikrein related peptidase 4(KLK4) DOWN
KRAB box domain containing 1(KRBOX1) DOWN
keratin 4(KRT4) DOWN
keratin associated protein 10-9(KRTAP10-9) DOWN

late endosomal/lysosomal adaptor, MAPK and MTOR activ. DOWN

leucine carboxyl methyltransferase 1{LCMT1) DOWN
lipocalin 10{LCN10) DOWN
lymphocyte cytosolic protein 2(LCP2) DOWN
leukocyte cell derived chemotaxin 2(LECT2) DOWN
leucine rich glioma inactivated 1(LGI1) DOWN
long intergenic non-protein coding RNA 701(LINC00701) DOWN
long intergenic non-protein coding RNA 939(LINC00939) DOWN
long intergenic non-protein coding RNA 1128(LINC01128) DOWN
limb development membrane protein 1 like(LMBR1L) DOWN



LPAR4
LRP4-AS1
LRRN3
LSM3P5
MAL2
MALL
MED28
METAP1D
METTL16
MGAT1
MIR154
MIR202HG
MIR208B
MIR2117HG
MIR23C
MIR362
MIR3679
MIR3689D2
MIR3942
MIR4257
MIR548V
MIR7-2
MIR9-3HG
MRGPRX3
MRPL35P3
MRPS18AP1
MRPS21P2
MRPS21P8
MRPS31P4
MTCO1P22
MTCO1P6
MTCO3P7
MTCYBP17
MTND1P14
MTND1P6
MTND2P31
MTND6P11
MYDGF
MYLK-AS1
NACAP2
NDUFB4P1
NOTCH2P1
NPM1P1S
NPM1P4
NPY2R
0OGFOD2
OR2G1P
OR2H1
OR4K12P
OSGEP
PAFAH2
PAT)

PHF7

lysophosphatidic acid receptor 4(LPAR4) DOWN
LRP4 antisense RNA 1(LRP4-AS1) DOWN
leucine rich repeat neuronal 3(LRRN3) DOWN

LSM3 homolog, U6 small nuclear RNA and mRNA degradat DOWN

mal, T-cell diff protein 2 (gene/| di M¢ DOWN
mal, T-cell differentiation protein like(MALL) DOWN
mediator complex subunit 28(MED28) DOWN

methionyl aminopeptidase type 1D, mitochondrial(METAP. DOWN

methyltransferase like 16(METTL16) DOWN
mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylgluco: DOWN
microRNA 154(MIR154) DOWN
MIR202 host gene(MIR202HG) DOWN
microRNA 208b(MIR208B) DOWN
MIR2117 host gene(MIR2117HG) DOWN
microRNA 23¢(MIR23C) DOWN
microRNA 362(MIR362) DOWN
microRNA 3679(MIR3679) DOWN
microRNA 3689d-2(MIR3689D2) DOWN
microRNA 3942(MIR3942) DOWN
microRNA 4257(MIR4257) DOWN
microRNA 548v(MIR548V) DOWN
microRNA 7-2(MIR7-2) DOWN
MIR9-3 host gene(MIR9-3HG) DOWN
MAS related GPR family member X3(MRGPRX3) DOWN

mitochondrial rib | protein L35 3(MRPL3 DOWN
mitochondrial ribosomal protein S18A pseudogene 1(MRPDOWN

mitochondrial rib | protein S21 d 2(MRPSZ DOWN
mitochondrial rib | protein S21 d 8(MRPSZ DOWN
mitochondrial rib | protein S31 d 4(MRPSZ DOWN

mitochondrially encoded cytochrome ¢ oxidase | pseudoge DOWN
mitochondrially encoded cytochrome ¢ oxidase | pseudoge DOWN
mitochondrially encoded cytochrome ¢ oxidase Il pseudog DOWN
mitochondrially encoded cytochrome b pseudogene 17(M1DOWN
mitochondrially encoded NADH:ubiquinone oxidoreductasi DOWN
mitochondrially ded NADH oxidoreductass DOWN
mitochondrially encoded NADH:ubiquinone oxidoreductasi DOWN
mitochondrially encoded NADH:ubiquinone oxidoreductass DOWN
myeloid derived growth factor(MYDGF) DOWN
MYLK antisense RNA 1(MYLK-AS1) DOWN
nascent polypeptide associated complex alpha subunit pse DOWN
NADH:ubiguinone oxidoreductase subunit B4 pseudogene DOWN

notch 2 pseudogene 1(NOTCH2P1) DOWN
nucleophosmin 1 pseudogene 19(NPM1P19) DOWN
nucleophosmin 1 pseudogene 4(NPM1P4) DOWN
neuropeptide Y receptor Y2(NPY2R) DOWN

2-oxoglutarate and iron dependent oxygenase domain con DOWN
olfactory receptor family 2 subfamily G 1 DOWN
olfactory receptor family 2 subfamily H member 1{OR2H1) DOWN
olfactory receptor family 4 subfamily K member 12 pseudo DOWN

O-sialoglycoprotein endopeptidase(OSGEP) DOWN
platelet activating factor acetylhydrolase 2(PAFAH2) DOWN
PATJ, crumbs cell polarity complex component(PATJ) DOWN
PHD finger protein 7(PHF7) DOWN

Table 2.2, continued.

PKMP4
PLCG1
PLP1

PMEL
POT1-AS1
POUSF1P6
PPP1R2P2
PRELID3A
PRNT
PRRX1
PRSS37
PSMAGP4
PSMC1P2
PTAFR
PTGES3L
PTH
R3HDM2P1
RABL3
RAG1

RALY
RAPGEFS
RASAL2-AS1
RBP1

RBP4
REG1CP
RERG
RFPL2
RGP1
RHOBTB1
RN7SKP70
RN7SL100P
RNF165
RNU6-656P
RPEP4
RPL12P25
RPL23AP30
RPL23AP66
RPL7APS7
RPLIP16
RPS10P27
RPS27APE

pyruvate kinase, muscle pseudogene 4(PKMP4) DOWN
phospholipase C gamma 1(PLCG1) DOWN
proteolipid protein 1(PLP1) DOWN
premelanosome protein(PMEL) DOWN
POT1 antisense RNA 1{POT1-AS1) DOWN
POU class 5 homeobox 1 pseudogene 6(POUSF1P6) DOWN

protein phosphatase 1 regulatory inhibitor subunit 2 pseuc DOWN

PRELI domain containing 3A(PRELID3A) DOWN
prion protein (testis specific)(PRNT) DOWN
paired related homeobox 1{PRRX1) DOWN
protease, serine 37(PRSS37) DOWN
proteasome subunit alpha 6 pseudogene 4(PSMA6P4) DOWN

proteasome 26S subunit, ATPase 1 pseudogene 2(PSMC1P: DOWN

platelet activating factor receptor(PTAFR) DOWN
prostaglandin E synthase 3 like{PTGES3L) DOWN
parathyroid hormone(PTH) DOWN
R3H domain containing 2 pseudogene 1{R3HDM2P1) DOWN
RAB, member of RAS oncogene family like 3(RABL3) DOWN
recombination activating 1{RAG1) DOWN
RALY heterogeneous nuclear ribonucleoprotein(RALY) DOWN
Rap guanine nucleotide exchange factor 5(RAPGEFS) DOWN
RASAL2 antisense RNA 1{RASAL2-AS1) DOWN
retinol binding protein 1{RBP1) DOWN
retinol binding protein 4(RBP4) DOWN

ing family ber 1 gamma, (REG1(DOWN
RAS like estrogen regulated growth inhibitor(RERG) DOWN
ret finger protein like 2(RFPL2) DOWN
RGP1 homolog, RAB6A GEF complex partner 1{RGP1) DOWN
Rho related BTB domain containing 1{RHOBTB1) DOWN
RNA, 7SK small nuclear pseudogene 70(RN7SKP70) DOWN
RNA, 75L, cy ic 100, pseud (RN7SL100P) DOWN
ring finger protein 165(RNF165) DOWN
RNA, U6 small nuclear 656, pseudogene(RNU6-656P) DOWN
ribulose-5-phosph 3-epi e 4(RPEP4) DOWN
ribosomal protein L12 pseudogene 25(RPL12P25) DOWN
ribosomal protein L23a pseudogene 30(RPL23AP30) DOWN
ribosomal protein L23a pseudogene 66(RPL23AP66) DOWN
ribosomal protein L7a pseudogene 57(RPL7APS7) DOWN
ribosomal protein L9 pseudogene 16(RPLIP16) DOWN
ribosomal protein $10 pseudogene 27(RPS10P27) DOWN
ribosomal protein S27a pseudogene 6(RPS27AP6) DOWN

RTEL1-TNFRSF RTEL1-TNFRSF6B readthrough (NMD candidate)(RTEL1-TNF DOWN

S100A7A
$1008
SDC1
SEC22C
SEC24C
SEMA4B
SEPT7P9
SFTPA3P
SH3PXD28
SHISAS
SIRT7
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$100 calcium binding protein A7A(S100A7A) DOWN
$100 calcium binding protein B(S1008) DOWN
syndecan 1(SDC1) DOWN
SEC22 homolog C, vesicle trafficking protein(SEC22C) DOWN

SEC24 homolog C, COPII coat complex component(SEC24C] DOWN

semaphorin 4B(SEMA4B) DOWN
septin 7 pseudogene S(SEPT7P9) DOWN
surfactant protein A3, pseudogene(SFTPA3P) DOWN
SH3 and PX domains 2B(SH3PXD2B) DOWN
shisa family member 9(SHISA9) DOWN
sirtuin 7(SIRT7) DOWN



SLC13A4 solute carrier family 13 member 4(SLC13A4) DOWN
SLC25A39P1  solute carrier family 25 member 39 pseudogene 1{SLC25AZ DOWN

SNHG7 small nucleolar RNA host gene 7(SNHG7) DOWN
SNORA21 small nucleolar RNA, H/ACA box 21(SNORA21) DOWN
SNORA4S small nucleolar RNA, H/ACA box 48(SNORA48) DOWN
SNORAS3 small nucleolar RNA, H/ACA box 53(SNORAS3) DOWN
SNORD111 small nucleolar RNA, C/D box 111(SNORD111) DOWN
SNORD14E small nucleolar RNA, C/D box 14E(SNORD14E) DOWN
SNORD21 small nucleolar RNA, C/D box 21(SNORD21) DOWN
SNRK-AS1 SNRK antisense RNA 1{SNRK-AS1) DOWN
SNRPEP7 small nuclear ribonucleoprotein polypeptide E pseudogene DOWN
SP7 Sp7 transcription factor(SP7) DOWN
SPINK2 serine peptidase inhibitor, Kazal type 2(SPINK2) DOWN
SPRR2D small proline rich protein 2D{SPRR2D) DOWN
SSTR2 somatostatin receptor 2(SSTR2) DOWN
ST8SIAL ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase DOWN
STAG3L3 stromal antigen 3-like 3 (pseudogene)(STAG3L3) DOWN
SuLTic2 sulfotransferase family 1C member 2(SULT1C2) DOWN
TANGO6 transport and golgi organization 6 homolog(TANGO6) DOWN
TGMS transglutaminase 5(TGMS5) DOWN
THUMPD3P1  THUMP domain containing 3 pseudogene 1(THUMPD3P1) DOWN
TICAM2 toll like receptor adaptor molecule 2(TICAM2) DOWN
TLR4 toll like receptor 4(TLR4) DOWN
TMEM141 transmembrane protein 141(TMEM141) DOWN
TMEM158 transmembrane protein 158 (gene/pseudogene)(TMEM15; DOWN
TMEM217 transmembrane protein 217(TMEM217) DOWN
TMEM220 transmembrane protein 220(TMEM220) DOWN
TMEM6E7 transmembrane protein 67(TMEM67) DOWN
TMEMS6A transmembrane protein 86A(TMEMB86A) DOWN
TMPRSS4 transmembrane protease, serine 4(TMPRSS4) DOWN
TPRG1 tumor protein p63 regulated 1{TPRG1) DOWN
TRAPPCY trafficking protein particle complex 9(TRAPPC9) DOWN
TRIM34 tripartite motif containing 34(TRIM34) DOWN
TRIM4 tripartite motif containing 4(TRIM4) DOWN
TRIMA9 tripartite motif containing 49(TRIM43) DOWN
TRIOBP TRIO and F-actin binding protein(TRIOBP) DOWN
TTC398 tetratricopeptide repeat domain 39B(TTC398B) DOWN
TTLL13P tubulin tyrosine ligase like 13, pseudogene(TTLL13P) DOWN
UsP18 ubiquitin specific peptidase 18(USP18) DOWN
USPS ubiquitin specific peptidase 5(USPS) DOWN
VDAC2P2 voltage dependent anion channel 2 pseudogene 2(VDAC2P DOWN
VHL von Hippel-Lindau tumor suppressor(VHL) DOWN
VTCN1 V-set domain containing T cell activation inhibitor 1{VTCN1 DOWN
WDYHV1 WDYHV motif containing 1(WDYHV1) DOWN
WFDC10B WAP four-disulfide core domain 10B(WFDC10B) DOWN
ZBED3-AS1 ZBED3 antisense RNA 1(ZBED3-AS1) DOWN
2FP62 2ZFP62 zinc finger protein(ZFP62) DOWN
INF287 zinc finger protein 287(ZNF287) DOWN
ZNF300 zinc finger protein 300(ZNF300) DOWN
INF528 zinc finger protein 528(ZNF528) DOWN
ZNF658B zinc finger protein 6588 (pseudogene)(ZNF6588B) DOWN
INF663P zinc finger protein 663, pseudogene(ZNF663P) DOWN
INF726 zinc finger protein 726(ZNF726) DOWN
INF773 zinc finger protein 773(ZNF773) DOWN
INF781 zinc finger protein 781(ZNF781) DOWN
INF821 zinc finger protein 821(ZNF821) DOWN

Table 2.2, continued: Gene symbols and descriptions for genes identified as significantly
increased (red) and decreased (blue) in RAB25-expressing vs. pcDNA3 control HEY
ovarian cancer cells.
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Peptide Sequence Retention Time (min)  m/z expected / (m/z found)

fRFP1 FITC- (PEG)-KKEFQVRELEDYIDNLLVRVMEETPNILRIPA 8.0 1469.4, 1102.3 /(1469.3, 1102.2)
fRFP2 FITC-(PEG)-ERDTHIRELEDYIDNLLVRVMEETPSILRVPR 8.0 1483.7, 1113.0 /(1483.6, 1112.9)
fRFP3 FITC-(PEG)-KQEEINFRLODYIDRIIVAIMETNPSILEVK 7.8 1418.3, 1064.0 /(1418.2, 1064.1)
fRFP4 FITC-(PEG)-EQEEINFRLRQYMDKIILAILDHNPSILEIKH 7.5 1485.4, 1114.3 /(1485.3, 1114.3)
fRFP5 FITC—(PEG)—KQEEINFRLQDYIDRIIVAIMOYETNPSILEVK 7.1 1423.6, 1068.0 /(1423.6, 1068.0)
fRFP6 FITC-(PEG)—[SRQVRELESSYIDSSLLVRVMEETPNILRIPR 9.1 1423.6, 1068.0 /(1423.6, 1068.0)
fRFP7 FITC—(PEG)—[’)RQVRELEDYIDSSLLVSSVMEETPNILRIPR 9.1 1389.3, 1042.2 /(1389.2, 1042.2)
fRFP8 FITC—(PEG)—BRQVRELEDYIDRLLVSJVMESbTPNILRIPR 9.6 1398.3, 1049.0 /(1398.2, 1049.0)
fRFP9 FITC-(PEG)—BRQVRELEDSBIDRSSLVRVMEETPNILRIPR 8.6 1401.3, 1051.2 /(1401.3, 1051.2)
fRFP10 FITC—(PEG)—[SRINFRLQSSYIDSSIIVAIMETNPSILEVK 8.3 1343.6, 1007.9 /(1343.3, 1007.9)
fRFP11 FITC—(PEG)—ﬁRINFRLQDYIDSSIIVSSIMETNPSILEVK 8.6 1330.5, 998.2 /(1330.0, 998.2)
fRFP12 FITC-(PEG)-BRINFRLQDYIDRIIVSSIMESSNPSILEVK 8.4 1348.9, 1011.9 /(1348.3, 1012.2)
fRFP13 FITC—(PEG)—BRINFRLQDSEIDRSSIVAIMETNPSILEVK 8.0 1351.6, 1014.0 /(1351.3, 1013.9)
bRFP14 biot-PEG—W[‘}RQVRELENYIDRLLVSSV ESSTPNILRIPR 9.7 1400.0, 1050.3 /(1399.5, 1050.1)
bRFP24 biot—PEG—WBRINFRLQNSSIDRSBIVRIFETNPSILRVK 7.7 1364.3, 1023.5 / (1363.9, 1023.2)
bRFP26 biot—PEG—WBRINFRLQNSEIDRSHIVRI ETNPSILRVK 7.7 1353.0, 1015.0 /(1352.6, 1014.6)
bRFP31 biot-PEG-W[SRINFRLQNSSIDRSSAARIAETNPSILEVK 7.2 1306.5, 980.2 /(1306.0, 979.8)
fRFP14 FITC—PEG—[}RQVRELENYIDRLLVSSV ESSTPNILRIPR 15.9%* 1392.0, 1044.2 /(1391.9, 1044.1)
fRFP24 FITC—PEG—ﬁRINFRLQN55IDRSSIVRIFETNPSILRVK 15.8%* 1356.6, 1017.7 /(1356.3, 1017.4)
fRFP26 FITC-PEG-BRINFRLQNSSIDRSSIV'RI ETNPSILRVK 15.6%* 1344.6, 1008.7 /(1344.9, 1008.8)
fRFP31 FITC—PEG—[SRINFRLQNSSIDRS5AARIAETNPSIL VK 15.0% 1298.2, 973.9 /(1298.5, 974.3)
fRFP32 FITC—PEG—ﬁRINFRLQNSEIDRSSAARIAETNPSILRVK 14.8% 1308.9, 981.9 /(1307.5, 980.7)
RFP4 W—BEQEEINFRLRQYMDKIILAILDHNPSILEIKH 13.9% 1393.3, 1045.2 /(1392.4, 1044.7)
RFP14 W—[SRQVRELENYIDRLLVSSV ESSTPNILRIPR 14.5% 1276.2, 957.4 /(1276.1, 957.3)
RFP24 W—[SRINFRLQNSSIDRSSIVRIFETNPSILRVK 14.3%* 1240.5, 930.6 /(1240.1, 930.4)
RFP26 W—ﬁRINFRLQNS>IDRShIVRI ETNPSILRVK 14.0% 1229.2, 922.1 / (1229.0, 922.0)
RFP31 W—6RINFRLQNSSIDRSSAARIAETNPSIL VK 13.4% 1182.7, 887.3 / (1182.4, 887.0)
RFP32 W—BRINFRLQNSSIDRSSAARIAETNPSILRVK 13.2%* 1192.3, 894.5 / (1191.8, 894.0)
HO. o) OH
O O o o
o 3 A e
LN o
FITC- -PEG- -beta-alanine-

Table 2.3: Name, sequence and characteristic LC-MS data for peptides used in this
study.

Residues highlighted in yellow denote potential gain-of-function mutations, those in green
denote loss-of-function alanine replacement for negative controls, and red denotes Ss
amino acid residues incorporated for peptide stapling. Chemical structures for linkers and
fluorescent tags are shown. The first series of RFP peptides (RFP1-RFP13) were
analyzed by LC-MS using a C18 reverse-phase column (Agilent, 2.1 x 150 mm, pore size
80 A, particle size 3.5 um); Buffer A (H20/0.1% TFA) and Buffer B (ACN/0.1% TFA); and
a 15 minute method with the following gradient (flow rate 0.5 mL/min): 10-100% buffer B
over 10 min, 100% buffer B for 2 min, 100- 10% buffer B over 1 min, and 10% buffer B
over 2 min. Optimized RFP peptides (denoted by * on retention time) were analyzed by
LC-MS using a C18 reverse-phase column (Phenomenex, 5.0 x 50 mm, pore size 110 A,
particle size 5um); Buffer A (5/95/0.1% ACN/H20/TFA) and Buffer B (95:5:0.1%
ACN/H20/TFA); and a 20 minute method with the following gradient (flow rate 0.5
mL/min): 0% buffer B over 3 min, 0- 65% buffer B over 15 min, 65-100% buffer B over 1
min; 100-0% buffer B over 1 min.
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Gene name
AMIGO3
CEBPG
CXCR2
FOXI1
FPR1
GPER1
IGF1
LPAR4
LY6K
MGAT1
P2RY14
PRSS23
RAB25
DNAJA3
VHL
ATCB
185

Table 2.4: Primer sequences used for qPCR analysis.

2.5 Methods

ID

NM_198722.2
NM_001252296.1
NM_001168298.1

NM_012188.4
NM_001193306.1
NM_001039966.1

NM_000618.4
NM_001278000.1
NM_001160354.1
NM_001114617.1
NM_001081455.1
NM_001293178.1

NM_020387.3
NM_001135110.2

NM_000551.3

NM_001101.3

Cell lines and reagents.

HEY, MCF7, MDA-MB231 cells lines were originally obtained from ATCC. The
MDA-MB231 and MCF7 lines were transduced by Precision Lenti ORF, RAB25 construct
or control (Thermo Scientific, Open Biosystem) followed by Blasticidin selection
(30 pg/ml) up to 7 days. Subsequently limited serial dilution was performed and single
cells were allowed to expand to separate colonies for genetically homogenous population.
Two independent clones were obtained for each constructs and target gene expression
was evaluated with western blotting. Additionally, a sequence confirmed hemagglutinin

epitope-tagged RAB25 (Invitrogen, Carlsbad, CA) expression vector on pcDNA 3.1

Forward Primer

caagaacggcctctacttgc
catggatcgaaacagtgacg
cgctccgtcactgatgtcta
cctctagcacagcctcecttg
tattgccaccaagatccaca
agggacaagctgaggctgta
tctcttctacctggegetgt
accttgtgccttgcaactct
aaggaggtgcaaatggacag
ccagctggacctgtcttacc
cctccagatgaatcctgcectc
caggtgggcatctacatcct
ccctcctggtgtttgaccta
aggacaagccaagcagaaaa
aggtcacctttggctcttca
ctcttccagecttecttect

TagMan

Reverse Primer

aggccaagcatacgtactcg
gcttccaaccgttcattctc
aaatccagccattcaccttg
gaggctccatccaagatgtc
gatatggggaccagcagaga
gctgaacctcacatccgact
cacgaactgaagagcatcca
ggctttgtggtcaaaggtgt
cctgtgtgttgaatgctgct
cggtcattggtcctcacttt
agagctgggcacgtaaaaga
gtccttcccaaaaatgctga
tttgttacccacgagcatga
tgcaccctgaacgtaatgaa
ttggcaaaaataggctgtcc
agcactgtgttggcgtacag

Assay ID: Hs99999901 sl

(referred to as pcDNAS3) was used to generate stable HEY isogenic cell line.
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Fmoc-protected natural amino acid precursors, activating reagents (HCTU) and solid
phase support for chemical synthesis of stapled peptides were obtained from
Novabiochem (EMD). Non-natural Ss ((S)-N-Fmoc-2-(4’-pentenyl) alanine) amino acid
was obtained from Anaspec Inc. Solvents and other chemical reagents were obtained
from Sigma-Aldrich and used as received unless otherwise noted. HEY, MDA-MB231,
OVCARS3 and MCF7 cells were from ATCC and were not STR profiled. Cell lines have
been tested for mycoplasma contamination. HEY and MDA-MB231 cell lines were
maintained in RPMI media supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin and 2mM L-glutamine. OVCAR3 and MCF7 cell lines were
maintained in RPMI-1640 media supplemented with 10% fetal calf serum and 1%

penicillin/streptomycin.

Stapled peptide synthesis and purification.

