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ABSTRACT

The mammalian transglutaminases (TGases) are a family of eight active and one
catalytically inactive calcium dependent enzymes, primarily responsible for crosslinking proteins.
Two isozymes within this family with strong therapeutic interest in humans are transglutaminase
2 (TG2) and factor XIII (FXII). TG2, or tissue transglutaminase, is a multifunctional enzyme
ubiquitously expressed and capable of traditional transamidation activity as well as G-protein
activity. TG2 is also present both in intracellular and extracellular localizations resulting it being
implicated in numerous physiological diseases including Celiac disease, fibrosis, and cancer.
Plasma soluble FXIII is a key regulator in the blood coagulation cascade responsible for
crosslinking fibrin to form a rigid, insoluble, clot network and is thus associated with hemophilia
when activity is low, or venous thrombosis if overactive. Cellular localized FXIII has further been
implicated in the activity of macrophages, chondrocytes, and osteocytes.

The content of this thesis develops a broad range of tools to study these two critical
enzymes. In our study of FXIII we developed novel peptidic inhibitors and tailored the scaffold to
produce a highly reactive fluorescent probe. The probe, KM93, effectively labelled FXIlla in
cellulo and enabled fundamental localization studies of this enzyme in bone marrow macrophages.
Our work with TG2 developed isozyme selective inhibitors that specifically targeted extracellular
TG2, with the lead now referred to as NCEG2. We then further modified this scaffold to produce
a cell permeant fluorescent probe (aka NCEG-RHB), a propargylated inhibitor, and several active
site directed proteolysis targeting chimeras (PROTACS). Through the use of both cell impermeable
inhibitors as well as permeant versions we were able to conclude that intracellular TG2 is
responsible for the proliferation and migration of cancer cells. The final tool disclosed within this

thesis is a novel fluorogenic activity assay substrate, APH7, which is the highest affinity synthetic
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TG2 substrate published to date. APH7 aided in us uncovering an unreported enzymatic hysteresis
with TG2’s catalytic activity, while also being an extremely reliable, sensitive, and reactive
synthetic activity substrate. All of the tools presented within this thesis have already been applied
to fundamental studies of TGases and are continuing to aid the field in their respective TGase

investigations.
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Chapter 1: Introduction

1.1. Enzymes

Enzymes are proteins that play an enormous and important role in biological systems.
These proteins catalyze chemical reactions in vivo without being consumed by accelerating the
rate of reaction in their active site by increasing the chemical reactivity, stabilizing the transition
state, decreasing the distance between two potential substrates, and diminishing the required
activation energy. For a simple chemical reaction that could take months, years, or millennia to
occur naturally, enzymes can facilitate the reaction with extremely high substrate specificity and
perform a stereoselective reaction in a fraction of a second, making them essential for life.!
Enzymes can catalyze various reactions. Kinases catalyze phosphorylation, oxidases induce
oxidations, hydrolases facilitate hydrolysis, and covalent bond formation is catalyzed by enzymes
like transglutaminases. Without the reaction catalysis of enzymes, every imaginable physiological
process may never occur due to the extensive amount of time needed to elicit each chemical
reaction. Even if the time barrier was removed, the correct stereochemical product may still never
be generated because without an enzyme it could be energetically unfavourable. Understanding
the full role of these proteins has become an immense field of research as the ability to control and

fine tune biological systems relies upon these proteins.

1.2. Small Molecule Tools

Small molecules have become one of the more desirable tools to study enzymatic function
and location, and then subsequently developed into targeted therapeutics.>* These molecules, due

to their minimal molecular weight of typically less than 900 Da, can be easily tailored for
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permeability, polarity, affinity, and reactivity in a straightforward synthetic approach with distinct
functional groups. Apart from peptidomimetic and peptidic molecules, small molecules offer a
unique opportunity to avoid the host’s native proteasome and increase the half-life of potential
drugs, or probes in vivo. The majority of current therapeutics prescribed by physicians are small
molecules that have been designed to exert a profound physiological effect.> The application of
small molecules can even be seen in pharmaceutical drugs relevant to thrombosis and hemophilia
such as warfarin, rivaroxaban, and aminocaproic acid (Figure 1.1). Each of these small molecules
is a designed therapeutic that has proven to be extremely useful and potent in treating either
thrombosis with an anticoagulant like warfarin or rivaroxaban, or hemophilia by using an
antifibrinolytic agent like aminocaproic acid.
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Figure 1.1. Chemical structure of small molecule therapeutics warfarin, rivaroxaban, and aminocaproic acid

used in the treatment of thrombosis and hemophilia.



The ability to transform these molecules into high affinity probes and inhibitors by fine
tuning their binding characteristics exemplifies their great role in understanding biological systems
and cascades.® Instead of relying on the whole native substrate for a specific binding site, using
structure activity relationship (SAR) and docking studies, small molecules can dispense with all
of the unnecessary functional groups and bulk from the substrate to dramatically increase affinity
and interact only with the protein’s required binding residues, thereby forming a tight interaction.
This process can yield synthetic molecules that are bound even more tightly to the protein than the
native substrate. Incorporating cargo onto these scaffolds can further increase the scope of
application for these tools from simple inhibitors to fluorescent probes, chemical labels, or
localization specific inhibitors. These binding characteristics and modularity are the reason many
chemists attempt to centre their medicinal chemistry and biochemistry research projects around

these small molecule scaffolds to study specific proteins or enzymes of interest.

1.3.  Transglutaminases

Transglutaminases (TGases) are a family of nine calcium dependent isozymes with the
primary function of performing post-translational protein modifications. These enzymes crosslink
specific protein substrates by introduction of an N*(y-glutaminyl)lysine linking bond (Figure 1.2).
Designated TG1 through TG7, Factor XIlII, and erythrocyte membrane protein band 4.2; the role
of these enzymes plays a part in numerous biological functions such as cell signalling, cell
structure, and extracellular matrix structure.”® Their physiological roles have also elucidated their
promising properties as important anticancer, thrombosis, and fibrosis therapeutic targets.'®* One
defining sequence that allows eight of these enzymes (TG1-TG7, FXIII) to be grouped together is

the five conserved Gly-GIn-Cys-Trp-Val residues surrounding the catalytic cysteine.



Transglutaminases go through a cysteine dependent transamidation by utilizing the conserved
catalytic triad in their active site consisting of cysteine, histidine, and aspartate residues. These
enzymes can also perform two other biologically relevant tasks; hydrolysis of glutamines or an
isopeptidase activity to cleave peptide bonds following the opposite direction in the transamidation

scheme (Figure 1.3).
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Figure 1.2. Transglutaminase dependent formation of Ne(y-glutaminyl)lysine bonds between two peptide

substrates. Figure adapted from Keillor et al. Bioorganic Chemistry (2014).15
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Figure 1.3. General catalytic cycle of transglutaminases exhibiting the transamidation, hydrolysis, and

isopeptidase activities. Figure adapted from Keillor et al. Bioorganic Chemistry (2014).%°

1.3.1. Keratinocyte Transglutaminase (TG1)

Transglutaminase 1, or keratinocyte transglutaminase, is a TGase that is predominantly
found in keratinocytes and is responsible for generating the cell’s cornified envelope in the
epidermis.'® Although the crystal structure of TG1 has not been solved to date, TG1 is a 90-kDa
enzyme that is tethered to the plasma membrane and crosslinks multiple substrates just inside the
plasma membrane of the keratinocyte to form the cornified envelope.® Uncontrolled TG1 activity
is associated with lamellar ichytosis, a disorder that affects the cornification of hair and the

epidermis.’



1.3.2. Tissue Transglutaminase (TG2)

dramatic
conformational
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Closed conformation

GTP 1
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Figure 1.4. Structural representation of TG2's mutually exclusive conformations. A) Closed conformation
with GTP binding site (magenta) exposed and substrate binding site disrupted (blue). B) Open conformation
with substrate binding site (blue) formed and GTP binding site (magenta) fractured. C) Closed conformation
stabilized with GTP (green) binding (PDB: 4PYG). D) Open conformation stabilized by irreversible inhibitor

(cyan) binding (PDB: 2Q3Z). Figure adapted from McNeil et al. European Journal of Medicinal Chemistry

(2022).18
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Tissue Transglutaminase, or TG2, is a 78-kDa TGase that is one of the broadest functioning
and promiscuous TGases known. TG2, as can be inferred from its name, is found throughout
tissues in mammals. TG2 has two main biologically relevant activities, the first being the normal
transamidation activity and the second being a G-protein function important in cell signalling.*®
These two activities, however, act in a completely independent and discrete manner and are
regulated by the environment surrounding the enzyme, mainly the Ca?* concentration. To facilitate
transamidation activity, TG2 adopts an open conformation in which the GTP binding site is
abolished by dispersal of the residues that form it, whereas during G-protein activity, the enzyme
adopts a closed conformation in which the catalytic active site tunnel is occluded and inaccessible
(Figure 1.4). Being one of the best studied TGases, TG2 has been hypothesized to play roles in
numerous pathological disorders such as cancer, tissue scarring, and even neuron survival.?%-2?
Human TG2 is one of the main enzymes of interest in this thesis and will be disused in greater

detail in Chapter 1.4.

1.3.3. Epidermal Transglutaminase (TG3)

Similar to TG1, epidermal transglutaminase is also associated with the epidermis. This
TGase is found in the cytosol of keratinocytes in the superficial layers of the epidermis. The main
difference between TG3 and TG1 is that TG3 requires proteolytic cleavage to become active.?
TG3 is expressed as a zymogen and not until cleavage by a protease does it become active in 50-
kDa and associated 27-kDa fragments referred to as TG3a. TG3a will then crosslink its typical
substrates in the keratinocyte, which consist of the intermediate filaments of keratin and
trichohyalin.82* As with TG2, it is hypothesized that TG3 undergoes a distinct GTPase function

or crosslinking depending on the concentration of Ca?* and GTP. It is also of interest that upon



binding of Mg?* in place of one Ca®" ion, the active site channel is closed and inhibits the
crosslinking activity.?®% TG3 activity is required for proper hair development and unregulated
activity can contribute to hair thinning or non-celiac disease gluten sensitivity, dermatitis

herpetiformis.26:2

1.3.4. Prostate Transglutaminase (TG4)

Transglutaminase 4, or prostate transglutaminase, is a 77-kDa TGase that was discovered
by analysis of the human prostate cDNA in the 1990s.28 The full role and substrates scope of TG4
remains to be uncovered; however, some evidence does suggest a link between TG4 activity and
an aggressive form of prostate cancer. TG4 is suggested to enhance the epithelial-mesenchymal
transition of prostate cancer cells and aid in the progression of the disease.'?3! As new
discoveries are made regarding this TGase’s full biological behaviour, TG4 may be identified as a

highly promising anti-prostate cancer therapeutic target.

1.3.5. Transglutaminase 5 (TG5)

Transglutaminase 5 is one of the lesser known TGases. Research is lacking in terms of its
full physiological role; however, it is known to be associated with the epidermis like TG1 and
TG3. The known protein substrates for TG5 are loricrin, involucrin, and SP3, which can all be
found in the epidermis and aid in skin integrity.® TG5’s pathological role in humans has been
hypothesized to have a role in epidermal cell-cell adhesion. This is due to the finding that

inactivation of TG5 by genetic mutation results in acral peeling skin syndrome.3?



1.3.6. Transglutaminase 6 (TG6)

Transglutaminase 6 is also one of the more recently discovered TGases with the gene
cluster first being identified in 20013 and the primary location and identity of the TGase uncovered
in 2013.%* Like TG2, TG6 can be regulated by Ca?* and GTP suggesting that it may as also have
dual activities as a protein post-translational modifier and as a cell signalling protein. Since the
discovery, TG6 has been primarily found in the testes and the central nervous system. Some studies
have suggested that TG6 has a function in nervous system development and also motor function,®*

but much remains to be understood regarding this TGase.

1.3.7. Transglutaminase 7 (TG7)

Transglutaminase 7 is one of the least studied TGases at this time. Research is especially
lacking in terms of TG7’s full physiological role and function. TG7 was first hypothesized by the
discovery of sequence homology to other TGase members, but the main location, structure, and
physiological substrates of the enzyme remain to be uncovered. Some evidence has suggested
higher expression of TG7 in the testes, lungs, and brain, but ubiquitous expression has also been
observed in some cases.2*® To date there has been no association between TG7 and any known

physiological disorders.

1.3.8. Factor X111 (FXIII)

Factor XIII, also referred to as plasma transglutaminase due to its role in the blood
coagulation cascade, is one of the TGases currently under extensive investigation as its broad
physiological role is progressively uncovered. FXIII exists as both a cellular form and as a plasma
form, with the cytosolic form being found throughout the body especially in astrocytes, platelets,

chondrocytes, placenta, dermal dendritic cells, synovial fluid, macrophages, and osteocytes.® The
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plasma FXIII is a heterotetrametric TGase consisting of two catalytic A subunits and two carrier
B subunits. As seen with TG3, FXIII typically requires proteolytic cleavage by thrombin of an
activation peptide on the A subunit and Ca?* to become fully active. The platelet form of FXIII is
smaller in size due to its lack of the carrier B subunits; however, activation is still achieved by
thrombin mediated cleavage and Ca?*. Plasma FXIII’s main physiological function is to act as the
last step in the blood coagulation cascade and crosslink fibrin D regions and attach antiplasmin
proteins to form a rigid clot network. Cellular FXIII is hypothesized to aid in chondrocyte
differentiation, platelet function, and bone growth.% Given that human FXI11 is one of the enzymes

of interest featured in this thesis, it will be discussed in greater detail in Chapter 1.5.

1.3.9. Erythrocyte Membrane Protein Band 4.2 (Band 4.2)

Erythrocyte Membrane Protein Band 4.2 (Band 4.2) is the most unique TGase in the
isozyme family. Band 4.2 does have structural homology to the rest of the TGase family, which
led to it being grouped into the TGase family; however, it lacks the key catalytic cysteine residue
in the active site. Band 4.2, therefore, does not show any known catalytic TGase function due to
the mutation of the cysteine with an alanine. Furthermore, the catalytic triad necessary for TGase
activity (His-Cys-Asp) is missing.®” Looking back at the TGase defining sequence (Gly-GIn-Cys-
Trp-Val), band 4.2 has four of the five conserved residues, and 27% similarity in a 639-amino acid
overlap of the sequence of the FXIII A subunit.® This enzyme is primarily found in the red blood
cell membrane cytoskeleton and although it lacks classic TGase activity, the protein does play a
key role in membrane integrity, and cell signalling. Band 4.2 deficiency has been shown to have

pathological relevance as it results irregular red blood cell shape, or spherocytosis.*
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1.4. Human Transglutaminase 2

Human tissue transglutaminase (hTG2) is one of the most well studied and understood
enzymes in the transglutaminase family. Since the initial discovery of the TGase enzyme in the
1950s, research on hTG2 began overtaking investigation of the rest of the TGases in the 1980s and
TG2 has become one of the most targeted enzymes for study and therapeutic intervention.*® As a
78-kDa enzyme, hTG2 is the most ubiquitously expressed and widely distributed TGase in the
human body. It is also the transglutaminase predominantly studied by the Keillor Research Group,
who have developed potent and selective irreversible inhibitors, probes, and activity assays for
hTG2. As mentioned in earlier sections, select TGases have the classical crosslinking function, as
well as a guanosine nucleotide binding role — TG2, TG3, TG5, and TG6 are all hypothesized to
act as guanosine nucleotide binding proteins,*** which may allow them to act as a unique G-
protein in cells. hTG2 is also the only of these guanosine nucleotide binding TGases that has been
crystallized in two conformations; one open transamidation conformation®® and one closed
guanosine nucleotide binding conformation.*!

The structure of hTG2 also sets it apart from the rest of the TGases. hTG2 is composed of
four distinct domains: An N-terminal B-sandwich, an o/B-catalytic core, and two C-terminal (-
barrels. As the name suggest, the catalytic core contains the catalytic triad and active site tunnel
responsible for the TGase crosslinking activity. As aforementioned, hTG2 also has a separate
activity from the crosslinking activity which is as a GTPase. The guanosine nucleotide binding
function of transglutaminases was initially discovered using guinea pig liver transglutaminase in
the 1980s.%6 The GTP binding site of hTG2 has been mapped on to the first of the B-barrels located
proximally to the catalytical core.*’ It has also been shown that mutation of an arginine residue in

the binding site abolishes guanosine nucleotide binding, and actually promotes the crosslinking
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activity.*® A crystal structure of the GTP bound state was also obtained in 2014.** hTG2 has six
Ca?" ion binding sites all located on its core domain and it has been shown that using site directed
mutagenesis the transamidation activity is abolished — highlighting the Ca?* requirement for
crosslinking activity.*” The binding of Ca?* is a low enthalpy event indicating that this provides
the stabilization necessary to maintain the active site of the catalytic core.®

Activation of hTG2 is controlled allosterically and is intuitively correlated to which distinct
function the TGase will display. One of the defining characteristics of hTG2 that separates it from
the other TGases is the great hinge-like conformational change depending on hTG2’s activity. In
low calcium concentrations as commonly found in intracellular conditions, the calcium binding
sites on hTG2 will remain vacant shifting the enzyme’s dynamic equilibrium toward the closed,
GTP binding conformation (Figure 1.4). However, upon exposure to calcium, such as in the
extracellular environment, hTG2 can preferentially adopt an open conformation. The open
conformation can also be regulated through the redox state of two vicinal cysteines.*® The two C-
terminal B-barrel domains will be forced away from the enzymatic core and open the active site
tunnel, thereby allowing the transamidation function to commence. The allosteric regulation of
this enzyme allows it to generally be thought of as intracellular hnTG2 operating as a G-protein cell
signalling protein, whereas the extracellular hTG2 will perform the classical TGase functions of
hydrolysis of glutamines, transamidation, and isopeptidic cleavage; although it is important to note

that these two localizations do not rigidly define hTG2’s activity or conformation.
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Figure 1.5. Cartoon representation of the two conformations of hTG2 which are regulated allosterically by
Ca?* or GTP. The N-terminal B-sandwich in blue, catalytic core in green, p-barrell in red, and C-terminal p-

barrel2 in yellow.

1.4.1. Human Transglutaminase 2: Physiological Roles

Having two different physiological functions in vivo, the physiological roles and
prevalence of hTG2 in disease states continue to be discovered each year. They can be grouped
into two categories, the first being the intracellular signal transduction G-protein roles, and the
second based on the crosslinking role as seen in the extracellular matrix. In early hTG2 research,
it was believed that most of the pathologies associated with hTG2 were relating to its
transamidation and hydrolysis, or deamidation, activity; however, as hTG2 research continues to
expand, more and more studies have uncovered pathologies relating to the G-protein and cell
signalling activities as well. hTG2 has been implicated in a number of disease states including

cancer, celiac disease, fibrosis, and neurodegenerative diseases.*
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1.4.2. Human Transglutaminase 2: Substrates, Probes, and Inhibitors

Some of the early work into TGases was to uncover potential substrates and inhibitors
targeting these crosslinking enzymes. Due to its ubiquitous expression and various localizations,
hTG2’s glutamine and lysine bearing substrate scope is enormous. Among the many substrates,
probes, and inhibitors of hTG2, those that are most relevant to this thesis are those designed by
Keillor and Zedira GmbH. Keillor’s early work focused on optimizing the purification and
expression of hTG2 and elucidating the catalytic mechanism of guinea pig liver transglutaminase.
Keillor’s research has since progressed into probes, assays, and medicinal chemistry projects for
hTGZ.51_56

Various peptidomimetic, synthetic, and targeted antibodies have been developed for
hTG2.> In terms of small molecule synthetic inhibitors, reversible and irreversible inhibitors have
also been uncovered to have a great amount of specificity and in terms of the irreversible inhibitors,
reactivity. These inhibitors have extremely diverse scaffolds with a reactive warhead positioned to
be proximal to the catalytic cysteine residue. Common warheads attached to targeted irreversible
inhibitors are epoxides,®® 6-diazo-5-oxo-norleucine (DON),>® acrylamides,®® chloromethyl
ketones,* and various a,B-unsaturated carbonyls®? all with the goal to synthetically mimic either
the natural lysine or glutamine residues.®” A noteworthy inhibitor, ZED1227, developed by Zedira
GmbH, has progressed into Phase I1b clinical trials for celiac disease as well as liver fibrosis.%6
The Griffin, Léser, and CHDI groups have also published potent inhibitors of hTG2, either focused
entirely on a small molecule scaffold or on a more peptidomimetic approach akin to Keillor’s
current work.®2-%8 Recent efforts by Keillor has uncovered three distinct and interesting scaffolds
(Figure 1.6). NM72 was designed through the desire to increase the overall PK profile and become

more drug-like, compared to the previous lead AA9, while not sacrificing affinity.'® JA38 a spaced
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version of AA9 revealed a dramatic increase in potency versus TG2, but the increased efficacy
failed to correlated in vivo.®® Finally, a SAR focused solely on the warhead residue in 2022 built
off work conducted by both Griffin®2 and Keillor’, and uncovered a substantial increase in Kinact/Ki,

with LM-7j, but sacrificed isozyme selectivity.”
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Figure 1.6. Scaffolds of new era Keillor hTG2 targeted irreversible inhibitors with associated inhibitor

efficiency values.'86°71

Much effort has gone into developing assays for hTG2, but those of most relevance to this
thesis are the AL5 colorimetric Keillor assay (Figure 1.7) and the fluorogenic A101 isopeptidase

pan-TGase assay produced by Zedira GmbH, which will be described in greater detail in Chapter
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1.5.2. The AL5 colorimetric assay is based upon a known substrate for hTG2, the Cbz-GIn-Gly
motif. Replacing the glutamine with a p-nitrophenyl y-substituted glutamic acid, created N-Cbz-
L-Glu(y-p-nitrophenyl ester)Gly. This substrate enabled a TGase hydrolysis activity assay,
initially designed for guinea pig liver transglutaminase but also functional with hTG2, with a
recorded Ky = 47.2 + 4.7 uM.%>% In the Keillor Research Group the typical transamidation
inhibition assay conditions provide a Km of approximately 10 uM with negligible background
hydrolysis at pH 6.9.% A more in-depth discussion of the lack of tools as well as the current
standard for hTG2 probes, substrates, and inhibitors will be described in Chapters 3, 4, and 5 of

this thesis.

@T¢LW \_ Clo it 5 ‘
OZNQ;\LO \ 81 hTG2

Abs @405 nm

Figure 1.7. A representation of the hydrolysis activity assay substrate N-Cbz-L-Glu(y-p-nitrophenyl ester)Gly
(ALD5) reacting with hTG2, which leads to the release of p-nitrophenol and can be observed by a

spectrophotometer at 405 nm.

1.5. Human Factor X111

FXIII was the first TGase studied and is the subject of intensive investigation as the

mediator of the last step in the blood coagulation cascade, wherein it cross-links fibrin proteins to

16



form a rigid clot; however, it has also been implicated in extracellular matrix modelling,
chondrocyte differentiation, and thrombosis.*® The enzyme can be found in two distinct forms, a
plasma heterodimer isoform and a cellular homodimer isoform. The plasma FXIII consists of two
catalytic A subunits and two carrier B subunits. For full activation of the enzyme, the activation
peptides need to be cleaved from the two FXIII-A subunits, whose calcium binding sites must be
saturated to allow for dissociation from the carrier B subunits. FXIII has 3 calcium binding sites
on each A subunit and the first site seems to play an antagonistic role in full activation, but aid in
dissociation.”>"® Although in general, thrombin is required to cleave the activation peptide and low
calcium concentrations are required to dissociate the B subunits, activation has also been seen in

a variety of circumstances (Figure 1.8).

(é:?) G TREat ¢ 2

Full Activation

FXIIl-AzB, FXII-A2’B2 FXI-Az* FXIII-B,
(FXIlla)

Figure 1.8. Cartoon representation of two step FXIII activation.

1.5.1. Human FEXII1I: Physiological Roles

Given FXIII’s primary localization being in the blood, the physiological roles with which
it is commonly associated comprise primarily of circulatory regulation and disorders. Overactivity
of FXIIII can lead to venous thrombosis while low activity or decreased presence of FXIII can
contribute towards hemophilia. Furthermore, FXIII’s plasma soluble functions are attributed to
promote clotting, angiogenesis, and wound healing. The intracellular form of FXIII is commonly

implicated in osteoblast, macrophage, and monocyte activity. To again highlight the necessity of
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designing specific TGase tools, TG2 is implicated to play a role in the stability and repair of
vasculature in mice, whereas FXIlla is hypothesized to play a role in preventing leakage from the

vasculature.”™

1.5.2. Human EXIII: Substrates, Probes, and Inhibitors

The current field of FXIII research has uncovered some specific FXIII substrates, probes,
and inhibitors. The Hitomi peptides were based on a phage-display screen and allowed the
discovery of various FXIII specific substrate peptides.” The optimal recognition sequence is
named FK11 and this peptide has since been developed into FXIII probes. In the Keillor group, a
truncated version of FK11 was observed to also exhibit FXIII substrate selectivity over TG2.
Bearing a DQMMMAF sequence, this peptide mimics the negatively charged N-terminus at
physiological pH and hydrophobic C-terminus.”® The most noteworthy and current industry
standard FXI111 substrate is A101 (Figure 1.9).”""® This assay substrate is composed of a fluorescent
anthranilic acid residue which is intramolecularly quenched by a dinitroaniline when not exposed
to TGase activity. Upon isopeptidic cleavage of the glutamine-cadaverine bond, the quencher is
released, and the assay reporter fluoresces (ex/em 313/418 nm). Given that TGases are more
efficient transamidases than hydrolases, when an amine donor such as glycine methyl ester is
included in the assay buffer, the TGase can quickly turn over this substrate and maintain its
catalytic activity. A101 is classified as a pan-TGase substrate, but it is also the standard FXIII
activity assay substrate, with a reported Km of 9 uM for this isozyme. In vivo, however, the
substrate would be ineffective at monitoring specifically FXIII activity as the Ky with hTG1,
hTG2, hTG3, and hTG6 are 25 puM, 10 uM, 9 uM, and 20 uM respectively. This illustrates the

systemic isozyme selectivity obstacle in this field.
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Figure 1.9. Cleavage and mechanism of isopeptidase A101 TGase activity assay.
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Probes that are potent and selective for FXIII are few and far between. At this time there
are only two known probes capable of monitoring FXIII activity in vivo. Either incorporating a
Gd-chelating agent or a near-IR fluorophore, both probes are designed to mimic op-
antiplasmin.”®8 For such a vital enzyme in blood coagulation, the apparent lack in tools able to
label the active form of the enzyme is astonishing and reveals a broad oversight in the toolbox for
this isozyme.

There remains a significant lack in FXIII inhibitor research. First pioneered by Merck in
the 1990s due to the attractiveness of a potential late acting blood coagulation inhibitor, a series of
imidazolium small molecule inhibitors were designed.8! Unfortunately, Merck’s efforts reached a
standstill when their scaffolds lacked significant isozyme selectivity. In 2013, Zedira GmbH
embarked on a research program which was able to produce effective peptidomimetic inhibitors
of FXIII, including ZED1301, which mimics the Hitomi peptides but incorporates a Michael
acceptor warhead in place of the glutamine residue.®? Zedira further optimized the scaffold to
produce ZED2360% and ZED3197%, which show increased affinity and more drug-like
characteristics. With ZED3197 progressing into in vivo rabbit models, it faced an insurmountable
hurdle in an extremely short half-life, requiring continuous infusion for a beneficial effect.®*
Further discussion of the inhibitors as well as the probes and substrates for FXII1 will be detailed

in Chapter 2 of this thesis.

1.6. Enzyme Inhibition

Inhibition is one of the most classic routes to develop therapeutics and research tools for
studying the activity of enzymes. By abolishing an enzyme’s activity, conclusions can be drawn

about said enzyme’s roles and impacts from both a fundamental and broader perspective. Common
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methods of inhibition include both reversible and irreversible agents, which can either allow the
enzyme to regain its catalytic activity or can completely abolish it. These compounds will either
be directed towards the active site of the enzyme or an allosteric site which is also able to inhibit
the enzymatic activity, or specific protein-protein interactions. Early work focused on reversible
binders; however, in recent years, covalent inhibitors have made a dramatic surge in both the
literature and as approved therapeutics.®>8 As it is assumed that once inhibited, the enzyme will
eventually be degraded and resynthesized as the activity has been irreversibly inhibited, covalent

approaches are becoming more common and not as feared as they once were.

1.7.  Proteolysis Targeting Chimeras (PROTACS)
d - # PoI ) E3 L—
PROTAC (o Howe

Proteasome

Figure 1.10. General mechanism of proteasomal degradation of a protein of interest by PROTACS.