Unmodified and hydrocarbon stapled peptides were synthesized by Fmoc-based
solid phase peptide synthesis and purified by reverse-phase HPLC with a C18 column
(Agilent, Palo Alto, CA) as previously reported [138]. The first series of RFP peptides
(RFP1-RFP13) were analyzed by LC-MS using a C18 reverse-phase column (Agilent,
2.1 x 150 mm, pore size 80 A, particle size 3.5uM); Buffer A (H20/0.1% TFA) and Buffer
B (ACN/0.1% TFA); and a 15min method with the following gradient (flow rate
0.5mL/min): 10-100% buffer B over 10 min, 100% buffer B for 2min, 100—10% buffer B
over 1min, and 10% buffer B over 2min. Optimized RFP peptides (denoted by * on

retention time in Table 2.3) were analyzed by LC-MS using a C18 reverse-phase column
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(Phenomenex, 5.0x50mm, pore size 110A, particle size 5um); Buffer A (5/95/0.1%
ACN/H20/TFA) and Buffer B (95:5:0.1% ACN/H20/TFA); and a 20 min method with the
following gradient (flow rate 0.5mL/min): 0% buffer B over 3min, 0-65% buffer B over
15min, 65—100% buffer B over 1 min; 100—0% buffer B over 1 min. Purified peptides were

lyophilized, quantified by Azso, dissolved in DMSO as 10 mM stocks and stored at —20 °C.

Recombinant protein constructs, expression, and purification.

Recombinant RAB and FIP proteins were expressed in BL21 cells using the
following vectors: GST-RAB25 (1-180) in pET41 Ek/LIC; Hise-RAB25 (1-180) in pET28;
GST-FIP3 (649-756) in pGEX 6P-1; GST-RAB11a (1-173, Q70L mutant) in pGEX5x-1.
Transformed cells were incubated at 37 °C to an ODsoo=0.8, at which time induction was
initiated with 1mM IPTG for an additional 12h at 20°C. Cells were pelleted by
centrifugation and lysed by sonication in lysis buffer (20mM Tris pH 8.0, containing
150mM NaCl, 5mM MgClz, 2mM DTT, 2% glycerol and protease inhibitors (EDTA-free,
Roche)). GST-tagged proteins were purified by binding to glutathione 4B sepharose resin
(GE Lifesciences) at 4°C, washed three times in lysis buffer, followed by elution with
20 mM reduced glutathione in lysis buffer. His-tagged RAB25 was expressed and lysed
as above, prior to loading onto Ni-NTA resin (Qiagen), washed with lysis buffer containing
10mM imidazole and eluted in lysis buffer containing 250 mM imidazole. All proteins were
further purified by FPLC gel filtration (Superdex 75, GE Lifesciences) and dialyzed into

appropriate assay buffers for downstream analysis.
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Fluorescence polarization assays.

Fluorescence polarization assays were performed with for GST-RAB25 and GST-
RAB11a to quantify binding to FITC-labeled unmodified and stapled RFP peptides. Initial
fluorescence polarization measurements for RFP1-RFP13 were made by incubating
FITC-RFP peptides (25nM) with threefold dilutions of a given protein in FP buffer,
consisting of 20mM Tris pH 8.0, 150 mM NaCl, 5mM MgClz, 2mM DTT, 10uM GTP and
2% glycerol. Dilutions and incubations were performed in 96-well, black flat-bottom plates
(Nunc) to a total volume of 100 uL, and equilibrated at room temperature for 30 min.
Polarization was measured on a Spetramax-M5 multi-label plate reader (Molecular
Devices) with A ex=485nm and A em=525nm. Polarization values were determined using
the equation: P=(V-H)/(V+H), where Pdenotes polarization, V denotes vertical
emission intensity and H represents horizontal emission intensity. Fraction bound was
calculated using the equilibrium maximum polarization value obtained for a given protein
among ligands, to which background-subtracted fluorescence polarization values were
internally normalized. Fluorescence polarization measurements for FITC-RFP14, 24, 26,
31, and 32 were performed as detailed above with the exception that 10nM FITC-ligand
was used. Binding curves, apparent K4 values and 95% confidence intervals were
determined generated using Prism 5 graphing software by fitting data to sigmoidal binding
curve (4-parameter) according to the equation: Y=bottom + (top—bottom)/(1 + 10(L0gEC 54 -

X)xHillSlope) g5 detailed on the Prism 5 website.
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ALPHAscreen assays.

ALPHAscreen assays were performed using alpha buffer, consisting of FP Buffer
supplemented with 0.1% BSA (w/v) in white, flat-bottom 384-well ALPHAscreen plates
(Perkin Elmer). For bimolecular association assays in Figure 2.5 B, biotinylated RFP
peptide and tagged RAB25 protein was diluted to 2x the indicated final concentrations in
20 pL of buffer on the ALPHAscreen plates and incubated for 30 min at room temperature.
Following incubation, 10uL of 4x ALPHAscreen donor beads (10ug/mL final
concentration, Streptavidin-linked, Perkin Elmer) was added and incubated for 15 min at
room temperature prior to final addition of 10 pL of 4x ALPHAscreen acceptor beads (Ni%+-
NTA-linked or anti-GST, 10 ug/mL final concentration, Perkin EImer) and incubated for an
additional 30 min. Proximity-based luminescence was measured on an ALPHAscreen-
capable EnVision plate reader (Perkin Elmer) according to the manufacturers settings
and protocols. Peptide competition assays were performed as above with the indicated
concentrations of soluble peptide or proteins incubated with biotin-RFP14 and He-RAB25
(0.2uM each in all wells) prior to addition of donor and acceptor beads. Binding curves,
ICs0 values and 95% confidence intervals were determined generated using Prism 5
graphing software by fitting data to sigmoidal inhibition curves (4-parameter) according to
the equation: Y=Dbottom + (top—bottom)/(1 + 10(-09IC 5o ~X)xHillSlope)

as detailed on the Prism 5 website.
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Circular dichroism spectroscopy.

Circular dichroism spectroscopy experiments were performed on a Jasco J-170
using a quartz cuvette (path length: 0.1cm). Peptides were dissolved to 50uM in
deionized water and CD measurements were recorded at one nm increments between
190 and 260nm, at room temperature. Thermal denaturation experiments were
performed by recording CD absorbance at 222 nm at one-degree increments from 10 to
90 °C using a thermostat-controlled cuvette chamber. Raw denaturation data were fit to
sigmoidal curves with Prizm 5 software, and the half-maximal temperature was reported

as the peptide Tm.

Cellular pull-down assays.

HEY-pcDNA and HEY HA-RAB25 cells were transfected with pcDNA3-His B-FIP1
(kind gift from Dr. Jim Norman) [183] using Lipofectamine 2000 transfection reagent
following manufacturers’ protocol (Invitrogen). Forty-eight hours post transfection, the
cells were collected using the HA-Lysis buffer provided in the Sigma HA-IP kit (IPO010-
1KT Sigma-Aldrich, St. Louis, MO) and pretreated with either DMSO or indicated
concentrations of the stapled RFP compounds for 1 hour at 4 °C. Subsequently, ~600 ug
of total protein was loaded in each IP column subjected to immunoprecipitation using
agarose beads coupled to anti-HA monoclonal antibody. Unbound proteins were removed
by extensive washing and specifically associated proteins resolved by SDS-PAGE and
western blotting for detection of RAB25-FIP1 interaction under various treatment

conditions. Normal IgG was used as negative control.
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Western Blots.

Western blotting was performed using primary antibodies for RAB25 (Cell
Signaling 4314; 1:500), RAB11a (Cell Signaling 2413; 1:1000) and FIP1 (Gift from Dr Jim
Norman, 1:1000) [183], GAPDH (Santa Cruz; 1:1000), and secondary antibodies, anti-
rabbit or anti-mouse immunoglobulin G (IgG) horseradish peroxidase-linked secondary

antibody (Cell Signaling Technology; 1:2000).

Confocal fluorescent microscopy for peptide cellular penetration.

MCF7 cells were grown in 8-well chamber slides (Ibidi) and treated with FITC-
labeled RFPs (5 uM) in 10% FBS-containing RPMI for 8 h at 37 °C. Cells were washed 5x
in PBS, fixed in 2% paraformaldehyde/PBS and stained with DAPI according to the
manufacturer’s protocol (Sigma). A coverslip was mounted onto the slide and confocal
fluorescence microscopy performed with an Olympus DSU spinning disk confocal
microscope (Olympus Corporation of the Americas, Center Valley, PA) with a Hamamatsu
model C9100 EM-CCD camera (Hamamatsu Photonics, Skokie, IL) run by SlideBook
v5.0 software (Intelligent Imaging Innovations, Denver, CO). Post-acquisition processing
(multi-channel overlay) was performed using Imaged software (NIH). Results are
representative of images taken from three fields across the same well in at least two

biological replicates.
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Cell proliferation studies.

The day before treatment, control and stable RAB25 overexpressing HEY, MDA-
MB231, and MCF7 cells (8 x 102 cells) were seeded in 96-well plates in culture medium
containing 5% FBS overnight. The next day cells were washed twice with PBS and treated
with DMSO or RFP peptides (15uM) in 0.5% FBS containing medium for 48h. Cell
viability was determined using 8% PrestoBlue (Life Technologies, Federick MD), a
resazurin-based solution that functions as a cell viability indicator, which was read
(excitation wavelength 530 nm; emission wavelength 604 nm) using a TECAN microplate
reader at Oh and 48h. For untreated cells, the reagent was added at 24, 48, and 72h
post plating (in 0.5% FBS containing RPMI medium) and absorbance was recorded at

each timepoint.

Cell migration assays.

Cells were seeded at a density of 5000—7000 cells for HEY and MDA-MB231 or
15,000 cells for MCF7 on each side of an Ibidi culture insert (Ibidi, Munich, Germany),
with a 500 um separation between each side of the well, and allowed to grow for 24 h to
attain a compact monolayer. Cells were pretreated with, or without, RFP peptides (10 uM)
or DMSO control for 12 h before removal of the insert, and following removal of the insert
cells were incubated in RFP-containing media or DMSO control for the duration of wound
closure. Cells were photographed using a Life Technologies EVOS XL Core imaging

system 4x or a Nikon DS camera connected to a Nikon Eclipse Ti microscope objective
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at insert removal (0 h) and when wound closure was complete under control conditions.
Experiments were performed in duplicate and a minimum of four fields of the injury were

photographed and used for quantification.

Cellular thermal shift assay (CETSA).

Following sonication and centrifugation of MCF7 cells in Mammalian RAB lysis
buffer (20mM Tris pH 8.0, 150 mM NaCl, 5mM MgClz, 2mM DTT, 0.1% TritonX-100, and
protease inhibitors (EDTA-free, Roche)), bulk samples of lysate (diluted to 1 mg/mL) were
incubated with 10 M of the indicated peptide (or DMSO) for 10 min. Lysates were then
aliquoted into 200 L PCR tubes, heated for 3 min at a temperature point between 37 and
70°C, incubated an additional 3min at room temperature, centrifuged (15,000xg for
20 min), and supernatants were removed and combined with SDS-PAGE loading buffer
for western blot analysis, and then analyzed by western blot (blotting for either RAB25,
11a, or GAPDH as negative control) and downstream ImagedJ quantification. A sigmoidal
curve was fit to the resulting data from each target protein for each of the three sets of

treatment conditions, from which Tm values were calculated.

RNA isolation cDNA, library preparation and capture.

For the conditions listed, RAB25-HEY cells (10 cm plate, 70—80% confluent) were treated
with RFP14 (10 uM) or the equivalent amount of DMSO in serum free media overnight,
followed by stimulation with 5% FBS for 8 h. pcDNA3-HEY cells were treated with DMSO

overnight and stimulated with 5% FBS for 8 h in parallel. Individual biological replicates
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performed on different days were used for RNAseq studies. Samples were snap frozen
in liquid nitrogen at the time of collection and total RNA was isolated from each condition
by Norgen Total RNA Purification Kit (Norgen Biotek Corp, ON Canada), quantified by
Picogreen (Invitrogen), and quality was assessed using a 2200 Tapestation (Agilent).
RNA from each biological replicate (500ng) was converted to double-stranded cDNA
using Ovation RNA-Seq System V2 kit (Nugen), and cDNA was sheared by sonication
with the following conditions: Peak Incident Power=175, Duty Cycle =20%, Intensity =5,
Cycles per burst=200, for a time=120s using Covaris E220 sonicator (Covaris). To
ensure the proper fragment size, samples were checked on a TapeStation using the DNA
High Sensitivity kit (Agilent). The sheared DNA proceeded to library preparation using
KAPA library prep hyper kit (KAPA) following the “with beads” manufacturer protocol.
Briefly, this protocol consists of three enzymatic reactions for end repair, A-tailing and
adaptor ligation, followed by barcode insertion by PCR using KAPA HiFi polymerase (6
cycles). PCR primers were removed by using 1.8x volume of Agencourt AMPure PCR
Purification kit (Agencourt Bioscience Corporation). At the end of library preparation,
samples were analyzed by TapeStation to verify correct fragment size and the absence
of extra bands. Samples were quantified using KAPA gPCR quantification kit. Equimolar
amounts of DNA were pooled for capture (2—6 samples per pool). We used whole exome
biotin labeled probes from Roche Nimblegen (V3) and followed manufacture’s protocol
for the capture step. Briefly, DNA was pooled (2-6 samples), dried, resuspended with
capture reagents and probes, and incubated at 47 °C on a thermocycler with a heated lid

(67°C) for 64-74h. Targeted regions were recovered using streptavidin beads,
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streptavidin-biotin-probe-target complexes were washed, and another round of PCR
amplification was performed according to manufacturer’s protocol. The quality of each
captured sample was analyzed by TapeStation using the DNA High Sensitivity kit, and
the enrichment was accessed by qPCR using specific primers designed by Roche

Nimblegen. The minimum cutoff for the enrichment was 50-fold.

RNA sequencing and data analysis.

The captured libraries were sequenced on a HiSeq 2000 (lllumina Inc., San Diego,
CA, USA) on a version 3 TruSeq paired-end flowcell at a cluster density between 700 and
1000K clusters/mm? according to manufacturer’s instructions. Sequencing was
performed on a HiSeq 2000 for 2 x 100 paired-end reads with a 7 nt read for indexes using
Cycle Sequencing v3 reagents (lllumina). The resulting BCL files containing the sequence
data were converted into “.fastq.gz” files and individual libraries within the samples were
demultiplexed using CASAVA 1.8.2 with no mismatches. All regions were covered by >20
reads. Data analysis was performed using a comprehensive in-house RNA-Seq pipeline
(IPCT, Bioinformatics and Computational Biology, M.D. Anderson). STAR was used to
align paired-end reads to the hg19 version of the reference genome, featureCount was
used to obtain expression counts of genes and exons, and Cufflinks was used to estimate
gene expression (FPKM). Genetic variants were called using GATK unified genotyper.
Fusions were detected using STAR and filtered using Oncofuse. Quality of raw and

aligned reads was assessed using FastQC and Qualimap.
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FPKM values of six technical samples (pcDNA3-HEY +DMSO, RAB25-
HEY + DMSO, RAB25-HEY +RFP14, each from individual biological replicates) were
normalized according to total FPKM values of 34,560 genes. Genes with zero expression
in one or more samples compared to FPKM values of the rest of the 22,912 genes were
eliminated. To define the set of transcripts that were consistently and differentially
expressed as a result of RAB25 expression, a mean fold-change of>2.14 was applied (to
control the number of genes between 100 and 500, which is optimal for GSEA analysis)
between pcDNA-HEY and RAB25-HEY RNAseq replicates. This resulted in gene sets of
104 transcripts that were upregulated by RAB25 (named RAB25_UP) and 269 transcripts
that were downregulated by RAB25 (named RAB25_DOWN). Gene set enrichment
analysis (GSEA) was performed using the GSEA portal (www.broad.mit.edu/GSEA/) in
the following way. Each gene set was queried for enrichment within the expression profile
generated by comparing DMSO and RFP14 treated RAB25-HEY cells, thereby asking
whether RAB25-regulated genes are specifically regulated by RFP14 in an unbiased
manner. GSEA was performed with the following parameters: probe set collapse =false;
phenotype = RFP14 vs. DMSO; permutation: sample, permutations =1000. Gene set size:
15<n<500. Heat maps showing the per-gene effect of RFP14 on the RAB25-regulated
genes (each in the RAB25_UP and RAB25_DOWN gene sets) were generated using
Cluster 3.0, and visualized using Tree View software. Samples are plotted in columns

and the genes in rows.

gRT-PCR and statistical analysis.
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HEY ovarian cancer cells with stable ectopic expression of RAB25 were plated and
allowed to reach 70% confluency before treating with DMSO, RFP14, or RFP32 (10 uM
or equivalent DMSO) in serum free media for 12h, followed by stimulation with 5% FBS
for 8h. Total cellular RNA was then isolated from cells using Thermo RNA Isolation kit
(Thermo Fisher Scientific, MA, Cat #AM1560), according to the manufacturer’s
instructions. Two micrograms of RNA per sample was reverse transcribed to generate
complementary DNA, using reverse transcriptase Thermo RT kit (Cat #4368814). qRT-
PCR was performed using a 7500 Fast Real-time PCR System (Applied Biosystems Inc.,
CA) with SYBR Green Power master mix (Thermo Cat #4309155). The primers used for
the ACTB and 18S (internal control) and other listed genes were designed using the
‘Primer 3 Output’ software from cDNA sequences found in the NCBI Gene Database
(Nucleotide). Their specificity was confirmed using a BLAST analysis against the genomic
NCBI database. gRT-PCR reaction conditions were: 50 °C for 2min; 95 °C for 2min;
40x (95 °C for 15s; 60 °C for 15s; 72 °C for 1 min). The relative quantification of gene
expression between the treatments and control cells was calculated by the

2-AACt approximation method. Primers used for gPCR analysis are listed below.
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CHAPTER 3: Diels-Alder Cyclized Peptides*

*Portions of this chapter were adapted with permission from:
Montgomery, et al. J Am Chem Soc, 2019. 141(41): 16374-81.

Copyright, 2019, American Chemical Society.

3.1 Introduction

Peptides present a powerful starting point for the development of bioactive ligands.
Protein—protein interactions (PPls) tend to be mediated by short, linear peptide
sequences that adopt diverse secondary structures, including helix, sheet, loop, and turn
motifs. Deregulation of PPls underpins many diseases, either through mutations, aberrant
protein expression, or other contextual changes [151, 184, 185]. Removal from their
native protein context typically abrogates peptide structural rigidity, leading to reductions
in binding affinity and selectivity, as well as metabolic stability. Therefore, numerous
chemical strategies have been developed to synthetically rigidify peptides, potentially
stabilizing secondary structures and augmenting pharmacologic utility, notably by
imbuing the cyclized peptide with increased target-binding affinity, cell-permeability, and
bioavailability [82, 83, 85, 86, 186]. Most of these peptide stabilizing chemistries capitalize
on alkylation or acylation reactions on the naturally occurring nucleophilic residues
cysteine and lysine; head-to-tail loop closure; or incorporation of unnatural residues for
metal-catalyzed cross-linking. These approaches, and others, have been applied to

stabilize many different sequences and structures [96, 103, 107, 131, 187, 188]. Despite
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incredible progress in synthetic methods for peptide stabilization, however, current
strategies have various limitations. These can include harsh or forcing conditions; the
requirement of on-resin and/or fully-protected peptide macrocyclization; limited suitability
across target sequences or folds; incompatibility with aqueous conditions or other
stabilization chemistries; use of large excess or highly-tailored cross-linking reagents.
Therefore, new chemistries to control peptide secondary and tertiary structure, ideally
with wide functional group and reaction condition tolerance, would greatly expand the
synthetic arsenal for developing peptide-based chemical probes.

A notable carbon-carbon bond forming reaction that has enjoyed widespread
synthetic application is the Diels—Alder [4 + 2] cycloaddition (Figure 3.1 A). First reported
in 1928, this reaction is employed by nature and chemists alike to construct complex
molecules [189-191]. A pericyclic reaction, it occurs between a diene and dienophile,
driven by orbital overlap (Figure 3.1 B). Generations of synthetic chemists have
experimented with tuning Diels-Alder reactant electronic properties and reaction
conditions to explore increasingly diverse applications of this chemistry. Several aspects
of this transformation make it especially attractive for synthesis, including a wide range of
diene-dienophile pairs, high regio- and chemoselectivity in many applications,
simultaneous introduction of multiple stereocenters, and compatibility with a range of
reaction conditions. Indeed, the power and versatility of this transformation is apparent in
the wide variety of natural products and other pharmacologically relevant molecules that
rely on Diels-Alder chemistry for the construction of their central carbon frameworks and

precise installation of stereocenters (Figure 3.1 C). Further, pioneering studies
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demonstrated that aqueous conditions are not only tolerated, but can also enhance

reaction rates by driving reactant proximity [192].

Figure 3.1: Overview of Diels-Alder chemistry.

(A) Concerted, pericyclic Diels-Alder reaction mechanism, with newly formed carbon-
carbon bonds in blue. (B) Depiction of molecular orbital overlap seen in the forward
demand reaction. (C) Representative synthetic and biosynthetic natural products, with
resulting bonds formed by Diels-Alder reaction in blue [193-195].

While many of the above qualities overlap with those desired for selective
modification of biomolecules, Diels-Alder has only seen limited use for the intermolecular
ligation of biomolecules; the chemistry has not been applied to intramolecular, site-
specific stabilization of peptides or proteins [196-199]. Here we report the application of
Diels-Alder carbon-carbon bond forming reactions for the macrocyclization of diverse
turn, loop and alpha-helical peptide motifs.

3.2 Results

We initiated our exploration of Diels-Alder cycloadditions for peptide

macrocyclization by designing and testing a panel of turn and loop-type peptides to
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investigate the synthetic parameters for efficient cyclization, followed by compound
characterization and preliminary screening of properties. Key learnings were then applied
toward the design of Diels-Alder stabilized alpha helical peptides for subsequent
biophysical and biochemical study to elucidate effects of resulting cycloadducts on
peptide structure and function. Subsequent studies have worked toward expanding the
scope of peptide scaffolds and compatible orthogonal chemistries.

3.2.1 Initial Diels-Alder cyclization of turn and loop peptides

We began our study of Diels—Alder cyclized (DAC) peptides with turn and loop
motifs, including an antimigratory RGD peptide, analogs of which have undergone clinical
testing in oncology [200-202]. Given that there is wide variance in structure and reactivity
of diene and dienophile functional groups, and presumably we chose a moderately
activated (diene 2,4-hexadiene) and the well-characterized maleimido dienophile [203].
A selection of peptides of various length and sequence were synthesized containing
orthogonally protected cysteine (tBuS-) and lysine (Mmt-) side chains [204], with the
former invariably in the i-position, and the latter in the i+4, i+5, and i+7 positions (Table
3.1).

On-resin reductive cysteine deprotection and hexadiene alkylation with 1-bromo-
2,4-hexadiene proceeded quantitatively as determined by LC-MS (Figure 3.2 A-B;
Scheme 3.1 A). The corresponding diene-containing amino acid, Fmoc-Cys(2,4-
hexadiene)-OH, was also synthesized and found to be compatible with direct
incorporation by SPPS (Figure 3.2 A; Scheme 3.1 B; Section 3.5). On-resin acidic lysine

deprotection and acylation with N-maleimidoglycine of an RGD model peptide resulted in
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formation of two peaks as observed by LC-MS analysis (1 and 1a) with the same mass
and ~1 minute retention time shift, suggesting formation of a cyclic, earlier eluting product
on the C18 column (Figure 3.2 A,B). This product appeared rapidly, with an approximate
2:1 ratio of 1a to 1 within 5 minutes of dienophile introduction. Extended on-resin
incubation resulted in near-complete conversion to 1a (16 hours, Figure 3.2 B). Kinetic
reaction monitoring confirmed rapid conversion of later-eluting 1 to 1a, as well as minor
product 1b, with ~90% formation within 1 hour (Figure 3.2 C). This pattern was observed
across various sequences and diene-dienophile spacings tested (Table 3.1), with high
yields of ~85-95% conversion to earlier-eluting, presumably cyclized species. In each
scaffold studied, additional earlier-eluting minor isomeric species (<10% relative to major
product) were observed eluting ~4 minutes prior to linear precursor (Figures 3.2 B and

3.3).
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Figure 3.2: Synthesis and reaction monitoring of Diels—Alder cyclized RGD peptide.
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Figure 3.2, continued: (A) Schematic of DAC RGD peptide functionalization. (B)
Absorbance (215 nm) and extracted ion chromatogram (EIC) LC-MS traces of crude
peptide following the indicated functionalization and reaction times of the RGD compound
1 scaffold (black, protected Cys precursor peptide; blue, hexadiene-functionalized
peptide; pink, 10 minutes post-maleimide functionalization; red, 16 hours post-maleimide
functionalization. (C) Representative reaction time course quantifying conversion of 1
(blue) to cyclized 1a/1b (red) isomers.
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Scheme 3.1: Synthetic schemes for (A) on-resin Diels-Alder functionalization and
cyclization and (B) synthesis of Fmoc-cysteine(2,4-hexadiene)-OH.