Proteolysis Targeting Chimaeras are heterobifunctional molecules designed to target a
protein of interest for natural proteasomal degradation by polyubiquitylation. Composed of both a
protein of interest (POI) ligand, a linker, and an E3 ligase ligand, PROTACs are able to promote
the formation of the heterotrimer complex (POI-PROTAC-E3Ligase).8” The field of E3 ligase
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ligands has emerged as a thriving field, conducting SARs on various ligands to identify high
affinity binders of these regulatory enzymes.®® The most common E3 ligases recruited by
PROTACs are cereblon (CRBN) and von Hippel-Lindau (VHL). CRBN can be recruited by
various versions of the thalidomide including the scaffold itself, pomalidomide, and lenalidomide.
VHL is typically recruited by a peptidic VHL ligand. Once the ternary complex is formed and the
POl is polyubiquitinated, it will be directed to the proteasome and degraded into fragments (Figure
1.10). In the case of reversible PROTACS, these molecules can dissociate and cause sequential
degradation of other target proteins, thereby acting in a sub-stoichiometric manner.2%°! Similar to
traditional inhibitors, PROTACSs can be gauged by multiple parameters to rank their effectiveness.
The concentration required to reach 50% of the degradation, akin to an 1Csg value, is termed DCsg
and the maximum level of degradation possible, as a percentage, is coined Dmax.%?> A rate of
degradation and protein recovery are two further characteristics important in the evaluation of
these molecules. Common hurdles PROTACs face are fast resynthesis rates of their targets,
thereby making a high Dmax and low DCsg values unachievable, low cellular permeability, and
decreased oral bioavailability.®® High dosing of PROTACs is also not desirable due to the
propensity observe the hook effect whereby the POI binding site and E3L binding site are saturated

with two individual molecules of PROTAC.
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Figure 1.11. Structure of two clinical candidate PROTACSs pioneered by Arvinas.

The conception of the PROTAC field was pioneered by both the Crews and Deshaies lab
in 2001.%* Initially gaining notoriety for their ability to drug what were considered undruggable
targets, and with a lower dosing profile, research in the PROTAC: field has primarily resulted in
a plethora of research tools; albeit a few noteworthy compounds have progressed into late-stage
clinical trials and large pharmaceutical companies have embarked on their own PROTAC research
programs.® Arvinas, a Connecticut, USA based biotech company is leading the charge in
development and optimization of PROTACs for therapeutic applications. Two of the lead
candidates ARV-110 (Bavdegalutamide) and ARV-471 (Vepdegestrant, in collaboration with
Pfizer) are currently in phase Il and phase Il clinical trials respectively for the treatment of

metastatic prostate and breast cancer (Figure 1.11). Regardless of their progress through the
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therapeutic pipeline, this methodology has been revolutionary as novel research tools that are able
to chemically knockout a protein without genetic alteration.®® For multifunctional proteins, these
compounds can abrogate all activities of the protein, whereas traditional small molecule inhibitors

may only be able to modulate one activity.

1.8. Thesis Overview and Goals

This thesis will be focused on designing, synthesizing, and evaluating chemical research
tools for the study of both Factor X111 and transglutaminase 2, with the goal to develop tools that
will aid in furthering the understanding of FXIIl and TG2 both in vitro and in vivo. The inhibitors
for FEXI11 will initially be based on known low potency TG2 inhibitors that also showed inhibition
of hFXIllla. The scaffold will then be altered in an SAR approach to fine tune the inhibition
parameters and develop the first small molecule FXI1I specific inhibitor as well as a fluorescent
probe to track the location and activity. In efforts to further advance our understanding of
transglutaminase 2, a high affinity activity substrate will be conceptualized from a previous lead
inhibitor. Finally, a recent SAR of a peptidic TG2 inhibitor revealed a tailorable site that launched
a chemical biology research program aimed at studying the overlapping and conflicting roles of
both intracellular and extracellular TG2. Given the broad diversity of cargo incorporated in said
chemical biology toolbox, while not sacrificing affinity, efforts were then directed towards
targeting TG2 for proteasomal degradation via a covalent PROTAC strategy.

The successful molecules synthesized and evaluated in this research study will be passed
along to collaborators to evaluate their potential as research tools in the study of both
transglutaminase 2 and Factor XIII. With most of these tools already having been applied to

preliminary studies within this thesis, the scope of their applications is very broad. Future work
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will continue to use these tools in biological settings to aid in our understanding of these

multifaceted, vital enzymes.

25



1.9.

(1)

()

(3)

(4)

()

(6)

Chapter 1 References

Robinson, P. K. Enzymes: Principles and Biotechnological Applications. Essays Biochem
2015, 59, 1-41. https://doi.org/10.1042/BSE0590001.

Zhang, J.; Yang, P. L.; Gray, N. S. Targeting Cancer with Small Molecule Kinase
Inhibitors. Nature Reviews Cancer. 2009, pp 28—39. https://doi.org/10.1038/nrc2559.
McKinsey, T. A.; Kass, D. A. Small-Molecule Therapies for Cardiac Hypertrophy:
Moving beneath the Cell Surface. Nature Reviews Drug Discovery. 2007, pp 617—635.
https://doi.org/10.1038/nrd2193.

Ekins, S.; Litterman, N.; Lipinski, C. Small Molecules with Antiviral Activity against the
Ebola Virus. F1000Research. 2015. https://doi.org/10.12688/f1000research.6120.1.
Gurevich, E. V.; Gurevich, V. V. Therapeutic Potential of Small Molecules and
Engineered Proteins. Handb Exp Pharmacol 2014, 219, 1-12. https://doi.org/10.1007/978-
3-642-41199-1 1.

Schreiber, S. L.; Kotz, J. D.; Li, M.; Aubé, J.; Austin, C. P.; Reed, J. C.; Rosen, H.; White,
E. L.; Sklar, L. A.; Lindsley, C. W.; Alexander, B. R.; Bittker, J. A.; Clemons, P. A.; De
Souza, A.; Foley, M. A.; Palmer, M.; Shamji, A. F.; Wawer, M. J.; McManus, O.; Wu,
M.; Zou, B.; Yu, H.; Golden, J. E.; Schoenen, F. J.; Simeonov, A.; Jadhav, A.; Jackson,
M. R.; Pinkerton, A. B.; Chung, T. D. Y.; Griffin, P. R.; Cravatt, B. F.; Hodder, P. S;
Roush, W. R.; Roberts, E.; Chung, D. H.; Jonsson, C. B.; Noah, J. W.; Severson, W. E.;
Ananthan, S.; Edwards, B.; Oprea, T. I.; Conn, P. J.; Hopkins, C. R.; Wood, M. R;

Stauffer, S. R.; Emmitte, K. A. Advancing Biological Understanding and Therapeutics

26



(7)

(8)

(9)

(10)

(11)

(12)

(13)

Discovery with Small-Molecule Probes. Cell. Cell Press 2015, pp 1252-1265.
https://doi.org/10.1016/j.cell.2015.05.023.

Nurminskaya, M. V.; Belkin, A. M. Cellular Functions of Tissue Transglutaminase. Int
Rev Cell Mol Biol 2012, 294, 1-97. https://doi.org/10.1016/B978-0-12-394305-7.00001-
X.

Eckert, R. L.; Kaartinen, M. T.; Nurminskaya, M.; Belkin, A. M.; Colak, G.; Johnson, G.
V. W.; Mehta, K. Transglutaminase Regulation of Cell Function. Physiol Rev 2014, 94
(2), 383-417. https://doi.org/10.1152/physrev.00019.2013.

Wang, Z.; Collighan, R. J.; Pytel, K.; Rathbone, D. L.; Li, X.; Griffin, M. Characterization
of Heparin-Binding Site of Tissue Transglutaminase: Its Importance in Cell Surface
Targeting, Matrix Deposition, and Cell Signaling. Journal of Biological Chemistry 2012,
287 (16), 13063-13083. https://doi.org/10.1074/jbc.M111.294819.

Sane, D. C.; Kontos, J. L.; Greenberg, C. S. Roles of Transglutaminases in Cardiac and
Vascular Diseases. Frontiers in Bioscience. NIH Public Access January 1, 2007, pp 2530—
2545, https://doi.org/10.2741/2253.

Jiang, W. G.; Ablin, R. J.; Kynaston, H. G.; Mason, M. D. The Prostate Transglutaminase
(TGase-4, TGaseP) Regulates the Interaction of Prostate Cancer and Vascular Endothelial
Cells, a Potential Role for the ROCK Pathway. Microvasc Res 2009, 77 (2), 150-157.
https://doi.org/10.1016/j.mvr.2008.09.010.

Huang, L.; Xu, A. M.; Liu, W. Transglutaminase 2 in Cancer. Am J Cancer Res 2015, 5
(9), 2756-2776.

Wang, Z.; Stuckey, D. J.; Murdoch, C. E.; Camelliti, P.; Lip, G. Y. H.; Griffin, M. Cardiac

Fibrosis Can Be Attenuated by Blocking the Activity of Transglutaminase 2 Using a
27



(14)

(15)

(16)

(17)

(18)

Selective Small-Molecule Inhibitor. Cell Death Dis 2018, 9 (6).
https://doi.org/10.1038/s41419-018-0573-2.

Johnson, T. S.; Fisher, M.; Haylor, J. L.; Hau, Z.; Skill, N. J.; Jones, R.; Saint, R.; Coultts,
I.; Vickers, M. E.; El Nahas, A. M.; Griffin, M. Transglutaminase Inhibition Reduces
Fibrosis and Preserves Function in Experimental Chronic Kidney Disease. Journal of the
American Society of Nephrology 2007, 18 (12), 3078-3088.
https://doi.org/10.1681/ASN.2006070690.

Keillor, J. W.; Clouthier, C. M.; Apperley, K. Y. P.; Akbar, A.; Mulani, A. Acyl Transfer
Mechanisms of Tissue Transglutaminase. Bioorg Chem 2014, 57, 186-197.
https://doi.org/10.1016/j.bioorg.2014.06.003.

Eckert, R. L.; Sturniolo, M. T.; Broome, A. M.; Ruse, M.; Rorke, E. A. Transglutaminase
Function in Epidermis. Journal of Investigative Dermatology. Blackwell Publishing Inc.
March 1, 2005, pp 481-492. https://doi.org/10.1111/].0022-202X.2005.23627 .X.
Hennies, H. C.; Raghunath, M.; Wiebe, V.; Vogel, M.; Velten, F.; Traupe, H.; Reis, A.
Genetic and Immunohistochemical Detection of Mutations Inactivating the Keratinocyte
Transglutaminase in Patients with Lamellar Ichthyosis. Hum Genet 1998, 102 (3), 314—
318. https://doi.org/10.1007/s004390050697.

McNeil, N. M. R.; Gates, E. W. J.; Firoozi, N.; Cundy, N. J.; Leccese, J.; Eisinga, S.;
Tyndall, J. D. A.; Adhikary, G.; Eckert, R. L.; Keillor, J. W. Structure-Activity
Relationships of N-Terminal Variants of Peptidomimetic Tissue Transglutaminase
Inhibitors. Eur J Med Chem 2022, 232, 114172.

https://doi.org/10.1016/j.ejmech.2022.114172.

28



(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Gundemir, S.; Colak, G.; Tucholski, J.; Johnson, G. V. W. Transglutaminase 2: A
Molecular Swiss Army Knife. Biochim Biophys Acta Mol Cell Res 2012, 1823 (2), 406—
419. https://doi.org/10.1016/j.bbamcr.2011.09.012.

Dolynchuk, K. N. Inhibition of Tissue Transglutaminase and € (y-Glutamyl) Lysine
Cross-Linking in Human Hypertrophic Scar. Wound Repair and Regeneration 1996, 4 (1),
16-20. https://doi.org/10.1046/].1524-475X.1996.40105.x.

Chhabra, A.; Verma, A.; Mehta, K. Tissue Transglutaminase Promotes or Suppresses
Tumors Depending on Cell Context. Anticancer Research. June 2009, pp 1909-19109.
Yunes-Medina, L.; Paciorkowski, A.; Nuzbrokh, Y.; Johnson, G. V. W. Depletion of
Transglutaminase 2 in Neurons Alters Expression of Extracellular Matrix and Signal
Transduction Genes and Compromises Cell Viability. Molecular and Cellular
Neuroscience 2018, 86, 72-80. https://doi.org/10.1016/j.mcn.2017.11.011.

Mehta, K.; Eckert, R. Transglutaminases: Family of Enzymes with Diverse Functions;
2005; Vol. 38. https://doi.org/10.1159/000084229.

Ahvazi, B.; Kim, H. C.; Kee, S. H.; Nemes, Z.; Steinert, P. M. Three-Dimensional
Structure of the Human Transglutaminase 3 Enzyme: Binding of Calcium lons Changes
Structure for Activation. EMBO Journal 2002, 21 (9), 2055-2067.
https://doi.org/10.1093/emboj/21.9.2055.

Kldock, C.; Khosla, C. Regulation of the Activities of the Mammalian Transglutaminase
Family of Enzymes. Protein Science. Wiley-Blackwell December 2012, pp 1781-1791.
https://doi.org/10.1002/pro.2162.

John, S.; Thiebach, L.; Frie, C.; Mokkapati, S.; Bechtel, M.; Nischt, R.; Rosser-Davies, S.;

Paulsson, M.; Smyth, N. Epidermal Transglutaminase (TGase 3) Is Required for Proper
29



(27)

(28)

(29)

(30)

(31)

(32)

Hair Development, but Not the Formation of the Epidermal Barrier. PLoS One 2012, 7
(4), e34252. https://doi.org/10.1371/journal.pone.0034252.

Sardy, M.; Karpati, S.; Merkl, B.; Paulsson, M.; Smyth, N. Epidermal Transglutaminase
(TGase 3) Is the Autoantigen of Dermatitis Herpetiformis. Journal of Experimental
Medicine 2002, 195 (6), 747-757. https://doi.org/10.1084/jem.20011299.

Savoca, M. P.; Inferrera, A.; Verderio, E. A. M.; Caccamo, D. Search for Novel
Diagnostic Biomarkers of Prostate Inflammation-Related Disorders: Role of
Transglutaminase Isoforms as Potential Candidates. Mediators of inflammation. Hindawi
Limited 2019, p 7894017. https://doi.org/10.1155/2019/7894017.

Ablin, R. J.; Owen, S.; Jiang, W. G. Prostate Transglutaminase (TGase-4) Induces
Epithelialto-Mesenchymal Transition in Prostate Cancer Cells. Anticancer Res 2017, 37
(2), 481-488. https://doi.org/10.21873/anticanres.11340.

Jiang, W. G.; Ablin, R. J. Prostate Transglutaminase: A Unique Transglutaminase and Its
Role in Prostate Cancer. Biomarkers in Medicine. Future Medicine Ltd. June 1, 2011, pp
285-291. https://doi.org/10.2217/bmm.11.36.

Jiang, W. G.; Ye, L.; Sanders, A. J.; Ruge, F.; Kynaston, H. G.; Ablin, R. J.; Mason, M.
D. Prostate Transglutaminase (TGase-4, TGaseP) Enhances the Adhesion of Prostate
Cancer Cells to Extracellular Matrix, the Potential Role of TGase-Core Domain. J Transl
Med 2013, 11 (1), 269. https://doi.org/10.1186/1479-5876-11-269.

Cassidy, A. J.; Van Steensel, M. A. M.; Steijlen, P. M.; Van Geel, M.; Van Der Velden, J.;
Morley, S. M.; Terrinoni, A.; Melino, G.; Candi, E.; McLean, W. H. I. A Homozygous

Missense Mutation in TGM5 Abolishes Epidermal Transglutaminase 5 Activity and

30



(33)

(34)

(35)

(36)

(37)

Causes Acral Peeling Skin Syndrome. Am J Hum Genet 2005, 77 (6), 909-917.
https://doi.org/10.1086/497707.

Grenard, P.; Bates, M. K.; Aeschlimann, D. Evolution of Transglutaminase Genes:
Identification of a Transglutaminase Gene Cluster on Human Chromosome 15q15:
Structure of the Gene Encoding Transglutaminase X and a Novel Gene Family Member,
Transglutaminase Z. Journal of Biological Chemistry 2001, 276 (35), 33066—33078.
https://doi.org/10.1074/jbc.M102553200.

Thomas, H.; Beck, K.; Adamczyk, M.; Aeschlimann, P.; Langley, M.; QOita, R. C.;
Thiebach, L.; Hils, M.; Aeschlimann, D. Transglutaminase 6: A Protein Associated with
Central Nervous System Development and Motor Function. Amino Acids 2013, 44 (1),
161-177. https://doi.org/10.1007/s00726-011-1091-z.

Lorand, L.; Graham, R. M. Transglutaminases: Crosslinking Enzymes with Pleiotropic
Functions. Nat Rev Mol Cell Biol 2003, 4 (2), 140-156. https://doi.org/10.1038/nrm1014.
Muszbek, L.; Bereczky, Z.; Bagoly, Z.; Koméaromi, I.; Katona, E. Factor XIII: A
Coagulation Factor with Multiple Plasmatic and Cellular Functions. Physiological
Reviews. 2011, pp 931-972. https://doi.org/10.1152/physrev.00016.2010.

Toye, A. M.; Ghosh, S.; Young, M. T.; Jones, G. K.; Sessions, R. B.; Ramaugé, M.;
Leclerc, P.; Basu, J.; Delaunay, J.; Tanner, M. J. A. Protein-4.2 Association with Band 3
(AE1, SLCA4) in Xenopus Oocytes: Effects of Three Natural Protein-4.2 Mutations
Associated with Hemolytic Anemia. Blood 2005, 105 (10), 4088-4095.

https://doi.org/10.1182/BLOOD-2004-05-1895.

31



(38)

(39)

(40)

(41)

(42)

(43)

(44)

Korsgren, C.; Lawler, J.; Lambert, S.; Speicher, D.; Cohen, C. M. Complete Amino Acid
Sequence and Homologies of Human Erythrocyte Membrane Protein Band 4.2. Proc Natl
Acad Sci U S A 1990, 87 (2), 613-617. https://doi.org/10.1073/pnas.87.2.613.

Ideguchi, H.; Nishimura, J.; Nawata, H.; Hamasaki, N. A Genetic Defect of Erythrocyte
Band 4.2 Protein Associated with Hereditary Spherocytosis. Br J Haematol 1990, 74 (3),
347-353. https://doi.org/10.1111/j.1365-2141.1990.tb02594.x.

Beninati, S.; Bergamini, C. M.; Piacentini, M. An Overview of the First 50 Years of
Transglutaminase Research. Amino Acids 2009, 36 (4), 591-598.
https://doi.org/10.1007/s00726-008-0211-x.

Jang, T. H.; Lee, D. S.; Choi, K.; Jeong, E. M.; Kim, I. G.; Kim, Y. W.; Chun, J. N.; Jeon,
J. H.; Park, H. H. Crystal Structure of Transglutaminase 2 with GTP Complex and Amino
Acid Sequence Evidence of Evolution of GTP Binding Site. PLoS One 2014, 9 (9),
e107005. https://doi.org/10.1371/journal.pone.0107005.

Ahvazi, B.; Boeshans, K. M.; Idler, W.; Baxa, U.; Steinert, P. M.; Rastinejad, F. Structural
Basis for the Coordinated Regulation of Transglutaminase 3 by Guanine Nucleotides and
Calcium/Magnesium. Journal of Biological Chemistry 2004, 279 (8), 7180-7192.
https://doi.org/10.1074/jbc.M312310200.

Candi, E.; Paradisi, A.; Terrinoni, A.; Pietroni, V.; Oddi, S.; Cadot, B.; Jogini, V.;
Meiyappan, M.; Clardy, J.; Finazzi-Agro, A.; Melino, G. Transglutaminase 5 Is Regulated
by Guanine—Adenine Nucleotides. Biochemical Journal 2004, 381 (1), 313-319.
https://doi.org/10.1042/BJ20031474.

Thomas, H.; Beck, K.; Adamczyk, M.; Aeschlimann, P.; Langley, M.; QOita, R. C.;

Thiebach, L.; Hils, M.; Aeschlimann, D. Transglutaminase 6: A Protein Associated with
32



(45)

(46)

(47)

(48)

(49)

(50)

Central Nervous System Development and Motor Function. Amino Acids 2013, 44 (1),
161-177. https://doi.org/10.1007/S00726-011-1091-Z/FIGURES/4.

Pinkas, D. M.; Strop, P.; Brunger, A. T.; Khosla, C. Transglutaminase 2 Undergoes a
Large Conformational Change upon Activation. PLoS Biol 2007, 5 (12), e327.
https://doi.org/10.1371/journal.pbio.0050327.

Achyuthan, K. E.; Greenberg, C. S. Identification of a Guanosine Triphosphate-Binding
Site on Guinea Pig Liver Transglutaminase. Role of GTP and Calcium lons in Modulating
Activity. Journal of Biological Chemistry 1987, 262 (4), 1901-1906.

Kiraly, R.; Cssz, E.; Kurtan, T.; Antus, S.; Szigeti, K.; Simon-Vecsei, Z.; Korponay-
Szabo, I. R.; Keresztessy, Z.; Fésus, L. Functional Significance of Five Noncanonical
Ca2+-Binding Sites of Human Transglutaminase 2 Characterized by Site-Directed
Mutagenesis. FEBS Journal 2009, 276 (23), 7083—7096. https://doi.org/10.1111/}.1742-
4658.2009.07420.x.

Begg, G. E.; Holman, S. R.; Stokes, P. H.; Matthews, J. M.; Graham, R. M.; lismaa, S. E.
Mutation of a Critical Arginine in the GTP-Binding Site of Transglutaminase 2 Disinhibits
Intracellular Cross-Linking Activity. Journal of Biological Chemistry 2006, 281 (18),
12603-12609. https://doi.org/10.1074/jbc.M600146200.

Stamnaes, J.; Pinkas, D. M.; Fleckenstein, B.; Khosla, C.; Sollid, L. M. Redox Regulation
of Transglutaminase 2 Activity. Journal of Biological Chemistry 2010, 285 (33), 25402—
254009. https://doi.org/10.1074/jbc.M109.097162.

Szondy, Z.; Korponay-Szabd, I.; Kiraly, R.; Sarang, Z.; Tsay, G. J. Transglutaminase 2 in
Human Diseases. BioMedicine (France) 2017, 7 (3), 1-13.

https://doi.org/10.1051/bmdcn/2017070315.
33



(51) Leblanc, A.; Day, N.; Ménard, A.; Keillor, J. W. Guinea Pig Liver Transglutaminase: A
Modified Purification Procedure Affording Enzyme with Superior Activity in Greater
Yield. Protein Expr Purif 1999, 17 (1), 89-95. https://doi.org/10.1006/prep.1999.1107.

(52) Pardin, C.; Pelletier, J. N.; Lubell, W. D.; Keillor, J. W. Cinnamoy| Inhibitors of Tissue
Transglutaminase. Journal of Organic Chemistry 2008, 73 (15), 5766-5775.
https://doi.org/10.1021/j08004843.

(53) Pardin, C.; Roy, I.; Chica, R. A.; Bonneil, E.; Thibault, P.; Lubell, W. D.; Pelletier, J. N.;
Keillor, J. W. Photolabeling of Tissue Transglutaminase Reveals the Binding Mode of
Potent Cinnamoyl Inhibitors . https://doi.org/10.1021/bi802021c.

(54) Pardin, C.; Gillet, S. M. F. G.; Keillor, J. W. Synthesis and Evaluation of Peptidic
Irreversible Inhibitors of Tissue Transglutaminase. Bioorg Med Chem 2006, 14 (24),
8379-8385. https://doi.org/10.1016/j.bmc.2006.09.011.

(55) Leblanc, A.; Gravel, C.; Labelle, J.; Keillor, J. W. Kinetic Studies of Guinea Pig Liver
Transglutaminase Reveal a General-Base-Catalyzed Deacylation Mechanism.
Biochemistry 2001, 40 (28), 8335-8342. https://doi.org/10.1021/bi0024097.

(56) Akbar, A.; McNeil, N. M. R.; Albert, M. R.; Ta, V.; Adhikary, G.; Bourgeois, K.; Eckert,
R. L.; Keillor, J. W. Structure-Activity Relationships of Potent, Targeted Covalent
Inhibitors That Abolish Both the Transamidation and GTP Binding Activities of Human
Tissue Transglutaminase. J Med Chem 2017, 60 (18), 7910-7927.
https://doi.org/10.1021/acs.jmedchem.7b01070.

(57) Keillor, J. W.; Apperley, K. Y. P. Transglutaminase Inhibitors: A Patent Review. Expert

Opin Ther Pat 2016, 26 (1), 49-63. https://doi.org/10.1517/13543776.2016.1115836.

34



(58)

(59)

(60)

(61)

(62)

De Macédo, P.; Marrano, C.; Keillor, J. W. Synthesis of Dipeptide-Bound Epoxides and
a,B-Unsaturated Amides as Potential Irreversible Transglutaminase Inhibitors. Bioorg
Med Chem 2002, 10 (2), 355-360. https://doi.org/10.1016/S0968-0896(01)00292-9.
Schuppan, D.; Dieterich, W. A Molecular Warhead and Its Target: Tissue
Transglutaminase and Celiac Sprue. Chemistry and Biology. Elsevier Ltd March 1, 2003,
pp 199-201. https://doi.org/10.1016/51074-5521(03)00055-3.

Schuppan, D.; Méki, M.; Lundin, K. E. A.; Isola, J.; Friesing-Sosnik, T.; Taavela, J.;
Popp, A.; Koskenpato, J.; Langhorst, J.; Hovde, @.; Lahdeaho, M.-L.; Fusco, S.;
Schumann, M.; Torok, H. P.; Kupcinskas, J.; Zopf, Y.; Lohse, A. W.; Scheinin, M.; Kull,
K.; Biedermann, L.; Byrnes, V.; Stallmach, A.; Jahnsen, J.; Zeitz, J.; Mohrbacher, R.;
Greinwald, R. A Randomized Trial of a Transglutaminase 2 Inhibitor for Celiac Disease.
New England Journal of Medicine 2021, 385 (1), 35-45.
https://doi.org/10.1056/NEJM0a2032441.

Buchold, C.; Hils, M.; Gerlach, U.; Weber, J.; Pelzer, C.; Heil, A.; Aeschlimann, D.;
Pasternack, R. Features of ZED1227: The First-In-Class Tissue Transglutaminase
Inhibitor Undergoing Clinical Evaluation for the Treatment of Celiac Disease. Cells 2022,
11, 1667. https://doi.org/10.3390/cells11101667.

Badarau, E.; Wang, Z.; Rathbone, D. L.; Costanzi, A.; Thibault, T.; Murdoch, C. E.; El
Alaoui, S.; Bartkeviciute, M.; Griffin, M. Development of Potent and Selective Tissue
Transglutaminase Inhibitors: Their Effect on TG2 Function and Application in
Pathological Conditions. Chem Biol 2015, 22 (10), 1347-1361.

https://doi.org/10.1016/j.chembiol.2015.08.013.

35



(63)

(64)

(65)

(66)

(67)

Griffin, M.; Rathbone, D.; Badarau, L. E. Acylpiperazines as Inhibitors of
Transglutaminase and Their Use in Medicine. WO2014057266A1, 2014.

Wodtke, R.; Hauser, C.; Ruiz-Gomez, G.; Jackel, E.; Bauer, D.; Lohse, M.; Wong, A.;
Pufe, J.; Ludwig, F.-A.; Fischer, S.; Hauser, S.; Greif, D.; Pisabarro, M. T.; Pietzsch, J.;
Pietsch, M.; Loser, R. Ne-Acryloyllysine Piperazides as Irreversible Inhibitors of
Transglutaminase 2: Synthesis, Structure—Activity Relationships, and Pharmacokinetic
Profiling. J Med Chem 2018, 61 (10), 4528-4560.
https://doi.org/10.1021/ACS.JMEDCHEM.8B00286.

Wodtke, R.; Wodtke, J.; Hauser, S.; Laube, M.; Bauer, D.; Rothe, R.; Neuber, C.; Pietsch,
M.; Kopka, K.; Pietzsch, J.; Loser, R. Development of an 18F-Labeled Irreversible
Inhibitor of Transglutaminase 2 as Radiometric Tool for Quantitative Expression Profiling
in Cells and Tissues. J Med Chem 2021, 64 (6), 3462-3478.
https://doi.org/10.1021/acs.jmedchem.1c00096.

Wityak, J.; Prime, M. E.; Brookfield, F. A.; Courtney, S. M.; Erfan, S.; Johnsen, S.;
Johnson, P. D.; Li, M.; Marston, R. W.; Reed, L.; Vaidya, D.; Schaertl, S.; Pedret-Dunn,
A.; Beconi, M.; Macdonald, D.; Mufioz-Sanjuan, I.; Dominguez, C. SAR Development of
Lysine-Based Inhibitors of Transglutaminase 2 for Huntington’s Disease. ACS Med Chem
Lett 2012, 3 (12), 1024. https://doi.org/10.1021/ML300241M.

Prime, M. E.; Andersen, O. A.; Barker, J. J.; Brooks, M. A.; Cheng, R. K. Y.; Toogood-
Johnson, I.; Courtney, S. M.; Brookfield, F. A.; Yarnold, C. J.; Marston, R. W.; Johnson,
P. D.; Johnsen, S. F.; Palfrey, J. J.; Vaidya, D.; Erfan, S.; Ichihara, O.; Felicetti, B.; Palan,
S.; Pedret-Dunn, A.; Schaertl, S.; Sternberger, I.; Ebneth, A.; Scheel, A.; Winkler, D.;

Toledo-Sherman, L.; Beconi, M.; MacDonald, D.; Mufioz-Sanjuan, I.; Dominguez, C.;
36



(68)

(69)

(70)

(71)

(72)

Wityak, J. Discovery and Structure-Activity Relationship of Potent and Selective Covalent
Inhibitors of Transglutaminase 2 for Huntington’s Disease. J Med Chem 2012, 55 (3),
1021-1046.
https://doi.org/10.1021/JM201310Y/SUPPL_FILE/JIM201310Y_SI_001.PDF.
Dominguez, C.; Prime, M.; Marston, R.; Brookfield, F. A.; Courtney, S. M.; Macdonald,
D.; Wityak, J.; Yarnold, C. J.; Vaidya, D. Transglutaminase TG2 Inhibitors,
Pharmaceutical Compositions, and Methods of Use Thereof. W02014047288A2, 2014.
Cundy, N. J.; Arciszewski, J.; Gates, E. W. J.; Acton, S. L.; Passley, K. D.; Awoonor-
Williams, E.; Boyd, E. K.; Xu, N.; Pierson, E.; Fernandez-Ansieta, C.; Albert, M. R.;
McNeil, N. M. R.; Adhikary, G.; Eckert, R. L.; Keillor, J. W. Novel Irreversible Peptidic
Inhibitors of Transglutaminase 2. RSC Med Chem 2023, 14, 378-385.
https://doi.org/10.1039/D2MDO00417H.