A limited screen of reaction conditions revealed that mild heating on resin in DMSO
was an optimal condition to maximize cyclic conversion and also increased the ratio of
major to minor isomeric products observed (vide infra, Table 3.2). This is likely due to
disaggregation of the protected peptide on resin [205, 206], which may allow for

preferential formation of kinetic cycloadduct product(s).
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Figure 3.3: EIC LC-MS traces of Diels-Alder cyclized peptides and precursors.
Traces of crude protected cysteine precursor peptides (black), hexadiene-alkylated
intermediates (blue), maleimido-functionalized peptides (red) following acylation and
purified endo stereoisomer 4a (purple). Each compound number represents the non-
cyclized (X) and cyclized isomers (Xa, Xb...) with lettering reported in order of relative
intensity of cyclic products as determined by separation on LC-MS.

We also tested other less reactive dienophiles, including acryloyl and crotonyl
groups, and found they react with hexadiene in yields comparable to maleimide (Figure

3.4). Notably, these viable alternative dienophiles are compatible with direct incorporation

during SPPS [207]. They also offer increased diversity of cyclic structures, and, due to
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their asymmetric nature, should preferentially form at most two, rather than four, distinct

isomeric cycloadduct products.
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Figure 3.4: Comparison of alternate dienophile reactivities for Diels-Alder
cyclization of peptides.

Quantification of crude product profiles following on-resin lysine acylation of 3hex with
either N-maleimidoglycine (Mal), acrylic acid (Acr) or crotonic acid (Cro) and overnight
incubation.

Similar reaction profiles were observed for peptides produced by on-resin diene
incorporation or direct incorporation during SPPS using of Fmoc-cysteine(2,4-
hexadiene)-OH, as well as upon incubation in aqueous solution following peptide
cleavage (Figure 3.5). Taken together, these data confirm the compatibility of Diels—Alder

chemistry for peptide cyclization, as well as with diverse organic and aqueous chemical

environments.
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Figure 3.5: Comparison of Diels-Alder peptide cyclization in aqueous solution or
protected on-resin in organic solvent.
215 nm absorbance and EIC LC-MS traces of Diels-Alder cyclization of compound 3
following 16 hr incubation on-resin in DMF (black) or in aqueous solution (blue) after
cleavage (10% ACN/H20, 0.1% TFA).
3.2.2 Diels—-Alder cycloadditions form chemically stable peptide macrocycles with
enhanced protease resistance and biological activity

To confirm that 1 and 1a were non-cyclized and Diels-Alder cyclized products,
respectively, we capitalized on the presence of the maleimide dienophile in the non-
cyclized precursor peptide. On-resin incubation of the 1 and 1a crude mixture with excess
2-mercaptoethanol (BME), which should only react via Michael addition with the linear

maleimide-containing peptide, resulted in complete consumption of 1, yielding a species

with the mass of the BME conjugate addition product (Scheme 3.2; Figure 3.6).
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Conversely, 1a levels remained constant, consistent with the loss of the a,B-unsaturated
electrophile after Diels—Alder cyclization. Similarly, prolonged exposure of purified 1a to
BME in aqueous solution did not result in the observation of an addition product,

SH

suggesting formation of a stable DAC-RGD peptide macrocycle (Figure 3.7 A).
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Scheme 3.2: Schematic of on-resin trapping of linear diene and dieneophile
functionalized peptide via Michael adduct formation with 2-mercaptoethanol (BME).
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Figure 3.6: LC-MS analysis of on-resin trapping of linear diene and dienophile
functionalized peptide.
EIC and 215 nm absorbance LC-MS traces of crude 1 and 1a/1b (red, m/z = 914.3). with
or without BME treatment, showing conversion of 1 to the corresponding BME-trapped
species (blue, m/z = 914.3).

78



The RGD motif has been the subject of considerable investigation and therapeutic
development as an antimigratory agent targeting cell-surface integrins in aggressive
cancers [208]. As seen with other peptides, in vivo use of linear RGD analogs shows
limited efficacy, primarily due to cleavage by circulating proteases; head-to-tail cyclized
analogs demonstrate increased metabolic stability and in vivo efficacy [209]. To test if
DAC peptides similarly display differential protease susceptibility, we exposed DAC
peptide 1a and its linear, wildtype analog 1wt to in vitro trypsinolysis screening. It was
observed that 1wt rapidly degraded within 2 hours, whereas the cyclic peptide 1a showed
an extended half-life, with 30% remaining intact after 4 hours (Figure 3.7 B, top). To
determine if this was a more general effect applicable to other sequences and proteases,
we exposed the major DAC isomer of i, i+7 spaced peptide 4a and its linear analog 4wt
to chymotrypsin. As seen with the RGD scaffold, the linear species 4wt was degraded
more rapidly than DAC 4a (Figure 3.7 B, bottom). Correspondingly, the more
metabolically stable cyclized RGD analog 1a significantly inhibited wound closure, an
integrin-mediated phenotype, relative to linear control peptide 1wt (Figure 3.7 C, D).
Taken together, these results confirm that Diels-Adler cyclization can affect the structure

and biological function of loop peptide ligands.
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Figure 3.7: Chemical and biochemical stability and biological efficacy of Diels-
Alder cyclized RGD peptide.

(A) Extended time course tracking of HPLC-purified 1a incubated with BME in aqueous
buffer, verifying cycloadduct stability (BME-trapped species m/z = 914.3; not observed).
(B) In vitro trypsin and chymotrypsin resistance assays for cyclic 1a versus linear analog
1wt, and cyclic 4a and linear analog 4wt, respectively. (C) Cell migration model scratch
wound assay comparing reduction in wound closure by RGD peptides 1wt and 1a at 10
and 20 uM relative to DMSO control. Data represent mean + s.d. distance measurements
from images of 2 biological replicates, 5 distance measurements each. n.s. = not
significant; * = P < 0.05; ** = P < 0.0005; Student’s t test. (D) Representative images from
0 and 16 hr time points of scratch wound assay with HelLa cells. Treatment conditions
included DMSO control, wildtype and DAC RGD peptides 1wt and 1a. Red line represents
a single measure of wound distance. 5 measurements were taken per view across two
biological replicates of each condition. Migration distance was calculated by subtracting
16 hr distance from 0 hr distance, averaging, and normalizing to DMSO migration
distance.

o

3.2.3 Diels—-Alder cycloadducts preferentially form with endo stereochemistry and
stabilize peptide conformation
To characterize the putative Diels—Alder cycloadduct and resulting effects on

peptide conformation, DAC 4a and precursor peptides 4wt and 4hex were subjected to
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a series of NMR experiments. '"H NMR of 4a confirmed the presence of two vinylic
protons, absent in 4wt, and distinct from those of the diene in 4hex (Figure 3.8 A) or a,3-
unsaturated maleimido protons. The observed doublet of triplets pattern of the vinylic
protons in 4a results from small 3J and 4J coupling constants of the unsaturated system,
indicative of near-90° dihedral angles between neighboring vinyl and allyl protons.
TOCSY experiments permitted complete assignment of cyclized and non-cyclized
peptides (Section 3.5). Direct through-bond coupling was observed between 4a vinylic
protons and all other protons within the putative cycloadduct (Figure 3.8 B and Section
3.5), supporting the formation of a fused, bicyclic adduct. The combination of TOCSY and
NOESY experiments further resolved the connectivity of the cycloadduct in 4a, revealing
extensive through-space interactions between its protons (Figures 3.8 B and Section
3.5). Most notably, interactions between H3/H6 allylic protons and H4/H5 succinimidyl
bridgehead protons suggest the cycloadduct of 4a is the endo stereoisomer (Figure 3.7

B and Section 3.5).

81



4a adduct interactions

bridgehead (NOE)
= methyl (NOE)
= methylene (NOE)
-- vinylic (TOCSY)
— vinylic (NOE+TOCSY)

@ g s g ﬁ/j\ N 9.07 +g
H ~ - '
N_,>’NH 38: P 8.5 ﬁ —— V

I n O N\ —— !

o : —— K

4wt 4hex 4a
6.2 6.0 5.8 5.6 54 Peptide

Figure 3.8: NMR spectroscopy characterization DAC peptide 4a and linear
precursors.

(A) 'H NMR spectra of 4wt (black), 4hex (blue), and 4a (red) in the vinylic (~6-5 ppm)
region. (B) Model of 4a cycloadduct depicting through-bond and through-space
interactions between cycloadduct protons as determined by TOCSY and NOESY
(orange: bridgehead interactions; purple: methyl-group interactions; black: Cys-side chain
interactions; red: vinylic interactions). (C) 3Ju-n-ca-Ha coupling constant values for each
residue of the three peptides studied.

NMR results further revealed substantial perturbation to the cyclic 4a peptide
structure relative to linear analogs. Following hexadiene incorporation, only modest
changes in 4hex chemical shifts were observed for the cysteine and its nearby residues,

with virtually no change in 3J-coupling constants between backbone amide and alpha

protons (Figure 3.8 C and Section 3.5). Conversely, 4a displays marked changes in
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chemical shifts and backbone 3J-coupling constants for several residues, most notably
the tyrosine and alanine adjacent to the cyclizing residues (Figure 3.8 C and Section
3.5). These alterations likely result from both cyclization-induced limits on degrees of
freedom, as well as emergent intramolecular interactions such as hydrogen-bonding
between amide and carbonyl oxygen atoms found on the cycloadduct and peptide.

To further investigate the structure of this i, i+7 DAC peptide, we carried out
molecular dynamics (MD) studies of 4wt and 4a. Briefly, models were built in MOE and
run in the NAMD2 simulation package (see 3.6 Methods for additional details) [210, 211].
Trajectory analysis using VMD revealed linear 4wt displayed no persistent structure,
while cyclized 4a displayed a highly stabilized extended loop structure over 50 ns
simulations (Figure 3.9 A) [212]. RMSD measurements of the respective backbones
confirm a substantial decrease in 4a conformational flexibility relative to linear 4wt
(Figure 3.9 A, B; average backbone RMSD = 1.07 and 2.69 A, respectively), which also

translated to reduced motion in the side chain dynamics of 4a (Figure 3.9 B).
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Figure 3.9: Molecular dynamics simulations of Diels Alder cyclized peptide 4a and
linear analog 4wt.
(A) Peptide backbone alignment over 50 ns simulations for 4wt and 4a. (B) RMSD values
for 4wt and 4a peptide backbones and all atoms (excluding hydrogens).
3.2.4 Diels—Alder peptide cycloadditions operate in aqueous solution and stabilize
alpha helices

Helical peptides represent the dominant structural feature that mediates
biomolecular interactions [11, 213]. Therefore, we sought to apply Diels—Alder cyclization

strategies to stabilize these privileged peptide conformations from diverse peptide

sequences. We first tested whether a conformationally restricted and less reactive furan

84



diene could cyclize on a p53-derived helical sequence [132]. Like Fmoc-Cys(2,4-

hexadiene)-OH, we found that Fmoc-protected (2-furanyl)alanine (denoted as AFur)

could be directly incorporated during SPPS (Figure 3.10 A,B). Notably, Diels—-Alder

cyclization between AFyr and Kpmal at previously established i, i+7 positions in the p53-

derived sequence proceeded slowly on solid support. This initial effort resulted in a
dominant linear species that could be isolated by HPLC (Figure 3.10 A,B). Intriguingly,
incubation of the purified linear peptide 5 in phosphate-buffered saline, however, resulted
in the appearance of earlier-eluting cyclized species; a minor amount of peptide dimers
was also observed (Figure 3.10 B, Table 3.3). As seen with the DAC-RGD scaffold,
Michael-addition trapping experiments confirmed that the putatively cyclized compounds
5a, 5b, and 5c¢ did not contain a reactive maleimide, contrasting with the isolated linear
peptide 5 (Figure 3.10 C). Circular dichroism (CD) spectroscopy of the linear control p53
sequence and the three isolable DAC species confirmed increased a-helical character for
the dominant DAC peptide 5a relative to precursor peptide and 5b and 5¢ minor products
(Figure 3.10 D). These data are reminiscent of other studies that suggest stereochemical
yield is correlated with global stability and/or pre-organization of the peptide fold [214,
215]. The observations made here with the p53 scaffold suggest the aqueous chemical
environment may aid in the selection of favorable adducts that promote global helix

stabilization.
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Figure 3.10: Synthesis, stability, and secondary structural characterization of
Diels—Alder cyclized p53 peptide.
(A) Schematic of DAC-p53 peptide synthesis. (B) HPLC trace and resulting aqueous
solution reaction time course of conversion of 5 to cyclized isomers 5a—c. (C) Incubation
of DAC-p53 peptide 5 mixture with BME in aqueous buffer, verifying Michael adduction of
linear precursor 5 and stability of cyclized isomers. (D) CD spectra of linear analog 5wt
and 5a-c.
3.2.5 Diels—-Alder cycloadduct geometry, alone or in tandem with other chemistries,
differentially affects peptide helicity and activity

To further explore the potential to stabilize diverse helical conformations, we
synthesized a series of Diels—Alder stabilized, alpha helical peptides derived from the
steroid receptor coactivator-2 protein (SRC2). A short helical stretch within this protein

contains a conserved LXXLL motif that engages a hydrophobic groove in estrogen

receptor-alpha (ER alpha; Figure 3.11 A) [142, 216]. We synthesized several i, i+4 “DAC-
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stapled” peptides, which were tolerant of direct 2-furanylalanine incorporation during
SPPS. Unlike the p53-derived sequence, both SRC2 peptides 6 and 7 cyclized on resin
rapidly and in high yield following maleimide incorporation (Figure 3.11 B, Table 3.3).
We characterized the two isolable cyclized species 6a and 6b, and the one dominant
cyclic compound 7a by CD spectroscopy. The dominant species 6a and 7a were
significantly more helical than either the unmodified wildtype SRC2 peptide or minor 6b
compound (Figure 3.11 C).

Previous attempts to stabilize the SRC2 LXXLL motif have shown that hydrophobic
residues that engage ER alpha can be replaced by a hydrocarbon staple without
significant loss in binding affinity [217]. Therefore, we investigated the potential of
synthesizing a double-stapled SRC2 ligand, containing both a hydrocarbon staple
installed by ring-closing metathesis of olefin containing amino acids in concert with
Diels—Alder cyclization of a diene—-dienophile pair (Figure 3.11 A,D). Direct incorporation
of olefin-containing Ss amino acids and furan yielded a clean peptide precursor, 8pre,
that was readily cyclized by Grubbs-| catalyst (8recm; Figure 3.11 D,E). Subsequent
introduction of the maleimide dienophile resulted in immediate appearance of an earlier-
eluting tandem stapled peptide, which was the stoichiometric product after mild heating
on-resin for 4 hours (Figure 3.11 E, Table 3.3). CD characterization of this bicyclic
peptide 8a revealed classic alpha-helical minima at 208 and 222 nm (Figure 3.11 F). 'H
NMR analysis confirmed the presence of Diels—Alder cycloadduct vinylic protons and a
single allylic proton in all major DAC SRC2 peptide products, and, in the case of 8a, peaks

corresponding to the RCM alkene product were observed (Section 3.5).
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Figure 3.11. Synthesis, secondary structural characterization, and activity of
Diels—Alder cyclized and double-stapled SRC2 peptides.

(A) Sequence of SRC2 wildtype peptide used as scaffold with conserved LXXLL motif;
staple placement and structures of DAC-SRC2 peptides 6a,b and 7a and double-stapled
8a. (B) HPLC traces of precursor peptide used and resulting cyclized product profile of
compound 7 following 4 h on-resin heating in DMSO. (C) CD spectra of isolated DAC-
SRC2 peptides compared to unmodified wildtype sequence. (D) Synthetic scheme for
layering ring-closing metathesis and Diels—Alder cyclization for the synthesis of double-
stapled SRC2 peptide 8a. (E) HPLC traces of precursor peptide 8pre, ring-closing
metathesis product 8rcm, Diels—Alder functionalized peptide 8 and fully-DAC-SRC2
double-stapled peptide 8a. (F) CD spectra of helical compound 8a. (G) Normalized FP
assay results showing a dose range of DAC-SRC2 peptides effectively competing off
fluorescein-labeled wildtype SRC peptide from wildtype ER alpha. Each data point
represents measurements from two independent experiments run in triplicate, + s.e.m.
Dose-response curves fit with a four-parameter log(inhibitor) vs response equation in
Prism 5 graphing software.
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To probe the structure activity relationships of these DAC-SRC2 peptides, we
performed competitive fluorescence polarization binding assays with ER alpha. Both the
single DAC-stapled 7a and tandem stapled 8a peptides competed a fluorescein-linked

SRC2 peptide off of ER alpha with IC50 values of approximately 0.5 and 2.5 uM

respectively (Figure 3.11 G, Table 3.4). Intriguingly, the dominant, more helical isomer
6a demonstrated 4-fold improved activity compared to the less helical, minor product 6b.
These results echo those observed for the p53 sequence, where stereochemical yield is
correlated with overall peptide fold stabilization and, in the case of SRC2, improved
biochemical potency.
3.2.6 X-ray crystal structure of a DAC stapled SRC2 peptide-ERa complex
demonstrates cycloadduct stereochemistry and contribution to target binding

To determine the structure of the Diels—Alder adduct in 6a and its potential role in
promoting the interaction with ER alpha, we solved an X-ray structure of 6a and estradiol
co-crystallized with residues 300-500 of the ER alpha ligand binding domain (LBD) at
2.25 A resolution (Figure 3.12 A, Table 3.5). The Y537S mutant of ERa was used, as it

stabilizes the agonist conformation of the receptor, aiding in crystal formation. An Fo—F¢

difference map, using wild-type SRC2-bound ER alpha, confirmed the unambiguous
presence of estradiol bound in the core of the LBD, and DAC 6a peptide bound in the
canonical activating function 2 (AF2) cleft of ER alpha (Figure 3.12 A and Figure 3.13
A,B). The Diels—Alder adduct was highly ordered, permitting unequivocal confirmation
that the more stabilizing and dominant stereochemical product in the context of SRC2 is

that of the endoisomer (Figure 3.12 B). The endo bicycle presents a convex hydrophobic
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surface that directly contacts ER alpha residues Val355, 11e358, and Leu539 that form the
hydrophobic shelf adjacent to the cleft that binds the LXXLL motif (Figure 3.12 C).
Residues in 6a derived from SRC2 Leu690 and Leu694 retained their canonical contacts
and were deeply engaged with a network of hydrophobic residues in the AF2 groove
(Figure 3.12 C, bottom). Additional orienting contacts are mediated by His691 to the edge
opposite the Diels—Alder adduct, as well as a conserved hydrogen bond between Glu542
of ER alpha that caps the N-terminus of the peptide helix (Figure 3.13 C). At the C-
terminus, the last ordered residue present in the DAC-peptide structure, GIn695, folds
back on the peptide to satisfy a hydrogen bond to the i - 2 amide carbonyl, effectively
capping the helix (Figure 3.13 C). Taken together, these structural data confirm that the
unigue Diels—Alder chemical and stereochemical composition can stabilize an active
helical conformation and directly contribute to target engagement, as evidenced here by

forming a molecular “clasp” around the core and edge of the ER alpha AF2 cleft.
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DAC-Stapled 6a

Estradiol

ERa (Y537S) LBD:
residues 300-550

Figure 3.12: X-ray crystal structure of Diels—Alder cyclized SRC2 peptide 6a bound
to ER alpha.

(A) LBD of ER alpha Y537S mutant protein bound with estradiol and 6a located in the
AF2 cleft (PDB 6PIT). (B) Two views of the structure of the DAC-SRC2 peptide 6a
cycloadduct (C = yellow, N = blue, O = red) with endo stereochemistry overlaid with
electron density map (gray grid) from resolved crystallographic data (2mFo-DFc map
contoured to 10). (C) Dorsal (top) and axial (bottom) view of 6a bound in the AF2 binding
pocket. Relevant residues numbered according to SRC2 sequence are highlighted, as
well as the Diels—Alder cyclization moiety in yellow. Flexible portions of the structure with
low electron density are omitted.
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/,
V355
Figure 3.13: Detail of X-ray crystal structure results of Diels-Alder cyclized SRC2
peptide 6a bound to ER alpha.
(A) Overlay of x-ray crystal structure results from this study show strong similarity to those
of Transcriptional Intermediary Factor 2 peptide (purple) bound to estrogen receptor alpha
(PDB 1GWR) [218]. (B) Interactions between Diels-Alder cycloadduct and hydrophobic
shelf adjacent to AF2 cleft. (C) Hydrogen bonds formed between protein and peptide and
intramolecular hydrogen bonding caps C-terminal peptide residues via GIn695.
3.2.7 Toward the development of minimal DAC SRC2 ligands, more reactive Diels-
Alder cross-linking groups, and extensions of DAC peptide and protein design
From the crystallographic data above, we observed that the external residues of
the DAC SRC2 peptide 6a (i.e. those residues more distal to the central stabilizing cross-
link) were more flexible, resulting in much lower electron densities in those regions
(Figure 3.14 A,B, green residues in 6a). This suggested these residues do not

appreciably participate in ER alpha binding, motivating us to explore minimal DAC SRC2

structures. As a prototypical example to explore the effects of different Diels-Alder
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cycloadducts on peptide structure and activity, we synthesized miniSRC-1, cross-linked
with the hexadiene and maleimido reactive pair (Figure 3.14 B). In this peptide, the
exogeneous residues are removed and the positions of the cross-linking residues are N-
terminally shifted, to retain the full SRC LXXLL motif. Synthesis was carried out as
previously described, with the terminal Diels-Alder cyclizing step screened both in
aqueous solution and in DMSO on-resin with mild heating. In agreement with previous
results, the on-resin reaction proceeded more rapidly, resulting in the enrichment of the
major DAC product, eluting at ~7.6 minutes as observed by LC-MS (Figure 3.14 C).
While this work is still ongoing, there are several noteworthy features of DAC
peptide design it is intended to elucidate. First, by honing down an alpha helical peptide
structure to its helical bioactive core, it should better allow interrogation of the influence
of cycloadducts on structure and activity. These can include peptide physicochemical
properties and secondary structure as informed by LC-MS retention time and CD
spectroscopy; binding affinity as informed by the FP assay or other biochemical screens;
cell penetration and efficacy in cell culture; and more granular interrogation of peptide
binding through X-ray crystallographic studies. Toward this end, we will explore different
reactive pairs, different pair orientations, and potentially different cycloadduct
stereochemistries. Further, given the increased hydrophobic character of miniSRC-1 and
derivatives, these peptides may have more favorable cell uptake properties (potentially
allowing for passive diffusion into cells), as has been observed for advanced stapled

peptide analogs currently undergoing clinical testing [134]. Differential effects on cell
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uptake due to the cycloadduct present are another intriguing area we intend to investigate

with this series.
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Figure 3.14: Minimal DAC SRC2 peptide ligand design and synthesis.

(A) Detail of the X-ray crystal structure, showing the central, stabilized 6a peptide
residues bound to ERalpha (PDB 6PIT). (B) Sequences of progenitor peptide structures
and the prototype miniSRC-1 (red, underlined: Leu residues of the LXXLL motif; green:

flexible, low electron-density regions of the peptide).

data
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Beyond the Diels-Alder reactive pairs discussed previously, and the sidechain-to-
sidechain type cyclization design for the miniSRC series, we have begun exploring
alternatives. A noteworthy highly reactive diene is cyclopentadiene, with its heightened
reactive derived from its diene being fixed in the cis orientation. While cyclopentadiene
derivatives have been explored for their utility for bioconjugation chemistry [199], we
sought to use its rapid reaction kinetics with maleimides and other dienophiles to drive
formation of DAC peptides. We synthesized a cyclopentadiene-containing linker
((cyclopentadienyl)propanoic acid (cpdp-COOH)) as well as an NHS-activated analog for
on-resin functionalization (Figure 3.15 A). We began testing N-terminal and lysine
acylation with cyclopentadiene and maleimide linkers on several model peptides to form
N-terminal stabilization motifs. This is analogous to similar applications of these motifs for
N-terminal templating of alpha helical peptides, as reported for a variety of hydrogen bond
surrogate stabilization strategies [219]. Initial results for a model RGD peptide (Figure
3.15 B), with final lysine acylation by cpdp-NHS, indicate a high degrees of cyclization,
which is suggested by no appearance of a Michael adduct species following on-resin
BME-treatment for trapping of free maleimide (Figure 3.15 C,D). The resulting DAC
peptides were produced in an approximately 2:1 isomeric ratio of two closely eluting
species, suggesting they are both endo adducts (inferred from our previous experience
with Diels-Alder cycloadduct formation) of different regioisomers of the substituted
cyclopentadiene, given the cpdp-linker undergoes 1,5 hydride [199, 220]. Unfortunately,
extensive side product formation was observed across a variety of reaction conditions

tested (e.g., peptide bond formation with cpdp-COOH; acylation with activated cpdp-
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NHS, various solvent screens and reaction times). While these side products are as of
yet uncharacterized, they likely correspond to cyclopentadiene group decomposition
during peptide cleavage; subsequent side products resulting from the deprotection of side
chain protecting groups by cyclopentadiene; and/or Diels-Alder mediated peptide

oligomers.
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Figure 3.15: Structures of cyclopentadiene linkers and synthesized model peptide.
(A) Structures of cyclopentadiene linkers. (B) Model RGD peptide used for initial cpdp-
corporation. (C) Representative LC-MS trace following N-terminal functionalization with
maleimide and lysine acylation with cpdp-NHS. *, side products. (D) Extracted ion
chromatograms corresponding to fully-functionalized RGD peptide (blue) and Michael
adduct product (red; not observed).