Rangaswamy, A. M. M.; Navals, P.; Gates, E. W. J.; Shad, S.; Watt, S. K. I.; Keillor, J.
W. Structure-Activity Relationships of Hydrophobic Alkyl Acrylamides as Tissue
Transglutaminase Inhibitors. RSC Med Chem 2022, 13, 413-428.
https://doi.org/10.1039/d1md00382h.

Mader, L.; Watt, S. K. I.; lyer, H. R.; Nguyen, L.; Kaur, H.; Keillor, J. W. The War on
HTG2: Warhead Optimization in Small Molecule Human Tissue Transglutaminase
Inhibitors. RSC Med Chem 2023, 14, 277-298. https://doi.org/10.1039/D2MD00378C.
Gupta, S.; Biswas, A.; Akhter, M. S.; Krettler, C.; Reinhart, C.; Dodt, J.; Reuter, A.;
Philippou, H.; lvaskevicius, V.; Oldenburg, J. Revisiting the Mechanism of Coagulation
Factor X111 Activation and Regulation from a Structure/Functional Perspective. Scientific

Reports. Nature Publishing Group July 25, 2016. https://doi.org/10.1038/srep30105.
37



(73)

(74)

(75)

(76)

(77)

(78)

Singh, S.; Dodt, J.; Volkers, P.; Hethershaw, E.; Philippou, H.; lvaskevicius, V.; Imhof,
D.; Oldenburg, J.; Biswas, A. Structure Functional Insights into Calcium Binding during
the Activation of Coagulation Factor X111 A. Sci Rep 2019, 9 ().
https://doi.org/10.1038/s41598-019-47815-z.

Griffin, K. J.; Newell, L. M.; Simpson, K. R.; Beckers, C. M. L.; Drinkhill, M. J.;
Standeven, K. F.; Cheah, L. T.; lismaa, S. E.; Grant, P. J.; Jackson, C. L.; Pease, R. J.
Transglutaminase 2 Limits the Extravasation and the Resultant Myocardial Fibrosis
Associated with Factor XII1-A Deficiency. Atherosclerosis 2020, 294, 1-9.
https://doi.org/10.1016/j.atherosclerosis.2019.12.013.

Sugimura, Y.; Hosono, M.; Wada, F.; Yoshimura, T.; Maki, M.; Hitomi, K. Screening for
the Preferred Substrate Sequence of Transglutaminase Using a Phage-Displayed Peptide
Library: Identification of Peptide Substrates for TGase 2 and Factor Xllla. Journal of
Biological Chemistry 2006, 281 (26), 17699-17706.
https://doi.org/10.1074/jbc.M513538200.

Mulani, A. SYNTHESIS AND EVALUATION OF PEPTIDIC PROBES FOR TISSUE
TRANSGLUTAMINASE AND FACTOR Xllla. PhD Thesis, University of Ottawa,
2014. https://doi.org/10.20381/ruor-3806.

Oertel, K.; Hunfeld, A.; Specker, E.; Reiff, C.; Seitz, R.; Pasternack, R.; Dodt, J. A Highly
Sensitive Fluorometric Assay for Determination of Human Coagulation Factor XII1 in
Plasma. Anal Biochem 2007, 367 (2), 152—158. https://doi.org/10.1016/.ab.2007.05.011.
Kiraly, R.; Thangaraju, K.; Nagy, Z.; Collighan, R.; Nemes, Z.; Griffin, M.; Fésus, L.

Isopeptidase Activity of Human Transglutaminase 2: Disconnection from Transamidation

38



(79)

(80)

(81)

(82)

(83)

(84)

and Characterization by Kinetic Parameters. Amino Acids 2016, 48 (1), 31-40.
https://doi.org/10.1007/s00726-015-2063-5.

Tung, C. H.; Ho, N. H.; Zeng, Q.; Tang, Y.; Jaffer, F. A.; Reed, G. L.; Weissleder, R.
Novel Factor XII1I Probes for Blood Coagulation Imaging. ChemBioChem 2003, 4 (9),
897-899. https://doi.org/10.1002/CBIC.200300602.

Jaffer, F. A.; Tung, C. H.; Wykrzykowska, J. J.; Ho, N. H.; Houng, A. K.; Reed, G. L;
Weissleder, R. Molecular Imaging of Factor Xllla Activity in Thrombosis Using a Novel,
Near-Infrared Fluorescent Contrast Agent That Covalently Links to Thrombi. Circulation
2004, 110 (2), 170-176. https://doi.org/10.1161/01.CIR.0000134484.11052.44.

Freund, K. F.; Doshi, K. P.; Gaul, S. L.; Claremon, D. A.; Remy, D. C.; Baldwin, J. J.;
Pitzenberger, S. M.; Stern, A. M. Transglutaminase Inhibition by 2-[(2-
Oxopropyl)Thio]lmidazolium Derivatives: Mechanism of Factor Xllla Inactivation.
Biochemistry 1994, 33, 10109-10119.

Stieler, M.; Weber, J.; Hils, M.; Kolb, P.; Heine, A.; Buchold, C.; Pasternack, R.; Klebe,
G. Structure of Active Coagulation Factor-Xiii Triggered by Calcium Binding: Basis for
the Design of next-Generation Anticoagulants. Angewandte Chemie - International
Edition 2013, 52 (45), 11930-11934. https://doi.org/10.1002/anie.201305133.

Stieler, M.; Buchold, C.; Schmitt, M.; Heine, A.; Hils, M.; Pasternack, R.; Klebe, G.
Structure-Based Design of FXIIla-Blockers: Addressing a Transient Hydrophobic Pocket
in the Active Site of FXlIlla. ChemMedChem 2020, 15 (10), 900-905.
https://doi.org/10.1002/cmdc.202000056.

Pasternack, R.; Buchold, C.; J&hnig, R.; Pelzer, C.; Sommer, M.; Heil, A.; Florian, P;

Nowak, G.; Gerlach, U.; Hils, M. Novel Inhibitor ZED3197 as Potential Drug Candidate
39



(85)

(86)

(87)

(88)

(89)

(90)

in Anticoagulation Targeting Coagulation FXIlla (F13a). Journal of Thrombosis and
Haemostasis 2020, 18 (1), 191-200. https://doi.org/10.1111/jth.14646.

Boike, L.; Henning, N. J.; Nomura, D. K. Advances in Covalent Drug Discovery. Nature
Reviews Drug Discovery 2022 2022, 1-18. https://doi.org/10.1038/s41573-022-00542-z.
Sutanto, F.; Konstantinidou, M.; Démling, A. Covalent Inhibitors: A Rational Approach
to Drug Discovery. RSC Med Chem 2020, 11, 876-884.
https://doi.org/10.1039/DOMDO00154F.

Paiva, S. L.; Crews, C. M. Targeted Protein Degradation: Elements of PROTAC Design.
Curr Opin Chem Biol 2019, 50, 111-119. https://doi.org/10.1016/j.cbpa.2019.02.022.
Bricelj, A.; Steinebach, C.; Kuchta, R.; Giitschow, M.; Sosic, I. E3 Ligase Ligands in
Successful PROTACSs: An Overview of Syntheses and Linker Attachment Points. Front
Chem 2021, 9 (707317). https://doi.org/10.3389/FCHEM.2021.707317.

Bondeson, D. P.; Mares, A.; Smith, I. E. D.; Ko, E.; Campos, S.; Miah, A. H.;
Mulholland, K. E.; Routly, N.; Buckley, D. L.; Gustafson, J. L.; Zinn, N.; Grandi, P.;
Shimamura, S.; Bergamini, G.; Faelth-Savitski, M.; Bantscheff, M.; Cox, C.; Gordon, D.
A.; Willard, R. R.; Flanagan, J. J.; Casillas, L. N.; Votta, B. J.; Den Besten, W.; Famm,
K.; Kruidenier, L.; Carter, P. S.; Harling, J. D.; Churcher, I.; Crews, C. M. Catalytic in
Vivo Protein Knockdown by Small-Molecule PROTACs. Nat Chem Biol 2015, 11 (8),
611-617. https://doi.org/10.1038/NCHEMBIO.1858.

Mares, A.; Miah, A. H.; Smith, I. E. D.; Rackham, M.; Thawani, A. R.; Cryan, J.; Haile,
P. A.; Votta, B. J.; Beal, A. M.; Capriotti, C.; Reilly, M. A.; Fisher, D. T.; Zinn, N;
Bantscheff, M.; MacDonald, T. T.; Vossenkamper, A.; Dace, P.; Churcher, I.; Benowitz,

A. B.; Watt, G.; Denyer, J.; Scott-Stevens, P.; Harling, J. D. Extended Pharmacodynamic
40



(91)

(92)

(93)

(94)

(95)

Responses Observed upon PROTAC-Mediated Degradation of RIPK2. Commun Biol
2020, 3, 140. https://doi.org/10.1038/s42003-020-0868-6.

Guo, W. H.; Qi, X.; Yu, X.; Liu, Y.; Chung, C. I.; Bai, F.; Lin, X.; Lu, D.; Wang, L.;
Chen, J.; Su, L. H.; Nomie, K. J.; Li, F.; Wang, M. C.; Shu, X.; Onuchic, J. N.; Woyach, J.
A.; Wang, M. L.; Wang, J. Enhancing Intracellular Accumulation and Target Engagement
of PROTACSs with Reversible Covalent Chemistry. Nat Commun 2020, 11, 4268.
https://doi.org/10.1038/s41467-020-17997-6.

Riching, K. M.; Caine, E. A.; Urh, M.; Daniels, D. L. The Importance of Cellular
Degradation Kinetics for Understanding Mechanisms in Targeted Protein Degradation.
Chem Soc Rev 2022, 51, 6210. https://doi.org/10.1039/d2cs00339b.

Liu, Z.; Hu, M,; Yang, Y.; Du, C.; Zhou, H.; Liu, C.; Chen, Y.; Fan, L.; Ma, H.; Gong, Y ;
Xie, Y. An Overview of PROTACSs: A Promising Drug Discovery Paradigm. Molecular
Biomedicine 2022, 3, 46. https://doi.org/10.1186/S43556-022-00112-0.

Sakamoto, K. M.; Kim, K. B.; Kumagai, A.; Mercurio, F.; Crews, C. M.; Deshaies, R. J.
Protacs: Chimeric Molecules That Target Proteins to the Skp1-Cullin-F Box Complex for
Ubiquitination and Degradation. Proc Natl Acad Sci U S A 2001, 98 (15), 8554-8559.
https://doi.org/10.1073/PNAS.141230798/ASSET/96E10B62-DC16-4F76-94AF-
64F8B7059B8E/ASSETS/GRAPHIC/PQ1412307006.JPEG.

Békés, M.; Langley, D. R.; Crews, C. M. PROTAC Targeted Protein Degraders: The Past
Is Prologue. Nat Rev Drug Discov 2022, 1-20. https://doi.org/10.1038/s41573-021-00371-

6.

41



(96) Nalawansha, D. A.; Crews, C. M. PROTACs: An Emerging Therapeutic Modality in
Precision Medicine. Cell Chem Biol 2020, 27 (8), 998-1014.

https://doi.org/10.1016/j.chembiol.2020.07.020.

42



Chapter 2: Peptidic Inhibitors and a Fluorescent Probe for the Selective

Inhibition and Labelling of Factor XlIlla Transglutaminase

Eric W. J. Gates ', Kian Mansour ', Sahar Ebrahimi Samani 2, Sammir Shad !, Mari T.

Kaartinen 22 and Jeffrey W. Keillor 1*

! Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, ON
K1N 6N5, Canada

2 Division of Experimental Medicine, Faculty of Medicine, McGill University, Montréal,
QC H3A 0C7, Canada

8 Faculty of Dental Medicine and Oral Health Sciences, McGill University, Montréal, QC
H3A 0C7, Canada

* Correspondence: JWK

i These authors contributed equally to this work.

2.1.  Introduction to the Research Article Presented Within this Chapter

Early work in the Keillor Research Group had uncovered a potential small molecule
scaffold which exhibited FXIlla selective inhibition activity. Given the window for novel small
molecule inhibitors and potential therapeutics targeted against FXIlla for the treatment of
thrombosis, we quickly pursued this initial lead. Through the journey we ultimately conducted
another SAR on a peptidic scaffold and optimized it to act as a potent fluorescent probe. The probe

was then evaluated in cellulo as a fluorescent reporter for active FXIIla localization.
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2.4. Abstract

Factor Xllla (FXIlla) is a transglutaminase of major therapeutic interest for the
development of anticoagulants due to its essential role in the blood coagulation cascade. While
numerous FXIlla inhibitors have been reported, they failed to reach clinical evaluation due to their
lack of metabolic stability and low selectivity over transglutaminase 2 (TG2). Furthermore, the
chemical tools available for the study of FXIlIla activity and localization are extremely limited. To
combat these shortcomings, we designed, synthesised, and evaluated a library of 21 novel FXllla
inhibitors. Electrophilic warheads, linker lengths, and hydrophobic units were varied on small

molecule and peptidic scaffolds to optimize isozyme selectivity and potency. A previously
44
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reported FXIlla inhibitor was then adapted for the design of a probe bearing a rhodamine B moiety,
producing the innovative KM93 as the first known fluorescent probe designed to selectively label
active FXllla with high efficiency (Kinact/Ki = 127,300 M~ min!) and 6.5-fold selectivity over
TG2. The probe KM93 facilitated fluorescent microscopy studies within bone marrow
macrophages, labelling FXIlla with high efficiency and selectivity in cell culture. The structure—
activity trends with these novel inhibitors and probes will help in the future study of the activity,

inhibition, and localization of FXllla.

2.5. Introduction

The transglutaminase (TGase) family of enzymes is comprised of eight calcium-dependent
isozymes and the non-catalytically active erythrocyte membrane protein band 4.2 [1-3]. These
enzymes carry out numerous functions in biological settings with a primary role in crosslinking
proteins through the formation of N°(y-glutaminyl)lysine bonds using a Cys-His-Asp catalytic
triad [4-6]. Within the TGase family are two isozymes of current therapeutic interest,
transglutaminase 2 (TG2) and Factor XIII (FXIII). Human TG2, also referred to as tissue
transglutaminase, is ubiquitously expressed throughout virtually all tissues [7,8]. TG2 is
noteworthy due to its transamidase activity involved in liver fibrosis, its deamidation role in celiac
disease, and its intracellular G-protein activity [9-11] which has been implicated in numerous
cancer models including the epithelial-mesenchymal transition of cancer stem cells [12-17]. The
major role of FXIII is within the final step of the coagulation cascade, where it mediates the
crosslinking of insoluble fibrin monomers to form a rigid 3D blood clot network. This makes it a
viable therapeutic target for the development of novel anticoagulant drugs in the treatment of

venous thrombosis [18]. Current drugs, including heparins and coumarins, target a multitude of
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upstream clotting factors, thus preventing soft clot formation and increasing the risk for severe
bleeding [19-21]. Inhibition of the downstream FXIII is believed to provide a milder alternative
that would allow for soft clot formation, potentially achieving a blood thinning effect without
inducing elevated bleeding risks [22]. Intracellular FXII1 is additionally hypothesised to play roles
in the activities of osteoblasts, monocytes, and macrophages, making the intracellular isozyme an
appealing therapeutic target as well [23].

FXII1 is most abundant in the blood and has roles in promoting clotting [24], wound healing
[25], and angiogenesis [26]; however, it is also present in the cytosol of cells [27,28]. Plasma-
soluble FXIII exists as FXIII-A2B2, an inactive hetero-tetramer composed of two catalytic A
subunits and two carrier B subunits [29]. The classical activation of FXII1 in the blood coagulation
cascade begins with thrombin-catalyzed proteolytic cleavage of the N-terminal 37 amino acid
activation peptide tethered to each A subunit [30,31]. The interaction of the A and B subunits then
weakens and allows for calcium binding to the A subunits. The heterotetramer then dissociates
into the A> homodimer [32], which finally separates into the enzymatically active monomer of
Factor Xllla (FXIIIa) in the presence of a suitable substrate [33]. It is of note that cellular localised
FXII (FXI-A) does not exist as a heterotetramer and the intracellular activity can be achieved
by calcium binding [34].

Interest in the development of FXIlla inhibitors has blossomed in recent years due to the
potential therapeutic applications highlighted above. Though progress in the FXIII inhibition field
has been reviewed elsewhere [35, a general overview of the most relevant details is provided
herein. FXIII has historically proven to be incredibly difficult to inhibit in a potent and selective
manner. Most reported FXIII inhibitors tend to also inhibit TG2, which is believed to be the most

problematic off-target enzyme due to its ubiquitous expression profile [36] and its roles in wound-
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healing and angiogenesis, which overlap with those of FXIII [37,38]. In the early 1990s, Merck
set out to design imidazolium-based small molecule covalent inhibitors of FXIlla, but these
exhibited low selectivity (Figure 1) [39]. A novel peptidic sequence with a high affinity for FXIlla
was discovered in 2006 through phage-display screening [40]. Replacement of this peptide’s
glutamine residue with an electrophilic warhead, namely an a,B-unsaturated methyl ester or
glutamate-derived Michael acceptor (MA), allowed Zedira to produce irreversible inhibitor
ZED1301, which covalently inactivates the catalytic Cys thiolate of FXIlla. This compound shows
relatively high potency (ICso = 110 nM) and moderate selectivity (30-fold) over TG2 [33]. Zedira
further optimised ZED1301 into inhibitors such as ZED2360 (ICso = 29 nM) [41] and
peptidomimetic ZED3197 (ICso = 16 nM, 19-fold selectivity for FXIlla over TG2). The latter
compound was successfully evaluated in rabbit coagulation models and has shown the most
promise of any FXIlla inhibitor. However, it shows a short half-life of 5-10 min in rabbit models,
requiring high doses (6-54 mg/kg ZED3197) administered through intravenous bolus and
continuous infusions to maintain adequate plasma levels [22]. There thus remains a need to

develop more potent, selective, and drug-like inhibitors of FXIlla as potential anti-coagulants.
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Figure 2.1. Chemical structures of Zedira’s ZED1301 [33], ZED2360 [41], ZED3197 [22], Merck’s

imidazolium inhibitor 16 [39], and Keillor’s TG2 targeted small molecule inhibitor NM72 [42].

While Factor Xllla therapeutics remains an active area of research, the chemical tools
currently available for studying this crucial clotting enzyme are comparatively limited. To our
knowledge, only two probes for monitoring the activity of FXIlla in biological systems have been
reported to date [43,44]. Both probes serve as az-antiplasmin substrate mimics and are tagged with
either a near-IR fluorophore or Gd-chelating magnetically resonant contrast moiety. These
compounds label blood clots through FXIllla-mediated incorporation into fibrin, allowing for the
indirect deduction of FXIII activity and localization. No known probes have been reported to
specifically label the active form of the enzyme itself; the development of such a tool would aid in
the study of the localization, migration, and activity of FXIII in cellulo.

In our work on TGases, we developed numerous activity assays, probes, and targeted
covalent inhibitors that show high isozyme selectivity, mainly within the context of studying TG2
[42,45-50]. In the current work we design, synthesize, and evaluate inhibitors of FXlIla, and use
the optimised inhibitor design in the production of a fluorescent probe. In order to achieve the
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desired isozyme selectivity for FXIII over TG2, we relied upon previous Kinetic data and the
binding pocket differences between FXIlla [33,41,51] and TG2 [42,45,46,52] to design several
series of peptidic and small molecule inhibitors. More specifically, we explored structure—activity
relationships (SAR) with respect to the linker length, electrophilic warhead functionality,
hydrophobic moiety, and acidic group, while keeping the scaffold backbone constant. Evaluation
of the peptidic and small molecule inhibitor series exposes inconsistent and scaffold-dependent
trends, potentially due to conformational dynamism within the active site of the enzyme [41] akin
to that observed recently in the TG2 field [45]. We then further modified the most potent scaffold
to incorporate a fluorescent moiety, thereby creating a high-affinity fluorescent probe for the
specific labelling of FXIIla within biological settings. The fluorescent probe was assayed in cell

culture to display its effectiveness at labelling FXIlla in cellulo.

2.6. Results and Discussion

2.6.1. Structure Design

2.6.1.1. Design of Peptidic Inhibitors of FXIlla

Although extensive SAR studies have been performed on the amino acid sequences of the
ZED3197 and ZED1301 scaffolds, the crucial warhead residue remains less explored [51,53,54].
With respect to the electrophilic moiety itself, it is noteworthy that the a,B-unsaturated ester
warhead is a common feature among Zedira’s inhibitors, while other amide-based electrophiles,
such as acrylamides and a-chloroacetamide, had not apparently been tested on these peptidic
scaffolds. This is surprising as both these amide-based warheads have shown great success in

achieving potent transglutaminase inhibition while remaining stable to degradation by glutathione
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in the cell [55]. Furthermore, the distance between the scaffold and electrophile, hereinafter
referred to as the linker length, was not varied in the Zedira FXIII inhibitor studies available in the
literature [51,53,54]. We found that the linker length has a profound impact on peptidomimetic
TG2 inhibitor potency, with longer linkers being more efficient than shorter ones [46]. Combined
with crystal structure evidence that the active site tunnel leading to the catalytic Cys thiolate is
shallower in FXIII than in TG2 [33,52], we hypothesised that the decreasing linker length may be
a viable method of increasing potency of FXIlla inhibition and increasing selectivity over TG2.
Thus, a series of peptidic FXIlla inhibitors with three different electrophilic warheads (o.,p-
unsaturated ester, acrylamide, and a-chloroacetamide) and four linker lengths (one through four
methylene units) was designed in order to investigate the impact of these structural features on the
potency of FXIlla inhibition and selectivity over TG2 (Figure 2). The ZED1301 peptide scaffold
was selected for this study due to its known affinity for FXIlla and ease of synthesis. ZED1301
itself was also independently synthesised and evaluated in order to supplement its original kinetic
characterization, a condition-dependent I1Cso value [33]. Condition-independent kinact and K values
were acquired for more accurate comparisons with irreversible FXI1la inhibitors developed herein

and in other works.

Figure 2.2. Design of the peptidic FXIlla inhibitor series with various linker lengths and electrophilic

warhead functionalities.
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2.6.1.2. Design of Small Molecule Inhibitors of FXlIlla

In the hope of developing a FXIII inhibitor with better drug-like properties than the
peptide-based inhibitors investigated herein, we also screened a series of small-molecule
compounds. Stemming from our extensive research on small-molecule TG2-selective inhibitors,
we commenced our search for small-molecule FXIlla inhibitors by using a previously published
scaffold that exhibits low potency against TG2, again noting that the short linker length produces
poor TG2 inhibition [46]. Two key elements from the reported high-affinity peptidic sequences
[46] for FXI111a were adapted into the small molecule inhibitor design and retained across our series
of compounds, specifically the negatively charged N-terminal moiety and hydrophobic C-
terminus. Thus, our SAR work in this small molecule FXIlIla inhibitor investigation encompassed
a variety of N-terminal acids and C-terminal hydrophobic units that have shown promise in
previous TGase studies (Figure 3) [46]. Small changes in the linker length were also investigated.
The distance between the warhead and scaffold was reduced further through incorporation of a D-
Dap warhead-bearing residue, allowing the coupling of the acid to the sidechain amine and the
warhead to the a-amine. Given the broad scope of the structural features explored in this work, the
known reactivity of the acrylamide towards TGases, and its superior presumed stability and
selectivity compared to chloroacetamides and esters, the acrylamide warhead was mostly retained
throughout the small-molecule FXIlla SAR. A few derivatives bearing o,f-unsaturated methyl
esters, akin to the Zedira peptides, were also synthesised and evaluated in order to provide a
preliminary warhead comparison within this small molecule scaffold and between series with the

peptidic compounds developed.
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“inhibitor 17” and driving selectivity for FXIIIa with N-terminal acids and C-terminal hydrophobic groups

[42,46].

2.6.1.3. Design of Fluorescent Probe of FXIlla

After completion of the synthesis and evaluation of the peptidic and small-molecule FXIlla
inhibitors, the optimised linker, warhead, and scaffold were used to design a rhodamine B labelled
probe for studying FXIlla. Rhodamine B was attached at the N-terminus through a flexible 6-
aminohexanoic acid linker to allow the bulky fluorophore to be held far away from the binding
site. The rhodamine B fluorophore was chosen due to its desirable, bright red emission, and
minimal overlap with background cellular autofluorescence. It was also linked through a proline
residue since the tertiary amide linkage allows the rhodamine to preserve its intrinsic fluorescence

(Figure 4).
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Figure 2.4. Design of fluorescent probe for FXIlla tethered to the optimised inhibitor structure.

2.6.2. Synthesis

The general synthesis of the inhibitors disclosed herein was achieved through a
combination of solid-phase peptide synthesis (SPPS) and in-solution chemistry. For assembly of
the peptidic inhibitors bearing amide-based warheads, amino acid monomers with varying linker
lengths leading to the appropriate warheads, or precursors thereof, were synthesised and
subsequently incorporated into the linear octapeptides. The syntheses of the unsaturated ester-
bearing peptides were carried out in a manner similar to that reported by Zedira [51,53]. The small
molecule inhibitors were synthesised through careful in-solution manipulations of protecting
groups, allowing for the sequential installation of first the various hydrophobic groups and next
the electrophilic warhead. These key intermediates with free N-termini were accumulated,
allowing for divergent functionalization to final inhibitors bearing different N-terminal acidic
moieties. A detailed discussion of the inhibitor syntheses, as well as full experimental procedures
and characterization data, is provided in the Supplementary Materials, along with Schemes S1-
S21. Between the peptidic and small molecule scaffold series, a total of 22 inhibitors and 1 probe

were synthesised and evaluated for inhibition of FXIlla.
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2.6.3. Kinetic Evaluation

All inhibitors synthesised herein were evaluated for inhibition against FXIlla, using the
fluorescence-quenched A101 isopeptidase assay [56,57], and against TG2, using the colorimetric
ALS5 transamidase assay [46,50]. The assay substrates A101 and AL5 both present labile bonds
that are cleaved by the activities of their corresponding transglutaminases, resulting in the release
of a fluorophore or chromophore moiety, respectively. The rate of consumption of these assay
substrates, indicated by increases in fluorescence or absorbance over time, can be detected for
measuring enzyme activity. Assays were run in duplicate at constant reporter substrate
concentration with varying concentrations of inhibitor. Representative fluorescence-time plots are
shown in Figure 5A,C. The type of inhibition was determined through visual inspection of the
fluorescence-time curvature; termination of the enzymatic reaction with the substrate at a plateau
lower than the no-inhibitor positive control is indicative of irreversible inhibition. On the other

hand, convergence to a common plateau indicates reversible inhibition.

54



[Inhibitor 47]
— tve

1um

E
£
o)
«
-]
®
2 2uM < //{
) 5 uM ?E 4 -
o -
2 10 uM g _—
8 2 %
@ — &
o -
& ot T T T 0 T T T 1
0 5,000 10,000 15,000 0.0 0.1 0.2 03 0.4
Time (s) [Inhibitor 47)/a (uM)
E 40,000 [Inhibitor 23] 0.08
: o
; 30,000 /fﬂ 50 um _ 0.08
> o 100 pM 's /
2 20,000 / 150 M gﬂ 0.04 /‘
@
2 4 200 uM o
§ 10,000 / * 0.02 LV
@ gt -
£ s
R == : : . 0.00+ ' . .
& 0 2,000 4,000 6000 8000 0 5 10 15
Time (s) [Inhibitor 23]/a (uM)
0.15
7010 __—
£ _—
E /./”
¥§ 0.05
0.00- T T T 1
0.0 0.2 0.4 0.6 0.8

[Inhibitor 46]/a (M)

Figure 2.5. Representative kinetic traces and data fitting for TGase inhibition assays. (A) Raw blank-
subtracted kinetic traces of FXIlla activity with substrate A101 and increasing concentrations of reversible
inhibitor 47 (0, 1, 2, 5, 10 uM). (B) Dixon plot fitting of initial rates of FXIlla activity versus inhibitor
concentration divided by alpha for inhibitor 47 to obtain K;. (C) Raw blank subtracted kinetic traces of
FXIlla activity with substrate A101 and increasing concentrations of irreversible inhibitor 23 (0, 50, 100, 150,
200 uM). (D) Linear regression of saturation fitting of koss versus inhibitor concentration divided by alpha for
irreversible inhibitor 23 to obtain a ratio of kinact/Ki. (E) Saturation fitting of Kops versus inhibitor
concentration for irreversible inhibitor 46 displaying inhibition saturation kinetics to extract both Kinact and K

parameters.
Irreversibility was tested further through substrate spike experiments. As shown in

Supplementary Materials Figures S1-S3, an additional substrate was added to inhibited and

uninhibited enzyme reactions after the completion of the positive control reaction. Further
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increases in fluorescence upon substrate spike, as in Figure S1, indicate reversibility of inhibition,
while the lack of an additional increase, as in Figure S2, suggests that all enzyme has been
irreversibly inhibited. Analysis was carried out through corrected Dixon modelling in the case of
reversible kinetics, to obtain K; values (Figure 5B), and hyperbolic saturation modelling was used
to obtain kinact and K for inhibitors showing irreversibility (Figure 5E) [58,59]. For cases in which
the tested inhibitor concentrations were not high enough to reach saturation, a linear regression
provided an estimate of the inhibitor’s kinact/Ki ratio (Figure 5D). Further details concerning data

collection and analysis are provided in the Materials and Methods section.