To attempt to reduce side product formation while still working toward the study of

the conformational effects of cycloadduct structure and position, we turned to a simple
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poly-alanine model system previously shown to template helices at reduced temperature
[221]. The same cyclization strategy was used as above, with N-terminal maleimide
functionalization and lysine acylation with cpdp-NHS. The position of the lysine group
was varied, allowing for positional and spatial scanning of resulting formed adducts for
effects on helicity (Figure 3.16 A). This small panel of Diels-Alder stabilized poly-alanine
helix (daPAH) peptides was synthesized and heated for 4 hours on-resin in DMSO. While
side product formation was still observed, the resulting LC-MS profiles indicated a variety
of isomeric cyclic species were formed for each derivative (Figure 3.16 B). Perhaps not
surprisingly, daPAH1, in which the stabilizing groups are only separated by a single
residue, had a near equivalent yield for each cyclic species. This suggests reduced
selectivity of adducts formed due to the high proximity of the two highly-reactive Diels-
Alder reagents. Attempts were made to isolate at least one daPAH1 product, however
the material was of insufficient quantity and purity to make downstream characterization
possible. daPAH2 and daPAH3 displayed similar cyclic product profiles, with two major
later-eluting products dominating. The latest-elution (i.e. fourth) peak of each was isolable
by HPLC. Intriguingly, daPAH4 resulted in predominantly one major cyclic isomer, eluting
earlier relative to the major products of daPAH2 and 3. This cyclic isomer was isolated
and characterized by CD spectroscopy with the others. While each daPAH series member
displayed marked alpha helicity, denoted by absorbance minima at ~208 and 222 nm, the
minima at 222 nm was lowest for daPAH4 (Figure 3.16 C). This is especially noteworthy
given both the difference in cyclic product profiles and reactive group separation for

daPAH4 relative to the other 2 peptides studied. This again echoes the results for DAC
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5 and 6 above, in which the more helical DAC product corresponded to the higher yielding
product, however further study is required to ascertain the helicity of the other cyclic
species not analyzed here. In addition, we are curious if the daPAH4 peptide N-terminal
helix-templating motif’s spacing and orientation would prove to be generalizable to other
helical scaffolds.

Diels-Alder poly-alanine helix (daPAH) series:

PAH-WT: AAAKAAAAKAAAAKAY

daPAH1: mal—AchdpAAAAAAKAAAAKAY
daPAH2: mal—AAKW®AAAAAKAAAAKAY
daPAH3: mal—AAAchdpAAAAKAAAAKAY
daPAH4: mal—AAAAchdPAAAKAAAAKAY

EIC for daPAH series c

CD spectroscopy of daPAH series
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Figure 3.16: Diels-Alder poly-alanine helix peptides, design, cyclic profile, and
structural characterization.

(A) Sequences of daPAH peptides synthesized. (B) Extracted ion chromatograms of each
member of the daPAH peptide series, depicting different cyclic isomeric profiles. (C) CD
spectroscopy results for daPAH2, 3, and 4, with the predominant daPAH4 cyclic product
displaying the most alpha helical character.
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While these results represent just the beginning of explorations of the effects of
Diels-Alder cycloadduct structure, positioning, and stereocisomers on peptide
conformation and activity, they warrant further enabling technology development. First,
an optimal cyclopentadiene linker or incorporation conditions must be determined. One
potential possibility is the synthesis of a protected form of cyclopentadiene for either direct
incorporation during SPPS or post-SPPS functionalization. Furan-protected maleimide
derivatives have been developed for similar applications [222], suggesting the
combination of these strategies for the direct incorporation of orthogonally-protected
highly reactive Diels-Alder pairs for rapid synthesis and formation of DAC peptides.
Additional compounds in the above series should also be synthesized to better elucidate
the effects of various cycloadduct features on resulting peptide structure and function.
Key learnings and apparently favorable cycloadduct structures should then be applied to
diverse peptide scaffold to explore the generality of the observed effects. A longer term
goal, stemming from the miniSRC work, is the development of a robust, helical DAC
peptide scaffold for expansion of peptide libraries, to both search for enhanced binders
of ER alpha as well as alternative targets.

In contrast to the above designs toward DAC peptide miniaturization, we have also
begun the design of Diels-Alder stabilized and/or ligated full-length proteins. To realize
these goals, we will implement non-canonical amino acid (ncAA) incorporation [120, 121].
Unlike many stabilization chemistries, the Diels-Alder reaction can occur spontaneously
and — through judicious selection and design of diene- and dienophile-containing ncAAs

— selectively. Cyclopentadienyl-functionalized lysine derivatives have been utilized for
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ncAA incorporation and have been found to homodimerize when positioned in high
proximity [223]. Further, acryloyl and norbornene-functionalized ncAAs have also been
demonstrated [224]. Taken together, this suggests the potential for both homo- and
heterodimerization strategies for Diels-Alder stabilized or ligated proteins. Beyond the
ability to selectively cross-link proteins (potentially in tandem with other stabilization or
bioconjugation chemistries) and many of the same benefits described above for DAC
peptides, this provides the basis for genetically-encoded screening. Thus, the application
of Diels-Alder chemistry with orthogonal protein expression would greatly enhance our
abilities to stabilize a wide variety of peptide and protein structures.
3.2.8 DAC atrial natriuretic peptide demonstrates Diels-Alder peptide stabilization
is compatible with disulfide formation

To further expand the scope of Diels-Alder cycloadditions for peptide stabilization,
we turned our attention to atrial natriuretic peptide (ANP). ANP, first characterized in
1984, is a human hormone that functions as a diuretic, natriuretic, and vasodilator,
primarily through engagement with natriuretic peptide receptor A (NPRA), a cell-surface
receptor with guanyl cyclase activity (Figure 3.17) [225, 226]. While a synthetic version
of the hormone has seen some clinical utility for the treatment of heart failure in Japan,
recent investigations suggest ANP may reduce inflammatory reactions during surgery and
immunotherapy treatment (in part by reducing the release of cytokines) as well as
potentially playing a preventative role toward cancer metastasis [227-229]. While ANP is
cyclized via a disulfide linkage, it has a very short circulating half-life (<5 minutes). This

has resulted in the investigation of extending ANP stability for improved pharmacologic
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utility [230]. Further, the recent discovery of post-translational modifications of ANP, and
their effects on ligand binding and stability, suggest that additional chemical modification

may enhance or otherwise alter its pharmacologic properties [231].

Figure 3.17: ANP (green, sticks) bound to its receptor, ANPR (PDB 1YKO0).

ANP is an intriguing target, not only for the potential enhancements Diels-Alder
stabilization may confer to peptide stability and activity, but also it allows us to assess the
compatibility of DAC peptide chemistry with the formation of disulfide bonds. As noted
previously, many approaches for peptide stabilization are not compatible with each other.
Further, some strategies, such as disulfide formation, require careful material handling
and control of reaction conditions and/or potentially harsh or forcing conditions for proper
and complete intramolecular cross-linking. Thus, they may not be compatible with some

desired peptide or protein folds or other stabilization chemistries.
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We chose to synthesize a 21mer ANP sequence, comprising all of the residues
which make contact with its receptors, including the two cysteine residues which form the
disulfide bridge [232]. Precursor peptides were synthesized by standard Fmoc-SPPS.
The wildtype species (ANP-WT) was cleaved, HPLC purified, and lyophilized prior to
oxidative formation of the disulfide bond (Scheme 3.3). In the DAC peptide analog of ANP
(DAC-ANP), lysine(Mmt) and cysteine(1,4-hexadiene) were incorporated at residues 7
and 14, respectfully. Following on-resin selective lysine deprotection and acylation with
N-maleimidoglycine, Diels-Alder cyclization was driven to ~70% completion (as assessed
by test cleavage and LC-MS analysis) by heating the resin at 45°C in DMSO for 4 hours.
Only a trace amount of an earlier-eluting product (presumably cyclized with the exo
cycloadduct) was observed. Similar to the wildtype analog, DAC-ANP was cleaved,
HPLC purified, and lyophilized prior to oxidative formation of the disulfide bond (Scheme
3.3).

ANP-WT
Ac-SCFGGRMDRIGAQSGLGCNSF

SPPS

Ac-SCFGGRK, DRIGAQC,  GLGCNSF 1) Cleavage

2) HPLC purification

l 1) Mmt-deprotection 3) In-solution disulfide formation

2) Glycylmaleimide acylation
3) On-resin Diels-Alder cyclization /
Ac-SCFGGRK, DRIGAQC, GLGCNSF

DAC-ANP

Scheme 3.3: Synthetic scheme for ANP-WT and DAC-ANP precursor synthesis,
purification, and oxidation.

Residues in red form the disulfide bridge; blue residues are functionalized with Diels-Alder
pair N-maleimidoglycine and hexadiene, for on-resin cyclization.
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Oxidation of the purified ANP peptides was carried out under dilute conditions
(~0.1 mM), in ammonium acetate buffer, at pH 8.5 and room temperature. Following a 1
hour incubation, samples were removed for analysis by LC-MS. In the case of the wildtype
peptide ANP-WT, ~15% conversion to the putatively oxidized species was observed, as
monitored by the appearance of a new peak in the LC trace, with an earlier retention time
relative to the purified, fully-reduced precursor peptide (Figure 3.18 A). Beyond the shift
in retention time, an anticipated 2 dalton decrease in the mass spectra of the putatively
oxidized species was observed. This conversion is evident in the corresponding aligned
peaks of the extracted ion chromatograms (EICs) for the calculated major ions of reduced
and oxidized ANP-WT (calculated [m+2H]?*: 1102.5 and 1101.5, respectively) (Figure
3.18 B; Table 3.6). Similar chromatographic trends were observed by LC-MS analysis of
DAC-ANP following 1 hour incubation, however a shoulder can be observed at the front
of the initial HPLC-purified reduced DAC-ANP peak, with a corresponding peak observed
in the EIC for the oxidized species, indicating that oxidation was already occurring, even
in the mildly acidic LC-MS loading buffer. Due to it already being cross-linked with a Diels-
Alder cycloadduct, a minimal shift in retention time is observed for the oxidized species
at 1 hour by absorbance (here primarily apparent only as peak-broadening) and EIC
(Figure 3.18 C,D; Table 3.6). Extended incubation of ANP-WT peptide under oxidizing
conditions resulted in moderate conversion to the disulfide cross-linked target; a trace
amount of reduced peptide remained, along with other side products, which appeared to

correspond to oxidation of cysteine or methionine residues. Conversely, bicyclic DAC-
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ANP disulfide-crosslinked peptide was formed as the major product and remained stable

over the extended incubation.
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Figure 3.18: LC-MS analysis of ANP-WT and DAC-ANP oxidation time course.

(A) HPLC traces of initially fully-reduced ANP-WT peptide (blue); 1 hour oxidation time
point displaying partial ANP-WT oxidation (red); 24 hour oxidation time point displaying
increased oxidation of ANP-WT and considerable side product formation (green). (B)
extracted ion chromatogram (EIC) LC-MS traces of reduced ((M+2H]>* = 1102.9 + 0.5)
and oxidized ([M+2H]?>* = 1101.4 + 0.5) ANP-WT at corresponding time points (oxidized
species elutes earlier on column). (C) HPLC traces of reduced DAC-ANP peptide (blue);
1 hour oxidation time point displaying partial DAC-ANP oxidation (red; apparent through
peak broadening); 24 hour oxidation time point displaying near-complete oxidation of
DAC-ANP and overall compound stability (green). (D) extracted ion chromatogram (EIC)
LC-MS traces of reduced ([M+2H]?* = 1217.8 = 0.5) and oxidized ([M+2H]?* = 1216.9
0.5) DAC-ANP at corresponding time points (corresponding shifts in retention time and
mass most apparent in middle EIC traces).
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Taken together, these results indicate that DAC peptide chemistry is compatible
with disulfide cross-linking. Further, in the context of this ANP peptide scaffold and under
these relatively mild oxidizing conditions, the bicyclic DAC-ANP disulfide peptide oxidized
more readily and with no side reactions, relative to the ANP-WT peptide. Intriguingly, on-
resin Diels-Alder cross-linking templates the subsequently cleaved and deprotected
peptide to promote a favorable conformation for proper disulfide formation. This suggests
a potential strategy in which multiple disulfides (or other cross-links) could be formed with
the desired residue-to-residue pairing by first cyclizing the peptide with Diels-Alder
chemistry.

Future studies of this first DAC-ANP peptide should go toward investigation of its
chemical and conformational structure relative to ANP-WT and confirming the presence
of the anticipated endo cycloadduct, as ascertained by NMR. Screening for differential
rates of proteolysis will confirm the hypothesis that the bicyclic DAC-ANP is more rigidified
and therefore will have a longer circulating half-life relative to the wildtype peptide.
Screening for receptor engagement using reporter cell lines or commercially available kits
to quantify generation of cGMP in cells could be used to compare compound efficacy
[230]. Following validation of these screening assays, a broader synthetic campaign could
then be initiated, testing alternate Diels-Alder cross-linked positions, reactive pairs, and
orientations, with or without the disulfide bond, or with other stabilization chemistries. If
multiple DAC peptide stereoisomers were produced in sufficient yield, they should also
be screened for stereochemical induction of favorable peptide conformations or

cycloadduct contributions for enhanced stability or receptor binding. Further, should
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suitable lead compounds emerge, they could be applied to cell culture model systems of
metastasis and cell migration (e.g. scratch wound assays) and potentially in vivo cancer
and/or cytokine release syndrome models [227, 229].
3.3 Discussion

Backbone- and sidechain-directed peptide macrocyclization can markedly improve
pharmacologic properties for chemical probes or therapeutics. Our studies establish
several emergent and optimal characteristics that Diels-Alder cycloadditions can add to
the chemical arsenal used for the macrocyclization and stabilization of peptides. First, we
demonstrated the suitability of a range of reactive diene-dienophile pairs for the
cyclization of diverse peptide sequences in both organic and aqueous reaction
environments, on-resin or in-solution. This opens up many possibilities, including the
tailoring of macrocyclization motifs to both improve peptide structure through rigidification
and corresponding physicochemical properties and target binding. This potential is
emphasized by the observation that the preferred endo DAC isomer of the SRC2 peptide
not only better templates an alpha helix relative to the presumably exo minor product, but
also directly contributes to ERalpha binding. Specifically, the convex hydrophobic surface
of the adduct presented by the endo isomer rests on a hydrophobic surface adjacent to
the AF2 pocket. Further exploration of this cycloadduct-target interaction, and others, are
warranted to ascertain if alternate Diels—Alder cycloadducts could be developed to
contribute selective polar and non-polar contacts to binding surfaces. Another noteworthy
feature of Diels-Alder chemistry, as applied to peptide macrocyclization, is potential

access to unique adduct structures that could convey privileged peptide conformations,
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analogous to the desirable small molecule scaffold achieved through the use of the Diels-
Alder reaction in organic synthesis. Given that the majority of stabilization chemistries
result in predominantly hydrophobic cross-links, the Diels-Alder reaction can offer a wide
variety of different adducts with correspondingly different physicochemical properties.
Indeed, it is under-appreciated that while added hydrophobicity can improve target
binding affinity, this may come at the expense of increased off-target interactions. The
range of possible Diels—Alder cycloadducts may enable design of and selection for
macrocycles that temper these contributions, or even increase the specificity of DAC
peptide ligands. Structural studies of resulting Diels-Alder stabilized loop and helical
peptides confirmed the formation of the expected endo Diels—-Alder cycloadduct.
Furthermore, we established that mild heating on-resin in organic solvents can drive
stereoselective formation of the endo isomer across diverse peptides. On the basis of the
evidence here, we expect that this will be general for many peptides, however future
studies are warranted to determine if there are conditions that will bias toward the
formation of the exo isomer if desired.

Another noteworthy feature of this DAC peptide strategy is its essentially
‘reagentless” nature. That is, following installation of the reactive diene and dienophile
pairs, macrocyclization occurs spontaneously, in contrast to many other cross-linking
approaches that require harsh, forcing conditions, metal catalysts, or other exogenous
reagents. These requirements limit reaction conditions and the range of suitable peptide
scaffolds, face the challenge of cross-reactivity with other functional groups present within

peptides, and are further hampered by practical considerations of cost and reagent
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removal during synthesis and purification. Diels—Alder cycloaddition on peptides, by
contrast, is primarily driven by proximity, chemical environment, and reaction conditions.
This suggests cyclization or intramolecular cross-linking could be performed on native
protein folds, or aid in proper folding, alone or in concert with other chemistries. As was
seen for DAC-p53 peptide 5, an aqueous reaction environment promoted spontaneous
cyclization and preferentially formed the more helical macrocyclic isomer 5a helicity.
Indeed, this implies the context specific contributions of different Diels—Alder adducts and
even stereochemical products of unique reactive pairs could be screened for inherent
stabilization and extrinsic effects on the activity of stabilized peptides.

Another attractive feature offered by new approaches to the chemical modification
and stabilization of peptides is their application to unique and larger peptide structures,
including those containing multiple secondary structural elements. The work presented
here suggest current and future Diels-Alder cyclization pairs can contribute to these goals
in two ways. First, the proper folding of larger peptide and proteomimetic structures may
be required for optimal templating and formation of cross-links or other chemical
modifications. Thus, such chemistries would need to robustly and selectively operate in
the aqueous environments necessary for folding to occur. Our demonstrations for the
suitability of Diels-Alder peptide stabilization in these environments presents it as an
attractive option for cyclization, in contrast to other chemistries that cannot operate on
unprotected peptides and proteins, or in aqueous environments. Further, the stabilization
of larger, more complex peptide structures may require multiple stabilizing elements,

however the use of multiple compatible chemistries, without excessive engineering or
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manipulations, remains a challenge. To begin to address these challenges, herein we
demonstrated both facile double stapling of a helical SRC2 peptide, contained RCM and
Diels-Alder reactive residues, as well as the tandem bicyclization of an ANP peptide
scaffold via Diels-Alder cycloaddition and disulfide bond formation. Future explorations of
peptide and protein stabilization with Diels—Alder chemistry will explore its application to
diverse secondary and tertiary structures, incorporation with other natural and non-natural
stabilizing elements, and the structural and functional study of specific reactive pairs for
improved pharmacologic properties. Further, we have initiated work toward the formation
of non-canonical amino acid incorporation of Diels-Alder compatible amino acids for the
cyclization and ligation of full-length proteins via Diels-Alder chemistry. In conclusion, we
believe the future application of Diels—Alder chemistry will provide diverse opportunities

for the construction of enhanced peptide macrocycle and protein domains.
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3.4 Tables

sequence

CRGDK

C:susRGDK

CyexRGDK

CHexRGDKMal

CgusVGDK

ChexVGDK

CHexVGDKMal

CipusAPVYK

CuexAPVYK

CuexAPVYKya:

CAVPAVYK

CisusAVPAVYK

CuexAVPAVYK

CuexAVPAVYKya1

compound(s)
1wt
1tBuS
Thex
1, 1a, 1b
2tBuS
2hex
2, 2a, 2b, 2c
3tBuS
3hex
3, 3a, 3b, 3c
4wt
4tBuS
4hex

4,4a, b, 4c

%
conv.

quant.

95

quant.

92

quant.

89

quant.

85

product
ratio*

9:1

retention
time (min)

10.1
10.8

11.3

12.4,11.2,
9.1

12.2

12.5

13.8, 11.9,
11.8, 9.9

13.6

13.7

14.7,13.1,
13.2,11.0

13.1
14.0

14.0

15.3, 13.7,
13.8, 11.8

Table 3.1: Diels-Alder cyclized loop peptides and precursors.
Compound list and data for turn and loop motif DAC peptides and their precursors
synthesized for this study. * Reaction conditions: 2-6 hr heating at 45°C, on-resin, in

DMSO.
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m/z
(calc./obs.)

619.3/619.3
707.3/707.3
699.4 / 699.3
836.4 / 836.3
650.8 / 650.3
641.8/642.4
778.9/779.3
810.1/809.3
802.0/801.4
939.1/938.3
891.5/891.3
980.3/980.4

972.2/971.4

1109.3 /
1108.4



Solvent temp. (°C) % conv.* major:minor
control n/a 77.4 12.3
H20 25 81.9 11.8
DMF 25 85.3 9.9
H20 45 89 15.2
DMF 45 88.2 23.5
DMSO 45 92.2 50.2

Table 3.2: Results from a screen of on-resin cyclization reaction conditions for
compound 1.

Increased conversion and major product enrichment is seen for many compounds with
extended heating. *Reactions were carried out for 2 hours followed by standard cleavage

from resin.

sequence

OSQQTFKNLWRLLAF.:QN

OSQOQTFKuailNLWRLLAF, QN

HKILHRLLQODS

fitc-b-
SLTERHKILHRLLOQE

HKKLHRAf,;LODS

HKKya1LHRAR,:LODS

HKILHKLLQAf..DS

HKILHKya1LLOAF.:DS

HKSsLHKSsLOAF.:DS

HKSs"LHKSs "LOAr.:DS

HKILHKya1LLOAF.:DS

compound(s)

Spre
5, 5a, 5b, 5¢

SRC2-WT

fitc-SRC1-
Boxll

6pre
6, 6a, 6b
Tpre
7,7a,7b,7c
8pre
8rcm

8, 8a

%
conv.

88

95

95

>95

>95

product
ratio?

6:1

4:1

71

retention
time (min)
15.3

15.6, 15.2,
15.0, 14.8

11.1
12.3

8.1

8.9, 8.7,
8.2

10.2

11.4,11.1,
10.9, 10.6

11.6
11.2

11.9, 1.0

m/z
(calc./
obs.)