2.6.3.1. Kinetic Evaluation of Peptidic Inhibitors of FXlIlla

The structures of the 11 peptidic inhibitors synthesised in this work are shown in Table 1.
All kinetic data from their evaluation are summarised in Table 2. Several interesting trends can be
noted when investigating the impact of the warhead functionality and linker length on the potency
of FXIlla inhibition. While the acrylamide-bearing inhibitors 12—14 show reversible competitive
FXIlla inhibition, the analogous chloroacetamides 21-23 operate in an irreversible manner. Since
both warheads are known to be capable of covalent bond formation in the presence of a suitable
thiolate, the observed differences in inhibition mode with FXIlla must be due to geometry rather
than intrinsic reactivity. Perhaps binding of the warhead carbonyl into the enzyme’s oxyanion
pocket places the acrylamide’s electrophilic carbon too distant from the thiolate, preventing S-C
bond formation, while that of the chloroacetamide, being one position closer to the carbonyl, is
just close enough to allow for covalent bond formation. It is also interesting to note that the
acrylamide and chloroacetamide series show similar linker length trends. Potency is relatively

insensitive to changes in the linker length between 2 through 4 methylene units, as the K; values
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for acrylamides 12-14 are of the same order of magnitude, and the same can be said for the Kinact/Ki
ratios of chloroacetamides 21-23. However, in both cases, reducing the linker down to 1
methylene, as in compounds 11 and 20, results in a complete loss of inhibition. Since the
electrophilic carbon placement is different between compounds 11 and 20, and that of 11 matches
21, a known inhibitor with an f-position electrophilic carbon, it is clear that the lack of inhibition
cannot be explained by improper electrophile placement. Instead, improper carbonyl carbon
placement may be responsible for the lack of FXIlIla inhibition in compounds 11 and 20. Both
place the carbonyl carbon at the d-position, which is apparently too close to the scaffold, and may
not allow for appropriate binding in the enzyme’s active site.

Table 2.1. Structural classification of peptidic FXIl1a inhibitors. The linker length (n methylene units) and
warhead are presented along with an alphabetical nomenclature system for noting the distances of the
electrophilic carbon (E+ C) and carbonyl carbon (CO C) from the peptide backbone. For example, a

designation of d implies that the feature is present at the § carbon, the 3rd carbon atom away from the

backbone’s a/a-carbon.

Inh R n E"C coc
' Position Position
11 1 f d
12 e 2 g e
13 <\E ° 3 h f
14 4 i g
20 s 1 e d
21 HN o 2 f e
22 3 g f
23 Cl 4 h g
45 1 o e
46 2 d f
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Table 2.2. Kinetic parameters, inhibition modes, and isozyme selectivity of acrylamide-, a-chloroacetamide,

and o,p-unsaturated methyl ester-bearing peptidic inhibitors of FXIlla inhibitors with varying linker lengths.

Data were determined using distinct continuous activity assays for FXlIlla and TG2 detailed in the Materials

and Methods section.

FXllla TG2

Inh. Kinact Kior Ki Kinact/Ki Inh. Kinact/Ki -
I Mode  (min) (M) (M'min)  Mode (M-mint) Selectivity
11 None * NA NA NA None ** NA NA
12 Rev NA 193+ 20 NA None ** NA FXIlla
13 Rev NA 135+ 16 NA None ** NA FXIlla
14 Rev NA 125+ 20 NA None ** NA FXIlla
20 None * NA NA NA Irrev 1962 + 82 TG2
21 Irrev - - 7422 + 525 None ** NA FXllla
22 Irrev  0.0988 +£0.0185 7.1 +3.1 13,922 + 6664 lrrev 2922 +£260 2.6 FXllla
23 Irrev - - 4907 + 325 Irrev 3565+229 1.4 FXllla
45 Rev NA 53+12 NA None ** NA FXIlla
46 Irrev 0.1765+0.0160 0.4732 +0.0847 372,992 + 74,839Irrev 56,520 + 2044 6.6 FXllla
47 Rev NA 0.0941 + 0.0105 NA Irrev 31,780 + 2218 Irrev TG2

* = no inhibition detected up to 200 Mm; ** = no inhibition detected up to 350 uM.

ZED1301, the lead compound (46), was found to be the most potent irreversible inhibitor

of the series, with Kkinact/K; ratio several orders of magnitude higher than any of the

chloroacetamides. The superior potency of ZED1301 (46) can be attributed to its unique warhead

structure, as the unsaturated ester was the only warhead studied in this work that places the

electrophilic carbon closer to the scaffold than the more distal carbonyl. It is believed that this

geometric arrangement allows this inhibitor to take full advantage of the non-covalent oxyanion

hole interactions and covalent S-C bond formation, as shown in the crystal structure published by

Zedira [33], while inhibitors with the acrylamide and chloroacetamide warheads may be unable to

form these interactions due to excessive induction of strain required in the enzyme or inhibitor.
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This work also represents the first report of condition-independent kinetic parameters, Kinact and
Ki, for ZED1301 (46), which will allow for accurate comparisons with inhibitors developed in this
work and other studies. Either decreasing or increasing the linker length from ZED1301 results in
a loss of inhibitory potency and changes to inhibition mode. The shorter-linker ester-bearing
compound 45 shows weak reversible inhibition similar in potency to that seen with acrylamides
12-14, while the longer-linker ester-bearing inhibitor 47 displays highly potent reversible FXllla
inhibition. These results further support the strict geometric requirements for binding and covalent
bond formation in the active site of FXIlla. As for the impact of linker and warhead on selectivity
over TG2, no clear trends were noted. While none of the acrylamides result in any noticeable TG2
inhibition up to 350 uM, most of the chloroacetamides and ester-bearing inhibitors are irreversible
TG2 inhibitors. The lack of inhibition seen with compounds 21 and 45, as well as the superior
potency of the ester warhead, are attributed to geometrical factors governing the enzyme-inhibitor
interaction. With the peptidic inhibitors fully evaluated and with ZED1301 (46) identified as the
most potent of the series, we then evaluated our small molecules as potential selective FXIlla

inhibitors.

2.6.3.2. Kinetic Evaluation of Small Molecule Inhibitors of FXlIlla

Kinetic evaluation of the small molecule inhibitor library began with the dansyl
hydrophobic series inhibitors 71, 7375, and 79 (Table 3). The dansylated inhibitor scaffold was
desirable as it could act in a multi-faceted role as a potent inhibitor scaffold as well as a fluorescent
probe which would allow for FXIlla localization studies. An investigation into the preferences of
various alkyl acids revealed that sulfonyl 79 provided the greatest affinity with an apparent K; of

26.7 £ 1.3 UM (See Supplementary Materials). However, upon analysis of the similarity in the
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kinetic results (of both the acid variants and the methyl ester 73), some doubts were raised
regarding the assay conditions. A substrate spike of the inhibition assays revealed that the FXIlla
was still active, and the inhibitors were not acting in an irreversible manner; potentially implying
areversible mechanism (Supplementary Materials Figure S3). Spiking the 79-inhibition assay with
another dose of inhibitor 79 caused a noticeable decrease in apparent RFU (Supplementary
Materials Figure S4). Due to the potential fluorescent quenching of both acrylamide [60] and the
fluorescent dansyl moiety of the inhibitor scaffold, they were both evaluated in the inhibition
assay. Dansyl amide resulted in nearly identical traces as those obtained using the dansylated
inhibitor library (Supplementary Materials Figure S5). A further spectrophotometric analysis of
both dansyl and anthranilic acid in the literature revealed that the dansyl absorption peak and
anthranilic acid excitation at 313 nm overlap perfectly. Since A101, as well as the similar substrate
A138, are the standard continuous assays for FXIlla activity [56,61] and were found to be
incompatible with our fluorescent dansyl inhibitors, the inhibition data for these compounds were
set aside, and the scaffold was optimised to eliminate the fluorescence interference effect.
Sulfonyl-naphthalene derivative 76 provided a K; of 64.3 + 5.1 pM (Supplementary
Materials); however, this scaffold also produced an absorption band that overlaps with the
excitation of A101. Further tailoring gave rise to the naphthoyl derivatives 72 and 77 that do not
have photochemical properties that interfere with the fluorescent assay. Succinyl derivative 77 was
the lead inhibitor from the L-Dap naphthoyl series, with a Ki of 69.0 + 4.1 uM. An attempt to
decrease the linker length to the warhead by one methylene unit, with the incorporation of the D-
Dap residue 84, resulted in the Ki rising to a value of 107.6 + 19.1 uM. This contradicted our initial
intuition that shorter linkers would improve potency against FXIlla. Since none of the acrylamide-

bearing inhibitors in this series led to irreversible inhibition but were clearly binding to the
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enzyme’s active site, two compounds bearing an unsaturated ester warhead (87 and 88) were
evaluated. We hoped that the replacement of the acrylamide warhead with the Michael acceptor
would result in an irreversible small molecule inhibitor of the enzyme. To our surprise, both the
succinic derivative 87 and phthalic acid derivative 88, with K; values of 131.1 £ 7.9 uM and 265.0
+ 46.8 UM respectively, had reduced potency versus FXIlla compared to the acrylamide-bearing
compounds. A drastic drop in selectivity was also observed for these scaffolds, such that they were
more selective for TG2, with irreversible K values of 14.3 £ 7.0 pM and 21.2 + 9.0 uM,
respectively. This unexpected finding hints at some scaffold dependence for the ideal warhead and
linker combination for achieving potent, irreversible FXllIla inhibition. While it was found that a
linker length of 1 methylene on the peptidic scaffold and an acrylamide warhead (compound 11)
leads to no inhibition, the analogous small-molecule compound 77 shows reversible inhibition
with Ki = 69 uM. Similarly, while 46 (ZED1301) shows the most potent irreversible FXIlla
inhibition in this work, the small molecule with the same two-methylene linker and unsaturated

ester warhead in compound 87 shows only weak reversible inhibition with Kij= 131 pM.
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Table 2.3. Kinetic parameters and isozyme selectivity of small molecule FXIIla inhibitors with various N-
terminal acidic groups, C-terminal hydrophobic units, and central warhead amino acid residues. Data were
determined using distinct continuous activity assays for FXIlla and TG2 detailed in the Materials and

Methods section.
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131.1+79 143+7.0

265.0+46.8 21.2+9.0

This finding is mirrored perfectly by TG2 investigations in our group, in which we found
that longer linkers bearing acrylamides on a peptidomimetic TG2 scaffold led to more potent
inhibition than shorter ones [46]. However, more recently we showed that on an abbreviated small-
molecule TG2 scaffold, the shortest linker achieves the most potent inhibition [45]. We
hypothesize that a significant degree of conformational dynamism exists in the TG2 binding
pocket, creating a scaffold dependence for the ideal linker length, based on the enzymatic
conformation induced by the binding of different-sized substrates or inhibitors. We believe that a
similar phenomenon is at play here with FXIIla and our inhibitors disclosed herein. It is clear that
the two-methylene linker and ester warhead, which are ideal on the peptide, are not as effective on
the small molecule scaffold. This notion is further supported by Zedira’s recent study revealing a
transient hydrophobic pocket in FXIIIa’s active site [41]. It appears that trial-and-error may be
required to perfectly tailor the linker and warhead for each new scaffold size tested for FXlIlla and
that further screening of linkers and warheads on this known binding small molecule scaffold may

potentially produce an irreversible, drug-like, small molecule FXIlla inhibitor.
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Since no novel sub-10 uM K; small molecule inhibitors were developed and 46 (ZED1301)
remains the most potent irreversible FXIlla inhibitor evaluated in this work, we opted to adapt this

peptidic scaffold for a potential role as a novel fluorescent probe research tool.

2.6.3.3. Kinetic Evaluation of Fluorescent Rhodamine B FXIlla Probe

Fluorescent probe 93 (aka KM93, Figure 6), whose design incorporates a two-methylene
linker, ester warhead, and peptide scaffold from ZED1301, retains irreversible FXIlla inhibition
with acceptable potency for biological applications. The kinact/K) ratio against FXlIlla (127300 +
2890 M~ ' min™") is approximately three-fold lower for the probe than for the parent ZED1301 (46),
showing that some potency was lost with the incorporation of the rhodamine B moiety and flexible
linker. Fortunately, selectivity was maintained, as the probe remains around 6.5-fold selective for

FXIlla over TG2 (Kinact/Ki = 19520 + 2180 M~ min™").

93 (KM93)

Figure 2.6. Structure of the rhodamine B incorporated FXIIla probe 93 (aka KM93).

2.6.4. Irreversible Labelling of Purified FXIlla by SDS-PAGE

Labelling of commercially available FXIIla with the rhodamine B fluorescent probe KM93
was then evaluated by SDS-PAGE analysis. FXIllawas incubated in the presence of 30 uM KM93

and calcium; SDS-PAGE analysis of the resulting sample revealed a protein band that was red
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fluorescent (Figure S6). Coomassie staining then showed that this band corresponds to a molecular
weight of ~80 kDa—coinciding with that of the commercially available FXIlla [30,62]. The
appearance of this red fluorescent band, on a gel run under denaturing conditions, allowed us to

conclude that KM93 successfully labelled FXIlla in a robust, covalent, and irreversible manner.

2.6.5. Labelling of FXIlla in Bone Marrow Macrophages

Covalent labelling of FXIlla by KM93 was tested in cell culture in murine bone marrow
macrophages (BMM). BMMs are ‘gold standard’ expressors of FXIIla and are responsible for the
production of circulating FXIlla [63]. Labelling of FXIIla was first performed in cell lysate using
0-20 uM KMB93 and evaluated via SDS-PAGE, using fluoroimaging of the rhodamine B moiety.
Supplementary Materials Figure S8A shows detectable, concentration-dependent covalent
incorporation of KM93 to a band at 80 kDa, with strongest labelling at 8-uM and 20-uM
concentrations of the probe over both 6-h and 48-h incubations. A background band was detected
at ~100 kDa, in the control as well as the test group, but the identity of this protein is unknown.
Coomassie staining of the gel confirms equal loading (Figure S8B).

Fluorescent microscopy of the labelling showed rapid clear incorporation of KM93 into
BMM cells at 20 uM concentration after 48-h incubations (Supplementary Materials Figure S9
and Figure 7A). Labelling of Factor Xllla was deemed to be intracellular (Figure 7A) as confirmed
by co-staining with actin (Figure S9) and showed colocalization with an FXI111-A antibody (yellow
arrows, Figure 7D). Not all FXIII-A antibody labelling was colocalized with the labelling by
KMB93 (white arrows, Figure 7C). Since labelling by KM93 is based on the enzyme activity of
FXIlla, this result suggests that Factor XIII may be present but not active in these specific

macrophages.
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Figure 2.7. Immunofluorescence visualization of the labelling of FXIIla by KM93 in murine bone marrow
macrophages (BMM). Cells were incubated with 20 uM KM93 for 48 h in microscopy chamber slides. At the
endpoint, cells were fixed and stained or treated with sheep anti-human FXI11-A antibody, followed by a
secondary antibody, donkey anti-sheep AlexaFluor®-488 detection (green, Panel (B)). Nuclei were visualised
with DAPI staining (blue). KM93 was visualised at 568 nm (red, Panel (A)). All cells were positive for FXll11a,
incorporation of KM93 into cells was clear and the probe colocalized with FXI11-A (Panel C and yellow
arrows, inset Panel (D)). A subset of the macrophages did not incorporate the probe, despite the presence of
FXI111-A (white arrows, Panel (C)), indicating that the enzyme may not be active in these specific
macrophages. Some cells also showed strong red fluorescence but weak green fluorescence, giving the
appearance of little colocalization, despite both probe and enzyme being present at these cellular

compartments (red arrows, Panel (C)). White magnification bar represents 20 pm.

An additional experiment was performed in order to confirm the specificity of labelling by
KMQ93. Cultured BMM cells were first treated for 2 h with ZED1301 (46), a known inhibitor of

Factor Xllla. The cells were then treated with fluorescent probe KM93 for an additional 4 h, which
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was followed by washing and imaging. Negligible fluorescent labelling was observed, relative to
cells that were not blocked with ZED1301 prior to being treated similarly with KM93 (see
Supplementary Materials, Figure S10). This strongly suggests that KM93 only reacts with the
same cellular target as ZED1301 and increases our confidence in the specificity of KM93 for

labelling FXIlla.

2.7. Conclusions

In this work, we set out to explore structure—activity relationships for the linker length and
warhead functionality on a peptidic scaffold, as well as for the linker length, hydrophobic group,
and acidic group on a small-molecule scaffold. While none of our compounds display improved
potency over the lead inhibitor 46 (ZED1301), we showed that the mode and potency of FXlIlla
inhibition are highly dependent on both the linker length and warhead functionality and that the
optimal combination of these features may be scaffold-dependent due to the conformational
dynamism in the enzyme. This work also represents the first report of the condition-independent
kinetic parameters for ZED1301 (46). These findings set the stage for further developments in
FXIlla inhibitors as potential anticoagulants, as it is believed that the optimization of linkers and
warheads on a small-molecule scaffold may be able to provide a drug-like inhibitor. The structure
of ZED1301 was also adapted for the design of the rhodamine B-labelled fluorescent probe 93
(aka KM93), which was shown to retain irreversible inhibitory activity against the enzyme, to be
effective at labelling FXIlla in cellulo, demonstrating its applicability for localization studies in

the further study of the biological roles of FXIlla.
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2.8. Materials and Methods

2.8.1. Kinetic Evaluation of FXIlla Inhibition

A previously reported fluorescence-quenched isopeptidase assay using the commercially
available substrate A101 (Zedira GmbH, Darmstadt, Germany) was employed for the
determination of FXIlla inhibition kinetics [56,57]. All assays were performed at 37 °C on 96-well
plates, with fluorescence (excitation at 313 nm, emission at 418 nm) measured continuously using
a BioTek Synergy 4 plate reader. For each inhibitor, duplicate trials were run in parallel at 4
inhibitor concentrations, along with duplicate positive controls (no inhibitor) and negative controls
(no enzyme and no inhibitor). First, 125 puL of aqueous buffer 1 (111 mM Tris, 16.7 mM CaCly,
333 mM NaCl, pH 7.5) and 18 uL of aqueous buffer 2 (55.6 mM TCEP, 149 mM H-Gly-OMe, pH
7.5) were added to each well, along with 5 uL. of A101 stock solution (4000 uM in DMSO). Next,
the appropriate amount of the desired inhibitor, dissolved in DMSO, was added, in addition to the
amount of distilled water necessary to reach a total volume of 180 pL in each well. Negative
controls were diluted to a final volume of 200 uL. Thrombin-activated human FXIllla (T070,
Zedira GmbH, Darmstadt, Germany), stored at —80 °C in 20-uL aliquots (1 mg/mL enzyme) of
storage buffer (50.0 mM Tris, 1.00 mM TCEP, 150 mM NacCl, pH 7.5) was warmed to room
temperature and diluted to 0.0741 mg/mL through the addition of 250 pL of storage buffer. The
diluted enzyme solution was then aliquoted into 10 separate PCR tubes. The assay plate and
enzyme tubes were subsequently incubated at 37 °C for 10 min. After the completion of the
incubation period, 20 uL of diluted FXIIIa solution was added from each PCR tube to all wells in
the plate excluding the negative controls using a multi-channel pipette. This produced a final

volume of 200 pL per well, with final reaction conditions of pH 7.5, 74.4 mM Tris, 10.4 mM
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CaClz, 223 mM NacCl, 5.10 mM TCEP, 13.4 mM H-Gly-OMe, 100 uM A101, and 7.41 pg/mL (94
nM) FXIIIa. The range of inhibitor concentrations tested spanned from 1 to 200 uM, and the final
DMSO concentration in the reaction mixture was kept below 10% v/v. Monitoring of fluorescence
emission was commenced after quick stirring by aspiration. Assays were terminated once the

fluorescence had plateaued.

2.8.2. Kinetic Evaluation of TG2 Inhibition

A colorimetric transamidase assay using chromogenic substrate AL5 (Cbz-Glu(y-p-
nitrophenyl ester)Gly-OH) was used to determine TG2 inhibition kinetics as described previously
[42,45,46,50]. In brief, assays were conducted at 25 °C in 96-well plates, and absorbance at 405
nm was monitored continuously using a BioTek Synergy 4 plate reader. For each compound, 6
inhibitor concentrations were tested, along with positive (no inhibitor) and negative (no enzyme,
no inhibitor) controls. All assays were run in duplicate as separate independent experiments.
Human TG2 expressed and purified as described previously [64] and stored in aqueous buffer at
—80 °C, was first thawed and diluted to a working concentration of 50 mU/mL in the buffer. The
diluted enzyme solution was stored on ice. The appropriate amount of distilled water, 125 uL of
aqueous buffer (111 mM MOPS, 15.6 mM CaCly, pH 6.9), the desired amount of inhibitor (from
a DMSO stock solution), and 5.0 uL. of AL5 (from a 5.56 mM DMSO solution) were added in that
order to 7 Eppendorf tubes to reach final volumes of 250 puL per tube. After mixing thoroughly,
180 pL of the mixture from each tube was transferred to plate wells. To initiate the assay, 20 pL
of the diluted TG2 solution was added using a multichannel pipette to each well except the negative
control, which was treated with water. The final reaction conditions were pH 6.9, 50.0 mM MOPS,

7.0 mM CaClz, 100 uM ALS, and 5 mU/mL TG2. The range of inhibitor concentrations tested
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spanned from 1 to 350 uM, and levels of DMSO were kept below 10% v/v. Data collection was

then initiated after mixing by quick aspiration, and the assay was allowed to run for 20 min.

2.8.3. Determination of Type of Inhibition

The type of inhibition for both TG2 and FXIlla was primarily determined by visual
inspection of kinetic traces. Inhibitors producing fluorescence-time or absorbance-time kinetic
curves that either reached plateaus at the same level as that of the positive control or did not plateau
at all throughout the time course of the experiment, even at high inhibitor concentrations, were
deemed to be operating through a reversible mechanism. This assumption was tested and validated
with inhibitor 47 through an A101 substrate spike experiment. Additional A101 (5 uL of 4000 uM
stock in DMSQ) was added to enzymatic reactions lacking in inhibitor (positive control) and pre-
treated with inhibitor (50, 100, 150, 200 uM) after the initial reactions were complete and
fluorescence plateaus had been reached. Data collection at 37 °C was re-commenced immediately
after the addition, and fluorescence was monitored over time as previously described. On the other
hand, inhibitors producing kinetic curves in which earlier and lower plateaus in fluorescence or
absorbance were observed as inhibitor concentration was increased were assumed to be operating
through irreversible time-dependent covalent inactivation. This assumption was tested and
validated with inhibitor 23 through an A101 substrate spike experiment in which an additional 5
uL of A101 substrate stock solution (4000 uM in DMSO) was added to the positive control and
highest inhibitor concentration (200 pM) reaction. In the case of the small molecule inhibitors, an
A101 spike experiment was conducted as outlined above, or an inhibitor spike with 79 the substrate
spike was replaced with the highest concentration of inhibitor being assayed. Analysis was carried

out as described above.
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2.8.4. Analysis of In Vitro Kinetic Data

Data analysis for the determination of kinetic inhibition parameters for both FXIlla and
TG2 was performed using Microsoft Excel and GraphPad Prism. Absorbance-time and
fluorescence-time plots from all positive controls and inhibitor treatments were corrected for
background substrate hydrolysis through subtraction of the negative control and were then set to
an initial fluorescence or absorbance of zero through subtraction of y-intercepts at time zero from
all points.

For inhibitors displaying reversible competitive kinetics, the first 10% conversion, taken
as the time point at which the relative fluorescence or absorbance reached 10% of the maximum
at the plateau, was used to obtain the initial rates from linear regressions of fluorescence or
absorbance over time. The means and standard deviations from duplicate trials of the ratios of
uninhibited (positive control) to inhibited initial rates (vun/vin) Were then plotted against the
corrected inhibitor concentrations ([l]/e), producing a normalised Dixon plot defined by the

relationship

‘ﬂ:i(ﬂ>+1 )

vin Ki\a
Inhibitor concentrations were corrected by division with the parameter o, defined as the
constant correcting for competition between the substrate and inhibitor for the enzyme’s active
site. Based on the known Ky of 8 uM for A101 [42,46] and its final concentration of 100 uM under

these reaction conditions, o for FXIIIa kinetics was determined to be 13.5 through the equation

_ 4, 18]
a—1+K—M (2)
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The corresponding o value for TG2 inhibition kinetics was determined to be 11 based on
the AL5 Km of 10 uM [42,46] and 100 uM concentration. Apparent K; values for inhibitor potency
against FXIlla or TG2 were taken from the reciprocal slopes of linear regressions forced through
(0,1) from each normalised Dixon plot and are reported with their graphically determined standard
errors.

Inhibitors deemed to be operating irreversibly were evaluated under Kitz & Wilson
conditions [58,59]. Observed pseudo-first-order rate constants (Kons) for enzyme inactivation were
extracted from the fluorescence-time or absorbance-time data at each inhibitor concentration
through non-linear fitting using a mono-exponential decay model as in

FA; = FA, + (FAplateau - FAO)(l — e~ obst) (3)

The kobs vValues from duplicate trials were then averaged and used to determine the first-
order half-lives. All fluorescence-time and absorbance-time data sets were treated over 3 half-
lives, and the observed rate constants were calculated as described. The mean and standard
deviations for the observed rate constants were then plotted against the inhibitor concentrations
after correction by division of the appropriate o parameter, producing hyperbolic saturation plots.
For inhibitors where a clear plateau in the observed rate constant was observed at high inhibitor
concentrations in the saturation plot, non-linear hyperbolic fitting was performed according to
Equation (4).

1
kinact %
kops = —7 4)

This fitting was used to determine kinact and K; values, along with their standard errors.

These extracted values were then used in the calculation of kinact/K), with errors carried forward
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appropriately. For inhibitors that did not reach an obvious saturation in the observed rate constant,
a linear regression (forced through the origin) was performed on the plots of kobs Vs [I]/a using the
lowest inhibitor concentrations. The ratio of kinact/Ki in these cases was taken from the slope of the

linear fit and its corresponding standard error.

2.8.5. Fluorescent Labelling of FXIlla by SDS-PAGE

To a 1.5-mL Eppendorf was added 10 pg of thrombin-activated FXIlla (TO70 Zedira
GmbH, Darmstadt, Germany) as a solution in 10 pL storage buffer (50 mM TRIS, 1 mM TCEP,
150 mM NaCl pH 7.5). A 5-pL aliquot of FXIII kinetic assay buffer (111 mM TRIS, 16 mM
CaCl,, 333 mM NaCl pH 7.5) was added to the tube and gently vortexed. The rhodamine B
derivatized probe 93 (aka KM93), 15 pL of a 60 M aqueous solution, was subsequently added
to the tube, the tube was gently vortexed, and enzyme labelling was allowed to occur for 20 min
at room temperature. A 30-pL aliquot of Bio-Rad 2X Laemmli Sample Buffer (5% B-
mercaptoethanol) was added to the sample and the solution was boiled for 5 min at 100 °C to
ensure denaturation. Once the sample had cooled, 30 puL was loaded into a well of a Bio-Rad Mini-
PROTEAN TGX precast 4-20% acrylamide gel. A 10-pL aliquot of Bio-Rad Precision Plus
Unstained Protein Standards was loaded and electrophoresis was performed at 120 V for 1 h. The
gel was first visualised using a Bio-Rad ChemiDoc MP Imager for fluorescent bands (green
epifluorescence illumination 605/50 nm filter). The gel was then stained with Coomassie and

visualised again.

2.8.6. Synthesis of Peptidic Inhibitors, Small Molecule Inhibitors, and Fluorescent Probe

Synthetic schemes, experimental procedures, and characterization data for all

intermediates and final compounds are provided in the Supplementary Materials.
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2.8.7. Cellular Labelling and Microscopy of FXllla

2.8.7.1. Reagents and Antibodies

MEM Alpha (eMEM) (12561-056), penicillin-streptomycin, L-glutamine, and sodium
pyruvate were from Gibco (Burlington, ON, Canada). Fetal bovine serum was from Hyclone
(Waltham, MA, USA). Human M-CSF (macrophage-colony stimulating factor) was from
PeproTech (Rocky Hill, NJ, USA). Thiazolyl Blue Tetrazolium Bromide (MTT) was purchased
from Sigma. Sheep anti-human Factor XIII-A (SAF13A-AP) was from Affinity Biologicals
(Ancaster, ON, Canada). Donkey anti-sheep 1gG cross-adsorbed secondary antibody AlexaFluor®-
488 (A-11015), AlexaFluor®-488-phalloidin and DAPI (4', 6- diamidino-2-phenylindole) were

from Thermo Fisher Scientific (Rockford, IL).

2.8.7.2. Animals

C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mice
were housed in a pathogen-free environment and maintained under standardised conditions. All

experimental protocols were approved by the Animal Care Committee of McGill University.

2.8.7.3. Bone Marrow Macrophage Isolation Culture

Bone marrow cells were extracted from 6- to 10-week-old C57BL/6 mice and cultured for
24 h with 25 ng/mL M-CSF. Non-adherent cells were collected and plated at 5 x 10* cells/cm? for
another 48 h in the presence of M-CSF. Medium composed of tMEM, 1% penicillin-streptomycin,
1% L-glutamine solution, 1% sodium pyruvate, and 10% FBS was used for the culture. The cells

that had adhered to plates were M-CSF-dependent bone marrow-derived macrophages (BMMs).
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Probe 93 (aka KM93) was diluted in DMSO at stock concentration and added to the cell culture

at the indicated concentrations.

2.8.7.4. Protein Extraction and SDS-PAGE

Bone marrow macrophages were cultured in the presence and absence of probe 93 (aka
KMB93) and cells were collected at their experimental endpoints of 6 h and 48 h as follows: cells
were washed with PBS and extracted with ice-cold cell lysis buffer containing 50 mM Tris (pH
7.5), 0.5 M NaCl, and 2% Igepal, 1% protease inhibitor cocktail, and 1% phosphatase inhibitor
cocktail. Extraction was done with 30 min incubation followed by scraping, 30 s of sonication,
and centrifugation at 14,000 g for 15 min at 4 °C. A bicinchoninic acid (BCA) Protein Assay Kit
(Thermo Fisher Scientific) was used to measure protein concentration. Twenty (20) pg of proteins
were loaded onto 10% SDS-polyacrylamide gels and run in a Bio-Rad electrophoresis system (Bio-
Rad, Mississauga, ON, Canada). Protein bands labelled by probe 93 (aka KM93) were imaged
with a Typhoon 8600 fluoroimager (GE Healthcare) using EX/Em 532/610 nm and then stained

with Coomassie.

2.8.7.5. Immunofluorescence Microscopy

Bone marrow macrophages were plated onto NUNC 8-well cell culture chamber slides
(Thermo Scientific) as described above. At the endpoints, cells were fixed with 3.7%
formaldehyde for 10 min and then blocked with 2% bovine serum albumin (BSA) for 30 min. Cells
were then incubated with probe 93 (KM93) for the indicated time and then washed and incubated
with primary antibody (Anti-FXI11-A) for 2 h, followed by AlexaFluor® conjugated secondary

antibody for 1 h. F-actin was labelled with AlexaFluor® 488-phalloidin and nuclei were stained
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with DAPI. Images were taken under 40x objective by using the Zeiss Axioscope 5 microscope

(Carl Zeiss, Hamburg, Germany).

2.9.  Supplementary Materials

The supporting information containing detailed description of the synthesis [42, 51, 53, 65-
77], characterization, and supplementary figures can be downloaded at: www.mdpi.com/xxx/s1,
Scheme S1: Synthesis of Fmoc-AA(Acrylamide)-OH monomers 5-8 required for the production
of acrylamide-bearing peptidic inhibitors; Scheme S2: Synthesis of Fmoc-D-Asp(OtBu)-OH 9
required for the production of acrylamideand o-chloroacetamide-bearing peptidic inhibitors;
Scheme S3: Synthesis of acrylamide-bearing peptidic inhibitors 11-14; Scheme S4: Synthesis of
Fmoc-AA(Alloc)-OH monomers 17-19 required for the production of achloroacetamide-bearing
peptidic inhibitors; Scheme S5: Synthesis of a-chloroacetamide-bearing peptidic inhibitors 20-23;
Scheme S6: Synthesis of Boc-Glu(MA)-OH 28 required for the production of ZED1301; Scheme
S7: Synthesis of Boc-AA(MA)-OH monomers 33 and 37 required for the production of a,f-
unsaturated ester-bearing peptidic inhibitors; Scheme S8: Synthesis of Ac-D-Asp(OtBu)-OH 38
required for the production of a,B-unsaturated ester-bearing peptidic inhibitors; Scheme S9:
Synthesis of a,p-unsaturated ester-bearing peptidic inhibitors 45-47; Scheme S10: General
synthetic scheme to arrive at L-Dap key intermediate for small molecule inhibitors 66-68; Scheme
S11: Synthetic scheme to arrive at malonyl inhibitors 71 and 72; Scheme S12: Synthetic scheme
to arrive at cyclopropyl inhibitor 74 through the methyl ester 73; Scheme S13: Synthetic scheme
to generate succinyl inhibitors 75-77; Scheme S14: Synthetic scheme to synthesize sulfonyl
inhibitor 79; Scheme S15: General synthetic scheme to arrive at D-Dap scaffold key intermediate

83; Scheme S16: Synthetic scheme to generate D-Dap succinyl inhibitor 84; Scheme S17: General
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synthetic scheme to generate o,B-unsaturated warhead key intermediate 86; Scheme S18: Synthetic
scheme to produce o,B-unsaturated succinyl inhibitor 87; Scheme S19: Synthetic scheme to
produce a,B-unsaturated phthalyl inhibitor 88; Scheme S20: Synthesis of Rhodamine-B-ZED1301
fluorescent probe 93 (KM93); Scheme S21: Synthesis of Fmoc-6AH-OH 89 required for the
production of fluorescent probe 93 (KM93); Figure S1: Fluorescence-time curve of the spike
experiment performed with inhibitor 47 to confirm the reversibility of FXIlla inhibition.
Additional A101 substrate was added to the reactions corresponding to the positive control with
no inhibitor (+ve), the negative control with no enzyme (-ve), and all 4 inhibitor concentrations (1,
2,5, and 10 uM) after the initial plateaus in fluorescence had been reached. Fluorescence emission
(RFU, relative fluorescence unit emission at 418 nm after excitation at 313 nm) was then monitored
over time; Figure S2: Fluorescence-time curve of the spike experiment performed with inhibitor
23 to confirm the irreversibility of FXIlla inhibition. Additional A101 substrate was added to the
reactions corresponding to the positive control with no inhibitor (+ve) and the highest inhibitor
concentration (200 uM) after the initial plateaus in fluorescence had been reached. Fluorescence
emission (RFU, relative fluorescence unit emission at 418 nm after excitation at 313 nm) was then
monitored over time; Figure S3: Substrate spike experiment with small molecule inhibitor 79 and
FXIlla. Upon completion of the activity assay, another 100 uM of A101 was added and the RFU
increased, implying FXI1la was still active (top and bottom left panels); Figure S4: Inhibitor spike
experiment with small molecule inhibitor 79. Upon completion of the activity assay another dose
of 320 uM 79 was added and the RFU plateau at a lower value (top right panel); Figure S5:
Inhibition experiment of FXIIla with small molecule inhibitor scaffold components dansyl amide
and acrylamide assayed at four different concentrations (0, 100, 200, 320 puM); Figure S6: SDS-

PAGE of commercially available FXIlla incubated with 30 uM fluorescent probe 93 (KM93)
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visualized first for fluorescence and then using Coomassie Blue staining; Figure S7: Full SDS-
PAGE gel of fluorescent labelling of commercially available FXIl1a with 30 uM 93 (KM93). Note
the excess labelling agent at the very bottom edge of the gel does not correspond to protein; Figure
S8: A) Fluorescent labelling of FXIlIla in murine bone marrow macrophages (BMM). BMMs were
incubated with 0-20 UM KM93 for 6 h (top gel) or for 48 h (bottom gel), lysed, and protein extracts
were prepared and resolved with denaturing, 10% SDS-PAGE. The gels were visualized using a
fluoroimager (Ex/Em 562/610). The gels show a dose dependent labelling of a ~80 kDa band,
which corresponds to a molecular weight of FXIlla, consistent with the red fluorescence of the
rhodamine moiety of KM93. The identity of the band at ~100 kDa is unknown but it is also present
in the negative control and thus represents background. B) Coomassie Blue stained gels confirm
equal loading in each lane; Figure S9: Fluorescence visualization of KM93 in murine bone marrow
macrophages (BMM). Cells were incubated with 20 uM KM93 for 48 h in microscopy chamber
slides. At end point, cells were fixed, cytoskeletal actin was stained with AlexaFluor®-488-
phalloidin (green) and nuclei were stained with DAPI (blue). KM93 was visualized in the 568-nm
channel (red). A): Cells that were incubated in the absence of the probe showed no signal in the
568-nm channel (negative control). B): Strong red fluorescence was seen observed after 48 h
incubation with 20 uM KM?93. The probe was confirmed to be intracellular by actin staining (see
inset C). White magnification bar represents 20 um; Figure S10: FXIlla inhibitor ZED1301 is able
to block labelling by KM93 probe in BMM cells. BMM cells were preincubated in the absence or
presence of 20 uM ZED1301 for 2 hours to inhibit FXIlla, prior to addition of 20 uM KM93 and
further incubation for 4 hours. Cells were fixed and washed, nuclei were stained with DAPI (blue)

and incorporation of the red probe KM93 was observed by fluorescence microscopy. Negligible
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red fluorescence was observed in cells blocked by pre-incubation with ZED1301. Magnification

bar equals 40 pum.
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Synthesis of Intermediates and Final Inhibitors

For the synthesis of the acrylamide-bearing inhibitors 11-14, a direct approach involving
semi-automated Fmoc-based solid-phase peptide synthesis (SPPS) was envisioned as shown in
Scheme S3. Loading 2-chlorotrityl chloride (CTC) resin with Fmoc-Proline to form 10 could be
followed by cycles of amide couplings and Fmoc-deprotections to assemble the desired linear
octapeptides. The final inhibitors 11-14 would then be isolable after N-terminal acetylation,
cleavage off resin, and global deprotection of the sidechain protecting groups. In order to carry out
this synthesis, unnatural amino acid (AA) monomers bearing acrylamide functionalities on their
sidechain amines with different linker lengths were required, and were synthesized accordingly.
For ease of introduction into SPPS, the acrylamide-bearing monomers were assembled in the form
of Fmoc-AA(Acrylamide)-OH compounds 5-8 as shown in Scheme S1. Commercially available
Boc-AA-OH compounds were first treated with acryloyl chloride to form Boc-AA(Acrylamide)-
OH compounds 1-4. Deprotection of the Boc group with TFA followed by reprotection with Fmoc-
chloride prepared the desired monomers 5-8 for convenient incorporation into the peptidic
inhibitors. The final unnatural amino acid required for SPPS of the acrylamide-bearing inhibitors,
namely Fmoc-D-Asp(OtBu)-OH 9, was prepared from commercially-available H-D-Asp(OtBu)-
OH using Fmoc-chloride as shown in Scheme S2. The acrylamide-bearing monomers 5-8, along
with the D-Asp derivative 9, were then carried into the SPPS outlined in Scheme S3, allowing for
the production of the desired acrylamide-bearing peptidic inhibitors 11-14 in sufficient quantities

for characterization and subsequent kinetic evaluation with FXlIlla.
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Scheme S2. Synthesis of Fmoc-D-Asp(OtBu)-OH 9 required for the production of acrylamide-
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Next, the synthesis of the a-chloroacetamide-bearing inhibitors 20-23 was addressed. Due
to its high electrophilicity, the a-chloroacetamide functionality was anticipated to be unstable in
the presence of high concentrations of piperidine, used in standard SPPS Fmoc deprotections. To
avoid this potential issue and prevent exposing the a-chloroacetamide to any piperidine, the
warhead would have to be installed onto the peptide after the linear chain had been assembled
fully. Rather than introducing the warhead-bearing amino acid as the unnatural monomer already
bearing the electrophile, as was performed with the synthesis of the acrylamides in Scheme S1,
this residue could be added to the chain while carrying a sidechain amine masked with a protecting
group which could later be removed and replaced with the desired a-chloroacetamide moiety. The
Alloc protecting group was selected for this purpose due to its orthogonality to the Fmoc, Boc, and
tert-butyl ester removal conditions. To prepare the required amino acid monomers of the form
Fmoc-AA(Alloc)-OH with varying linker lengths, compounds 17-19, standard protecting group
manipulations were performed from commercially available starting materials, as shown in
Scheme S4. The required amino acid with the longest linker length, namely Fmoc-Lys(Alloc)-OH,
was commercially-available. The Alloc-bearing monomers and the D-Asp derivative 9 were
carried into the SPPS as described in Scheme S5. Linear chain completion followed by N-terminal
acetylation, palladium-catalyzed Alloc-deprotection, warhead attachment with chloroacetic
anhydride, and cleavage and global deprotection furnished the a-chloroacetamide-bearing

inhibitors 20-23 in adequate yield and purity.
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The peptidic inhibitors 45-47, bearing the unsaturated ester warhead, were synthesized
through a route similar to that reported by Zedira in the original ZED1301 synthesis [51,53]. The
required amino acids of the form Boc-AA(MA)-OH 28, 33, and 37 were prepared as shown in
Schemes S6 & S7. For the two-methylene-linker Boc-Glu(MA)-OH 28, leading to ZED1301, a
commercially-available glutamate derivative was first methylated on its sidechain to produce 24
(Scheme S6), and was subsequently di-Boc protected at the a-amine to yield 25. This di-Boc
protection masks the acidic proton which is believed to interfere with the subsequent DIBAL-
mediated reduction to aldehyde 26 [65-67], which was subjected to a Wittig reaction to produce
the desired unsaturated ester warhead in 27. Protecting group manipulation then led to the
formation of mono-Boc derivative 28. For longer and shorter linker derivatives of 28, outlined in
Scheme S7, an aspartate derivative was chosen as the starting point. A Steglich esterification of
the C-terminus produced compound 29, which was in perfect shape to proceed through the
analogous sequence of protection, DIBAL reduction, Wittig installation of the unsaturated ester,
and protecting group manipulation, as described previously, to produce the desired Boc-Asp(MA)-
OH compound 33. To obtain the amino acid with one methylene longer than the glutamate
derivative, namely the homoglutamate (Hmg) position unsaturation, the aspartate-derived
compound 32 was carried forward, as this already possesses the necessary protecting groups and
a carbonyl placed at the & carbon. Hydrogenation of the unsaturation led to 34, which after the
same sequence of transformations cleanly produced the Boc-Hmg(MA)-OH compound 37. The
final amino acid required for these peptides, Ac-D-Asp(OtBu)-OH 38, was produced from H-D-
Asp(OtBu)-OH through a reported protocol, as shown in Scheme S8 [68]. With all the required
amino acids in hand, the peptide synthesis was carried out as shown in Scheme S9, again in a

manner similar to that reported for the ZED1301 synthesis by Zedira [51]. Linear chain extension
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was terminated after the attachment of the warhead-bearing residue. Deprotection of the N-
terminal Boc group with TFA resulted in simultaneous deprotection of the Trp residue’s Boc group
and cleavage from the resin. The resultant peptides 39-41 were subsequently coupled in solution
with the final residue 38, furnishing penultimate intermediates 42-44, which could easily be turned
into the desired inhibitors 45-47 through t-butyl ester deprotection in acid. This synthetic route,
developed by Zedira, avoids exposing the electrophilic unsaturated ester moiety to any

nucleophilic piperidine.
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Scheme S6. Synthesis of Boc-Glu(MA)-OH 28 required for the production of ZED1301 [53].
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Scheme S7. Synthesis of Boc-AA(MA)-OH monomers 33 and 37 required for the production of

a,f-unsaturated ester-bearing peptidic inhibitors.
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Scheme S8. Synthesis of Ac-D-Asp(OtBu)-OH 38 required for the production of a,-unsaturated
ester-bearing peptidic inhibitors [68].
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Scheme S9. Synthesis of o,-unsaturated ester-bearing peptidic inhibitors 45-47 [51].
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Scheme S10. General synthetic scheme to arrive at L-Dap key intermediate for small molecule

inhibitors 66-68.

The small molecule inhibitors of FXIlla were synthesized by first generating a key
intermediate which would allow for functionalization at the N-terminus with various carboxylic
acids (Scheme S10). Starting from commercially available acyl chloride or sulfonyl chlorides 48-
50, an acylation was performed with N-Boc-Piperazine. The Boc group was then cleaved under
acidic conditions with TFA to generate the free amines 54-56. An amide coupling was then
performed with EDC, HOBY, and the corresponding Boc-L-Dap(Z)-OH to gain access to the fully
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protected 57-59. Hydrogenolysis with catalytic palladium on carbon liberated the B-amine 60-62.
An acrylation with acryloyl chloride successfully installed the acrylamide warhead to generate the
protected key intermediates 63-65. A final Boc deprotection with TFA vyielded the key

intermediates 66-68 to allow for functionalization at the N-terminus.
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Scheme S11. Synthetic scheme to arrive at malonyl inhibitors 71 and 72.

Malonyl inhibitors 71 and 72 were synthesized by an amide bond coupling with mono-t-

butyl malonate and subsequent acidic cleavage of the t-butyl ester to yield the final inhibitors

(Scheme S11).
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Scheme S12. Synthetic scheme to arrive at cyclopropyl inhibitor 74 through the methyl ester 73.
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To generate the cyclopropyl inhibitor 74, a coupling with the mono-methyl ester protected
diacid was accomplished with EDC and HOBt. The ester was then hydrolyzed in aqueous

conditions with lithium hydroxide to produce the inhibitor 74 (Scheme S12).
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Scheme S13. Synthetic scheme to generate succinyl inhibitors 75-77.

The three succinyl inhibitors were synthesized by a simple anhydride opening with succinic
anhydride. Under basic conditions the key intermediates were exposed to succinic anhydride and

yielded inhibitors 75-77 (Scheme S13).
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Scheme S14. Synthetic scheme to synthesize sulfonyl inhibitor 79.

The dansyl sulfonamide inhibitor was generated from a sulfonamide coupling with the key

intermediate 66 and chlorosulfonyl-acetic acid methyl ester. A methyl ester hydrolysis then

deprotected the carboxylate to produce 79 (Scheme S14).
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Scheme S15. General synthetic scheme to arrive at D-Dap scaffold key intermediate 83.

To probe the effect of the decreased linker length to the warhead, a D-Dap scaffold was
synthesized through generation of a key intermediate 83, analogous to the L-Dap scaffold. Starting
from the earlier synthesized piperazine-naphthoyl 56, an amide coupling was performed with Z-
D-Dap(Boc)-OH to produce the orthogonally protected 80. Subsequent hydrogenolysis liberated
the free warhead a-amine 81. An acrylation with acryloyl chloride provided the acrylamide
intermediate 82. A final Boc deprotection with TFA yielded the D-Dap scaffold key intermediate

83 as a TFA salt (Scheme S15).
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Scheme S16. Synthetic scheme to generate D-Dap succinyl inhibitor 84.
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The D-Dap succinyl inhibitor was synthesized from the TFA salt of key intermediate 83
and succinic anhydride under basic conditions. The carboxylic acid inhibitor 84 was obtained in

83% yield (Scheme S16).
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Scheme S17. General synthetic scheme to generate o, f-unsaturated warhead key intermediate 86.

Using the a,B-unsaturated ester residue 28 an amide coupling tethered it to the TFA salt of
piperazine-naphthoyl 56*. A Boc deprotection of the N-terminal amine formed the o,3-unsaturated

warhead key intermediate 86 (Scheme S17).
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Scheme S18. Synthetic scheme to produce o,-unsaturated succinyl inhibitor 87.

The succinyl derivative of the a,B-unsaturated small molecule library was generated from
succinic anhydride under basic conditions. The a,B-unsaturated succinyl inhibitor 87 was obtained

in 67% vyield (Scheme S18).
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Scheme S19. Synthetic scheme to produce o,-unsaturated phthalyl inhibitor 88.

The o,B-unsaturated phthalyl inhibitor featuring the naphthoyl hydrophobic unit was

synthesized using the phthalic anhydride. Under basic conditions, the a,p-unsaturated key

intermediate opened the anhydride to yield inhibitor 88 (Scheme S19).
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Scheme S20. Synthesis of Rhodamine-B-ZED1301 fluorescent probe 93 (KM93).
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Scheme S21. Synthesis of Fmoc-6AH-OH 89 required for the production of fluorescent probe 93

(KM93).

The Rhodamine-B-tethered ZED1301-derived probe 93 (aka KM93) (Scheme S20) was
synthesized in a manner similar to ZED1301. The key retrosynthetic bond disconnection made
was between the warhead-bearing residue’s a-amine and the adjacent D-Asp residue’s carbonyl, a
bond that is formed through the in-solution coupling in ZED1301 synthesis (Scheme S9). This
disconnection leads to two fragments, the first of which is simply compound 40, prepared
previously (Scheme S9) as part of ZED1301. The other fragment is compound 91, which was
synthesized through solid-phase peptide synthesis as shown in Scheme S20. Fmoc-D-Asp(OtBu)-
OH 9, prepared previously in Scheme S2, was first loaded onto chlorotrityl resin, and was
subsequently coupled to Fmoc-6-aminohexanoic acid (89, prepared in Scheme S21), followed by
proline and lastly rhodamine B. Soft cleavage off resin with HFIP produced the peptide 92 in
solution while retaining the tert-butyl ester protecting group on the aspartate sidechain which was
necessary to retain selectivity in the subsequent in-solution coupling with 40 to produce 92. This

was then treated with TFA, yielding the fluorescent probe 93.
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Experimental Data for Intermediates and Final Inhibitors

General Comments

All reagents were obtained from chemical suppliers and used without further purification. All
NMR spectra (*H and *3C) were recorded on Bruker 300, 400, or 600 MHz instruments, and
chemical shifts are reported in ppm after referencing to the appropriate deuterated solvent peak
[69]. High-resolution mass spectra (HRMS) were recorded at the John L. Holmes Mass
Spectrometry Facility (University of Ottawa) on a quadrupole time-of-flight (QTOF) analyzer
equipped with electrospray ionization (ESI). Automated peptide syntheses were performed on a
Liberty Blue™ Automated Microwave Peptide Synthesizer. All solvents, reagents, and starting
materials which do not have their synthesis described herein were purchased from commercial
suppliers and used without further purification or characterization. Crude peptides were
characterized by liquid chromatography mass spectrometry (LC-MS: Shimadzu LC-MS-2020
system; Agilent Eclipse XOB-C18 5.0-um, 4.6 x 150-mm column or Bischoff Chromatography
ProntoSIL 5.0-um, 4.0 x 125-mm column; ACN/H20 with 0.05% v/v formic acid, 5-95% gradient,
15 min runs, 1 mL/min; UV detection at 220 and 254 nm; ESI in positive mode, quadrupole mass
analysis) for confirmation of their identities. Peptides were purified through semi-preparative high-
performance liquid chromatography (HPLC: Gilson HPLC system; Kinetex XB-C18 5.0-pum, 100
A, 10 x 150-mm column; ACN/H20 with 0.1% v/v TFA, 10-95% gradient, 45 min runs, 3 mL/min;
UV detection at 220 and 254 nm). All final peptidic inhibitors were judged to be at least 95% pure
through analytical HPLC (Gilson HPLC system, Kinetex XB-C18 5.0-um, 100-A, 4.6 x 150-mm
column; ACN/H20 with 0.1% v/v TFA, 5-95% gradient, 20 min runs, 1 mL/min; UV detection at
220 and 254 nm). Small molecule inhibitors were purified via flash chromatography using either

230-400 mesh silica gel and organic solvent or SiliCycle C140-63 pm silica and water/methanol
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eluent. Thin layer chromatography (TLC) was performed using SiliCycle aluminum backed TLC

plates of 200 um thickness and F-254 indicator.

General Procedure A: Acryloyl Attachment to Amino Acid Sidechain Amines

This protocol was adapted from that reported by Cai & Guengerich in 1999 [70]. A 1:1 mixture of
acetonitrile and 1 M NaOHaq) was prepared and stirred at room temperature. The appropriate
commercially available Boc-AA-OH compound (1.0 eq, [Boc-AA-OH] = 0.2 M) was then added
in 1 portion, followed by the dropwise addition of acryloyl chloride (1.2 eq). The reaction was
allowed to stir continuously at room temperature until completion by TLC analysis (2 - 2.5 h)
before rotary evaporation to remove acetonitrile. The remaining solution was then acidified to pH
1-2 through the addition of 1 M HClg), and was subsequently extracted thrice into EtOAc. The
combined organics were dried over MgSOy, filtered, and concentrated by rotary evaporation. Flash
column chromatography using 1.5% MeOH, 0.1% AcOH, 98.5% EtOAc as the eluent produced
pure products. Residual acetic acid was removed through azeotropic rotary evaporation with

toluene and concentration in vacuo.

General Procedure B: Deprotection of Boc Group from Sidechain or a-Amines of Amino Acids

The Boc-protected amino acid (1 eq) was dissolved in an appropriate volume of DCM to achieve
a concentration of 0.1 M. TFA was then added to reach 20% acid by volume. The resulting mixture
was stirred at room temperature until the Boc deprotection reaction was deemed complete by TLC
(2 - 2.5 h). DCM was removed by rotary evaporation, and excess TFA was removed through 3

successive co-evaporation with more DCM. The resulting yellow-orange oils or beige solids
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containing the TFA salts of the deprotected amino acids were carried forward without further

characterization or purification.

General Procedure C: Fmoc-Protection of a-Amines of Amino Acids

This protocol was adapted from that reported by Narita et al. in 2016 [71]. The desired amino acid
(1 eq), with a free a-amine to be Fmoc-protected, was dissolved in distilled water to produce a
concentration of 0.25 M. For cases in which the starting material was carried forward directly from
a Boc deprotection in General Procedure B, the excess TFA in the acidic aqueous solutions was
first neutralized to pH 7 through dropwise addition of concentrated NaOH aq) at room temperature
with vigorous stirring. Next, Na.COszs) (3.8 eq, or 10% wi/v) was added to adjust the pH of the
solution to roughly 9. Separately, fluorenylmethyloxycarbonyl chloride (1 eq) was dissolved in
dioxane (0.25 M), and this was added to the reaction mixture dropwise while stirring at room
temperature. After reaction completion (2 - 2.5 h), the crude product was concentrated through
rotary evaporation and diluted into distilled water. This was then washed twice with ether before
acidification to pH 1-2 by adding 1 M HClq). The acidified aqueous phase was extracted thrice
into ethyl acetate, and the combined organics were then washed twice with water, twice with brine,

dried over MgSOy, filtered, and concentrated in vacuo to yield pure products.

General Procedure D: Loading of 2-Chlorotrityl Chloride Resin with Fmoc-Protected Amino Acid
Fresh 2-chlorotrityl chloride resin (1 eq) was placed in an oven-dried hand-shaker reaction vessel
equipped with a magnetic stir bar. The system was sealed with a septum and a nitrogen atmosphere
was prepared with a balloon. Dry DCM (10 mL) was then added, and the resin was stirred to swell

it at room temperature for 30 min. After draining the swelling solution, the loading mixture (1.2
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eq Fmoc-AA-OH, 4.8 eq DIPEA, 10 mL dry DCM) was added and the reaction was stirred at room
temperature under nitrogen for 2 h. After completion, the resin was washed thrice with 5 mL of
DCM. The capping solution (30 mL of 17:2:1 DCM/MeOH/DIPEA) was added to the loaded resin
in 3 portions of 10 mL, and the resin was stirred at room temperature for 10 min with each portion
prior to draining. After capping, the resin was washed thrice with 5 mL DCM, thrice with 5 mL
DMF, and thrice more with 5 mL DCM. The resulting capped and loaded resin was air-dried. To
test the loading, 1-2 mg of resin was suspended in 3.0 mL of deprotection solution (20% v/v
piperidine in DMF). After 1 h of vigorous shaking, 1.0 mL of the solution was diluted to a final
volume of 3.0 mL with more deprotection solution and placed in a 1-cm quartz cuvette.
Absorbance at 301 nm for this 1/3 dilution was then measured and corrected with a blank. The
molar extinction coefficient of 8021 M cm! for the Fmoc-piperidine adduct was used to estimate
resin loading [72], while overall loading yields were determined based on the final mass of loaded

resin recovered.

General Procedure E: Solid-Phase Peptide Synthesis of Acrylamide-Bearing Inhibitors

Manually-loaded Fmoc-Pro-CTC resin 10 (1 eq) was placed into the automated peptide synthesizer
and swelled in 10 mL DMF for 5 min. Deprotections were performed using 3 mL of 20% v/v
piperidine in DMF at 90 °C for 1 min. Couplings were done at 50 °C over 10 min with 5 eq of the
appropriate Fmoc-AA-OH, 5 eq of HATU or HBTU, and 10 eq of DIPEA in 4.0 mL of a 7:1
DMF/NMP solution. The acrylamide warhead-bearing residues were introduced as the
corresponding Fmoc-AA(acrylamide)-OH compounds. After linear chain completion, the resin
was removed from the synthesizer and the peptides were manually acetylated at the N-terminus

using 5 eq Ac20 and 10 eq DIPEA in 5 mL DCM for 40 min at room temperature. The resin was
110



washed 3-9 times with DMF and/or DCM between each step. Cleavage was done with 5 mL of the
standard 95:2.5:2.5 TFA/H2O/TIPS cocktail while stirring at room temperature for 3 h. Elution
with DCM, removal of excess liquids through rotary evaporation, precipitation in cold ether,
centrifugation, and discarding of the supernatant produced the crude peptides. Peptides were
purified through semi-preparative HPLC and were obtained as solids after lyophilization. Purity

was assessed through analytical HPLC, while identity was confirmed by HRMS.