1041.5/
1041.3
1110.1/
1101.3
700.9/
701.0
778.1/
778.2
720.4/
720.5
788.9/
788.8
697.9/
698.0
766.4/
766.5
723.9/
724.0
709.9/
710.0
778.4/
778.5

Table 3.3: Compound list and data for helix motif DAC peptides, their precursors,
and related analogs synthesized for this study.
a Reaction conditions: 2-6 hours heating at 45 °C, on resin, in DMSO. Ratio reported as
the DAC peptide major product:minor product(s). * Metathesis cross-linked residues.
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UM (£s.e.m.) 6a 6b 7a 8a
ICs0 2.74 (0.095) 10.6(0.160) 0.48 (0.004) 2.56 (0.100)
Ki 1.19 (0.041) 4.61(0.068) 0.21(0.001) 1.12(0.045)

Table 3.4: Calculated IC50 and Ki values from competitive FP assay of DAC-SRC2
peptides targeting ER alpha.
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Y537S ERa LBD-E2-6a
Data Collection

Wavelength (A) 0.97
Resolution range (A) 43,5 -2.25(2.28 -2.25)
Space group P12411
Unit cell
a, b, c(A) 55.534, 71.03, 58.082
o, B,y (°) 90, 108.68, 90
Total reflections 21,894
Unique reflections 6,634
Redundancy 3.3
Completeness (%) 99.5 (97.9)
Mean l/sigma(l) 13.5(1.5)
Wilson B-factor 29.78
Rpim (%) 13.6 (48.7)
CCi2 0.516
cc* 0.825
Refinement
Reflections used for R-free:
R-work 0.2182 (0.2758)
R-free 0.2471 (0.2619)
Number of non-hydrogen atoms 3721
macromolecules 3454
ligands 114
water 153
Protein residues 443
RMS(bonds) 0.005
RMS(angles) 0.9
Ramachandran favored (%) 98.8
Ramachandran allowed (%) 1.2
Ramachandran outliers (%) 0
Clashscore 2.25
Average B-factor 37.4
macromolecules 36.9
ligands 52.1
solvent 37.6

Table 3.5: Data collection and refinement statistics for co-crystal structure of
Y537S ER alpha LBD, estradiol, and DAC-SRC2 peptide 6a (PDB: 6PIT).
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redox % retention m/z

Sequence state conv.? “”.’e (calc/

(min) obs.)
SCFGGRMDRIGAQSGLGCNSF reduced - 10.1 1 11%22%/ 1
SCFGGRMDRIGAQSGLGCNSF oxidized 65 9.9 1 11%113/ 1
SCFGGRKya1DRIGAQCkexGLGCNSF  reduced 70 10.5 11221177 %/
SCFGGRKua1DRIGAQC:#exGLGCNSF  oxidized 89 10.6 112211% %/

Table 3.6: Compound list and data for ANP-WT and DAC-ANP peptides.

a R% conversion approximated from area under the curve calculations of 215 nm
absorbance product peak relative to total area; DAC-ANP reduced (third table entry)
calculated from resulting LC-MS profile of test cleavage after 4 hours heating at 45°C on
resin in DMSO; ANP-WT and DAC-ANP oxidized (second and fourth table entry,
respectively) calculated from resulting LC-MS profile following 24 hours room temperature
incubation in buffer.
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3.5 Spectroscopic data

: B
A 4a: adduct 4a: adduct NOE § o c

Tocsy Y°© < 4wt alphas
.5 . methyins(®) | P
methyl
4hex
e 20 meM—__
H3 4a
3.0
o o |opg methyl/H5(2) N VT
methylene\ < ° T T T T T T T T
No o ' ' ' ' EN 4544 4342 414039 38
2 3 Lo 3.0 25 2.0 15 %, opm.
H4/ i
H5 R
35 P 4wt amides
4hex
>0 YT we ol
H1 4a
\\ 5.5
lze
86 84 82 80 78 76 74 72 7.0 6.8 6.6
“, p.p.m.
58 56

Representative NMR spectroscopic data for DAC peptide 4a and linear precursors.
(A) TOCSY plot resolving through-bond interactions between 4a vinylic protons and all
protons within the cycloadduct and participating exocyclic groups. (B) NOESY plot with
corresponding through-space interacting groups circled by colors corresponding to those
in Figure 3.8 B. (C,D) '"H-NMR spectra for backbone alpha (C) and amide (D) protons
within 4wt, 4hex and 4a.

Fmoc-Cys(2,4-hexadiene)-OH

'H-NMR (500 MHz, CDCls-di) 6 7.75 (d, 2H, Ar CH), 7.60 (t, 2H, Ar CH), 7.39 (t, 2H, Ar
CH), 7.31 (t, 2H, Ar CH), 6.33 (br d, 1H, NH), 5.97-6.08 (m, 2H, C=CH), 5.62-5.68 (m,
1H, C=CH), 5.42-5.47 (m, 1H, C=CH), 4.60 (m, 1H, a-H), 4.41 (d, 2H, Fmoc CH 2), 4.23
(t, 1H, Fmoc CH), 3.16 (d, 2H, B-H), 2.98 (d, 2H, S-CH 2), 1.70 (d, 3H, CH 3).

4wt (Ac-CAVPAVYK)

1H-NMR (500 MHz, DMSO-dk) & 9.19 (s, 1H), 8.20 (d, J = 7.3 Hz, 1H), 8.12 (d, J = 8.1,
1H), 8.09 (d, J = 7.2 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.17 Hz, 1H), 7.84 (d,
J=8.4Hz, 1H), 7.73 (s, 3H), 7.62 (d, J = 8.4 Hz, 1H), 7.16 (s, 1H), 7.07 (s, 1H), 7.01 (d,
J=8.4Hz, 2H), 6.62 (dd, J=8.3 Hz, 2H), 4.44 (q, 1H), 4.38 (g, 1H), 4.31 (m, 3H - overlap),
4.25 (m, 1H), 4.14 (q, 1H), 4.09 (g, 1H), 3.68 (d, 1H), 3.56 (d, 1H), 2.91 (dd, J= 14.3, 4.7
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Hz, 1H), 2.74 (m, 3H - overlap), 2.66 (m, 2H), 2.38 (t, J= 8.5 Hz, 1H), 2.01 (m, 1H), 1.94
(m, 1H), 1.9 (m, 1H), 1.87 (s, 3H), 1.86 (m, 1H), 1.80 (m, 2H), 1.66 (m, 1H), 1.51 (m, J=
8.2 Hz, 3H), 1.27 (m, 2H), 1.19 (m, 6H - overlap), 0.91 (d, 3H), 0.87 (d, 3H) , 0.75 (d, 6H).

4hex (Ac-Che*AVPAVYK)

'H-NMR (500 MHz, DMSO-ds) & 9.19 (s, 1H), 8.26 (d, J = 7.4 Hz, 1H), 8.16 (d, J = 8.3
Hz, 1H), 8.09 (d, J=7.1 Hz, 1H), 7.95 (d, J=7.9 Hz, 1H), 7.89 (d, J= 8.1 Hz, 1H), 7.77
(d, J=8.4 Hz, 1H), 7.72 (s, 3H), 7.62 (d, J= 8.6 Hz, 1H), 7.15 (s, 1H), 7.07 (s, 1H), 7.01
(d, 2H), 6.62 (d, 2H), 6.12 (dd, J=14.7, 10.6 Hz, 1H), 6.04 (dd, J = 14.9, 10.5, 1H), 5.66
(dgq, J=18.7, 6.7 Hz, 1H), 5.49 (dt, J=14.8, 7.5 Hz, 1H), 4.44 (m, 2H - overlap), 4.33 (m,
3H - overlap), 4.25 (q, 1H), 4.14 (g, 1H), 4.09 (q, 1H), 3.70 (m, 1H), 3.56 (m, 1H), 3.19
(dd, J=7.6, 2.6 Hz, 2H), 2.92 (d, 1H), 2.75 (m, 2H), 2.70 (m, 2H), 2.55 (d, 1H), 2.01 (dt,
1H), 1.91 (m, 3H — overlap), 1.85 (s, 3H), 1.81 (m, 2H - overlap), 1.71 (d, 3H), 1.66 (m,
1H), 1.51 (m, 3H - overlap), 1.27 (m, 2H), 1.19 (1, 6H - overlap), 0.91 (d, 3H), 0.86 (d, 3H),
0.75 (d, 6H).

4a (Ac-CHex*AVPAVYKMa — endo adduct stereochemistry)

'H-NMR (600 MHz, DMSO-ds) & 9.14 (s, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.17 (d, J=8.2
Hz, 1H), 8.03 (t, J= 5.6 Hz, 1H), 7.91 (d, J= 7.2 Hz, 1H), 7.84 (d, J = 6.9 Hz, 1H), 7.79
(d, J=8.6 Hz, 1H), 7.46 (d, J=8.9 Hz, 1H), 7.22 (d, J = 8.46 Hz, 1H), 7.04 (d, J=8.5 Hz,
2H), 6.97 (s, 1H), 6.90 (s, 1H), 6.63 (d, J= 8.4 Hz, 2H), 5.77 (dt, J=9.1, 3.1, 2.9 Hz, 1H),
5.66 (dt, J=9.1, 3.1, 3.0 Hz, 1H), 4.40 (m, 1H), 4.35 (m, 2H - overlap), 4.30 (dd, 1H), 4.2
(m, 2H - overlap), 4.14 (m, 2H - overlap), 3.87 (d, J= 6.7 Hz, 2H), 3.63 (m, 1H), 3.55 (m,
1H), 3.07 (m, 3H - overlap), 2.99 (m, 2H - overlap), 2.90-2.85 (m, 2H - overlap), 2.70-2.63
(m, 3H - overlap), (2.47 — overlapped by DMSO signal), 2.08-1.96 (m, 4H - overlap), 1.95
(m, 1H), 1.84 (s, 4H - overlap), 1.66 (m, 1H), 1.46 (m, 2H - overlap), 1.32-1.23 (m, 8H -
overlap), 1.18 (m, 1H), 1.09 (d, 3H), 0.96 (d, 3H), 0.88 (d, 3H), 0.75 (d, 3H), 0.70 (d, 3H).

DAC helical peptide 'TH-NMR measurements for vinylic protons of cycloadduct:

1a: 5.73 (dt, J= 9.2, 3.1, 3.0 Hz, 1H), 5.66 (dt, J= 9.1, 3.3, 3.0 Hz, 1H).

2a: 5.75 (dt, J= 9.1, 3.1, 3.1 Hz, 1H), 5.66 (dt, J= 9.1, 3.3, 3.1 Hz, 1H).

3a: 5.72 (dt, J= 9.3, 3.1, 3.0 Hz, 1H), 5.65 (dt, J = 9.2, 3.3, 3.0 Hz, 1H).

5a: 6.34 (d, J = 5.6 Hz, 1H), 6.21 (d, J = 5.8 Hz, 1H), 5.28 (d, J = 5.6 Hz, 1H).
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6a: 6.36 (d, J = 5.8 Hz, 1H), 6.19 (d, J = 5.6 Hz, 1H), 5.24 (d, J = 5.6 Hz, 1H).
7a: 6.40 (d, J = 5.8 Hz, 1H), 6.21 (d, J = 5.8 Hz, 1H), 5.25 (d, J = 5.7 Hz, 1H).

8a:6.48 (d, J=5.8 Hz, 1H), 6.22 (d, J= 5.8 Hz, 1H), 5.43 (dt, J=9.7, 6.5 Hz, 1H), 5.31
(m - 1H, overlap), 5.28 (d, J= 5.8 Hz, 1H).

cpdp-COOH
"H NMR (500 MHz, DMSO-ds) 6 10.59 (br.s., 1 H), 6.48-6.11 (m, 3 H), 2.97 (d, 1 H), 3.01
(d, 1 H), 3.01-2.91 (m, 2 H), 2.86 - 2.63 (m, 2 H) ppm.

cpdp-NHS
'H NMR (500 MHz, DMSO-ds) d 6.44-6.03 (m, 3 H), 2.99 (d, 1 H), 2.94 (d, 1 H), 2.90 -
2.75 (m, 8 H) ppm.

3.6 Methods
DAC peptide synthesis, purification and analysis.

Peptides were synthesized by Fmoc-based solid phase peptide synthesis (SPPS),
ring-closing metathesized (where appropriate) and purified by reverse-phase HPLC with
a C18 column (Agilent, Palo Alto, CA) as previously reported [138]. Fmoc-Cys(2,4-
hexadiene)-OH and Fmoc-(2-furanyl)alanine-OH were incorporated in a similar manner
on resin. Peptides were analyzed by LC-MS using a C18 reverse-phase column
(Phenomenex, 5.0 x 50 mm, pore size 110 A, particle size 5 um); Buffer A (5/95/0.1%
ACN/H20/TFA) and Buffer B (95:5:0.1% ACN/H20/TFA); and a 20 min method with the
following gradient (flow rate 0.5 mL/min): 0% buffer B over 3 min, 0-65% buffer B over
15 min, 65—-100% buffer B over 1 min; 100-0% buffer B over 1 min. Purified peptides

were lyophilized in tared low-retention microcentrifuge tubes, quantified by mass and UV
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absorbance where relevant, and either brought forward for structural characterization or

dissolved in DMSO as 10 mM stocks and stored at -20 °C for later use.

M-(9-fluorenylmethoxycarbonyl)-L-cysteine.

To a suspension of 1.76 g N-(9-fluorenylmethoxycarbonyl)-S-trityl-L-cysteine (3
mmol) in 50 mL dichloromethane was added 3 mL triisopropylsilane (14.6 mmol), followed
by 10 mL trifluoroacetic acid (131 mmol). The resulting mixture was stirred at room
temperature for 10 minutes until it turned colorless. The solvent was removed under
reduced pressure and the residual mixture was triturated by hexanes, yielding 1.03 g
white solid (quantitative), which was directly used in the following step without further

purification.

M-(9-fluorenylmethoxycarbonyl)-S-(frans, trans-2,4-hexadienyl)-L-cysteine.

A solution of 1.03 g N-(9-fluorenylmethoxycarbonyl)-L-cysteine (3 mmol) and 0.83
g potassium carbonate (6 mmol) in 50 mL N,N-dimethylformamide was protected under
nitrogen and cooled to 0 °C. 0.58 g trans,trans-2,4-hexadienyl bromide (3.6 mmol) was
added, and the reaction mixture was stirred for 1 hour at 0 °C under nitrogen. After the
reaction was complete as monitored by TLC, 50 mL water was added and the mixture
was acidified to pH 2 with 1 N HCI. The mixture was extracted with ethyl acetate (50 mL
x 3). The organic layer was then combined, washed with 5% LiCl (25 mL x 4), brine (50

mL x 2) and dried over sodium sulfate. The solvent was removed under reduced pressure,
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and the crude mixture was purified by flash chromatography to yield 0.77 g off-white solid

(1c, 61%) with Rr=0.15 (9:1 dichloromethane/methanol).

DAC peptide functionalization.

DAC peptide functionalization was typically carried out on 30 ymol MBHA rink
amide (0.86 mmol/g) or NOVAPEG (0.31 mmol/g) resins following SPPS and N-terminal
acetylation. When necessary, Cys-StBu deprotection was achieved by bubbling with N2
in 3 mL 20/10/70% BME/DIPEA/DMF, 2x 2 hour. Following copious washing with DMF
and DCM, Cys alkylation was carried out to completion with 19 mg bromohexadiene (4
eq; 120 ymol) (synthesized as previously reported [233]) and 41 yL DIPEA (8 eq; 240
gmol) in 3 mL DMF, 4 hour at room temperature, as monitored by LC-MS analysis.
Alternatively, Fmoc-Cys(2,4-hexadiene)-OH Following washing with DMF and DCM, Lys-
Mmt deprotection was achieved by bubbling with N2 in 3 mL 1% TFA/DCM, 5x 2 min.
Following copious washing with DCM and DMF, Lys acylation was carried out by first pre-
activating 4.65 mg N-maleimidoglycine (3 eq; 90 ymol) (synthesized as previously
reported [234]) with 37 mg HCTU (3 eq; 90 ymol) for 10 min in 0.5 mL DMF. The solution
was then added to the resin with free amine-containing peptide with 1 mL DMF and 16
uL DIPEA (3 eq; 90 pol) and bubbled with N2 for 5-10 min. Following copious washing
and drying of the resin and peptide cleavage, complete maleimide incorporation and
macrocyclization was analyzed by LC-MS. Similar procedures were followed for the

incorporation of acryloyl and crotonoyl functional groups onto free Lys on resin.

119



DAC peptide 1 cyclization time-course.

Cys-alkylated 1hex was lysine-functionalized with N-maleimidoglycine dienophile
according to the above protocol. Resin was then dried. A sample was reserved for
analysis at 4°C and remaining resin split into 4 samples. These samples were brought up
in DMF and agitated at 1,000 rpm at room temperature for 30 min, 1 hr, 2 hr, and 6 hr. At
each time point, solvent was removed by filtration, resin dried, peptide cleaved, and

product profile analyzed and quantified by LC-MS.

Optimization of DAC peptide reaction conditions.

On resin reaction condition screens were carried out immediately after N-
maleimidoglycine acylation of RGD peptide 1hex as described above. Briefly, dry resin
(~2-5 pymol) was split between microcentrifuge tubes and 500 pL of the indicated solvents
(Table 3.2) were added and incubated at room temperature or 45 °C for 2 hr. Following
peptide cleavage, each reaction profile was analyzed by LC-MS. All future on-resin
cyclization reactions were carried out in DMSO and heated at 45°C for 2-6 hr as

empirically determined by DAC peptide conversion profiles as observed by LC-MS.

DAC peptide maleimide trapping and cyclization experiment.

Cys-alkylated 1hex was lysine-functionalized with N-maleimidoglycine dienophile
according to the above protocol. Resin was then split and either incubated in DMF or 20%
BME/DMF for 2 hr. Following copious washing, solvent was removed by filtration, resin

dried, peptide cleaved, and product profile analyzed by LC-MS.
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DAC peptide cycloadduct chemical stability assay.

Purified, lyophilized peptide 1a (1 eq) or a mixture of cyclic and linear peptide 5 (1
eq) were dissolved in PBS, pH 8.0. BME was added (20 eq) and the solution incubated
at 37 °C, 1,000 rpm. 2 hr, 6 hr, and 24 hr time-points were frozen and lyophilized (a single
2 hr time point was taken for 5). Lyophilized samples were dissolved in 0.1% TFA/H20

and analyzed by LC-MS.

DAC protease stability assays.

DAC peptide protease degradation kinetics were determined with Thermo Pierce™
MS-Grade Trypsin or Chymotrypsin Protease in PBS or TBS with 5 mM DTT and 2 mM
CaClz. Protease (1 eq) was added to buffer for a final assay concentration of 10 yg/mL
trypsin or 0.5 pg/mL chymotrypsin. Each respective reaction mixture was then added to
either 1wt and 1a (2000 eq) or 4wt and 4a (10,000 eq). Samples were then incubated at
37 °C, 1,000 rpm. 5 min, 10 min, 30 min, 2 hr, and 4 hr time points were quenched in an
equal volume of 2% TFA/H20 on ice. After 5 min, samples were centrifuged for 2 min at
17,000 rcf to precipitate quenched trypsin. Supernatant solutions were then analyzed and

intact peptide quantified by LC-MS or Q-TOF.

DAC scratch wound assay.

100,000 Hela cells were seeded in each well of a 24 wellplate in 1 mL RPMI

(GIBCO) supplemented with 10% FBS. Cells were incubated at 37 °C, 5% CO:2 and

121



reached ~70% confluency within 24 hr. Each well’s monolayer of cells was scratched with
a sterile 200 pL pipette tip, media and debris was aspirated, wells washed with PBS and
then fresh, RPMI was added, containing either DMSO, 10 yM or 20 M compounds 1wt
or 1a. Brightfield microscopy images of each well’'s wound were taken immediately after
wounding (time = 0 hr) and following overnight incubation with compounds (time = 16 hr).
Two biological replicates were performed for each condition and at least 5 wound distance
measures were taken from each image, averaged and normalized relative to the distance

of wound closure in the DMSO control.

Peptide NMR spectroscopy.

Peptides were dissolved in 400 yL d6-DMSO to ~5 mM for NMR experiments. All
experiments were performed on a Bruker AVANCE 11+ 500 MHz NMR (1a, 2a, 3a, 4wt,
4hex, 6a, 7a, 8a) or Bruker AVANCE IlIHD 600 MHz NMR (4a) using standard acquisition
parameters with empirically determined 90-degree pulse widths and in-house methods
for solvent suppression for 4a spectra. Data were processed and plotted in Bruker

Topspin 3.5 and MestReNova 11.0.2.

Molecular modeling.

A structural model of 4a was built using the Molecular Operating Environment
molecular modeling package [210]. In accordance with NMR analysis, the endo
configuration of the Diels-Alder adduct was enforced and backbone torsion angles were

manually adjusted according to measured J-coupling constants [235]. Missing atom
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names for the covalent linker were assigned and the final structure was exported using
the PDB format. Custom topology files for the covalent linker were used to reconstruct
the molecular system in CHARMM format (PSF+PDB) using the PSFgen plugin for VMD
[212]. A custom patching protocol was used to prepare the cyclic peptide in silico and the
N-terminal acetyl and C-terminal amidate patches were used to match the synthesized
chemical structure. The SOLVATE plugin was used to generate a 15 A TIP3P water box
and the AUTOIONIZE plugin was used to bring the salt concentration to 0.1 M NaCl. The
solvated system totaled ~9.3K atoms. Aside from lacking the covalent linker, the linear
peptide was constructed using the same method.

The NAMD 2.12 software package was used for molecular dynamics simulations.
The peptide and ions were described using the CHARMM36m forcefield. The required
parameters for the covalent linker were assigned by analogy from the CHARM36m and
CGENFF parameter sets. All simulations were performed at a target temperature of 298K
and a pressure of 1 atm maintained by a Nosé-Hoover thermostat and Langevin piston.
Periodic boundary conditions were applied, full system periodic electrostatics were
computed using the particle mesh Ewald (PME) method with a grid spacing set to > 1/A,
and non-bonded interactions were treated using an exponential switching function with a
switch distance of 10 A and cutoff of 12 A. The solvated and ionized systems were energy
minimized (20 ps) and velocities were introduced with a harmonic constraint scaling factor
of 2 set for all non-hydrogen atoms of the peptides. Following 1 ns of equilibration the
harmonic constraints were removed and production simulations were run for an additional

50 ns.
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The simulation trajectory files were down-sampled to 10 ps/frame for analysis.
Simulation trajectories were aligned to the peptide backbone of the first frame of the
respective production run and RMSD was found for the backbone or non-hydrogen atoms
using the RMSD Trajectory Tool in VMD. The output RMSD values were plotted using
GraphPad PRISM 7. An overlay of the peptide backbone at 250 ps intervals was

generated for the image displayed in Figure 3.7 D.

DAC peptide 5 in-solution cyclization time-course.

Furan-containing peptide 5pre was lysine-functionalized with N-maleimidoglycine
dienophile, resin was dried and then peptide cleaved according to the above protocols.
The resulting crude peptide was then subjected to HPLC purification and the predominant
linear isomer 5 was isolated and lyophilized overnight. The linear species was then
dissolved in PBS and incubated at room temperature. Time points were removed at 0, 2,

12, 24 and 48 hr, at which points the product profile was analyzed by LC-MS.

Circular dichroism (CD) spectroscopy.

CD spectroscopy experiments were performed on a Jasco J-170 using a quartz
cuvette (path length: 0.1 cm). Peptides were dissolved to 50 uM in 50 mM phosphate
buffer (pH 7.4) and CD measurements were recorded at 0.5 nm increments between 190

and 260 nm, at room temperature.
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Competitive fluorescence polarization (FP) assay.

FP experiments were performed in black 96 well plates (Corning) on a Synergy
Neo plate reader (BioTek). 3-fold dilution series of DAC peptides 6a, 6b, 7a and 8a were
plated in 60 yL FP buffer (20 mM Tris-HCI, pH 7.5, 50 mM NaCl, 0.01% NP-40), and
further diluted by the addition to each well of 30 yL FP buffer containing 750 nM wildtype
ERalpha wildtype protein, 3.75 uM estradiol (E2), and 10 nM FITC-SRC1-BoxIl peptide
(final volume 90 pL; final concentrations: 250 nM ERalpha, 1.25 yM E2, and 3.3 nM tracer
peptide). Plates were incubated at 4 °C for 1 hr, imaged using standard FP assay settings

at 30 °C, and data analyzed as previously described [236].

Protein Expression and Purification.

Wildtype and Y537S 6xHis-TEV-ERalpha (residues 300-550) in pET21a(+) was
expressed in E.coli BL21(DE3) as described [237]. Cells were resuspended in a lysis
buffer comprised of 20 mM HEPES pH 8.0, 500 mM NacCl, 40 mM imidazole pH 8.0, 5%
glycerol, 15 mM betamercaptoethanol (BME), Sigma-FAST protease inhibitor cocktail,
and lysed using sonication. Cellular debris was removed by centrifugation at 22,000 g for
30 minutes at 4 °C. The soluble fraction was placed onto a column with Ni-NTA resin that
was pre-equilibrated with 20 mM HEPES pH 8.0, 500 mM NacCl, 40 mM imidazole pH 8.0,
15 mM BME, and 5% glycerol (wash buffer). The column was washed with 10 column
volumes of wash buffer and protein was eluted with buffer plus 500 mM imidazole pH 8.0.
The His-tag was removed by incubation with 1:15 w/w ratio of 6x-His-Tev

protease:ERalpha LBD overnight in 4 L of wash buffer at 4 °C then passed over Ni-NTA
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resin to capture the His-tag and TEV protease. Protein was concentrated to 5 mL using
a spin concentrator at 4 °C then further purified on a Superdex 200 HiLoad 200 16/600
size exclusion column equilibrated with 20 mM pH 8.0, 150 mM NaCl, 15 mM BME, and
5% glycerol. A single peak was observed on the chromatogram and fractions
corresponding to that peak for pooled and concentrated to 10 mg/mL. Aliquots were flash

frozen and stored at -80°C.

Co-Crystallization and X-Ray Data Collection of Y537S ERalpha LBD in Complex
with Estradiol and 6a.