General Procedure F: Alloc-Protection of Sidechain Amines of Amino Acids

The appropriate amino acid (1 eq) bearing a free sidechain amine was first dissolved in distilled
water to produce a concentration of 0.4 M, then 2.5 eq of K2COz(s) was added. For cases in which
the starting material was carried forward directly from a Boc deprotection in General Procedure
B, the excess TFA in the acidic aqueous solutions was neutralized to pH 7 prior to the addition of
the carbonate base through dropwise addition of concentrated NaOH gy at room temperature with
vigorous stirring. Allyl chloroformate (1.2 eq), dissolved in a volume of dioxane equivalent to that
of the distilled water, was then added to the reaction dropwise. The reaction was stirred at room
temperature overnight. Upon completion, the crude mixture was concentrated by rotary
evaporation, then diluted into an appropriate amount of distilled water. This solution was first
washed twice with ether, then acidified to pH 1-2 through the addition of 1 M HClq). The acidified
aqueous phase was subsequently extracted thrice into ethyl acetate. The combined organics were
washed twice with brine, dried over MgSOy, filtered, and concentrated in vacuo to produce pure

products.
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General Procedure G: Solid-Phase Peptide Synthesis of a-Chloroacetamide-Bearing Inhibitors

These syntheses were commenced in a manner identical to that described in General Procedure E
up until the completion of acetylation. The warhead-bearing amino acid was introduced as Fmoc-
AA(Alloc)-OH. For Alloc deprotection, the resin was first suspended in 5 mL DCM and 5 mL
DMF, then 15 eq of PhSiH3 was added. The resulting solution was sparged with a nitrogen balloon
and septum to prepare an inert atmosphere before the addition of 0.3 eq of Pd(PPhs)4. The reaction
was stirred under nitrogen at room temperature for 40 min. After completion, the resin was washed
thrice with 10 mL of 0.02 M sodium diethyldithiocarbamate in DMF while stirring for 5-10 min
during each wash. To add on the warhead, 5 mL DCM, 10 eq DIPEA, and 5 eq chloroacetic
anhydride were added and the reaction was stirred at room temperature for 40 min. Washes with
DCM and DMF were performed between each step. Peptides were then cleaved, precipitated,

purified, and characterized as in reported in General Procedure E.

General Procedure H: Di-Boc Protection of a-Amines of Amino Acids

Di-Boc protections were performed using a protocol adapted from that reported by Buchold et al.
in 2016 [53]. The amino acid bearing a singular Boc group on its a-amine (1 eq) was first dissolved
in ACN (1.3 M). DMAP (0.2 eq) was added in one portion, and an inert nitrogen atmosphere was
prepared using a balloon and septum. Separately, (Boc)20 (2 eq) was dissolved in ACN (0.8 M),
and this solution was then added to the reaction mixture over 5 mins. After allowing the reaction
to stir overnight at room temperature under nitrogen, the crude was concentrated through rotary
evaporation and purified by flash column chromatography (10% EtOAc in Pet. Ether). Pure

products were obtained after concentration in vacuo.
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General Procedure I: Reduction of Sidechain Esters to Aldehydes

This protocol was adapted from that reported by Buchold et al. in 2016 [53]. The appropriate
amino acid bearing a sidechain ester (1 eq) was transferred to a flame-dried or oven-dried round-
bottom flask under inert nitrogen atmosphere, and was subsequently dissolved in dry Et>O (0.16
M). The resulting solution was then cooled to -78 °C in an acetone-dry ice bath, and stirring was
commenced. A 1 M solution of DIBAL in hexane (1.1 eq) was then added dropwise (0.1 to 0.2
mL/min) using a syringe pump while continuing to stir and cool at -78 °C under inert atmosphere.
After the addition was complete, the reaction was stirred under N for another 1 h, at which point
the process was quenched through the dropwise addition of 0.5 to 3.0 mL of MeOH followed by
10 to 50 mL of a saturated aqueous solution of sodium potassium tartrate tetrahydrate. The mixture
was allowed to gradually warm to room temperature while stirring under inert atmosphere for 1 to
2 h. The organic phase was then separated, washed 1-3 times with 15 mL of saturated aqueous
sodium potassium tartrate tetrahydrate, dried over MgSOg, filtered, and concentrated in-vacuo.
Pure aldehydes were obtained at this point in the case of methyl ester reduction, so these products
were carried forward without further purification. For the reduction of benzyl esters, the crude
aldehydes were purified by flash column chromatography (12% EtOAc in Pet. Ether) to obtain

pure products.

General Procedure J: Installation of a,f-Unsaturated Methyl Ester on Sidechain Aldehydes

This protocol was adapted from that reported by Buchold et al. in 2016 [53].The corresponding
aldehyde (1 eq) was dissolved in benzene (1.6 M) under a nitrogen balloon atmosphere, and the
solution was stirred at room temperature. Next, methyl (triphenylphosphoranylidene)acetate (1 eq)

was added in 1 portion, along with the minimal amount of benzene needed to dissolve the reagent.
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The reaction was stirred overnight at room temperature under N.. Upon completion, excess solvent
was removed through rotary evaporation, and the crude was purified by flash column

chromatography (10% EtOAc in Pet. Ether) before concentration in vacuo to produce pure product.

General Procedure K: Di-Boc and Tert-Butyl Ester Deprotection Followed by Mono-Boc
Reprotection

This protocol was adapted from that reported by Buchold et al. in 2016 [53]. The appropriate
amino acid bearing a di-Boc-protected amine and tert-butyl ester (1 eq) was dissolved ina 1:1.75
DCM/TFA mixture (0.14 M) and stirred at room temperature for 4 h. Upon completion, the
resulting mixture was concentrated through rotary evaporation. Excess TFA was removed through
3 successive co-evaporations with more DCM. The deprotected intermediate was used in the
subsequent reaction without further purification or characterization. An excess of DIPEA, around
6 mL, was then added to the crude intermediate to neutralize excess TFA and produce a pH 9
environment. The resulting oil was dissolved in DMF (0.32 M) and another 2 eq of DIPEA was
added. Next, 1.2 eq of (Boc).O was added in one portion, and the reaction was stirred at room
temperature overnight. Upon completion, solvents were removed through rotary evaporation. The
crude residue was dissolved in a 5% aqueous KHSO4 solution, and this was extracted thrice into
equal volumes of EtOAc. The combined organics were washed twice with equal volumes of brine
before drying over MgSQOyg, filtration, and concentration in-vacuo. The crude product was then
purified by flash column chromatography (65:35 toluene/EtOAc + 0.5% AcOH), producing the

desired compounds in high purity.
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General Procedure L: Solid-Phase Peptide Synthesis of a,f-Unsaturated Ester-Bearing Inhibitors
Manually-loaded Fmoc-Pro CTC resin 10 (1 eq) was placed into the automated peptide synthesizer
and swelled in 20 mL DMF for 5 min. Deprotections were performed using 10 mL of 20% v/v
piperidine in DMF at 90 °C for 1 min. Couplings were done at 50 °C over 10 min with 4 eq of the
appropriate Fmoc-AA-OH, 4 eq of HBTU, and 8 eq of DIPEA in 16 mL of a 7:1 DMF/NMP
solution. The warhead-bearing amino acid was introduced as Boc-AA(MA)-OH (2 eq). The resin
was washed 3 times with 7-10 mL of DMF between each step. After linear chain completion, the
resin was removed from the synthesizer and the peptide was manually cleaved by stirring for 3 h
at room temperature in a 95:2.5:2.5 TFA/TIPS/H20 solution. Elution with DCM, removal of
excess liquids through rotary evaporation, precipitation in cold ether, centrifugation, and
discarding of the supernatant produced the crude peptide. This was subsequently dissolved in DMF
and concentrated further through rotary evaporation. The TFA salts of the desired peptides were
obtained after extensive drying in vacuo, and their identities were confirmed through LC-MS

analysis. Crude peptides were carried forward without further purification.

General Procedure M: In-Solution Coupling of N-Terminal Residue of a,f-Unsaturated Ester-
Bearing Inhibitors

The TFA salts of the peptide fragments, assembled in General Procedure L, leading to the desired
ester-bearing inhibitors, were coupled in-solution to the final N-terminal residue through a reported
protocol [51]. The peptide of the form TFA.H-AA(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (1 eq) was
dissolved in DMF (0.12 M) and stirred at room temperature. Separately, the appropriate N-terminal
fragment bearing a free acid, namely either Ac-D-Asp(OtBu)-OH 38 or RhB-Pro-6AH-D-

Asp(OtBu)-OH 91 (1 eq), was dissolved in DMF (0.12 M) and stirred in an ice-water bath. HATU
115



(1.0eq) and DIPEA (3.0 eq) were then added to the cooled amino acid solution, and this was stirred
at 0 °C for 30 min. Next, the activated amino acid solution was added dropwise to the peptide
solution, and the resulting mixture was set to pH 8 through the addition of more DIPEA. The
reaction was left to stir overnight, and solvents were removed through rotary evaporation upon
completion. Approximately one-third of the crude residue was then purified by semi-preparative
HPLC, while the remaining two-thirds were stored for later use. After concentration in vacuo,
peptide identity was confirmed through LC-MS, and products were carried forward without further

characterization.

General Procedure N: In-Solution Final Deprotection of t-Bu Ester Group of a,f-Unsaturated
Ester-Bearing Inhibitors

The final ester-bearing peptidic inhibitors were obtained following t-Bu ester deprotection of
peptides produced in General Procedure M through a reported method [51]. Peptides of the form
Ac-D-Asp(OtBu)-AA(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH  or  RhB-Pro-6AH-D-Asp(OtBu)-
Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (1 eq) were dissolved in DCM (0.0064 M), then TIPS
was added (7.3 eq). Next, TFA (volume half of DCM) was added, and the reaction was stirred at
room temperature for 3 h. Upon completion, excess liquids were removed through rotary
evaporation, and the product was purified by semi-preparative HPLC. Solid products were
obtained after lyophilization. Purity was assessed through analytical HPLC, while identity was

confirmed by HRMS.
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General Procedure O: Acylation or Sulfonylation of N-Boc-Piperazine

To a round bottom flask was added N-Boc-Piperazine (1.1 eq) solubilized in a mixture of
dichloromethane and triethylamine (1.1 eq). The corresponding acid chloride or sulfonyl chloride
48-50 (1 eq) was subsequently added portion wise, and the solution was stirred at room temperature
overnight. Upon completion, the solution was washed three times with 1 M HCI, water, a saturated
solution of sodium bicarbonate, and brine. In the synthesis of compound 1 the acid and water
washes were excluded. The organic phase was dried with MgSQa, filtered, and concentrated under

reduced pressure. The crude oil was purified via flash chromatography to yield the product.

General Procedure P: Boc Deprotection of Small Molecule Intermediates

To a round bottom flask, the Boc-protected amine (1 eq) was dissolved in dichloromethane.
Trifluoroacetic acid (10 % v/v) was added to the solution. The reaction mixture was stirred at room
temperature overnight. Upon completion, a saturated solution of NaHCO3 was added to the
reaction flask and allowed to stir for half an hour. The solution was then washed with NaHCOs3
five more times and extracted with dichloromethane. The organic phase was dried with MgSOQOg,
filtered, and concentrated under reduced pressure. The resulting amine was carried forward

without further purification.

General Procedure Q: Amide Coupling

To around bottom flask was added the acid (1 eq), EDC HCI (1.2 eq), HOBt (1.2 eq), and DIPEA
(3.0 eq) solubilized in dichloromethane and stirred for half an hour. The amine (1.2 eq) was then
added, and the solution was stirred at room temperature overnight. Upon completion, the reaction

mixture was washed three times with 1 M HCI, water, a saturated solution of NaHCO3s, and brine.
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In the synthesis of compound 57 the acid and water washes were excluded. The organic phase was
dried with MgSQsu, filtered, and concentrated under reduced pressure. The crude oil was purified

via flash chromatography to yield the product.

General Procedure R: Hydrogenolysis of Small Molecule Intermediates

The Chz-protected starting material (1 eq) was dissolved in dry methanol under nitrogen gas in a
round bottom flask. Palladium on carbon (20 mol%) was added and the flask was evacuated under
vacuum and backfilled three times with nitrogen gas. The flask was then evacuated under vacuum
and backfilled three times with hydrogen gas and equipped with a balloon of hydrogen gas. The
solution was stirred overnight at room temperature. Upon completion, the hydrogen gas was
removed, the reaction mixture was filtered over celite, and concentrated under reduced pressure.

The resulting product was carried forward without further purification.

General Procedure S: Acrylation of Small Molecule Intermediates

To a round bottom flask was added the free amine starting material (1 eq) solubilized in
dichloromethane. To the flask was subsequently added triethylamine (2.4 eq) and acryloyl chloride
(2.4 eq) dropwise. The reaction was stirred for 2 h. Upon completion the reaction mixture was
washed three times with water and a saturated solution of NaHCOs3. The aqueous phase was re
extracted with DCM and the organic layers were combined, dried with MgSQ., filtered, and
concentrated under reduced pressure. The resulting crude oil was purified via flash

chromatography to yield the product.
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General Procedure T: Methyl Ester Hydrolysis

To a round bottom flask was added the methyl ester starting material (1 eq) solubilized in a 1:1
mixture of THF:H.O. To the flask was subsequently added LiOH H>O (2 eq) and the reaction
mixture was stirred for 4 h. Upon completion, the volatiles were removed under reduced pressure

and the crude oil was purified via flash chromatography to yield the product.

General Procedure U: Anhydride Coupling

To a round bottom flask was added the starting free amine (1 eq) along with triethylamine (1 eq)
solubilized in DCM. To the flask was subsequently added the corresponding anhydride (1.2 eq)
and triethylamine (1.5 eq). The reaction mixture was then stirred overnight at room temperature.
Upon completion, the reaction mixture was concentrated under reduced pressure and the resulting

crude oil was purified via flash chromatography to yield the product.

Boc-Dap(Acrylamide)-OH (1). Compound 1 was prepared from commercially available Boc-Dap-
OH (500 mg, 2.45 mmol) through General Procedure A, and was obtained as a clear, colourless
oil (375 mg, 1.45 mmol, 59% vyield). H NMR (400 MHz, CDz0OD) & 6.28 — 6.15 (m, 2H), 5.65
(dd, J=7.9, 4.1 Hz, 1H), 4.32 (dd, J = 7.7, 4.6 Hz, 1H), 3.71 (dd, J = 13.8, 4.7 Hz, 1H), 3.59 (dd,
J = 13.9, 7.6 Hz, 1H), 1.42 (s, 9H); 3C NMR (101 MHz, CD30OD) & 173.66, 168.61, 157.68,
131.64, 127.16, 80.65, 54.97, 41.67, 28.65; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C11H1sN20s5Na 281.1113; found 281.1102.

Boc-Dab(Acrylamide)-OH (2). Compound 2 was prepared from commercially available Boc-Dab-

OH (481 mg, 2.20 mmol) through General Procedure A, and was obtained as a clear, colourless
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oil (487 mg, 1.79 mmol, 81% vyield). *H NMR (400 MHz, CD30OD) & 6.26 — 6.17 (m, 2H), 5.65
(dd, J = 7.6, 4.4 Hz, 1H), 4.14 (dd, J = 9.4, 4.7 Hz, 1H), 3.48 — 3.35 (m, 1H), 3.33 — 3.21 (m, 1H),
2.06 (1, 1H), 1.91 — 1.79 (m, 1H), 1.49 — 1.38 (s, 9H); 3.C NMR (101 MHz, CD30D) & 175.66,
168.25, 158.15, 131.96, 126.70, 80.60, 52.72, 41.75, 32.27, 28.70; HRMS (ESI-QTOF) m/z [M +

Na]* calcd for C12H20N20sNa 295.1270; found 295.1275.

Boc-Orn(Acrylamide)-OH (3). Compound 3 was prepared from commercially available Boc-Orn-
OH (500 mg, 2.15 mmol) through General Procedure A, and was obtained as a white solid (447
mg, 1.56 mmol, 72% yield). *H NMR (400 MHz, CDs0OD) & 6.23 — 6.13 (m, 2H), 5.61 (dd, J =
8.4, 3.6 Hz, 1H), 4.13 — 4.02 (m, 1H), 3.25 (t, J = 6.5 Hz, 2H), 1.89 — 1.75 (m, 1H), 1.72 — 1.52
(m, 3H), 1.40 (s, 9H); 3C NMR (101 MHz, CDsOD) & 175.79, 167.98, 157.86, 131.92, 126.63,
80.38, 54.51, 39.88, 30.16, 28.72, 26.76; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C13H22N20sNa 309.1426; found 309.1411.

Boc-Lys(Acrylamide)-OH (4). Compound 4 was prepared from commercially available Boc-Lys-
OH (500 mg, 2.03 mmol) through General Procedure A, and was obtained as a clear, colourless
oil (516 mg, 1.72 mmol, 85% yield). *H NMR (400 MHz, CD3s0D) & 6.25 — 6.19 (m, 2H), 5.63
(dd, J = 7.9, 4.2 Hz, 1H), 4.14 — 4.04 (m, 1H), 3.26 (t, J = 6.9 Hz, 2H), 1.89 — 1.76 (m, 1H), 1.73
—1.61(m, 1H), 1.61—1.51 (m, 2H), 1.48 — 1.41 (m, 11H); *C NMR (101 MHz, CD30D) § 176.17,
168.08, 158.10, 132.05, 126.51, 80.43, 54.76, 40.09, 32.41, 29.88, 28.72, 24.27; HRMS (ESI-

QTOF) m/z [M + Na]" calcd for C14H24N20sNa 323.1583; found 323.1589.
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Fmoc-Dap(Acrylamide)-OH (5). Compound 5 was prepared from Boc-Dap(Acrylamide)-OH 1
(375 mg, 1.45 mmol) through General Procedure B followed by General Procedure C, and was
obtained as a white solid (342 mg, 0.90 mmol, 62% yield). *H NMR (400 MHz, CD30D) & 7.68
(d, J = 7.5 Hz, 2H), 7.55 (dd, J = 7.1, 4.6 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.23 (td, J = 7.5, 1.2
Hz, 2H), 6.26 — 6.20 (m, 2H), 5.66 — 5.59 (m, 1H), 4.43 (dd, J = 7.8, 4.7 Hz, 1H), 4.32 — 4.20 (m,
2H), 4.10 (t, J = 7.0 Hz, 1H), 3.78 (dd, J = 13.9, 4.7 Hz, 1H), 3.64 (dd, J = 13.9, 7.8 Hz, 1H); 13C
NMR (101 MHz, CD30D) 6 173.41, 168.68, 158.34, 145.03, 144.97, 142.34, 131.55, 128.65,
128.03, 127.30, 126.11, 120.81, 68.08, 55.33, 48.10, 41.53; HRMS (ESI-QTOF) m/z [M + Na]*

calcd for C21H20N20sNa 403.1270; found 403.1273.

Fmoc-Dab(Acrylamide)-OH (6). Compound 6 was prepared from Boc-Dab(Acrylamide)-OH 2
(487 mg, 1.79 mmol) through General Procedure B followed by General Procedure C, and was
obtained as a white solid (502 mg, 1.27 mmol, 71% yield). *H NMR (400 MHz, CD3z0D) & 7.70
(d, J=7.6 Hz, 2H), 7.65 — 7.56 (m, 2H), 7.36 — 7.29 (m, 2H), 7.29 — 7.22 (m, 2H), 6.28 — 6.21 (m,
2H), 5.67 — 5.59 (m, 1H), 4.40 — 4.23 (m, 3H), 4.18 — 4.09 (m, 1H), 3.54 — 3.40 (m, 1H), 3.38 —
3.24 (m, 1H), 2.22 — 2.11 (m, 1H), 1.96 — 1.88 (m, 1H); 3C NMR (101 MHz, CDs0D) § 175.35,
168.24, 158.54, 145.10, 144.95, 142.37, 142.33, 131.76, 128.65, 128.03, 126.89, 126.10, 120.82,
67.92, 53.07, 48.18, 37.19, 32.06; HRMS (ESI-QTOF) m/z [M + Na]* calcd for C22H22N.OsNa

417.1426; found 417.1412.

Fmoc-Orn(Acrylamide)-OH (7). Compound 7 was prepared from Boc-Orn(Acrylamide)-OH 3
(447 mg, 1.56 mmol) through General Procedure B followed by General Procedure C, and was

obtained as a white solid (225 mg, 0.55 mmol, 35% yield). *H NMR (400 MHz, CDs0D) & 7.72
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(d, J= 7.4 Hz, 2H), 7.61 (t, = 8.2 Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H), 7.25 (td, J = 7.5, 0.9 Hz, 2H),
6.29 — 6.14 (m, 2H), 5.62 (dd, J = 6.8, 5.2 Hz, 1H), 4.30 (dd, J = 7.0, 4.9 Hz, 2H), 4.23 — 4.11 (m,
2H), 3.27 (t, J = 6.8 Hz, 2H), 1.96 — 1.82 (m, 1H), 1.78 — 1.52 (m, 3H); 13C NMR (101 MHz,
CDsOD) & 175.64, 168.11, 158.55, 145.21, 145.01, 142.44, 131.93, 128.69, 128.08, 126.65,
126.17, 126.14, 120.85, 67.86, 55.04, 48.27, 39.90, 30.07, 26.87; HRMS (ESI-QTOF) m/z [M +

Na]* calcd for C23sH24N20sNa 431.1583; found 431.15609.

Fmoc-Lys(Acrylamide)-OH (8). Compound 8 was prepared from Boc-Lys(Acrylamide)-OH 4
(516 mg, 1.72 mmol) through General Procedure B followed by General Procedure C, and was
obtained as a white solid (599 mg, 1.42 mmol, 83% vyield). *H NMR (400 MHz, CD30D) & 7.68
(d,J=7.6 Hz, 2H), 7.58 (t, J = 8.4 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.23 (td, J = 7.4, 1.1 Hz, 2H),
6.27 — 6.13 (m, 2H), 5.58 (t, J = 6.0 Hz, 1H), 4.29 (dd, J = 7.1, 3.2 Hz, 1H), 4.17 (dd, J = 9.1, 4.7
Hz, 1H), 4.11 (t, J = 7.0 Hz, 2H), 3.22 (t, J = 6.9 Hz, 2H), 1.91 — 1.78 (m, 1H), 1.76 — 1.62 (m,
1H), 1.60 — 1.47 (m, 2H), 1.47 — 1.35 (m, 2H); 3C NMR (101 MHz, CDs0OD) & 175.84, 168.07,
158.50, 145.14, 144.94, 142.38, 131.86, 128.67, 128.05, 128.03, 126.68, 126.13, 126.09, 120.84,
67.83, 55.11, 48.21, 40.09, 32.21, 29.71, 24.17; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

Ca4H26N20sNa 445.1739; found 445.1728.

Fmoc-D-Asp(OtBu)-OH (9). Compound 9 was prepared from commercially-available H-D-
Asp(OtBu)-OH (2.00 g, 10.6 mmol) through General Procedure C, and was obtained as a white
solid (3.99 g, 9.70 mmol, 92% vyield). H NMR (400 MHz, CDz0D) & 7.79 (d, J = 7.5 Hz, 2H),
7.70 — 7.62 (m, 2H), 7.41 — 7.36 (m, 2H), 7.34 — 7.26 (m, 2H), 4.60 — 4.50 (m, 1H), 4.34 (d, J =

7.5 Hz, 2H), 4.23 (t, J = 7.1 Hz, 1H), 2.81 (dd, J = 16.0, 5.3 Hz, 1H), 2.68 (dd, J = 16.1, 7.9 Hz,
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1H), 1.44 (s, 9H); 3C NMR (101 MHz, CD3s0D) § 174.30, 171.38, 158.35, 145.27, 145.17, 142.57,
128.78, 128.16, 126.27, 120.91, 82.44, 68.14, 52.08, 48.32, 38.74, 28.28: HRMS (ESI-QTOF) m/z

[M + Na]* calcd for C23H2sNOsNa 434.1580; found 434.1584.

Fmoc-Pro-CTC (10). Compound 10 was prepared from fresh 2-chlorotrityl chloride resin (100-
200 mesh, 1.00 g, 1.06 mmol, 1 eq) and commercially available Fmoc-Pro-OH (1.2 eq) through
General Procedure D. The resin loading was estimated as 0.664 mmol/g, and 1.29 g of loaded

resin was recovered (0.853 mmol, 81% yield).

Ac-D-Asp-Dap(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (11). Compound 11 was prepared
through General Procedure E using commercially available amino acids in addition to Fmoc-Pro-
CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Dap(Acrylamide)-OH 5 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a
beige-white solid (10.0 mg, 0.0097 mmol, 10% yield). HRMS (ESI-QTOF) m/z [M + Na]" calcd

for Cs1H74N10013Na 1057.5335; found 1057.5308.

Ac-D-Asp-Dab(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (12). Compound 12 was prepared
through General Procedure E using commercially available amino acids in addition to Fmoc-Pro-
CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Dab(Acrylamide)-OH 6 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a
white solid (8.6 mg, 0.0082 mmol, 8% yield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for

Cs2H76N10013Na 1071.5491; found 1071.5516.
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Ac-D-Asp-Orn(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (13). Compound 13 was prepared
through General Procedure E using commercially available amino acids in addition to Fmoc-Pro-
CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Orn(Acrylamide)-OH 7 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a
white solid (5.0 mg, 0.0047 mmol, 5% yield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for

Cs3H7sN10013Na 1085.5648; found 1085.5608.

Ac-D-Asp-Lys(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (14). Compound 14 was prepared
through General Procedure E using commercially available amino acids in addition to Fmoc-Pro-
CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Lys(Acrylamide)-OH 8 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a
white solid (6.7 mg, 0.0062 mmol, 6% yield). HRMS (ESI-QTOF) m/z [M + Na]" calcd for

Cs4HgoN10013Na 1099.5804; found 1099.5751.

Boc-Dap(Alloc)-OH (15). Compound 15 was prepared from commercially available Boc-Dap-OH
(500 mg, 2.45 mmol) through General Procedure F, and was obtained as a white solid (643 mg,
2.23 mmol, 91% vyield). *H NMR (400 MHz, CD30D) & 5.91 (ddt, J = 17.3, 10.6, 5.4 Hz, 1H),
5.28 (dd, J = 17.3, 1.7 Hz, 1H), 5.16 (dd, J = 10.5, 1.6 Hz, 1H), 4.52 (d, J = 5.4 Hz, 2H), 4.28 (dd,
J=7.4,4.6 Hz, 1H), 3.62 — 3.51 (m, 1H), 3.49 — 3.38 (m, 1H), 1.43 (s, 9H); °C NMR (101 MHz,
CD30D) 6 173.73,158.66, 157.56, 134.10, 117.54, 80.56, 66.41, 55.08, 43.00, 28.67; HRMS (ESI-

QTOF) m/z [M + Na]" calcd for C12H20N206Na 311.1219; found 311.1214,
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Boc-Orn(Alloc)-OH (16). Compound 16 was prepared from commercially available Boc-Orn-OH
(500 mg, 2.15 mmol) through General Procedure F, and was obtained as a clear, colourless oil
(642 mg, 2.03 mmol, 94% yield). 'H NMR (300 MHz, CD30D) & 5.92 (ddt, J = 17.2, 10.6, 5.4
Hz, 1H), 5.28 (dd, J = 17.4, 1.7 Hz, 1H), 5.16 (dd, J = 10.5, 1.5 Hz, 1H), 4.51 (dt, J = 5.4, 1.6 Hz,
2H), 4.16 — 4.03 (m, 1H), 3.13 (t, J = 6.5 Hz, 2H), 1.94 — 1.74 (m, 1H), 1.74 — 1.51 (m, 3H), 1.44
(s, 9H); BC NMR (75 MHz, CD30D) & 175.88, 158.58, 157.87, 134.39, 117.41, 80.37, 66.17,
54.51, 41.20, 30.01, 28.72, 27.27; HRMS (ESI-QTOF) m/z [M + Na]* calcd for C14H24N2O¢Na

339.1532; found 339.1534.

Fmoc-Dap(Alloc)-OH (17). Compound 17 was prepared from Boc-Dap(Alloc)-OH 15 (643 mg,
2.23 mmol), through General Procedure B followed by General Procedure C, and was obtained
as a white solid (756 mg, 1.84 mmol, 83% yield). *H NMR (400 MHz, CDsOD) & 7.83 — 7.73 (m,
2H), 7.71 — 7.61 (m, 2H), 7.43 — 7.35 (m, 2H), 7.34 — 7.27 (m, 2H), 5.91 (ddt, J = 17.2, 10.7, 5.4
Hz, 1H), 5.28 (dd, J = 17.1, 1.7 Hz, 1H), 5.15 (dd, J = 10.6, 1.7 Hz, 1H), 4.59 — 4.49 (m, 2H), 4.38
—4.30 (m, 3H), 4.23 (t, J = 7.0 Hz, 1H), 3.61 (dd, J = 14.1, 4.7 Hz, 1H), 3.45 (dd, J = 14.0, 7.7
Hz, 1H); 3C NMR (101 MHz, CD3s0D) § 173.60, 158.97, 158.54, 145.26, 145.24, 142.56, 134.32,
128.78, 128.17, 126.30, 120.91, 117.51, 68.19, 66.56, 55.70, 48.33, 42.98; HRMS (ESI-QTOF)

m/z [M + Na]" calcd for C22H22N20sNa 433.1376; found 433.1378.

Fmoc-Dab(Alloc)-OH (18). Compound 18 was prepared from commercially-available Fmoc-
Dab(Boc)-OH (500 mg, 1.14 mmol) through General Procedure B followed by General
Procedure F, and was obtained as a white solid (477 mg, 1.12 mmol, 99% yield). *H NMR (400

MHz, CDs0OD) § 7.70 (d, J = 7.5 Hz, 2H), 7.62 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.26
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(tt, J = 7.5, 1.5 Hz, 2H), 5.89 (ddt, J = 17.2, 10.6, 5.4 Hz, 1H), 5.27 (dq, J = 17.2, 1.7 Hz, 1H),
5.15 (d, J = 10.0 Hz, 1H), 4.58 — 4.44 (m, 2H), 4.38 — 4.25 (m, 3H), 4.14 (t, = 7.0 Hz, 1H), 3.37
~3.26 (M, 1H), 3.26 — 3.13 (m, 1H), 2.20 — 2.08 (m, 1H), 1.95 — 1.79 (m, 1H); *C NMR (101
MHz, CDsOD) § 175.47, 158.48, 145.07, 144.93, 142.32, 134.19, 128.62, 128.01, 126.11, 120.80,
117.54, 67.88, 66.33, 52.84, 48.13, 38.40, 32.62; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C23H24N20gNa 447.1532; found 447.1545.

Fmoc-Orn(Alloc)-OH (19). Compound 19 was prepared from Boc-Orn(Alloc)-OH 16 (642 mg,
2.03 mmol) through General Procedure B followed by General Procedure C, and was obtained
as a white solid (540 mg, 1.23 mmol, 61% yield). *H NMR (400 MHz, CDs0OD) 6 7.79 (d,J=7.6
Hz, 2H), 7.70 — 7.63 (m, 2H), 7.38 (d, J = 7.6 Hz, 2H), 7.30 (td, J = 7.5, 1.2 Hz, 2H), 5.92 (ddt, J
=17.1,10.7, 5.4 Hz, 1H), 5.29 (dg, J = 17.2, 1.7 Hz, 1H), 5.17 (dg, J = 10.5, 1.5 Hz, 1H), 4.57 —
4.46 (m, 2H), 4.43 — 4.29 (m, 2H), 4.22 (t, J = 7.0 Hz, 1H), 4.15 (dd, J = 9.0, 4.7 Hz, 1H), 3.13 (t,
J=6.8 Hz, 2H), 1.95—1.82 (m, 1H), 1.76 — 1.50 (m, 3H); 13C NMR (101 MHz, CDz0D) § 175.77,
158.82, 158.69, 145.35, 145.17, 142.58, 134.54, 128.77, 128.17, 128.15, 126.29, 126.27, 120.90,
117.38, 67.94, 66.28, 55.12, 48.41, 41.25, 29.93, 27.49; HRMS (ESI-QTOF) m/z [M + Na]* calcd

for C24H26N20gNa 461.1689; found 461.1671.

Ac-D-Asp-Dap(a-Chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (20). Compound 20 was
prepared through General Procedure G using commercially available amino acids in addition to
Fmoc-Pro-CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-

Dap(Alloc)-OH 17 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a white
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solid (9.6 mg, 0.0091 mmol, 9% vyield). HRMS (ESI-QTOF) m/z [M + Na]® calcd for

CsoH73CIN10013Na 1079.4945; found 1079.4952.

Ac-D-Asp-Dab(a-Chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (21). Compound 21 was
prepared through General Procedure G using commercially available amino acids in addition to
Fmoc-Pro-CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Dab(Alloc)-OH 18 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a white
solid (11.4 mg, 0.0106 mmol, 11% yield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for

Cs1H75CIN10O13Na 1093.5101; found 1093.5128.

Ac-D-Asp-Orn(a-Chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (22). Compound 22 was
prepared through General Procedure G using commercially available amino acids in addition to
Fmoc-Pro-CTC resin 10 (0.1 mmol, 1 eq), Fmoc-D-Asp(OtBu)-OH 9 (0.5 mmol, 5 eq), and Fmoc-
Orn(Alloc)-OH 19 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a white
solid (11.6 mg, 0.0107 mmol, 11% vyield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for

Cs2H77CIN10013Na 1107.5258; found 1107.5211.

Ac-D-Asp-Lys(a-Chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH (23). Compound 23 was
prepared through General Procedure G using commercially available amino acids, including
Fmoc-Lys(Alloc)-OH, in addition to Fmoc-Pro-CTC resin 10 (0.1 mmol, 1 eq) and Fmoc-D-
Asp(OtBu)-OH 9 (0.5 mmol, 5 eq) prepared herein. The desired peptide was obtained as a beige
solid (15.5 mg, 0.014 mmol, 14% vyield). HRMS (ESI-QTOF) m/z [M + Na]" calcd for

Cs3H79CIN100O13Na 1121.5414; found 1121.5399.
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Boc-Glu(OMe)-OtBu (24). Compound 24 was prepared from commercially available Boc-Glu-
OtBu as previously reported by Buchold et al. in 2016. Boc-Glu-OtBu (4.55 g, 15.0 mmol, 1 eq)
was dissolved in 75 mL of DMF to produce a concentration of 0.2 M. An inert nitrogen atmosphere
was prepared by flushing the reaction flask with a balloon. Cs>CO3 (0.55 eq) was then added in 1
portion, and the mixture was stirred under inert atmosphere at room temperature for 1 h. Next, Mel
(1 eq) was added dropwise over 5 min, and the reaction was stirred under inert atmosphere at room
temperature overnight. Upon reaction completion, the crude mixture was concentrated by rotary
evaporation to remove DMF. The resulting crude residue was dissolved in 150 mL of EtOAc, and
excess undissolved Cs,COz was removed by filtration. The filtrate was washed thrice with 30 mL
of 10% citric acid, thrice with 30 mL of 10% NaHCOs, and thrice with 30 mL of brine. The
resulting organic phase was dried over MgSOy, filtered, and concentrated in vacuo. Pure product
was obtained as 4.33 g (13.6 mmol, 91% yield) of yellow-white solid. *H NMR (400 MHz, CDCls)
§5.14—4.99 (m, 1H), 4.27 — 4.14 (m, 1H), 3.67 (s, 3H), 2.49 — 2.27 (m, 2H), 2.22 — 2.06 (m, 1H),

1.99 -1.82 (m, 1H), 1.45 (s, 9H), 1.43 (s, 9H). Characterization matches previous reports [53].

Boc2-Glu(OMe)-OtBu (25). Compound 25 was prepared from Boc-Glu(OMe)-OtBu 24 (4.33 g,
13.6 mmol, 1 eq) through General Procedure H. The title compound was obtained as a colourless
oil (2.79 g, 6.68 mmol, 49% vyield). *H NMR (400 MHz, CDCl3) § 4.82 — 4.72 (m, 1H), 3.65 (s,
3H), 2.48 —-2.31 (m, 3H), 2.20-2.09 (m, 1H), 1.48 (s, 18H), 1.42 (s, 9H). Characterization matches

previous reports [53].
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Boc,-Glu(H)-OtBu (26). Compound 26 was prepared from Boc,-Glu(OMe)-OtBu 25 (2.79 g, 6.68
mmol, 1 eq) through General Procedure I, furnishing pure product as a colourless oil (2.33 g, 6.01
mmol, 90% vyield). H NMR (400 MHz, CDCls) & 9.74 (t, J = 1.2 Hz, 1H), 4.71 (dd, J = 9.4, 5.3
Hz, 1H), 2.63 — 2.31 (m, 3H), 2.20 — 2.03 (m, 1H), 1.48 (s, 18H), 1.42 (s, 9H). Characterization

matches previous reports [53].

Boc2-Glu(MA)-OtBu (27). Compound 27 was prepared from Boc,-Glu(H)-OtBu 26 (2.33 g, 6.01
mmol, 1 eq) through General Procedure J. The title compound was obtained as a colourless oil
(2.18 g, 4.92 mmol, 82% yield). 'H NMR (400 MHz, CDCls) § 6.93 (dt, J = 15.7, 6.7 Hz, 1H),
5.83 (dt, J = 15.6, 1.4 Hz, 1H), 4.69 (dd, J = 9.6, 4.7 Hz, 1H), 3.70 (s, 3H), 2.32 — 2.13 (m, 3H),

2.07-1.95 (m, 1H), 1.48 (s, 18H), 1.42 (s, 9H). Characterization matches previous reports [53].

Boc-Glu(MA)-OH (28). Compound 28 was prepared from Boc,-Glu(MA)-OtBu 27 (1.90 g, 4.28
mmol, 1 eq) through General Procedure K. The title compound was obtained as a yellow oil (1.08
g, 3.75 mmol, 88% yield). *H NMR (400 MHz, CD30D) & 6.97 (dt, ] = 15.6, 7.0 Hz, 1H), 5.88
(dt, J = 15.6, 1.5 Hz, 1H), 4.15 — 4.05 (m, 1H), 3.71 (s, 3H), 2.39 — 2.25 (m, 2H), 2.06 — 1.90 (m,

1H), 1.86 — 1.72 (m, 1H), 1.44 (s, 9H). Characterization matches previous reports [53].

Boc-Asp(OBzI)-OtBu (29). Compound 29 was prepared through a Steglich esterification reported
previously [73,74]. Around 4.85 g of commercially available Boc-Asp(OBzl)-OH (15 mmol, 1 eq)
was added to an oven-dried round bottom flask equipped with a stir bar. This was then dissolved
in 9.7 mL of dry DCM (1.6 M) under inert atmosphere (N2 balloon). Stirring was then commenced

at room temperature. Next, DMAP was added in 1 portion (0.1 eq), followed by t-BuOH (1.2 eq),
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and DCC (1.2 eq). The reaction was then stirred for 3 h at room temperature under inert
atmosphere. Upon completion, the crude mixture was filtered to remove the precipitated urea of
DCC, and the filtrate was concentrated through rotary evaporation. The crude residue was
subsequently purified by column chromatography (10% EtOAc in hexanes), yielding 3.96 g of
pure product as a colourless oil (10.4 mmol, 70% yield). *H NMR (400 MHz, CDCls) & 7.41 —
7.27 (m, 5H), 5.49 — 5.41 (m, 1H), 5.15 (d, J = 12.3 Hz, 1H), 5.10 (d, J = 12.3 Hz, 1H), 4.50 — 4.41
(m, 1H), 2.99 (dd, J = 16.8, 4.6 Hz, 1H), 2.82 (dd, J = 16.8, 4.8 Hz, 1H), 1.44 (s, 9H), 1.41 (s, 9H);
13C NMR (101 MHz, CDCl3) § 171.01, 170.07, 155.56, 135.68, 128.72, 128.49, 128.44, 82.47,
79.99, 66.78, 50.67, 37.21, 28.45, 27.96; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C20H20NOgNa 402.1893; found 402.1902.

Boc2-Asp(OBzl)-OtBu (30). Compound 30 was prepared from Boc-Asp(OBzl)-OtBu 29 (4.36 g,
11.5 mmol) through General Procedure H, and was obtained as a colourless oil (5.20 g, 10.8
mmol, 94% yield). *H NMR (400 MHz, CDCls) & 7.37 — 7.29 (m, 5H), 5.36 (dd, J = 7.2, 6.5 Hz,
1H), 5.18 (d, J = 12.4 Hz, 1H), 5.09 (d, J = 12.3 Hz, 1H), 3.27 (dd, J = 16.4, 7.2 Hz, 1H), 2.73 (dd,
J=16.4, 6.5 Hz, 1H), 1.49 (s, 18H), 1.43 (s, 9H); 3C NMR (101 MHz, CDCl3) § 170.89, 168.75,
152.10, 135.92, 128.63, 128.34, 128.30, 83.28, 82.05, 66.67, 55.69, 35.76, 28.13, 27.99; HRMS

(ESI-QTOF) m/z [M + Na]* calcd for C2sHa7NOgNa 502.2417; found 502.2425.

Bocz-Asp(H)-OtBu (31). Compound 31 was prepared from Bocz-Asp(OBzl)-OtBu 30 (4.23 g, 8.82
mmol) through General Procedure I, and was obtained as a colourless oil (2.22 g, 5.94 mmol, 67%
yield). 'H NMR (400 MHz, CDCl3) § 9.77 (t, J = 1.4 Hz, 1H), 5.40 (dd, J = 6.9, 6.0 Hz, 1H), 3.35

(ddd, J = 17.7, 7.0, 1.6 Hz, 1H), 2.75 (ddd, J = 17.7, 6.0, 1.3 Hz, 1H), 1.50 (s, 18H), 1.43 (s, 9H):
130



13C NMR (101 MHz, CDCls) § 199.01, 168.79, 152.24, 83.49, 82.32, 53.88, 44.74, 28.15, 28.00;

HRMS (ESI-QTOF) m/z [M + Na]* calcd for C1sH31NO7Na 396.1998; found 396.2008.

Boc,-Asp(MA)-OtBu (32). Compound 32 was prepared from Bocz-Asp(H)-OtBu 31 (2.73 g, 7.32
mmol) through General Procedure J, and was obtained as a colourless oil (2.78 g, 6.47 mmol,
88% yield). 'H NMR (400 MHz, CDCl3) 6 6.90 (ddd, J = 15.3, 8.6, 6.4 Hz, 1H), 5.85 (dt, I = 15.6,
1.5 Hz, 1H), 4.89 (dd, J = 9.8, 5.2 Hz, 1H), 3.70 (s, 3H), 3.01 — 2.89 (m, 1H), 2.86 — 2.73 (m, 1H),
1.49 (s, 18H), 1.44 (s, 9H); 3C NMR (101 MHz, CDCl3) & 168.86, 166.66, 152.31, 145.12, 123.57,
83.26, 81.98, 57.77, 51.54, 32.76, 28.12, 28.04; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C21H3sNOgNa 452.2260; found 452.2267.

Boc-Asp(MA)-OH (33). Compound 33 was prepared from Bocz-Asp(MA)-OtBu 32 (1.25 g, 2.90
mmol) through General Procedure K, and was obtained as a faint yellow oil (608 mg, 2.22 mmol,
77% yield). *H NMR (400 MHz, CD30D) § 6.91 (dt, J = 15.0, 7.3 Hz, 1H), 5.94 (dt, J = 15.5, 1.4
Hz, 1H), 4.25 (dd, J = 8.9, 4.9 Hz, 1H), 3.71 (s, 3H), 2.81 — 2.69 (m, 1H), 2.63 — 2.50 (m, 1H),
1.44 (s, 9H); 3C NMR (101 MHz, CDsOD) & 174.65, 168.16, 157.89, 145.63, 124.64, 80.65,
53.89, 52.01, 35.48, 28.66; HRMS (ESI-QTOF) m/z [M + Na]* calcd for C12H10NOgNa 296.1110;

found 296.1114.

Boco-Hmg(OMe)-OtBu (34). Approximately 1.21 g of Boc.-Asp(MA)-OtBu 32 (1.21 g, 2.82
mmol, 1 eq) was dissolved in MeOH (0.1 M) under inert nitrogen balloon atmosphere. Next, 10
wt. % loaded Pd/C was added in one portion (0.1 eq), and the nitrogen atmosphere was re-prepared

prior to replacement with hydrogen gas. The reaction was stirred for 4 h at room temperature under
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hydrogen, at which point nitrogen was pumped back in and the transformation was deemed
complete by TLC analysis. The mixture was then filtered over Celite and washed through with
excess methanol prior to concentration in-vacuo. Pure product was obtained as 1.19 g of colourless
oil (2.76 mmol, 98% yield). *H NMR (400 MHz, CDClz) 5 4.71 (dd, J = 9.7, 5.1 Hz, 1H), 3.65 (s,
3H), 2.43 — 2.24 (m, 2H), 2.12 — 1.99 (m, 1H), 1.96 — 1.82 (m, 1H), 1.74 — 1.61 (m, 2H), 1.50 (s,
18H), 1.43 (s, 9H); *C NMR (101 MHz, CDCls) § 173.84, 169.81, 152.58, 82.95, 81.38, 58.64,
51.64, 33.77, 28.78, 28.15, 28.07, 21.96; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C21H37NOgNa 454.2417; found 454.2428.

Bocz-Hmg(H)-OtBu (35). Compound 35 was prepared from Bocz-Hmg(OMe)-OtBu 34 (1.50 g,
3.47 mmol) through General Procedure I, and was obtained as a colourless oil (1.24 g, 3.09 mmol,
89% yield). 'H NMR (400 MHz, CDCl3) § 9.75 (t, J = 1.6 Hz, 1H), 4.71 (dd, J = 9.5, 5.2 Hz, 1H),
2.57 - 2.36 (M, 2H), 2.13 — 1.99 (m, 1H), 1.97 — 1.83 (m, 1H), 1.73 — 1.61 (m, 2H), 1.50 (s, 18H),
1.43 (s, 9H); 3C NMR (101 MHz, CDCl3) § 202.16, 169.74, 152.64, 83.03, 81.46, 58.62, 43.53,
28.80, 28.16, 28.06, 19.14; HRMS (ESI-QTOF) m/z [M + Na]" calcd for CooH3sNO7Na 424.2311;

found 424.2306.

Boc2-Hmg(MA)-OtBu (36). Compound 36 was prepared from Bocz-Hmg(H)-OtBu 35 (1.24 g, 3.09
mmol) through General Procedure J, and was obtained as a colourless oil (1.04 g, 2.28 mmol,
74% yield). *H NMR (400 MHz, CDCls) § 6.94 (dt, J = 15.6, 6.9 Hz, 1H), 5.82 (dt, J = 15.6, 1.6
Hz, 1H), 4.70 (dd, J = 9.6, 5.2 Hz, 1H), 3.71 (s, 3H), 2.34 — 2.12 (m, 2H), 2.12 — 1.99 (m, 1H),

1.94 — 1.80 (m, 1H), 1.55 — 1.46 (m, 20H), 1.44 (s, 9H); 3C NMR (101 MHz, CDCls) § 169.87,
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167.16, 152.64, 149.03, 121.43, 82.97, 81.39, 58.65, 51.52, 31.88, 28.82, 28.17, 28.08, 25.04;

HRMS (ESI-QTOF) m/z [M + Na]* calcd for C23H3sNOsgNa 480.2573; found 480.2566.

Boc-Hmg(MA)-OH (37). Compound 37 was prepared from Boc.-Hmg(MA)-OtBu 36 (1.04 g, 2.28
mmol) through General Procedure K, and was obtained as a faint yellow oil (614 mg, 2.04 mmol,
89% yield). *H NMR (400 MHz, CD30D) & 6.96 (dt, J = 15.6, 7.0 Hz, 1H), 5.87 (dt, J = 15.6, 1.6
Hz, 1H), 4.17 — 4.02 (m, 1H), 3.71 (s, 3H), 2.30 — 2.20 (m, 2H), 1.89 — 1.76 (m, 1H), 1.72 — 1.53
(m, 3H), 1.44 (s, 9H); **C NMR (101 MHz, CDs0OD) & 176.03, 168.66, 158.15, 150.39, 122.23,
80.48, 54.53, 51.93, 32.50, 32.25, 28.71, 25.42; HRMS (ESI-QTOF) m/z [M + Na]* calcd for

C14H23NO¢Na 324.1423; found 324.1437.

Ac-D-Asp(OtBu)-OH (38). Compound 38 was produced from commercially available H-D-
Asp(OtBu)-OH through a previously-reported method. The amino acid starting material (1.135 g,
6.00 mmol, 1.0 eq) was dissolved in dry THF (0.5 M) under inert (N2 balloon) atmosphere in an
oven-dried round-bottom flask equipped with a stir bar. While stirring at room temperature, excess
Ac20 (3.0 eq) was then added, and the reaction was allowed to stir at room temperature overnight.
The reaction was then acidified to pH 2 through the addition of a minimal amount of 1 M HCl )
(approximately 2 mL), and excess solvents were subsequently removed through rotary
evaporation. The water bath temperature was kept at or below 35 °C to prevent the deprotection
of the tert-butyl ester. Excess water was removed through azeotropic evaporation with toluene,
producing a white solid. The solid obtained was then cleaned through vacuum filtration while
rinsing with EtOAc, yielding the desired compound as a white solid in 39% yield (540 mg, 2.33

mmol). H NMR (400 MHz, CDsOD) & 4.73 (dd, ] = 7.4, 5.4 Hz, 1H), 2.78 (dd, ] = 16.1, 5.4 Hz,
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1H), 2.67 (dd, J = 16.2, 7.4 Hz, 1H), 1.98 (s, 3H), 1.45 (s, 9H). Characterization matches previous

reports [68].

TFA.H-Asp(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (39). Compound 39 was prepared through
General Procedure L using commercially available amino acids in addition to Fmoc-Pro-CTC
resin 10 (0.5 mmol, 1 eq) and Boc-Asp(MA)-OH 33 (1.0 mmol, 2 eq) prepared herein. The desired
peptide was obtained as a brown oil (336 mg, 0.33 mmol, 66% yield). LC-MS m/z 894 for [M +

HI*.

TFA.H-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (40). Compound 40 was prepared through
General Procedure L using commercially available amino acids in addition to Fmoc-Pro-CTC
resin 10 (0.5 mmol, 1 eq) and Boc-Glu(MA)-OH 28 (1.0 mmol, 2 eq) prepared herein. The desired
peptide was obtained as a beige solid (326 mg, 0.320 mmol, 64% yield). LC-MS m/z 908 for [M

+HJ".

TFA.H-Hmg(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (41). Compound 41 was prepared through
General Procedure L using commercially available amino acids in addition to Fmoc-Pro-CTC
resin 10 (0.5 mmol, 1 eq) and Boc-Hmg(MA)-OH 37 (1.0 mmol, 2 eq) prepared herein. The desired
peptide was obtained as a beige solid (220 mg, 0.21 mmol, 42% yield). LC-MS m/z 922 for [M +

H]*.

Ac-D-Asp(OtBu)-Asp(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (42). Compound 42 was prepared

through General Procedure M using TFA.H-Asp(MA)-NIle-Nle-Leu-Pro-Trp-Pro-OH 39 (336 mg,
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0.33 mmol, 1 eq) and Ac-D-Asp(OtBu)-OH 38 (0.33 mmol, 1 eq), both prepared herein. The
desired peptide was obtained as a beige solid (57.3 mg, 0.052 mmol, 16% yield). LC-MS m/z 1107

for [M + H]".

Ac-D-Asp(OtBu)-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (43). Compound 43 was prepared
through General Procedure M using TFA.H-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 40 (326 mg,
0.32 mmol, 1 eq) and Ac-D-Asp(OtBu)-OH 38 (0.32 mmol, 1 eq), both prepared herein. The
desired peptide was obtained as a yellow solid (36.0 mg, 0.032 mmol, 10% yield). LC-MS m/z

1121 for [M + H]".

Ac-D-Asp(OtBu)-Hmg(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (44). Compound 44 was prepared
through General Procedure M using TFA.H-Hmg(MA)-NIe-Nle-Leu-Pro-Trp-Pro-OH 41 (220
mg, 0.21 mmol, 1 eq) and Ac-D-Asp(OtBu)-OH 38 (0.21 mmol, 1 eq), both prepared herein. The
desired peptide was obtained as a white solid (79.8 mg, 0.070 mmol, 33% yield). LC-MS m/z 1135

for [M + H]".

Ac-D-Asp-Asp(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (45). Compound 45 was prepared through
General Procedure N from Ac-D-Asp(OtBu)-Asp(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 42 (57.3
mg, 0.052 mmol, 1.0 eq). The desired peptide was obtained as a white solid (7.8 mg, 0.0074 mmol,
14% vyield). HRMS (ESI-QTOF) m/z [M + Na]" calcd for Cs;H7sNgO14Na 1072.5331; found

1072.5323.
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Ac-D-Asp-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (46, ZED1301). Compound 46 was prepared
through General Procedure N from Ac-D-Asp(OtBu)-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 43
(36.0 mg, 0.032 mmol, 1.0 eq). The desired peptide was obtained as a white solid (5.7 mg, 0.0054
mmol, 17% yield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for CssH77N9O14Na 1086.5488; found

1086.5507.

Ac-D-Asp-Hmg(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (47). Compound 47 was prepared through
General Procedure N from Ac-D-Asp(OtBu)-Hmg(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 44 (79.8
mg, 0.070 mmol, 1.0 eq). The desired peptide was obtained as a white solid (9.3 mg, 0.0086 mmol,
12% yield). HRMS (ESI-QTOF) m/z [M + Na]* calcd for CssH79N9O14Na 1100.5644; found

1100.5662.

N-Boc-Piperazine-Dansyl (51). Compound 51 was synthesized using a sulfonylation reaction
detailed in General Procedure O (yield 96%). Characterization consistent with data from literature

[75].

N-Boc-Piperazine-Sulfonyl-Naphthalene (52). Compound 52 was synthesized via an a
sulfonylation reaction detailed in General Procedure O (yield 96%). Characterization consistent

with data from literature [76].

N-Boc-Piperazine-Naphthoyl (53). Compound 53 was synthesized using the acylation reaction
outlined in General Procedure O (yield 98%). Characterization consistent with data from literature

[42].
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H-Piperazine-Dansyl (54). Compound 54 was synthesized according to the acid catalyzed Boc
deprotection detailed in General Procedure P. The product was carried forward without further

purification or characterization.

H-Piperazine-Sulfonyl-Naphthalene (55). Compound 55 was synthesized according to the acid
catalyzed Boc deprotection detailed in General Procedure P. The product was carried forward

without further purification or characterization.

H-Piperazine-Naphthoyl (56). Compound 56 was synthesized according to the acid catalyzed Boc
deprotection detailed in General Procedure P. The product was carried forward without further

purification or characterization.

Boc-L-Dap(Cbz)-Piperazine-Dansyl (57). Compound 57 was synthesized using an amide bond
coupling outlined in General Procedure Q (yield 92%). *H NMR (400 MHz, CDCls) § 8.57 (d, J
= 8.5 Hz, 1H), 8.34 (d, J = 8.7 Hz, 1H), 8.19 (dd, J = 7.3, 1.3 Hz, 1H), 7.54 (ddt, J = 9.4, 7.3, 4.2
Hz, 2H), 7.35 — 7.22 (m, 5H), 7.17 (d, J = 7.5 Hz, 1H), 5.50 (d, J = 8.3 Hz, 1H), 5.37 (s, 1H), 5.01
(s, 2H), 4.66 (s, 1H), 3.73—-3.02 (m, 10H), 2.87 (s, 6H), 1.35 (s, 9H). *C NMR (101 MHz, CDCls)
0 168.60, 156.64, 155.41, 151.93, 136.39, 132.40, 131.12, 130.82, 130.33, 130.14, 128.54, 128.37,
128.20, 128.08, 125.10, 123.23, 120.23, 119.36, 115.44, 80.20, 66.85, 50.18, 45.62, 45.47, 45.18,
43.74, 41.78, 28.30. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Ca;HaiNsO7SNa 662.2624;

found 662.2599.
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Boc-L-Dap(Cbz)-Piperazine-Sulfonyl-Naphthalene (58). Compound 58 was synthesized using an
amide bond coupling outlined in General Procedure Q (yield 85%). *H NMR (400 MHz, CDCls)
§8.72 (d, J = 8.6 Hz, 1H), 8.21 (d, J = 7.4 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.94 (d, J = 8.0 Hz,
1H), 7.70 — 7.54 (m, 3H), 7.37 — 7.27 (m, 5H), 5.38 (d, J = 8.2 Hz, 1H), 5.20 (t, J = 6.2 Hz, 1H),
5.02 (s, 2H), 4.65 (s, 1H), 3.79 — 3.02 (m, 10H), 1.37 (s, 9H). *C NMR (101 MHz, CDCl3) &
168.42, 156.31, 155.35, 134.90, 134.42, 132.13, 130.79, 129.08, 128.87, 128.51, 128.40, 128.18,
128.03, 127.05, 124.88, 124.19, 80.29, 66.87, 50.15, 45.60, 45.18, 43.82, 41.72, 28.23. HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for C3oH3sN4O7SNa 619.2202; found 619.2208.

Boc-L-Dap(Chz)-Piperazine-Naphthoyl (59). Compound 59 was synthesized using an amide bond
coupling outlined in General Procedure Q (yield 84%). *H NMR (400 MHz, CDCls) § 7.91 (d, J
= 8.3 Hz, 2H), 7.81 (s, 1H), 7.57 — 7.39 (m, 4H), 7.32 (d, J = 14.2 Hz, 5H), 5.51 (d, J = 8.1 Hz,
1H), 5.27 (s, 1H), 5.15 — 4.99 (m, 2H), 4.84 — 4.60 (m, 1H), 4.05 — 3.15 (m, 10H), 1.47 — 1.36 (m,
9H). C NMR (101 MHz, CDCls) § 169.75, 156.77, 155.52, 133.66, 129.75, 128.65, 128.30,
127.41, 126.79, 125.32, 80.41, 67.05, 50.64, 46.69, 42.81, 41.64, 28.44. HRMS (ESI-QTOF) m/z

[M + Na]+ calcd for C3:HzsN4OeNa 583.2533; found 583.2544.