Purified Y537S ERalpha LBD was incubated with 1 mM estradiol (E2) at 1.025 mM
6a overnight at 4 °C then centrifuged at 20,000 g for 30 minutes at 4 °C to remove
insoluble ligand. Co-crystals were generated using hanging drop vapor diffusion where 1
L of protein complex was mixed with 1 pL well solution. Clear rectangular crystals
emerged in 20 mM Tris pH 8.0, 15% PEG 3,350, 200 mM MgCl: after 1 week at room
temperature. Crystals were cryo-protected in paratone-N. Diffraction data was collected
at the Advanced Photon Source, Argonne National Laboratories, Argonne, lllinois, at the
SBC 19-BM beamline (0.97 A). Data were indexed, scaled and merged using HKL-3000
[238]. Molecular replacement was performed in Phenix using PDB: 6CBZ as the search
model with ligand and peptide removed [239]. The model was refined using iterative
rounds of Phenix Refine and manual inspection with Coot [240]. Ligand constraints for 6a
were generated using Elbow [241]. Poorly resolved atoms/residues were not included in

the final model. The structure was deposited in the Protein Data Bank with the accession
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code 6PIT. All x-ray crystal structure images were generated using Pymol. Table 3.5
shows data collection and refinement statistics. Figure 3.11 B shows the electron density

map for the adduct of 6a that corresponds to protein chain A.

(Cyclopentadienyl)propanoic acid (cpdp-COOH):

Sodium cyclopentadienide (2.4 M solution in THF, 15 mL, 30 mmol, 1.2 eq) was added
to 50 mL THF at -78 °C. Dropwise addition of ethyl 3-bromopropionate (3.2 mL, 25 mmol,
1 equiv) was carried out over ~15 minutes and the reaction was then stirred at -78 °C for
2 hours, allowed to warm to room temperature, and then stirred for an additional 2 hours.
3 mL water and 3 g silica gel were added to quench the reaction, stirring for 5 minutes.
After filtering the reaction through a plug of silica gel with 30 mL DCM, the solvent was
removed, yielding cpdp-COOEt, a yellow oil carried forward to the next reaction without
further purification. A solution of cpdp-COOEt (~15 mmol) was dissolved in 10 mL EtOH
and cooled to 0 °C. 10 mL of 4 M NaOH solution was added dropwise with stirring, and
the reaction was carried out at 0 °C for 1 hour and then let. Upon full deprotection (as
monitored by TLC), the reaction was poured into a separatory funnel and 2 M HCI was
added until reaching pH 3.0. The aqueous solution was extracted with DCM (3 x 25 mL).
Combined organic layers were washed with brine (2 x 20 mL), dried over Na2SOy, filtered,
the solvent removed to yield cpdp-COOH as a light yellow solid stored at -20 °C to

prevent dimerization.
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2,5-Dioxopyrrolidin-1-yl(cyclopenta-1,3-dienyl)propanoate (cpdp-NHS):

Cpdp-COOH (1.25 g, 8.9 mmol, 1 equiv) was dissolved in a round bottom flask in 10 mL
THF. To the flask was added N-hydroxysuccinimide (1.5 g, 13.0 mmol, 1.5 equiv), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (2.1 g, 10.7 mmol, 1.25 equiv)
and DCM (15 mL). The reaction was stirred for 1.5 hours. The resulting mixture was
filtered through a silica plug with 30 mL DCM. The solution was evaporated and the
resulting residue purified by flash column chromatography (Hexane:EtOAc, 2:1—1:1) to
yield cpdp-NHS as an off-white powder. The product was observed to be stable for

several months with proper storage at -20 °C. Rf (Hexane:EtOAc, 2:1): 0.3.

ANP-WT and DAC-ANP synthesis and oxidation.

SPPS, Diels-Alder functionalization, HPLC purification, and lyophilization were
carried out as described above. The lyophilized, fully-reduced peptides were dissolved to
~0.1 mM in 100 mM ammonium acetate buffer, pH 8.5. The solutions were rotated at
room temperature and samples analyzed at 0, 1, and 24 hours by LC-MS to monitor

progress of disulfide formation.
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CHAPTER 4: Targeting the SARS-CoV-2 nsp16/nsp10

methyltransferase complex with peptide inhibitors

4.1 Introduction
4.1.1 The COVID-19 pandemic and SARS-CoV-2 nsp16/nsp10 as a potential pan-
viral drug target

COVID-19, a severe respiratory infection officially declared a global pandemic in
March 2020, is caused by the novel severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) [242]. To date, there have been nearly 140 million documented infections
worldwide, with a direct death toll of nearly 3 million, with likely millions more due to
disruptions in access to healthcare and associated effects on human well-being and
mental health (Figure 4.1) [243]. In what must only be described as an unprecedented
feat carried out by the biopharmaceutical industry, healthcare workers, scientists, and
regulators, multiple vaccines have been brought forward in record time to combat the
spread of the virus [244-246]. The efficacy of these vaccines defy all preceding
expectations at the onset of the pandemic, and has greatly contributed to easing the
burden on our global society. The predominant mechanism of action of these vaccines is

the triggering of an immune response in the patient against the Spike proteins found on
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the surface of the virus [247, 248]. During infections, however, viruses have a short
generation time over which many copies are produced. Some of these copies contain
mutations that could potentially convey a selective advantage against host immunity,
either derived from previous infections or vaccination. Indeed, several emerging SARS-
CoV-2 variants, with mutations present in the Spike protein and higher rates of
transmissibility, have been screened against immunized patient sera for neutralizing
activity. The B.1.351 variant was shown to have significantly reduced neutralization
relative to the progenitor strain and other variants [249, 250]. While these results are
preliminary and will require real world validation within immunized populations, these will
certainly not be the last SARS-CoV-2 variants, and this will certainly not be the last virus

that threatens our globalized community.

AF RICA

Total Cases

2,943,402

192

Figure 4.1: World map, case count, and death toll of the COVID-19 pandemic, as of
April 12, 2021. Taken from Johns Hopkins Coronavirus Resource Center.

While standards of care for COVID19 infection have markedly improved over the
course of the pandemic, few anti-viral treatment options have emerged as “magic bullets”.
Antibody therapies have demonstrated promise as prophylactics and can reduce infection
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severity [251], however face challenges in widespread distribution and administration.
Further, antibodies, like the vaccines previously mentioned, reduce viral infectivity by
targeting the Spike protein, which binds the cell surface angiotensin-converting enzyme
2 (ACEZ2) receptor to gain entry into host cells and is amenable to mutations that improve
infectivity, transmissibility, and avoidance of immune detection [252]. Therefore, alternate
systems within viral biology should be investigated for suitable therapeutic strategies. One
such system is the RNA methyltransferase (MTase) system of SARS-CoV-2. It is in part
composed of a non-structural protein (nsp) complex, nsp16/nsp10, with 2’-O-MTase
activity (Figure 4.2 A). The nsp16 component, a 7-methylguanine-triphosphate-
adenosine-specific, S-adenosyl-methionine (SAM)-dependent 2’-O-MTase, carries out
the 2’-O-methylation. It is activated by a protein-protein interaction (PPI) with the small
accessory protein nsp10, which is expressed at ~10-fold relative to nsp16 in infected cells,
and contains two zinc finger domains (Figure 4.2 B) [253-256]. The nsp16/nsp10-
mediated 2’-O-methylation of coronavirus RNA is essential for preventing recognition by
host to evade immune responses that are triggered by viral mRNAs [253]. Normally, the
human immune system detects free viral RNA, triggering the production of interferon and
subsequent immune signaling, however these methylation events block this response
[257, 258]. Inhibition of the 2’-O-MTase activity of SARS-CoV-2 presents a potential
therapeutic strategy to both prevent infection via prophylaxis as well as reduce the
severity of infection, by promoting viral clearance by the host immune system.

Given the criticality of nsp16/nsp10 complex activity for viral fitness and its

bimolecular nature, mutations — and thus the potential for concomitant drug resistance —
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are rare and often deleterious [259]. Further, many coronaviruses have a high degree of
sequence homology for these two proteins, suggesting that inhibitors of nsp16/nsp10
complex formation in the context of SARS-CoV-2 may be applicable to other viruses
(Figure 4.3) [260]. Notably, in the last 18 years, the world has experienced three major
coronavirus outbreaks (SARS, Middle Eastern respiratory syndrome (MERS), and
COVID-19), so a strategy targeting this highly-conserved viral feature would be an

advantageous addition to the therapeutic arsenal.

Figure 4.2: Structure of nsp16/nsp10 complex.

(A) Views of a crystal structure of nsp16 (wheat) bound to SAM (green sticks), in complex
with nsp10 (light blue) with coordinating zinc atoms (rose spheres) (PDB: 3R24). (B) N-
terminal zinc finger coordination complex (top) and C-terminal zinc finger coordination
complex (bottom; zinc finger site distal to nsp16 in (A)).
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NSP16:

MHV AAADWKPGYVMPVLYKYLESPLERVNLWNYGKPITLPTGCMMNVAKYTQLCQYLSTTTLA 60
MERS ASADWKPGHAMPSLFKVQONVNLERCELANYKQSIPMPRGVHMNIAKYMOQLCQYLNTCTLA 60
SARS-CoV-2 SSQAWQPGVAMPNLYKMQRMLLEKCDLONYGDSATLPKGIMMNVAKYTQLCQYLNTLTLA 60
SAR-CoV ASQAWQPGVAMPNLYKMQRMLLEKCDLONYGENAVIPKGIMMNVAKYTQLCQYLNTLTLA 60
*:** '** *:* . **: :* * % . :* * **:*** ******'* * % %
MHV VPANMRVLHLGAGSDKGVAPGSAVLRQWLPAGSILVDNDVNPFVSDSVASYYGNCITLPF 120
MERS VPANMRVIHFGAGSDKGIAPGTSVLRQWLPTDAIIIDNDLNEFVSDADITLFGDCVTVRV 120
SARS-CoV-2 VPYNMRVIHFGAGSDKGVAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIGDCATVHT 120
SAR-CoV VPYNMRVIHFGAGSDKGVAPGTAVLROQWLPTGTLLVDSDLNDFVSDADSTLIGDCATVHT 120
* % ****:*:*******:***::*******:_::::*‘*:* ****: H *:* *:
MHV DCOWDLIISDMYDPLTKNIGEYNVSKDGFFTYLCHLIRDKLALGGSVAIKITEFSWNAEL 180
MERS GQQVDLVISDMYDPTTKNVTGSNESKALFFTYLCNLINNNLALGGSVAIKITEHSWSVEL 180
SARS-CoV-2 ANKWDLIISDMYDPKTKNVTKENDSKEGFFTYICGFIQQKLALGGSVAIKITEHSWNADL 180
SAR-CoV ANKWDLIISDMYDPRTKHVTKENDSKEGFFTYLCGFIKQKLALGGSIAVKITEHSWNADL 180
**:******* **:: * * % ****:* :*.::******:*:****‘**'_:*
MHV YSLMGKFAFWTIFCTNVNASSSEGFLIGINWLNKTRTEIDGKTMHANYLFWRNSTMWNGG 240
MERS YELMGKFAWWTVFCTNANASSSEGFLLGINYLGTIKENIDGGAMHANYIFWRNSTPMNLS 240
SARS-CoV-2 YKLMGHFAWWTAFVTNVNASSSEAFLIGCNYLGKPREQIDGYVMHANYIFWRNTNPIQLS 240
SAR-CoV YKLMGHFSWWTAFVTNVNASSSEAFLIGANYLGKPKEQIDGYTMHANYIFWRNTNPIQLS 240
*_***:*::** * **_******_**:* *:*‘. H :*** ‘*****:****:.
MHV AYSLFDMSKFPLKAAGTAVVSLKPDQINDLVLSLIEKGKLLVRDTRKEVFVGDSLVNVK- 299
MERS TYSLFDLSKFQLKLKGTPVLQLKESQINELVISLLSQGKLLIRDNDTLSVSTDVLVNTYR 300
SARS-CoV-2 SYSLFDMSKFPLKLRGTAVMSLKEGQINDMILSLLSKGRLIIRENNRVVISSDVLVNN-- 298
SAR-CoV SYSLFDMSKFPLKLRGTAVMSLKENQINDMIYSLLEKGRLIIRENNRVVVSSDILVNN-~- 298
:*****:*** * % * % *:.** .***::: **:_:*:*::*:_ . * * % %
MHV - 299
MERS KLR 303
SARS-CoV-2 - 298
SAR-CoV - 298
NSP10:
MHV AGTATEYASNSAILSLCAFSVDPKKTYLDYIKQGGVPVTNCVKMLCDHAGTGMAITIKPE 60
SARS-CoV-2 AGNATEVPANSTVLSFCAFAVDAAKAYKDYLASGGQPITNCVKMLCTHTGTGQAITVTPE 60
SAR-CoV AGNATEVPANSTVLSFCAFAVDPAKAYKDYLASGGQPITNCVKMLCTHTGTGQAITVTPE 60
MERS AGSNTEFASNSSVLSLVNFTVDPQKAYLDFVNAGGAPLTNCVKMLTPKTGTGIAISVKPE 60
**' -k :**::**: *:** *:* *:: * % *:******* ::*** **::.**
MHV ATTNQDSYGGASVCIYCRSRVEHPDVDGLCKLRGKFVQVPLG-IKDPVSYVLTHDVCQVC 119
SARS-CoV-2 ANMDQESFGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLKNTVCTVC 120
SAR-CoV ANMDQESFGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLRNTVCTVC 120
MERS STADQETYGGASVCLYCRAHIEHPDVSGVCKYKGKFVQIPAQCVRDPVGFCLSNTPCNVC 120
:*:::**** *:***.:::**: .*_*. :**:**:* ‘***‘: * s * %k
MHV GFWRDGSCSCVGTGSQFQ-- 137
SARS-CoV-2 GMWKGYGCSCDQLREPMLQ- 139
SAR-CoV GMWKGYGCSCDQLREPLMQ- 139
MERS QYWIGYGCNCDSLRQAALPQ 140

* 5 JK LK

Figure 4.3: Sequence alignments of nsp16 and nsp10 from select coronaviruses.
Derived from MHV (accession number: AY910861), MERS (JX869059), SARS-CoV
(AY278741), and SARS-CoV-2 (NC_045512). Aligned with CLUSTAL Omega. Red,
hydrophobic; blue, acidic; magenta, basic; green, polar. * , fully conserved; : , strongly
similar residues; . , weakly similar residues.
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4.1.2 Targeting nsp16/nsp10 with peptide inhibitors

Previous work has validated the therapeutic potential of targeting the MTase
complex nsp16/nsp10. In studies of SARS-CoV (the virus responsible for the 2003 SARS
pandemic) and the related model coronavirus murine hepatitis virus (MHV), inhibition or
inactivation of nsp16 was shown to be critical for viral infection [261, 262]. Notably, a 29
amino acid peptide probe, P29, mimicking part of the nsp16-binding interface of nsp10,
was shown to inhibit 2’-O-MTase activity in vitro [261]. Further, a cell penetrating peptide
(CPP) fusion, TP29, synthesized to enhance cell entry, was demonstrated to inhibit viral
replication in cells as well as mouse models infected with MHV, with 100% of control mice
dying by 7 days post-infection and a 100% survival rate among peptide-treated mice.

While these previous studies validate the potential of drugging the nsp16/nsp10
complex with peptide-based inhibitors, there is virtually no structure activity relationship
(SAR) data for these compounds. We have thus devised a multi-pronged approach to
test, characterize, and design improved nsp16 inhibitors. First, this involves the synthesis
of a SARS-CoV-2-derived nsp10-mimetic peptide similar to the one previously reported,
as well as complementary probes, for downstream analysis. Next, biophysical and
biochemical screens were developed to study the structure and confirm target-binding of
this peptide. Further, NMR and x-ray crystallography structural studies, as well as
molecular modeling, will be implemented to study target engagement and compare
peptide structure and binding to that of its parent nsp10 protein. lterative synthesis and
compound screening, informed by structural and modeling studies, were then carried out

to develop improved peptide ligands. In addition, peptide variants, designed for enhanced
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cell uptake and stability were synthesized for efficacy screening in biochemical and cell-
based assays.
4.2 Results
4.2.1 Design, synthesis, and screening of an initial SARS-CoV-2 nsp16-targeting
peptide inhibitor

We began work toward the development of peptide inhibitors targeting nsp16 by
designing a 29 amino acid peptide, COV21. It comprises the sequence of the N-terminal
zinc finger domain of the nsp10 protein (residues 4321-4349), seen in high resolution
crystal structures to compose a large part of the binding interface with nsp16 (Figure 4.4
A,B and Table 4.1) [260]. Due to the presence of many Cys residues in the sequence,
special care was taken during peptide cleavage, purification, analysis, and storage to
ensure the peptide remained fully reduced prior to downstream characterization (see
Methods). Preliminary stability and solubility studies confirmed the peptide was readily
soluble in water and buffers used for various analyses, including LC-MS (Figure 4.4 C).
Prolonged incubation in water resulted in the gradual oxidation and intramolecular cross-
linking of the peptide, however brief exposure to 1 mM tris(2-carboxyethyl)phosphine
(TCEP; a reductive additive present in the buffers used for downstream characterization)
kept the peptide fully-reduced for days during storage at 4°C (data not shown). Circular
dichroism (CD) spectroscopy, performed on apo COV21 and following addition of zinc,
demonstrated pronounced conformational changes evident in the resulting spectra of the

zinc-bound peptide (Figure 4.4 D), similar to those seen in previous studies of short, zinc
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finger peptide domains [263, 264]. NMR studies of the effects of zinc-binding on COV21,
as well as co-crystallization studies with nsp16, are ongoing.

A

B COV21 Ac-FGGASCCLYCRCHIDHPNPKGFCDLKGKY-NH,

C D
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Figure 4.4: Design and preliminary characterization of COV21 peptide.

(A) Crystal structure of nsp16/nsp10, displaying nsp16 (wheat) with SAM bound (green
sticks) and a portion of the nsp10 structure corresponding to the COV21 peptide (blue)
with zinc atom bound (rose sphere) (PDB 3R24). (B) Sequence of COV21, with putative
zinc-coordinating residues in red. (C) HPLC trace of purified COV21. (D) CD spectra of
COV21 with or without addition of zinc.
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Next, we sought to establish a rapid, sensitive, and high-throughput assay for
assessing the nsp16-binding properties of COV21 and later derivatives. Fortunately, our
collaborators in the Satchell Lab at Northwestern University are presently the only lab in
the world capable of expressing stable, recombinant nsp16 alone [260]. Typically, nsp16
is co-expressed with its stabilizing binding partner nsp10, limiting targeted study.
Unfortunately, nsp16 alone is not stable at high concentrations and expression yields are
relatively low. Therefore, we designed a 384-well plate format fluorescence polarization
(FP) assay to limit required input protein while maximizing assay sensitivity.

To run direct binding assays against a dilution series of nsp16 to ascertain
compound binding affinities, we synthesized a fluoresceinisothiocyanate (FITC) labeled
COV21 analog, f-COV21, separated by an aminohexanoic acid (ahx) linker (Table 4.1).
We first compared f-COV21-nsp16 binding with or without the presence of zinc (with the
source being ZnSOs4 throughout). FP results indicated similar binding profiles, both
conditions displaying a ~150 nM Kbp for f~-COV21-nsp16 binding (Figure 4.5 A). Given the
low concentration of fluorescent tracer used in FP assays (2.5 nM herein), and the
observation that zinc is present in deionized water at ~10 nM [265], we reasoned that
there was sufficient zinc in the FP buffer to coordinate the zinc finger domain. Future
analysis by FP included addition of 10 nM zinc (unless otherwise noted) to ensure batch
and run consistency.

We next attempted to confirm the binding specificity of f~-COV21 at the same

predicted interface of nsp16/nsp10 binding. A nsp10 dose-dependent competitive format
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FP assay was performed against 2.5 nM f-COV21 pre-incubated with a sub-saturating
0.8 uM nsp16. Initial results displayed inconsistent f-COV21 binding profiles, in which
polarization rapidly fell off as nsp10 concentration surpassed the concentration of zinc
present in the assay (data not shown). This suggested that nsp10, with its two zinc fingers
not fully coordinated with two zinc atoms, competed with f~-COV21 zinc-binding,
abrogating its structure and target binding. To mitigate this assay interference, we added
zinc to 100 yM in the competitive assay. While measured binding was now found to be
consistent, incomplete competition was observed at maximum nsp10 concentration, with
a consistent low-level increase in polarization observed at intermediate concentrations of
nsp10 (Figure 4.5 B). Given previous evidence of non-covalent dimerization and
potentially higher-order oligomerization of nsp10 protein from SARS-CoV and SARS-
CoV-2 in X-ray crystal structures and solution studies [266-268], we screened f-COV21
for direct binding to nsp10, with 20 or 100 yM zinc. Consistent with the f~-COV21-nsp10-
dimerization hypothesis, direct f~-COV21-nsp10 binding was observed in both conditions,
with an apparent Ko of 204 nM (Figure 4.5 C). Further, in the 20 yM zinc condition, a
decrease in binding was observed with increasing nsp10 concentration, consistent with
the apparent nsp10 competition for zinc-binding observed in the preliminary competitive
FP results.

Next, to asses a functional readout of peptide activity, our collaborators screened
the COV21 peptide in an in vitro MTase activity assay. Preliminary treatment of 50 yM
peptide (with or without zinc) against the nsp16/nsp10 complex (0.2 / 1.6 yuM) showed

75% and 25% inhibition with and without zinc, respectively (Figure 4.5 D). Taken
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together, these data establish COV21 as a suitable ligand and starting point for further
development of nsp16-targeting inhibitors. Additionally, evidence suggests the potential
for dual-targeting of nsp10. Isothermal calorimetry (ITC) studies are ongoing to confirm

these results and arrive at more precise values for COV21 binding properties.
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Figure 4.5: Fluorescence polarization and MTase inhibition data for peptides with
nsp16/nsp10 complex members.

(A) FP results for nsp16 dose-dependent f~-COV21 binding. (B) Competitive FP results
showing incomplete competition by nsp10 of the ~-COV21-nsp16 complex, suggestive of
multiple potential binding events. (C) FP results for nsp10 dose-dependent f~-COV21
binding. (D) Initial results for COV21 inhibition of in vitro nsp16/nsp10 MTase activity.
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4.2.2 Improved inhibitor design informed by structure and molecular modeling

We next sought to modify the initial COV21 peptide structure to improve binding
as informed by structural and modeling data. Attempts are ongoing to co-crystallize
COV21 with nsp16 or to soak it in to existing nsp16 crystals. These structures would
greatly inform design as we do not yet know if the peptide occupies the same nsp16-
interaction surface as its parent protein nsp10. Further, we do not know if COV21 has a
comparable structure or nsp16-binding pose as the corresponding domain of nsp10.
Preliminary molecular dynamics simulations suggest that COV21 stably interacts with
nsp16 in an analogous fashion as nsp10 (Figure 4.6 A, red structures). However, as the
trajectory progresses, the peptide appears to take on two other distinct, stable binding
poses with different interfaces (Figure 4.6 A, yellow and blue structures). At each stage,
the simulated nsp16 protein undergoes only minimal fluctuations, most notably in the C-
terminal region of the protein (Figure 4.6 A, bottom right corner). While the relevance and
insights of these preliminary simulations are unclear, they suggest the potential for
COV21 to engage nsp16 in multiple distinct binding poses. Further molecular dynamics
simulations are ongoing, including some with subsequently designed mutants, described
below.

Additional interrogation of existing nsp16/nsp10 structural data revealed a
potential handle for augmenting COV21 to improve binding. A hydrophobic cleft (Figure
4.6 B, grey spheres, indicating hydrophobic residues), proximal to the putative binding
interface of the N-terminus of COV21, is typically engaged by a complementary

hydrophobic coil of nsp10 in many crystal structures. In fact, we had attempted to engage

140



this cleft with a hexamer peptide derived from the nsp10 sequence, but did not observe
binding by FP (data not shown). We wondered if the ahx linker or FITC fluorophore of the
f-COV21 tracer engaged this cleft during FP binding assays. This may also explain the
large excess of unlabeled COV21 peptide required for inhibition in the in vitro MTase
activity assay. Regardless, we posited that the addition of a hydrophobic residue at an N-
terminal position of COV21 may enhance peptide binding affinity (Figure 4.6 B, red
spheres indicating positions of hydrophobic mutations).

A

Figure 4.6: Insights from molecular modeling and structural studies.

(A) Preliminary results from molecular dynamics simulations of COV21 and nsp16. Red,
early nsp10-like COV21 pose; yellow, trajectory taken from middle of simulation; blue,
trajectory taken from late in the simulation.
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Figure 4.6 (continued):
(B) Detail of crystal structure of nsp10/nsp16 complex (blue/wheat) (PDB 3R24). Grey
spheres depicting residues of hydrophobic cleft. Red spheres depicting potential
hydrophobic mutation positions.

A small panel of COV21 mutant tracer peptides was synthesized. These contained
a mutated hydrophobic amino acid at either the second or fifth residue (Figure 4.7 A). A
previously reported double-Ala mutant (COVdm), in which two key binding residues at
the C-terminus were mutated to alanine, was also synthesized [261]. Following
purification and analysis, the mutants were screened against nsp16 in the FP binding
assay. Every hydrophobic mutant displayed increased affinity for nsp16 relative to f-
COV21, with the highest affinity mutant, f~-COV24, displaying an apparent Ko of 73 nM
(Figure 4.7 B). Intriguingly, each hydrophobic mutant also displayed higher levels of

relative polarization compared to f-COV21, while the double-Ala mutant f~COVdm
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displayed reduced binding and levels of maximum polarization (Figure 4.7 B). This
suggests that even the conservative introduction of additional hydrophobic bulk at the N-
terminus may bias the peptide toward a binding interaction that reduces degrees of
freedom of the adjacent ahx-linked FITC moiety. Given the targeting of the proximal
nsp16 hydrophobic cleft by these mutations, it is conceivable that the addition of these
interactions locks the ahx linker and/or tracer into this cleft. Such an effect could result in
the observed increase in measured polarization, beyond that of the protein-bound tracer
alone, as well as potentially increasing the quantum vyield of the fluorophore [269, 270].
These results strengthen the notion that COV21 and derivative peptides may take on
differential binding poses with nsp16 relative to that seen in existing nsp16/nsp10
complex crystal structures. This is perhaps unsurprising, given the absence of the
majority of nsp10, which no doubt influences the structure of the N-terminal zinc finger
domain. Taken together, this first iteration of mutant COV2X peptides presents one viable
design strategy for improving peptide engagement of nsp16, and contributes more
generally to our understanding of the nature of this binding interaction. Work toward
probing mutant binding of nsp10, effects on MTase activity, and further study of their

binding interactions by ITC are ongoing.
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f-COV21 FITC-ahx-FGGASCCLYCRCHIDHPNPKGFCDLKGKY-NH,
f-COVdm FITC-ahx-FGGASCCLYCRCHIDHPNPKGFCDLAGKA-NH,
f-COV22 FITC-ahx-FGGAN CCLYCRCHIDHPNPKGFCDLKGKY-NH,
f-COV23 FITC-ahx-FGGAFCCLYCRCHIDHPNPKGFCDLKGKY-NH,
f-COV24 FITC-ahx-FGGAWCCLYCRCHIDHPNPKGFCDLKGKY-NH,
f-COV25 FITC-ahx-FN GASCCLYCRCHIDHPNPKGFCDLKGKY-NH,

B FP Profiling of
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Figure 4.7: Fluorescence polarization (FP) of f~-COV2X mutants and nsp16.
(A) FP results for nsp16 dose-dependent f-COV21 binding. Red, putative zinc-
coordinating residues; blue, putative gain-of-function mutations; grey, putative loss-of-
function mutations; ahx, aminohexanoic acid; N., norleucine. (B) FP results for nsp16
dose-dependent binding of f-COV21, f~-COVdm, and f~-COV2X mutants. Dose-response
curves fit through the application of a sigmoidal curve fit using Prism 8 software.

4.2.3 Current work and future directions
While in vitro study of these nsp16/nsp10 complex-targeting peptides is still on-
going, a first round of probes for cell-based assays have been synthesized. These are

composed of a fusion of COV21 linked by ahx at the N-terminus to either a linear or
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stapled CPP, penetratin (PEN) or stabilized alpha helix of penetratin (SAH-PEN), as well
as the corresponding CPPs as controls (Table 4.1). These CPPs have been shown to
have increased cell uptake relative to TAT, the CPP incorporated into the TP29 peptide,
used in the original cell and mouse studies, to target SARS-CoV nsp16/nsp10 [144, 261,
271]. While sufficient amounts of the fusion peptides (PEN-COV21 and SAH-PEN-
COV21) were synthesized for ongoing cell-based infectivity assays, additional work is
going toward the development of a convergent synthetic route to improve yield and
decrease synthesis time (e.g., automated synthesis of COV21 presently takes ~40 hours
to complete, with an additional 16-36 hours required for CPP incorporation).

Alongside ongoing work toward the design and synthesis of further improved
mutant peptides, a near term goal is the synthesis of stabilized variants of COV21.
Several chemical crosslinking strategies are being pursued, including Diels-Alder
chemistry (as described in Chapter 3), thiol alkylation, and the use of heterobifunctional
crosslinkers. Two sites of stabilization are being investigated: one distal to the binding
interface, and another mediated by cyclization at the N- and C-termini. This latter strategy
is informed by structural and modeling studies in which the termini are invariably seen in
close proximity, often induced by intramolecular hydrogen-bonding. Further, an
introduced long hydrophobic linker between the termini may be able to engage the nsp16
hydrophobic cleft, likely central to the observed improvements in COV2X mutant-binding
affinities. Beyond stabilizing the peptide for reduced proteolysis, such a crosslink may
obviate the need of zinc-coordination for peptide activity. This would greatly ease the

requirements of peptide synthesis, preparation, and storage. In addition, to the best of
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our knowledge, this would represent the first instance of a stabilized zinc finger domain
without requiring the presence of zinc. Finally, this chemically-stabilized scaffold would
likely be more amenable to the incorporation of mutations that could improve binding,
pharmacologic properties, and potentially allow for further diversification.
4.3. Discussion

The COVID-19 pandemic is a still on-going global crisis that has massively
impacted the way of life for all of humanity. While incredible advancements have been
made in preventative and therapeutic intervention for this virus, they are not without their
limitations, and this will certainly not be the last coronavirus that threatens human health.
Here we have proposed the use of peptide inhibitors to block the activity of a PPI-
mediated driver of SARS-CoV-2 infectivity. The highly conserved nature of the
nsp16/nsp10 protein complex members suggests targeting this interaction would have a
durable effect, applicable to other current and future coronaviruses. Our preliminary data
indicate the COV21 peptide and its derivatives engage nsp16, and potentially nsp10, and
can effectively inhibit MTase complex activity. Current and future work is going toward
further improving peptide inhibitor design, enhancing cell uptake, stabilization strategies,
and confirming compound efficacy in cell-based assays and eventually in in vivo models.
We believe that suitable peptide inhibitors will offer complementary strategies for studying
viral biology and preventing and reducing the severity of viral infections for this current

outbreak and future ones.
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4.4 Tables
Compound
cova1
f-COv21
f-COvVdm
f-COV22
f-cova3
f-Cov24

f-COV25

PEN-
cov21
SAHPEN-
cov21

PEN

SAHPEN

Sequence
Ac-FGGASCCLYCRCHIDHPNPKGFCDLKGKY
FITC-ahx-FGGASCCLYCRCHIDHPNPKGFCDLKGKY
FITC-ahx-FGGASCCLYCRCHIDHPNPKGFCDLAGKA
FITC-ahx-FGGAN;CCLYCRCHIDHPNPKGFCDLKGKY
FITC-ahx-FGGAFCCLYCRCHIDHPNPKGFCDLKGKY
FITC-ahx-FGGAWCCLYCRCHIDHPNPKGFCDLKGKY
FITC-ahx-FN;,GASCCLYCRCHIDHPNPKGFCDLKGKY
Ac-RQIKIWFQNRRN;KWKK-ahx-COV21
Ac-RQIKIWFQ*RRN;*WKK-ahx-COV21
Ac-RQIKIWFQNRRN;KWKK

Ac-ROIKIWFQ*RRN;*WKK

m/z (calc./
obs.)
1091.8/
1092.2
1245.2/
1246.1
1195.5/
1196.4
1253.9/
1254.8
1265.2/
1265.9
1278.2/
1278.8
1263.9/
1264.5
1399.7/
1400.5
1401.7/
1402.4
757.1/
757.4
759.8/
760.1

Table 4.1: nsp10-mimetic compounds synthesized for this study, their sequences,

and MS results.

Red, putative zinc-coordinating residues; blue, putative gain-of-function mutations; grey,
putative loss-of-function mutations; FITC, fluoresceinisothiocyanate; ahx, aminohexanoic
acid; Ni, norleucine; *, sites of Ss stapling residues.

4.5 Methods

Peptide synthesis.

Unmodified and hydrocarbon stapled peptides were synthesized by Fmoc-based

solid phase peptide synthesis and purified by reverse-phase HPLC with a C18 column
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(Agilent, Palo Alto, CA) as previously reported, with modifications [138]. The peptide
cleavage cocktail contained trifluoroacetic acid (TFA), triisopropylsilane (TIS), water, and
ethanedithiol (EDT) in a ratio of 91:3:3:3 to ensure Cys remained reduced. Peptide
cleavage was carried out for at least 3.5 hours at room temperature. Purified peptide
fractions were concentrated in vacuo, re-dissolved in 0.1% TFA/H20, quantified by Azso,

aliquoted, lyophilized, and stored at -20 °C.

Circular dichroism spectroscopy.

Circular dichroism spectroscopy experiments were performed on a Jasco J-170
using a quartz cuvette (path length: 0.1 cm). Peptides were dissolved to 50 uM in 10 mM
tris(hydroxymethyl)aminomethane HCI (Tris-HCI) buffer solution, pH 8.5, with or without
the addition of 150 yM ZnSO4, and CD measurements were recorded at one nm

increments between 190 and 260 nm, at room temperature.

Fluorescence polarization experiments.

FP experiments were performed in black 384 well plates (Corning) on a Synergy
Neo plate reader (BioTek). For direct binding assays, a 2-fold dilution series of protein
was plated in 10 yL FP buffer (10 mM Tris-HCI, pH 8.5, 150 mM NaCl, 5% glycerol, 1 mM
TCEP, 1 mM MgClz), and further diluted by the addition to each well of 5 yL FP buffer
containing 7.5 nM tracer peptide and 30 nM ZnSOa4 (unless otherwise noted). Final assay
volume: 15 pL; final concentrations: 2.5 nM tracer, 10 nM zinc). For competitive binding

assays, a 2-fold dilution series of competing protein (i.e. nsp10) was plated in 10 yL FP
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buffer, and further diluted by the addition to each well of 5 yL FP buffer containing 7.5 nM
tracer peptide, 2.4 yM nsp16, and 30 nM ZnSOa4. Final assay volume: 15 pL; final
concentrations: 2.5 nM tracer, 0.8 yM nsp16, 10 nM zinc). Plates were incubated at room
temperature for 1.5 hours, imaged using standard FP assay settings at 25°C, and data

analyzed using Prism 8 graphing software.
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CHAPTER 5: Development of cell-penetration assays for assessing cytosolic

access and stability of synthetic biologics

5.1. Introduction
5.1.1 Cell penetrating peptide design and related considerations

Given the primary role proteins serve in biological processes, and the frequency
with which protein-protein interaction (PPI) deregulation contributes to disease, inhibiting
these targets is a central challenge in the fields of chemical biology and drug discovery
[18, 35, 151, 213]. Several factors make PPIs especially recalcitrant targets. Firstly, the
majority of disease-associated PPI targets occur intracellularly, excluding otherwise well-
suited biologics such as antibodies from the list of potential targeting modalities.
Secondly, small molecules, the consummate modality with good potential for cell-
permeability, are not well-suited for targeting the large interfaces of PPIs [33]. Moreover,
many PPls are multicomponent processes and/or have high binding affinities,
necessitating highly potent and specific inhibitors for effective targeting.

In recent years, synthetic biologics have been demonstrated to have a balance of
favorable properties of both small molecules and biologics [11, 129]. This has resulted in

increased study and advancement of the field. A key property is their potential to
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penetrate cells to engage otherwise challenging intracellular targets. This phenomenon
has been widely studied among a growing class of cell penetrating peptides (CPPs), with
goals of improving delivery of diverse cargos into cells, as well as determining the rules
that govern this behavior [87, 145]. CPPs are sequences that are found in nature or
synthetically designed to have increased cell uptake. While the mechanisms are still not
fully understood, consensus is emerging that cellular peptide uptake is mediated through
any one of a number of process [87]. Some peptides passively diffuse across the cell
membrane, analogous to small molecule. Like most cell-permeable small molecule drugs,
these peptides may comply with Lipinski’s Rule of Five, but not always [18]. N-alpha
methylation of backbone amides has been used by nature and peptide chemists to reduce
hydrogen bond donor count in CPPs. As seen with the orally bioavailable drug cyclosporin
A, some non-Rule of Five compliant peptides can take on conformations that promote
intramolecular hydrogen bonding to reduce polar surface area [77, 86]. Alternatively, in
the same way as some small molecules, a subset of CPPs bind to proteins on the cell
surface that actively transport them into cells.

Typically, however, when one encounters CPPs, the canonical description is that
of a short peptide with a highly basic sequence. It then gains entry into cells by first
associating with the outer surface of the phospholipid membrane, eventually triggering
endocytosis, and then undergoing endosomal escape into the cytosol for downstream
effects. While the precise mechanisms of this pathway of entry are not fully understood,
it is an area of intense research interest [87, 144, 173]. Derived from the transactivator of

transcription protein found in HIV, the TAT peptide was one of the first reported CPPs
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that catalyzed extensive study in this area, with subsequent reports of ~2000 CPPs so far
[272-274]. While many studies use TAT as a conjugate for transporting cargo into cells,
early studies of TAT and its parent protein often used a “scrape-loading” method in which
cells were mechanically removed from their dish, transiently disrupting cell membranes,
to ensure “quantitative and reproducible” transactivation activity [275, 276]. Similarly, cell
density, culturing conditions, and growth time dependent effects have been noted to have
major impacts in protein transduction studies [277]. While TAT is certainly cell-penetrant,
it is a linear, largely unstructured peptide with a highly basic and proteolytically
susceptible sequence [278]. It is not nearly as robust a CPP compared to some linear
peptides such as Antennapedia-derived penetratin or synthetically optimized cyclic CPPs,
which generally demonstrate higher levels of cell penetrance relative to TAT [144, 271,
279]. Such findings have moved the field away from “first generation” linear wildtype
CPPs, instead favoring cyclic, side chain or backbone modified CPPs for enhanced
penetrance and stability [87]. While this is an impactful trend, indisputable
characterization of cell penetrance and intracellular stability of CPPs is challenging to
establish, hampering the development and selection of the most optimal designs.
5.1.2 Understanding and measuring cell penetrance: The state of the art

Many intracellularly-targeted synthetic biologic peptide probes incorporate design
principles of CPPs, have their structure and target-binding properties extensively studied
in vitro, and are then often screened in cell culture for cell penetrance and specific target-
dependent effects. While well-designed phenotypic screens will be context-dependent

and vary from target to target, assessment of cell penetrance is somewhat more
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standardized. Typically, fluorophore-labeled analogs of the investigated synthetic
biologics are synthesized, applied to cells, and then imaged by fluorescence microscopy.
There are many ways these experiments can be run, with corresponding variations in
conditions that may potentially impact results: cell growth state and time, presence of
serum in media, or post-treatment washing steps. Therefore, assessment of cell
penetration is often based on largely qualitative differences in fluorescent intensities and
possibly localization. Fluorescence correlation microscopy and other techniques,
however, can improve limits of detection, quantitation, and determination of localization
[173]. Additionally, in some carefully designed and performed studies, the endosomal
uptake mechanism can be inferred: intracellular fluorescent puncta (i.e. endosomes) are
observed at early time points and gradually fade as fluorescent signal diffuses throughout
the cytosol (i.e. putative endosomal escape by the peptide) [280, 281]. In addition,
significant effort has gone toward increasing the robustness and throughput of these
fluorescence readouts, allowing for broader screening of compounds and conditions
affecting penetrance [144, 279].

While this cell penetration assay modality has become a (perhaps not gold)
standard across many fields, it still leaves room for improvement. It is often unclear if the
fluorophore-conjugated peptide is actually in the cytosol, adhering to the cell membrane,
or localized to other compartments. Also: are we observing the full-length fluorophore-
conjugate evenly distributed throughout the cytosol, the fluorophore alone, or truncations
or other alterations to the conjugate? This is a critical question, as a truncated or modified

peptide would likely have reduced target affinity and specificity. From a discovery
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standpoint, if a still-potent peptide has been proteolyzed or modified during cell entry, this
could help inform potential future designs.

A variety of alternative methods have been devised to address these
shortcomings. Some use reporter molecule-cargo conjugates that selectively readout
upon engagement with an intracellular sensor protein, to unequivocally determine
intracellular or subcellular localization [282, 283]. These typically do not report on the
stability or identity of the cargo following cytosolic access. Others have used mass
spectrometry (MS) based approaches to determine the status of CPPs or other cargos
following cell treatment. In some cases, a cargo enrichment strategy is used, increasing
sensitivity, however this is not able to directly report on the localization of cargo [284]. In
other cases, subcellular fractionation is used to directly assess specific compartment
localization [102]. These approaches, however, often only measure for the presence of
the full-length peptide or cargo, and don’t capture modified forms. Further, they require
sensitive and time-consuming processing, which limits throughput. A general criticism of
many of the above methods is the requirement for relatively high treatment concentrations
to observe evidence of uptake, making it challenging to assess the lower limits of
penetration and running the risk of disrupting cell membranes (an established off-target
feature of some CPPs, as well as amphipathic peptides more generally).

5.1.3 A multi-format synthetic biologic uptake and stability assay

Given the critical nature of assessing cellular uptake and stability for determining

the efficacy of synthetic biologics, we sought to develop an alternative, multi-format assay

utilizing the widely studied O%-benzylguanine (BG), SNAP-tag (SNAP) chemically induced
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dimerization (CID) system [285]. An engineered O8-alkylguanine-DNA alkyltransferase,
SNAP selectively reacts with BG derivatives, allowing for precise labeling, proximity
induction, and other applications for SNAP-fusion proteins in live cells and organisms
[286-288]. To apply this enzymatic labeling strategy, we first functionalized a panel of
CPP/synthetic biologics with BG and confirmed their reactivity with recombinant SNAP
protein. We then designed various FLAG-tagged SNAP plasmids (for cytosolic or other
subcellular-compartment localization). These were then stably-expressed in mammalian
cells. With the entire system thus in place, SNAP-FLAG cells can then be treated with
BG-peptides; upon reaching the specific intracellular compartment occupied by SNAP,
the protein will then covalently label itself with the peptide. This labeling event can then
be confirmed and quantified by either gel, western blot, or MS-based readouts (Figure
5.1). Notably, readout by western blot or MS would allow for qualitative or quantitative
reporting of the BG-peptide probe’s stability, as well as for the potential to identify
intracellular degradation or modification products.

In addition to screening for the cell penetration of the initial BG-peptide panel, we
observed that this system could be implemented in a reverse format to monitor for
membrane disruption by unlabeled peptides. This could serve as a complement to
enzymatic assays for membrane disruption, such as for the presence of lactate
dehydrogenase (LDH) in cell media (i.e. the LDH assay). We synthesized a BG- and
fluorescein isothiocyanate (FITC)-functionalized non-cell permeable peptide, composed
of the charged residues Glu-Glu-Lys-Glu (EEKE). Only upon membrane disruption by co-

treatment of an unlabeled peptide can the EEKE probe gain intracellular access to
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covalently label SNAP protein for downstream detection (Figure 5.2). Taken together,

this BG-SNAP system offers a suite of applications for improved study of synthetic

biologics and related molecular probes.

SNAP-FLAG-expressing cell

benzylguanine-peptide

................................................. conjugate
(" selective \( covalent
reaction labeling
— 24§
SH S
N J JAN y
—— .
—— — — L=
mass-shift m/z
MS-based ID

competitive in-gel

fluorescence assay assay

Figure 5.1: Schematic depictions of the BG-SNAP cell penetration assay and
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5.2 Results
5.2.1 Design and synthesis of BG-peptides and related probes

We selected the canonical CPP TAT and two well-studied stapled peptide
inhibitors for our initial panel of BG-peptides. These inhibitors were SAHM1 and StAx35R,
highly stabilized and cell-penetrant inhibitors of the NOTCH transcription factor complex
and the WNT/beta-catenin signaling pathway, respectively ([133, 156]). A panel of related
unlabeled peptides as well as the EEKE peptide were also synthesized (Table 5.1). We
chose an in-solution thiol-maleimide bioconjugation strategy for the BG-functionalization
of these peptides. This strategy necessitated the mutation of an internal SAHM1 Cys
residue to Ser. Following standard SPPS and RCM of the stapled variants, an acetylated
Cys and beta-Ala were installed on the N-termini of all future BG-conjugated peptides
prior to cleavage and HPLC-purification. In the case of the EEKE peptide, a C-terminal
Lys(Mmt) residue was selectively deprotected and then acylated with FITC prior to
purification. Unlabeled peptides were synthesized and acetylated prior to purification.
Purified free thiol containing peptides were conjugated in phosphate buffer solution to 4-
maleimidobutyrl benzylguanine (BG-maleimide) and then subsequently HPLC purified

(Figure 5.3 A,B).

SPPS MQ cleave conjugatlon !W
HPLC
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Figure 5.3: Structure of BG-maleimide linker (A), and schematic of synthesis and
conjugation strategy for BG-peptides (B).
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5.2.2 BG-SNAP covalent labeling system /in vitro validation

To confirm that the BG-functionalized peptides could serve as viable substrates
for SNAP protein, we first tested in vitro labeling of purified, recombinant SNAP protein
and BG-TAT peptide (Figure 5.4 A). SNAP-peptide labeling was apparent by a clear ~2
kDa mass shift increase, indicating covalent labeling of SNAP with TAT peptide.
Encouraged by this, we generated a HeLa cell line that stably-expresses a FLAG-labeled,
cytosolically-localized SNAP protein for detection by western blot. To confirm the
mammalian-expressed SNAP-FLAG protein would similarly react with our synthesized
BG-peptides, we lysed cells in the presence of protease inhibitors, then treated lysate
with a dose range of each peptide at 37°C for 30 minutes. As anticipated, concentration
dependent mass shifts, corresponding to SNAP-peptide covalent dimers, were observed
by anti-FLAG western blot (Figure 5.4 B). BG-SAHM1 and BG-StAx35R fully labeled
SNAP protein in lysate by 1 uM (Figure 5.4 B, condition C), as indicated by a single,
higher molecular weight band. Intriguingly, multiple bands are observed with increasing
concentrations of BG-TAT peptide, which presumably correspond to differentially
degraded peptide products covalently linked to SNAP-FLAG. Even though the lysate was
treated with protease inhibitors prior to peptide introduction, a sufficient amount of
proteases must have remained active to degrade the linear peptide, while leaving the
stapled peptides relatively untouched. This demonstrates that TAT is much more
sensitive to proteolysis relative to stapled peptides. Further, this observation indicates
degraded peptides can still label SNAP and that a simple, western blot-based mass shift

assay can also qualitatively report on peptide stability.
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Figure 5.4: Representative /n vitro data confirming the viability of the BG-SNAP
system.

(A) SDS-PAGE results of recombinantly-expressed SNAP protein at 2 yM labeled across
a dose range of BG-TAT peptide for 30 minutes in PBS, 1 mM DTT. Labeling efficiency
was comparable to BG-functionalized small molecules. * Indicates fraction of unreacted
SNAP protein; additional testing indicated this was likely due to active site Cys oxidation
during batch purification. (B) Anti-FLAG western blot results of stable HeLa+SNAP-FLAG
lysate labeled across dose ranges of BG-TAT, BG-SAHM1, and BG-StAx35R peptides
for 30 minutes, immediately preceded by cell lysis in PBS with protease inhibitors (A =
0.05uM; B=0.2uM; C =1 uM; D =10 uM).

5.2.3 Cell penetration and stability profiling with the BG-SNAP covalent labeling
system

Next we turned to direct measures of cell penetration and intracellular stability of
our peptide probes. Cell-based experiments were performed in 24 well plates, with
consistent seeding of cells at 10,000 per well and BG-peptide treatment after 12-20 hours

recovery, to ensure reproducibility across experiments. Following treatment, cells were

washed and then lysed in-well, with RIPA buffer containing protease inhibitors and
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additional additives depending on the purpose of the experiment. To allow for
quantification of SNAP labeling, which corresponds with BG-peptide cytosolic access, a
high concentration of BG-FITC probe was included in the lysis buffer. During lysis, the
BG-FITC labels all un-reacted SNAP protein, allowing for both a quantitative competition-
based readout as well as preventing the occurrence of SNAP-labeling by BG-peptides
adhering to the cell surface or trapped in other compartments (e.g. exosomes). One
untreated well was lysed in the presence of 20 yM BG-peptide to serve as a positive
control and a marker for complete, full-length peptide-labeled SNAP protein. Additional
controls were run with lysis buffer containing high concentrations of iodoacetamide and
EDTA, known to rapidly inhibit SNAP protein activity, to ensure the fidelity of this system;
mass shift results were comparable across these various conditions.

First, we assessed the dose and time dependent cellular uptake of BG-TAT
peptide by western blot (Figure 5.5 A). As indicated by a dose-dependent decrease in
FITC signal, BG-TAT exhibited dose-dependent cellular uptake and labeling of SNAP
peptide. In general agreement with the previous lysate results, SNAP appears to be
predominantly labeled with degraded TAT peptide, however only a small mass-shifted
band can be observed at higher concentrations of BG-TAT treatment. Also echoing the
previous lysate results, the positive control well, with BG-TAT co-treated during lysis,
shows a higher molecular weight SNAP-FLAG band, presumably representing full length
TAT labeling, however a variety of intermediate bands are also evident, suggesting a
variety of degradation products are formed. Similarly, the time course experiment shows

no apparent mass-shifted bands, but the gradual competing off of BG-FITC labeling over
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extended treatment times (Figure 5.5 A). These collective results, indicative of TAT
peptide’s low metabolic stability, are perhaps not surprising, given its largely unstructured
nature and the presence of an Arg residue near the N-terminal position of the BG moiety.
Cleavage at this position by one of the many trypsin-like proteases found in, secreted by,
and on the surface of human cells could occur at any point during the cell uptake process,
resulting in labeled SNAP protein without sufficient differential mass to be detected by a
band shift. Regardless, the FITC competition format of this assay allowed for
quantification of uptake, with an apparent 1Cso of ~10.2 M and an apparent ETso of ~2.2
hours at 10 yM. An emerging caveat in these data is that the measured labeling events

likely represent the effects of a diverse mixture of degradation products.

A 0055 1025502010 10 10 10 10 pM BG-TAT

022222 #2 461024 hr

Figure 5.5: Assessment of BG-TAT dose and time dependent cell penetration and
stability.

(A) FITC, anti-FLAG, and anti-GAPDH control western blot results of stable HeLa+SNAP-
FLAG cells treated with either a dose range of BG-TAT for 2 hours, or a time course at
10 pyM. All cells were lysed with 20 uM BG-FITC, except lane marked #, which indicates
lysis with 20 yM BG-TAT as a positive control for full labeling of peptide.
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Figure 5.5 (continued):
(B) Quantification of FITC signal from results in (A). Curve calculated from the application
of a sigmoidal curve fit using Prism 8 software (left).

We next applied the stapled peptides BG-SAHM1 and BG-StAx35R to dose
dependent screening of cellular uptake with this assay. As seen with BG-TAT, treatment
over 2 hours with either peptide resulted in decreased FITC signal, indicating dose-
dependent cellular uptake and labeling of SNAP peptide (Figure 5.6 A,B). Full length
mass-shifted peptide-SNAP-FLAG bands are only apparent with 25-50 yM treatment, as
observed by anti-FLAG western blot, confirmed by the positive control lane of BG-SAHM1
co-treatment during lysis lane (Figure 5.6 A, indicated by *). Curiously, while BG-SAHM1
fully labeled cytosolic SNAP-FLAG by 25 yM, ~20-30% of the protein remains unlabeled
by BG-StAx35R, even at high treatment concentrations. This may represent mechanistic

differences in the uptake, endosomal escape, or stability of these two stapled peptides.
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FITC competition allowed for quantification of uptake, with an apparent ICso of ~8.8 uM

for BG-SAHM1 and ~12.4 yM for BG-StAx35R at 2 hour treatment (Figure 5.6 C).
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Figure 5.6: Assessment of BG-SAHM1 and BG-StAx35R dose dependent cell
penetration and stability.
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Figure 5.6, continued: (A) FITC and anti-FLAG western blot results of stable
HeLa+SNAP-FLAG cells treated with a dose range of BG-SAHM?1 for 2 hours. All cells
were lysed with 20 yM BG-FITC, except for left most negative control lane and lane
marked *, which indicates lysis with 20 yM BG-SAHM1 as a positive control for full
labeling with peptide. (B) FITC and anti-FLAG western blot results of stable HeLa+SNAP-
FLAG cells treated with a dose range of BG-StAx35R for 2 hours. All cells were lysed
with 20 uM BG-FITC, except for left most negative control lane. (C) Quantification of FITC
signal from results in (A,B). Curves calculated from the application of a sigmoidal curve
fit using Prism 8 software.

Taken together with the previous BG-TAT results, a few questions and key
learnings emerges from these data. Firstly, given previous reports of instability of thiol-
maleimide conjugates in reducing environments [289], we wondered if the BG group
detached from the peptides during treatment and uptake. The less-hindered free BG
group may then preferentially react with the SNAP-FLAG protein, producing a decrease
in fluorescence without a concomitant mass shift. Given the presence of free glutathione
in the media and cellular environment, we would expect a retro Michael-type reaction to
occur with subsequent thiol exchange. To test this, we incubated BG-peptides in PBS
with a range of glutathione concentrations, then analyzed samples by LC-MS. Our results
indicated the BG-peptide conjugates remained intact, ruling out this possibility (data not
shown).

Alternatively, as previously mentioned with respect to the TAT sequence, both
stapled peptides have Arg residues near the N-termini. Proteolysis occurring at these
positions would result in a cleavage product, containing BG and 1 to 2 basic residues,

which could preferentially enter cells and/or escape endosomes, resulting in rapid labeling

of SNAP protein. Indeed, we developed a LC-MS-based proteolysis mapping assay to
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study these effects. In a time course experiment, we exposed acetylated StAx35R to
conditioned cell culture media (i.e. media in which cells had been grown for over 24 hours,
presumably containing excreted proteases), simulating the treatment conditions of the
uptake assay. By 24 hours, the majority of the peptide had been degraded as observed
by LC-MS (Figure 5.7). Presumably the effects observed in this experiment would be
enhanced by direct peptide treatment on cells, given the presence of cell-surface
proteases, as well as the presence of proteases within endosomes and the cytosol upon
uptake. This experiment further validates cell culture and treatment condition dependent
differences noted across the CPP and protein transduction literature, emphasizing the
importance of judicious selection of controls and reporting of experimental conditions to
ensure reproducibility. In addition, taken alongside the preliminary results of the BG-
SNAP cell penetration assay, it is clear that peptide stapling does not guarantee peptide
stability, and further emphasizes the importance of capturing high-resolution data of the
potential degradation products that do reach the cytosol. As noted previously, these
products will have differential properties and on and off target effects relative to the full-
length probes, which would have been screened against purified proteins in vitro prior to

cell-based testing.
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Figure 5.7: StAx35R shows proteolytic instability over time.
Over time, decreasing levels of the intact stapled peptide were observed by monitoring
absorbance at 280 nm (signals normalized to a spiked-in analytical standard, eluting at
~9.1 minutes).
5.2.4 Using the BG-SNAP covalent-labeling system to assess membrane disruption
Another application of this BG-SNAP intracellular covalent-labeling system is for
the assessment of membrane disruption by unlabeled peptide probes. This is an
established problem in the field, as highly basic or amphipathic peptides, as well as some
small molecules, can cause membrane disruption and thus non-specific toxicity in cell-
based screening assays [290, 291]. Assays that measure extracellular release of
intracellular contents, such as enzymes, are often used to capture these events. One
prominent example is the lactate dehydrogenase assay. Existing assays typically only
have endpoint readouts and may not be able to report on transient membrane disruption
events occurring during treatment. Thus we sought to develop an alternative format of the
cell penetration assay. This membrane disruption assay utilizes the non-membrane

permeable EEKE peptide probe (conjugated with both BG and FITC) such that, when co-

treated with unlabeled membrane-disrupting peptides, it could then gain entry into cells
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and label the cytosolically localized SNAP-FLAG protein for fluorescent-based detection
by gel (Figure 5.2).

We first confirmed the predicted impermeability of EEKE by exposing
HeLa+SNAP-FLAG cells to extended incubations with the probe, as well as across a
range of concentrations, using the same experimental design and processing as
performed for the standard cell penetration assay (Figure 5.8). As anticipated, the highly-
charged peptide could not access the cytosol on its own, with labeling only observed

during co-treatment with lysis buffer (Figure 5.8, lane labeled with *).
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Figure 5.8: Validating EEKE peptide membrane impermeability.

HelLa+SNAP-FLAG cells were treated with EEKE peptide across a dose range for 4 hours
and a time course at 10 yM. No EEKE peptide SNAP-labeling occurred across these
conditions, except for in the lane labeled *, indicating co-treatment of 20 yM EEKE during
cell lysis (positive control). Additional anti-GAPDH and anti-FLAG control blotting confirms
consistent loading, lysis, and collection of sample, as well as an EEKE-labeling induced
mass shift of SNAP detected by anti-FLAG blotting.
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We then screened a panel of acetylated stapled peptide inhibitors in this assay to
assess their potential for membrane disruption, in some cases testing with or without the
presence of 10% fetal bovine serum (FBS) in culture media. SAHM1 only displayed minor
evidence of membrane disruption at the high concentration of 100 yuM when no FBS was
present (Figure 5.9 A,B). StAx35R, on the other hand, displayed minor membrane
disruption at higher concentration in FBS-containing media, which was exacerbated in
media that did not contain FBS (Figure 5.9 A,B). We also screened stapled peptide
RAB25 inhibitors RFP24 and RFP26, notable for having identical sequences, except for
a conservative Phe (RFP24) to norleucine (RFP26) mutation (Table 5.1). Intriguingly,
RFP24 only displayed minor membrane disruption at 100 M, whereas RFP26 displayed
increasing membrane disruption across tested doses (Figure 5.9 A,B). To counter-
screen and confirm the validity of the assay’s results, we subjected the same panel of
peptides to the LDH assay, with 100 yM treatment in the presence of 10% FBS (Figure
5.9 C). The results from this comparison were largely in agreement for SAHM1 and
StAx35R, however RFP24 and RFP26 both displayed much higher levels of membrane
disruption as assessed by LDH assay. These latter differences may be due to subtle
variation in treatment and assay conditions (e.g. the 96 well format of the LDH assay, or
due to co-treatment with EEKE peptide). Alternatively, they may reflect signal
amplification due to the enzymatic nature of the endpoint LDH assay readout, or the fact
that EEKE-mediated signal only accumulates over the course of treatment as membrane
disruption gradually occurs. Regardless, these phenomena and comparative validations

necessitate further study.
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Taken together, these preliminary results validate the potential suitability of this
alternate format BG-SNAP system assay for assessing membrane disruption. Further,
these data emphasize the importance of careful selection of screening conditions, as well
as the highly context- and sequence-dependent nature of peptide probe effects, which

are often hard to predict, challenging to screen for, and largely poorly understood.
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Figure 5.9: Screening unlabeled peptides for membrane disruption with co-
treatment of EEKE peptide and comparison to LDH assay results.

(A) Representative fluorescent gels from co-treatment of HeLa+SNAP-FLAG cells with
10 M EEKE peptide across a dose range of unlabeled peptides for 2 hours. Membrane
disruption by SAHM1 and StAx35R was also assessed in media lacking fetal bovine
serum (FBS). * indicates co-treatment of 10 yM EEKE during cell lysis, to serve as a
positive control for internal normalization.
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Figure 5.9 (continued):
(B) Quantification of membrane disruption as measured by band fluorescence intensity
normalized to positive control lane *. (+) indicates 10% FBS, (-) indicates no FBS. Data
from 2 biological replicates, with 2 technical replicates from each. (C) LDH assay results
from corresponding conditions with 100 M peptide treatment, normalized to SDS-treated
positive control wells. 2 technical replicates each.
5.3 Discussion

Future work in developing the BG-SNAP cell penetration assay will take on several
different tracts. While it demonstrates increased utility over existing approaches, by
revealing both cytosolic localization of peptides and qualitative assessment of their

stability throughout cell uptake, additional design features must be considered. First, N-

terminal BG-functionalization, which was primarily chosen out of synthetic ease, will likely
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not be ideal for most peptide probes. Several different BG-functionalization locations will
likely be warranted to maximally report on the different degradation species formed during
cell uptake. In the case of SAHM1, for instance, conjugation of BG via the thiol-maleimide
strategy could occur at the naturally occurring Cys residue (mutated to Ser in these
experiments) that is bridged by the stapling groups (Table 5.1). This would allow for
capture and study of the central, presumably most stabilized region of the peptide probe,
which would likely retain the majority of its specific bioactivity. A more generalized
strategy, already explored for a variety of other applications [292], involves
functionalization of the stapling cross-link itself. This could be accomplished through using
different stabilization chemistries or alternatively functionalized amino acids for late-stage
incorporation of BG. Any of these alternative BG-functionalized probes would first need
to be tested by in vitro SNAP labeling, to ensure no steric effects would inhibit potential
readout.

As stated in the introduction of this chapter, further expansion of this assay’s utility
would involve coupling it with an MS-based readout. In this regime, following BG-peptide
treatment of cells and subsequent lysis, the FLAG-tagged SNAP protein would be
enriched by immunoprecipitation. Protein-labeled peptide identification could then be
accomplished by subjecting samples to analysis by MALDI readout. The single ionization
state of the analytes could then be readily used to unequivocally assign the identities of
the peptide degradation products that ultimately achieved cytosolic access. This would
present an incredibly powerful addition to the suite of tools used to study intracellularly

targeted peptide and protein probes, especially given the perhaps unsurprising finding
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that peptide probes, even when chemically stabilized, are still susceptible to proteolysis.
In preclinical studies of peptide and protein drug candidates, in vivo compound circulation
is typically assessed by measuring the presence of a radio-labeled version of the ligand,
which does not report on the presence or stability of the full length compound [134, 293].
As previously addressed, any degradation products that are formed during treatment
would likely have differential activities relative to their precursor.

The ability to determine and mitigate degradation of these probes is an emerging
goal in the study of synthetic biologics. Beyond stabilization by chemical cross-linking,
residues or sequences with high degrees of proteolytic liability have been replaced with
D-amino acids or residues with otherwise modified sidechains or backbones [152, 294,
295]. To most effectively design these optimal synthetic biologics, however, robust
analytical techniques that provide the most relevant and high-resolution data will need to
be adopted. We believe that the BG-SNAP covalent labeling system, described herein,
for measuring cell penetration of synthetic biologics and other cargos, offers an attractive
facile alternative to other approaches. Its ability to also screen for membrane disruption
using the same cell line and probe reagents can further aid in the triaging in early-stage

compound discovery and development.
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5.4 Tables

Compound Sequence
BG-TAT BG-C-B-GRKKRRQRRRPQ

BG-SAHM1 BG-C-B-ERLRRRI*LSR*HHST

BG-StAx35R BG-C-B-RRWPR* ILD*HVRRVWR
EEKE BG-C-B-EEKEKrrrc

Ac-SAHM1 Ac-ERLRRRI*LCR*HHST
Ac-StAx35R Ac-RRWPR* ILD*HVRRVWR

Ac-RFP24 Ac-RINFRLQN*IDR* IVRIFETNPSILRVK

Ac-RFP26 AcC-RINFRLQN*IDR* IVRIN ETNPSILRVK

Table 5.1: Compounds synthesized for BG-SNAP assay.
B, beta-alanine; *, Ss; NL, norleuecine; blue, relevant mutations.
5.5 Methods

Chemical synthesis of 4-(aminomethyl)benzyl guanine (7)

1 2 3

HO,C HO,C
Q TFAA ? o BHzeSMe, _ Ho/\(\‘
NH; __NHC(O)CF; LA _NHC(O)CF,4

4-[[(2,2,2-trifluoroacetyl)amino]methyl]benzoic acid (2).

Solid 4-(aminomethyl)benzoic acid (1) (15.1 g, 100 mmol) was dissolved in TFAA
(42 mL) cooled to 0 °C. Once dissolved, the ice bath was removed and the reaction was
allowed to stir at room temperature until starting material was consumed, ~2 hr. Upon
completion, the reaction was quenched with H20 (100 mL) and precipitate collected via
vacuum filtration. The product was dried under suction then collected to afford benzoic
acid (2) (24.0 g 97%) as a white solid. 1TH NMR (500 MHz, DMSO-d6) 6 7.93 (d, J = 8.3
Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 4.47 (d, J = 6.0 Hz, 2H). 13C NMR (125 MHz, DMSO-
d6) & 167.12, 156.58 (g, J = 36.3 Hz), 142.50, 129.89, 129.65, 127.44, 116.05 (q, J =

228.1 Hz), 42.41.
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2,2,2-trifluoro-N-[[4-(hydroxymethyl)phenyllmethyl]lacetamide (3).

Borane dimethylsulfide (13.8 mL, 145 mmol) was added dropwise to an anhydrous
THF (483 mL) solution of 4-[[(2,2,2-trifluoroacetyl)amino]methyl]benzoic acid (2) (11.9 g,
48.3 mmol) while maintaining an internal temperature of 0 °C. After complete addition the
ice bath was removed and the mixture was stirred at room temperature overnight. The
reaction was quenched with MeOH (100 mL) and stirred at room temperature for an
additional 1 hr. The volatiles were removed and the residue taken up in EtOAc. Impurities
were removed by successive washes with 1M NaOH, H20, and brine. The organics were
then dried over Na:SOs, filtered, and concentrated in vacuo. Subsequent column
chromatographic purification of the residue, eluting with 20:1 (CH2Cl2:MeOH), provided
amide product (3) (10.4 g, 92%) as a white solid. '"H NMR (500 MHz, CDCI3-d) & 7.35 (d,
J=8.2 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 4.67 (s, 1H), 4.50 (d, J = 5.8 Hz, 1H). 13C NMR
(125 MHz, CDCI3-d) & 157.32 (q, J = 36.7 Hz), 141.11, 135.33, 128.29, 127.67, 115.97

(q, J = 287.8 Hz), 64.90, 43.75.
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6-(1-methylpyrrolidin-1-ium-1-yl)-7H-purin-2-amine chloride (5).

Neat N-methylpyrollidine (4) (7.80 mL, 73.7 mmol) was added to an anhydrous
DMF (144 mL) solution of 6-chloro-7H-purin-2-amine (5.00 g, 29.5 mmol) and stirred at
40°C overnight. The resultant chloride salt (5) (5.45 g, 73%) was collected via vacuum

filtration, dried under suction, and used without further purification.

N-[[4-[(2-amino-7H-purin-6-yl)oxymethyl]phenyllmethyl]-2,2,2-trifluoroacetamide
(6).

An oven dried round-bottom flask containing 6-(1-methylpyrrolidin-1-ium-1-yl)-7H-
purin-  2-amine chloride (5) (6.90 g, 27.1 mmol), 2,2,2-trifluoro-N-[[4-
(hydroxymethyl)phenylmethyl] acetamide (3) (12.6 g, 54.2 mmol), potassium tert-
butoxide (12.2 g, 108 mmol), and 18-c-6 (1.07 g, 4.07 mmol) in 54 mL DMF was stirred
for 6 hrs at 50 °C. Upon completion the solvent was evaporated and the crude residue
absorbed to silica. Purification was achieved using column chromatography eluting with
a gradient of MeOH in CH2Cl2 (2-10 %) to give acetamide product (6) (8.94 g, 90%) as a

white solid.

6-[[4-(aminomethyl)phenyl]methoxy]-7H-purin-2-amine (7).
N-[[4-[(2-amino-7H-purin-6-yl)oxymethyl]phenyllmethyl]-2,2,2-trifluoroacetamide

(6) (2.59 g, 7.06 mmol) was added to a suspension of K2COs (4.84 g, 35.0 mmol) in 21

mL of MeOH:H20 (20:1) and stirred vigorously overnight at 50°C. Upon consumption of

the starting material the mixture was filtered through a pad of celite, washing with MeOH.
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The filtrate was concentrated in vacuo and the residue taken up in 10 mL H20. While
cooling, the pH was adjusted to ~7 with HCI. The resultant precipitate was isolated via
suction filtration and washed with cold water to yield amine product (7) (1.77 g, 93%) as
a white solid. 13C NMR (12d MHz, DMSO-d6) & 159.65, 157.73, 143.72, 140.45, 135.00,

134.67, 128.47, 127.14, 126.98, 66.66, 45.27.
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maleimidobutyryl-[4-(aminomethyl)phenyllmethoxy]-7H-purin-2-amine (8)
(BG-maleimide).

6-[[4-(aminomethyl)phenyllmethoxy]-7H-purin-2-amine (7) (50 mg, 185 ymol) was
dissolved in 2 mL DMF and DIPEA (65 pL, 370 wpmol). N-y-maleimidobutyryl-
oxysuccinimide ester (56 mg, 200 ymol) was added to solution and it was stirred at room
temperature for 2 hours until consumption of starting material. The crude reaction mixture

was diluted in MeOH and purified by HPLC.

Stapled peptide synthesis and purification.
Unmodified and hydrocarbon stapled peptides were synthesized by Fmoc-based

solid phase peptide synthesis and purified by reverse-phase HPLC with a C18 column
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(Agilent, Palo Alto, CA) as previously reported [138]. In the case of the EEKE peptide,
prior to cleavage and purification, the lysine(Mmt) was deprotected and acylated with 5
eq FITC and 10 eq DIPEA in DMF, in the dark overnight. Peptides were analyzed by LC-
MS using a C18 reverse-phase column (Phenomenex, 5.0x50mm, pore size 110A,
particle size 5um); Buffer A (5/95/0.1% ACN/H20/TFA) and Buffer B (95:5:0.1%
ACN/H20/TFA); and a 20 min method with the following gradient (flow rate 0.5 mL/min):
0% buffer B over 3 min, 0—65% buffer B over 15min, 65—-100% buffer B over 1 min; 100—
0% buffer B over 1 min. Purified peptides were lyophilized, quantified by Azso, dissolved
in DMSO as 10mM stocks and stored at —20°C; free thiol containing peptides were
similarly quantified where appropriate, lyophilized, and stored at -20 °C for less 5 days

prior to conjugation reactions.

BG-peptide conjugation reaction.

1.2 equiv BG-maleimide (8) was dissolved in 25% ACN/phosphate buffer, pH 7.4
and then added to 1 equiv lyophilized thiol-containing peptide. Reaction solution pH was
checked and adjusted to 7.4 if necessary. The reaction was rotated at room temperature
for 2 hours, diluted in 50% ACN/H20, and purified by reverse-phase HPLC. Purified BG-
peptides were lyophilized, quantified by Azso, dissolved in DMSO as 10mM stocks and

stored at -20 °C.
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Cell penetration and membrane stability assay.

HelLa+SNAP-FLAG cells were plated in a 24 well plate at 10%/well in 500 yL RPMI and
grown overnight (12-20 hours). BG-peptide (or unlabeled peptide and EEKE peptide)
DMSO stocks were diluted to the appropriate concentration in media. Media was aspirate
from wells and peptide treatment media was added. The plate was incubated at 37°C for
the indicated time(s). At the end of treatment, media was aspirated and cells were
carefully washed with ice-cold PBS. In-well lysis was then performed, covered, on ice, for
20-30 min. Lysis buffer: 75 pyL RIPA buffer, with fresh protease inhibitors cocktail added,
20 uM BG-FITC (where appropriate). A no-BG-FITC negative control and BG-
peptide/EEKE peptide positive control were included (where appropriate). Following lysis,
lysates were carefully pipetted up-and-down 3-5x to homogenize sample. Gel loading
samples were prepared by adding 4x loading buffer and then subjected to standard SDS-

PAGE and western blotting procedures.

Conditioned-media peptide stability assay.

Conditioned media was collected from HelLa cells grown for at least 24 hours. A DMSO
stock of StAx35R peptide was diluted to 100 yM in the conditioned media and incubated
at 37°C. Aliquots taken at different time points during the incubation were stored at -20°C
then thawed on ice at the end of the experiment. Following this, protein and other media
content were then precipitated with ice-cold acetonitrile (ACN) and then pelleted out of

solution. The supernatant was then collected and lyophilized. Lyophilized samples were
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dissolved in 10% ACN/H20/0.1% TFA and prepared for liquid chromatography-mass

spectrometry (LC-MS) analysis as described above.
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