Boc-L-Dap-Piperazine-Dansyl (60). Compound 60 was synthesized according to the

hydrogenolysis reaction detailed in General Procedure R. The product was carried forward

without further purification or characterization.
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Boc-L-Dap-Piperazine-Sulfonyl-Naphthalene (61). Compound 61 was synthesized according to
the hydrogenolysis reaction detailed in General Procedure R. The product was carried forward

without further purification or characterization.

Boc-L-Dap-Piperazine-Naphthoyl (62). Compound 62 was synthesized according to the
hydrogenolysis reaction detailed in General Procedure R. The product was carried forward

without further purification or characterization.

Boc-L-Dap(Acryl)-Piperazine-Dansyl (63). Compound 63 was synthesized according to the
acrylation reaction provided in General Procedure S (yield 60%). *H NMR (400 MHz, CDCls) §
8.59 (dt, J = 8.6, 1.1 Hz, 1H), 8.37 (dt, J = 8.7, 0.9 Hz, 1H), 8.21 (dd, J = 7.3, 1.3 Hz, 1H), 7.55
(ddd, J = 8.5, 7.5, 1.0 Hz, 2H), 7.21 (dd, J = 7.6, 0.9 Hz, 1H), 6.36 (s, 1H), 6.24 — 6.15 (m, 1H),
6.02 (dd, J = 17.0, 10.3 Hz, 1H), 5.61 (dd, J = 10.3, 1.4 Hz, 1H), 5.53 (d, J = 7.9 Hz, 1H), 4.66 (td,
J=7.8,3.7Hz, 1H), 3.83 — 3.50 (m, 4H), 3.37 — 3.11 (m, 1H), 2.91 (s, 6H), 1.37 (5, 9H). °C NMR
(101 MHz, CDCls) ¢ 168.51, 166.28, 151.51, 132.50, 131.09, 131.00, 130.51, 130.41, 130.11,
128.43, 127.05, 123.48, 119.77, 115.67, 80.55, 50.29, 45.73, 45.60, 45.35, 45.26, 42.92, 41.97,

28.35. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Ca7Hs7NsOsSNa 582.2362; found 582.2332.

Boc-L-Dap(Acryl)-Piperazine-Sulfonyl-Naphthalene (64). Compound 64 was synthesized
according to the acrylation reaction provided in General Procedure S (yield 56%). *H NMR (600
MHz, CDCl3) 5 8.69 (dd, J = 8.7, 1.1 Hz, 1H), 8.20 (dd, J = 7.4, 1.2 Hz, 1H), 8.08 (dt, J= 8.4, 1.1
Hz, 1H), 7.93 (dd, J = 8.2, 1.5 Hz, 1H), 7.70 — 7.52 (m, 3H), 6.48 — 6.36 (m, 1H), 6.17 (d, J = 17.0

Hz, 1H), 6.00 (dd, J = 17.0, 10.3 Hz, 1H), 5.62 — 5.55 (m, 2H), 4.65 (td, J = 7.9, 4.0 Hz, 1H), 3.73
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— 3.48 (M, 5H), 3.35 — 3.09 (M, 5H), 1.34 (s, 9H). 1*C NMR (151 MHz, CDCls) § 168.62, 166.22,
155.73, 135.02, 134.49, 132.13, 130.91, 130.47, 129.17, 128.90, 128.50, 127.14, 126.98, 124.91,
124.29, 80.43, 50.17, 45.70, 45.28, 42.63, 41.87, 28.30. HRMS (ESI-QTOF) m/z [M + Na]+ calcd

for CasH3oN4OsSNa 539.1940; found 539.1948.

Boc-L-Dap(Acryl)-Piperazne-Naphthoyl (65). Compound 65 was synthesized according to the
acrylation reaction provided in General Procedure S (yield 54%). *H NMR (600 MHz, CDCls) §
7.92 - 7.76 (m, 3H), 7.59 — 7.37 (m, 4H), 6.49 (s, 1H), 6.27 — 6.14 (m, 1H), 6.10 — 5.96 (m, 1H),
5.73 — 5.55 (m, 2H), 4.81 — 4.60 (m, 1H), 4.06 — 3.13 (m, 10H), 1.48 — 1.31 (m, 9H). 3C NMR
(151 MHz, CDCIs) 6 169.73, 168.68, 166.27, 155.81, 133.59, 133.41, 130.62, 130.44, 129.73,
129.53,128.73, 127.34, 126.95, 126.76, 125.30, 124.45, 124.10, 80.51, 50.51, 47.19, 46.68, 46.06,
45.61, 42.81, 42.35, 41.80, 41.48, 28.40. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C26H32N40sNa 503.2270; found 503.2266.

H-L-Dap(Acryl)-Piperazine-Dansyl (66). Compound 66 was synthesized according to the acid
catalyzed Boc deprotection detailed in General Procedure P. The product was carried forward

without further purification or characterization.

H-L-Dap(Acryl)-Piperazine-Sulfonyl-Naphthalene (67). Compound 67 was synthesized according

to the acid catalyzed Boc deprotection detailed in General Procedure P. The product was carried

forward without further purification or characterization.
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H-L-Dap(Acryl)-Piperazine-Naphthoyl (68). Compound 68 was synthesized according to the acid
catalyzed Boc deprotection detailed in General Procedure P. The product was carried forward

without further purification or characterization.

t-Butyl-Malonyl-L-Dap(Acryl)-Piperazine-Dansyl (69). Compound 69 was synthesized according
to amide bond coupling reaction outlined in General Procedure Q (yield 24%). 'H NMR (400
MHz, CDCls) & 8.58 (dt, J = 8.6, 1.1 Hz, 1H), 8.33 (dt, J = 8.7, 0.9 Hz, 1H), 8.21 (dd, J = 7.4, 1.3
Hz, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.54 (ddd, J = 8.5, 7.4, 3.5 Hz, 2H), 7.19 (dd, J = 7.6, 0.9 Hz,
1H), 6.60 (t, J = 5.9 Hz, 1H), 6.19 (dd, J = 17.1, 1.4 Hz, 1H), 6.02 (dd, J = 17.1, 10.3 Hz, 1H),
5.60 (dd, J = 10.3, 1.4 Hz, 1H), 4.96 (td, J = 7.4, 3.4 Hz, 1H), 3.79 — 3.57 (m, 5H), 3.39 — 3.04 (m,
7H), 2.88 (s, 6H), 1.44 (s, 9H). C NMR (101 MHz, CDCl3) § 168.21, 167.72, 166.29, 166.11,
152.02, 131.25, 130.95, 130.61, 130.24, 128.49, 126.87, 123.31, 119.40, 115.54, 83.06, 49.67,
45.65, 45.56, 45.33, 42.97, 42.55, 42.03, 28.11. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C29H39N507SNa 624.2468; found 624.24609.

t-Butyl-Malonyl-L-Dap(Acryl)-Piperazine-Naphthoyl (70). Compound 70 was synthesized
according to amide bond coupling reaction outlined in General Procedure Q (yield 42%). *H NMR
(400 MHz, CDCl3) § 7.94 — 7.70 (m, 4H), 7.67 — 7.39 (m, 4H), 6.66 (s, 1H), 6.30 — 6.14 (m, 1H),
6.13 — 5.97 (m, 1H), 5.62 (dd, J = 15.4, 10.3 Hz, 1H), 5.12 — 4.91 (m, 1H), 4.28 — 3.17 (m, 12H),
1.47 (s, 9H). *°C NMR (101 MHz, CDCls) § 169.76, 168.30, 167.85, 166.41, 166.11, 133.64,
133.40, 130.71, 130.53, 129.78, 129.59, 128.77, 127.50, 126.90, 126.77, 125.30, 124.48, 124.16,
83.11, 50.03, 47.15, 46.64, 46.13, 45.63, 43.12, 42.45, 41.71, 41.44, 28.12. HRMS (ESI-QTOF)

m/z [M + Na]+ calcd for C2sH3aN4OgNa 545.2376; found 545.2351.
141



Malonyl-L-Dap(Acryl)-Piperazine-Dansyl (71). To a round bottom flask was added 0.028 g of the
starting 69 (0.047 mmol, 1 eq) suspended in 2 mL toluene. To the flask was then added 0.284 g
silica gel (10 x mass) and the reaction mixture was heated to 117 “C and stirred for 4 h. Upon
completion the reaction mixture was diluted with 10% methanol in DCM and filtered through a
pad a celite. The solution was then concentrated under reduced pressure and the resulting crude oil
was purified via flash chromatography to yield 0.006 g (21%) of the product as a white yellow
solid *H NMR (600 MHz, MeOD) & 8.65 — 8.53 (m, 1H), 8.39 (dt, J = 8.7, 0.9 Hz, 1H), 8.21 (dd,
J=7.3,1.3Hz, 1H), 7.61 (ddd, J = 16.2, 8.6, 7.4 Hz, 2H), 7.29 (dd, J = 7.6, 0.9 Hz, 1H), 6.25 —
6.04 (m, 2H), 5.57 (dd, J = 9.5, 2.5 Hz, 1H), 4.99 (dd, J = 7.9, 4.5 Hz, 1H), 3.72 — 3.51 (m, 5H),
3.30 — 3.10 (m, 5H), 2.88 (s, 6H), 2.66 (s, 2H). *C NMR (151 MHz, MeOD) § 174.89, 171.62,
169.87, 168.63, 153.26, 134.03, 132.02, 131.88, 131.82, 131.56, 131.43, 129.33, 126.86, 124.40,
120.75, 116.65, 107.10, 50.20, 49.57, 46.85, 46.41, 45.78, 42.88, 42.14, 40.41. HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for C2sH31NsO7SNa 568.1842; found 568.1822.

Malonyl-L-Dap(Acryl)-Piperazine-Naphthoyl (72). Compound 72 was synthesized according to
General Procedure P and purified via flash chromatography (yield 30%). *H NMR (400 MHz,
MeOD) 6 8.01 — 7.89 (m, 2H), 7.83 (t, J = 8.8 Hz, 1H), 7.64 — 7.45 (m, 4H), 6.26 — 6.12 (m, 2H),
5.71 — 5.58 (m, 1H), 5.22 — 4.99 (m, 1H), 4.21 — 3.04 (m, 12H). 3C NMR (101 MHz, MeOD) &
171.78, 171.66, 169.91, 168.97, 168.72, 134.96, 134.56, 131.78, 131.67, 130.77, 130.69, 129.70,
128.47, 128.44, 127.80, 127.18, 126.36, 125.47, 125.23, 50.44, 47.82, 46.93, 46.39, 43.59, 43.06,
43.01, 42.56,41.98. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C24H26N4OsNa 489.1750; found

489.1767.
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Methyl-Ester-Cyclopropyl-L-Dap(Acryl)-Piperazine-Dansyl (73). Compound 73 was synthesized
according to the amide bond coupling reaction detailed in General Procedure Q (yield 85%). *H
NMR (400 MHz, CDCls) § 9.52 (d, J = 7.4 Hz, 1H), 8.58 (d, J = 8.5 Hz, 1H), 8.34 (d, J = 8.7 Hz,
1H), 8.24 — 8.13 (m, 1H), 7.62 — 7.45 (m, 2H), 7.19 (d, J = 7.6 Hz, 1H), 6.53 (t, J = 5.8 Hz, 1H),
6.18 (dd, J = 17.0, 1.5 Hz, 1H), 6.02 (dd, J = 17.0, 10.2 Hz, 1H), 5.58 (dd, J = 10.2, 1.5 Hz, 1H),
4.95 (td, J = 7.2, 3.7 Hz, 1H), 3.85 — 3.51 (m, 8H), 3.40 — 3.08 (m, 6H), 2.89 (s, 6H), 1.55 (tdd, J
=18.8, 9.3, 5.5 Hz, 4H). 3C NMR (101 MHz, CDCl3) & 173.34, 169.41, 168.24, 166.10, 132.51,
131.05, 130.69, 130.39, 128.38, 126.84, 123.56, 115.77, 52.58, 49.79, 45.70, 45.36, 45.28, 42.78,
41.97, 26.34, 20.51, 20.37. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CasH3sNsO7SNa

608.2155; found 608.2166.

Acid-Cyclopropyl-L-Dap(Acryl)-Piperazine-Dansyl (74). Compound 74 was synthesized
according to the hydrolysis reaction in General Procedure T (yield 50%). *H NMR (600 MHz,
MeOD) & 8.62 (dt, J = 8.6, 1.1 Hz, 1H), 8.39 (dt, J = 8.7, 0.9 Hz, 1H), 8.20 (dd, J = 7.3, 1.3 Hz,
1H), 7.60 (ddd, J = 17.4, 8.6, 7.5 Hz, 2H), 7.28 (dd, J = 7.6, 0.9 Hz, 1H), 6.17 — 6.04 (m, 2H), 5.56
(dd, J= 7.0, 5.0 Hz, 1H), 5.01 (dd, J = 7.5, 5.1 Hz, 1H), 3.74 — 3.60 (m, 3H), 3.58 — 3.50 (m, 2H),
3.35(dd, J = 13.7, 7.5 Hz, 1H), 3.30 — 3.12 (m, 4H), 2.88 (s, 6H), 1.33 — 1.26 (m, 2H), 1.23 - 1.19
(m, 1H), 1.16 — 1.11 (m, 1H). C NMR (151 MHz, MeOD) § 178.43, 175.05, 170.39, 168.58,
153.26, 134.02, 132.02, 131.77, 131.70, 131.56, 131.42, 129.34, 127.00, 124.41, 120.71, 116.64,
50.16, 46.89, 46.53, 46.48, 45.78, 42.92, 42.28, 28.42, 19.18, 18.99. HRMS (ESI-QTOF) m/z [M

+ Na]+ calcd for Co7H32NsO7SNaz 616.1818; found 616.1846.
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Succinyl-L-Dap(Acryl)-Piperazine-Dansyl (75). Compound 75 was synthesized according to
General Procedure U with succinic anhydride (yield 83%). *H NMR (400 MHz, MeOD) § 8.65 —
8.58 (m, 1H), 8.39 (d, J = 8.7 Hz, 1H), 8.20 (dd, J = 7.4, 1.3 Hz, 1H), 7.60 (ddd, J = 10.9, 8.6, 7.4
Hz, 2H), 7.27 (d, 3 = 7.5 Hz, 1H), 6.12 (d, J = 6.0 Hz, 2H), 5.56 (t, J = 6.0 Hz, 1H), 4.96 (dd, J =
7.5,5.1 Hz, 1H), 3.71 — 3.49 (m, 5H), 3.35 (d, J = 2.7 Hz, 1H), 3.30 — 3.07 (m, 4H), 2.87 (s, 6H),
2.55 — 2.32 (m, 4H). *C NMR (101 MHz, MeOD) & 174.41, 170.08, 168.57, 153.24, 133.93,
132.02, 131.85, 131.70, 131.56, 131.39, 129.32, 127.05, 124.40, 120.73, 116.62, 49.97, 46.95,
46.47, 46.43, 45.77, 42.91, 41.92, 31.65, 30.71. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C26H33Ns07SNa 582.1998; found 582.1996.

Succinyl-L-Dap(Acryl)-Piperazine-Sulfonyl-Naphthalene (76). Compound 76 was synthesized
according to General Procedure U with succinic anhydride (yield 24%). *H NMR (600 MHz,
MeOD) § 8.74 (dq, J = 8.7, 0.9 Hz, 1H), 8.20 (td, J = 7.4, 1.1 Hz, 2H), 8.02 (ddt, J = 8.1, 1.3, 0.6
Hz, 1H), 7.69 (ddd, J = 8.6, 6.9, 1.4 Hz, 1H), 7.66 (s, 2H), 6.15 — 6.05 (m, 2H), 5.60 — 5.53 (m,
1H), 4.96 (dd, J = 7.5, 5.2 Hz, 1H), 3.70 — 3.57 (m, 3H), 3.57 — 3.47 (m, 2H), 3.33 (d, J = 7.5 Hz,
1H), 3.29 — 3.07 (m, 4H), 2.55 — 2.50 (m, 2H), 2.46 — 2.32 (m, 2H). 3C NMR (151 MHz, MeOD)
0176.37,174.21,170.08, 168.55, 136.03, 135.94, 133.56, 131.92, 131.64, 130.22, 130.09, 129.30,
128.13, 127.11, 126.10, 125.44, 49.92, 46.98, 46.50, 46.41, 42.88, 41.89, 31.29, 30.11. HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for C24H2sN4O7SNa 539.1576; found 539.1563.

Succinyl-L-Dap(Acryl)-Piperazine-Naphthoyl (77). Compound 77 was synthesized according to
General Procedure U with succinic anhydride (yield 11%). *H NMR (600 MHz, MeOD) & 8.01 —

7.90 (m, 2H), 7.83 (t, J = 8.0 Hz, 1H), 7.63 — 7.47 (m, 4H), 6.30 — 6.10 (M, 2H), 5.72 — 5.58 (m,
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1H), 5.17 — 4.95 (m, 1H), 4.16 —3.36 (m, 9H), 3.28 —3.15 (m, 1H), 2.63 — 2.38 (M, 4H). *C NMR
(151 MHz, MeOD) § 177.07, 174.59, 171.81, 170.23, 168.67, 134.98, 134.58, 131.82, 131.70,
130.77, 130.71, 129.70, 129.55, 128.43, 127.80, 127.13, 126.36, 125.49, 125.21, 125.10, 50.32,
48.39, 47.87, 46.93, 46.37, 43.59, 43.09, 43.00, 42.59, 41.99, 31.77, 30.84. HRMS (ESI-QTOF)

m/z [M + Na]+ calcd for C2sH2sN4OgNa 503.1907; found 503.1898.

Methyl-Ester-Sulfonyl-L-Dap(Acryl)-Piperazine-Dansyl (78). Compound 78 was synthesized via
a sulfonylation reaction. To a round bottom flask was added 0.091 g of the free amine starting
material 66 (0.198 mmol, 1 eq) along with 0.030 mL triethylamine (0.218 mmol, 1.1 eq)
solubilized in 2 mL DCM. To the flask was subsequently added 0.037 g methyl
(chlorosulfonyl)acetate (0.218 mmol, 1.1 eq) and the reaction mixture was stirred at room
temperature for 1.5 h. Upon completion the reaction mixture was washed three times with a
saturated solution of NaHCO3 and brine. The organic layer was dried over MgSOy, filtered, and
concentrated under reduced pressure. The resulting crude oil was purified via flash
chromatography to obtain 0.059 g (50%) of product 78 and carried forward to the hydrolysis

reaction without further characterization.

Acid-Sulfonyl-L-Dap(Acryl)-Piperazine-Dansyl (79). Compound 79 was synthesized according to
General Procedure T (yield 83%). *H NMR (400 MHz, MeOD) § 8.61 (dt, J = 8.6, 1.1 Hz, 1H),
8.37 (d, J = 8.7 Hz, 1H), 8.20 (dd, J = 7.4, 1.3 Hz, 1H), 7.60 (ddd, J = 9.9, 8.7, 7.5 Hz, 2H), 7.27
(dd, J=7.6, 0.9 Hz, 1H), 6.23 — 6.07 (m, 2H), 5.57 (dd, J = 8.9, 3.0 Hz, 1H), 4.69 (dd, J=7.8, 4.8
Hz, 1H), 3.83 (s, 2H), 3.72 (t, J = 5.2 Hz, 2H), 3.60 (t, J = 5.2 Hz, 2H), 3.50 (dd, J = 13.7, 4.7 Hz,

1H),3.35 (s, 1H), 3.31 - 3.15 (m, 4H), 2.87 (s, 6H). 3C NMR (101 MHz, MeOD) & 170.46, 169.38,
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168.57, 153.19, 134.05, 131.99, 131.71, 131.62, 131.45, 131.34, 129.34, 127.23, 124.39, 120.63,
116.61, 53.90, 46.74, 46.58, 46.30, 45.77, 43.13. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C24H30Ns0gS,Na» 626.1331; found 626.1343.

Cbz-D-Dap(Boc)-Piperazine-Naphthoyl (80). Compound 80 was synthesized according to the
amide bond coupling reaction outlined in General Procedure Q (yield 74%). *H NMR (400 MHz,
CDCl3) § 7.96 — 7.76 (m, 3H), 7.57 — 7.38 (m, 4H), 7.37 — 7.26 (m, 5H), 6.06 — 5.85 (m, 1H), 5.14
—4.97 (m, 3H), 4.89 — 4.63 (m, 1H), 4.20 — 3.12 (m, 10H), 1.47 — 1.30 (m, 9H). 3C NMR (101
MHz, CDClz) 6 169.72, 168.56, 156.14, 156.07, 136.25, 133.62, 129.70, 128.73, 128.65, 128.36,
128.25, 128.19, 127.37, 126.76, 125.30, 124.56, 124.08, 79.95, 67.15, 51.30, 47.14, 46.59, 46.05,
45,59, 43.09, 42.79, 42.34, 41.76, 41.41, 28.40. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

Ca1H3sN4OsNa 583.2533; found 583.2540.

H-D-Dap(Boc)-Piperazine-Naphthoyl (81). Compound 81 was synthesized according to the
hydrogenolysis reaction detailed in General Procedure R. The product was carried forward

without further purification or characterization.

Acryl-D-Dap(Boc)-Piperazine-Naphthoyl (82). To a round bottom flask was added 2.49 g of the
starting amine 81 (5.842 mmol, 1 eq), 2.035 mL DIPEA (11.684 mmol, 2 eq), and 0.071 g DMAP
(0.584 mmol, 0.1 eq) solubilized in 60 mL DCM at 0 °C. To the flask was then added 0.563 mL
acryloyl chloride (7.010 mmol, 1.2 eq) dropwise. The reaction was allowed to warm to room
temperature and stirred for 2 h. Upon completion, the reaction mixture was washed with water,

and three times with a saturated solution of NaHCOs. The organic phase was dried with MgSQOa,
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filtered, and concentrated under reduced pressure. The resulting crude oil was purified via flash
chromatography to yield 1.730 g (62%) of the product 82 as a white solid. *H NMR (400 MHz,
CDCl3) § 7.96 — 7.76 (m, 3H), 7.59 — 7.38 (m, 4H), 6.92 (s, 1H), 6.38 — 6.05 (m, 2H), 5.71 — 5.61
(m, 1H), 5.16 — 4.92 (m, 2H), 4.28 — 3.65 (M, 4H), 3.62 — 3.13 (M, 6H), 1.48 — 1.34 (m, 9H). :*C
NMR (101 MHz, CDCl3) 6 169.76, 168.47, 165.36, 156.21, 133.63, 133.48, 130.37, 129.75,
129.64,128.74,127.53,127.41, 126.77, 125.31, 124.59, 124.10, 80.03, 50.21, 47.08, 46.57, 46.10,
45.63, 42.87, 42.42, 41.71, 41.36, 28.42. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C26H32N40OsNa 503.2270; found 503.2256.

TFA.Acryl-D-Dap-Piperazine-Naphthoyl (83). Compound 83 was synthesized according to the
Boc deprotection reaction outlined in General Procedure P, excluding the NaHCO3z washes and
carried forward as the TFA salt in quantitate yield after concentrating the reaction mixture.

Acryl-D-Dap(Succinyl)-Piperazine-Naphthoyl (84). Compound 84 was synthesized according to
General Procedure U with succinic anhydride (yield 83%). *H NMR (400 MHz, MeOD) § 8.03 —
7.77 (m, 3H), 7.62 — 7.45 (m, 4H), 6.39 — 6.13 (M, 2H), 5.75 — 5.62 (M, 1H), 5.24 — 4.98 (m, 1H),
4.14 — 3.34 (m, 9H), 3.29 — 3.12 (m, 1H), 2.58 — 2.37 (m, 4H). 3C NMR (101 MHz, MeOD) &
177.25, 175.64, 171.80, 170.32, 167.72, 134.95, 134.59, 131.57, 130.77, 130.70, 129.70, 128.46,
127.80, 127.62, 126.37, 125.50, 125.23, 52.13, 50.45, 47.85, 46.99, 46.45, 43.64, 43.04, 42.59,
41.88, 31.99, 31.92, 31.07, 30.65, 30.23. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C25H28N4OsNa 503.1907; found 503.1897.

Boc-Glu(MA)-Piperazine-Naphthoyl (85). Compound 85 was synthesized via an amide bond

coupling reaction. To a round bottom flask was added 0.737 g of compound 28 (2.567 mmol, 1
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eq) with 1.168 g HBTU (3.080 mmol, 1.2 eq) and 1.733 mL DIPEA (10.267 mmol, 4 eq)
solubilized in 7 DMF at 0 °C. The activation of the acid was allowed to occur for 0.5 h upon which
1.091 g of the corresponding TFA salt 56* (3.080 mmol, 1.2 eq) was added as a solution in 2 mL
DMF with 0.433 mL DIPEA (2.567 mmol, 1 eq). The reaction was allowed to stir overnight at
room temperature. Upon completion, the reaction mixture was diluted with ethyl acetate and
washed with 1 M HCI, water, a saturated solution of NaHCOs3, and brine. The organic layer was
dried over MgSOy, filtered, and concentrated under reduced pressure. The resulting crude oil was
purified via flash chromatography to yield 1.000 g (77%) of the product as a white solid. *H NMR
(400 MHz, CDCl3) 8 8.00 — 7.72 (m, 3H), 7.64 — 7.35 (m, 4H), 7.01 — 6.79 (m, 1H), 5.91 — 5.75
(m, 1H), 5.35 (d, J = 8.6 Hz, 1H), 4.79 — 4.38 (m, 1H), 4.20 — 3.11 (m, 11H), 2.39 — 2.14 (m, 2H),
1.93 — 1.56 (m, 2H), 1.53 — 1.32 (m, 9H). 3C NMR (101 MHz, CDCl3) & 170.59, 169.74, 166.81,
155.46, 147.49, 133.62, 133.40, 129.74, 128.74, 127.40, 126.76, 125.29, 124.52, 124.08, 122.06,
80.18, 51.61, 49.56, 47.32, 46.89, 45.81, 45.62, 42.72, 42.26, 42.02, 41.64, 31.89, 28.42, 28.00.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C2sHzsN3OgNa 532.2424; found 532.2449.

TFA.H-Glu(MA)-Piperazine-Naphthoyl (86). Compound 86 was synthesized according to General
Procedure P, excluding the NaHCO3 washes and carried forward as the TFA salt in quantitate

yield after concentrating the reaction mixture.

Succinyl-Glu(MA)-Piperazine-Naphthoyl (87). Compound 87 was synthesized according to
General Procedure U with succinic anhydride, DIPEA as the base, and DMF as the solvent (yield
67%). 'H NMR (400 MHz, MeOD) & 8.01 — 7.77 (m, 3H), 7.63 — 7.46 (m, 4H), 7.03 — 6.84 (m,

1H), 5.95 — 5.80 (m, 1H), 4.72 (dd, J = 8.6, 5.3 Hz, 1H), 4.17 — 3.43 (m, 9H), 3.30 — 3.20 (m, 2H),
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2.65—2.60 (M, 1H), 2.57 — 2.43 (m, 3H), 2.34 — 2.18 (m, 2H), 1.97 — 1.72 (m, 2H). 3C NMR (101
MHz, MeOD) § 176.07, 174.15, 172.06, 171.74, 168.52, 149.58, 134.94, 134.58, 130.75, 129.69,
128.44, 127.78, 126.35, 125.49, 125.22, 122.62, 52.18, 51.95, 49.85, 47.91, 46.97, 46.39, 43.58,
43.14, 42.99, 42.66, 31.41, 31.23, 30.04, 29.79, 29.25. HRMS (ESI-QTOF) m/z [M + Na]+ calcd

for C,7H3:N307Na 532.2060; found 532.2076.

Phthalyl-Glu(MA)-Piperazine-Naphthoyl (88). Compound 88 was synthesized according to
General Procedure U with phthalic anhydride, DIPEA as the base, and DMF as the solvent (yield
59%). 'H NMR (400 MHz, MeOD) & 8.04 — 7.92 (m, 2H), 7.91 — 7.76 (m, 2H), 7.65 — 7.33 (m,
6H), 7.24 — 7.09 (m, 1H), 7.05 — 6.88 (m, 1H), 5.99 — 5.83 (m, 1H), 5.08 (s, 1H), 4.27 — 3.33 (m,
8H), 3.36 —3.08 (M, 3H), 2.32 (s, 2H), 2.04 — 1.78 (M, 2H). 3C NMR (101 MHz, MeOD) & 175.26,
171.74, 168.56, 168.53, 164.82, 149.66, 138.89, 138.51, 134.96, 134.60, 132.24, 130.93, 130.76,
129.91, 129.70, 129.20, 128.93, 128.45, 127.79, 126.36, 126.29, 125.50, 125.23, 122.71, 122.66,
51.97, 50.36, 47.92, 46.63, 43.77, 43.14, 42.68, 36.93, 31.64, 31.18, 30.90, 29.43. HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for C31H3:N3O7Na 580.2060; found 580.2090.

Fmoc-6AH-OH 89. Commercially available 6-aminohexanoic acid (1.000 g, 7.62 mmol, 1 eq) and
Na2COs) (3 eq) were added to a round-bottom flask and dissolved in a 1:1 mixture of H>O/dioxane
(0.1 M). The flask was cooled to 0 °C, stirring was commenced, and fluorenylmethyloxycarbonyl
chloride (1 eq) was added in 1 portion. The reaction mixture was stirred at 0 °C for 10 min, and
was then allowed to warm to room temperature where it was stirred for another 6 h. Upon
completion, dioxane was removed through rotary evaporation and the resulting aqueous solution

was washed with Et2O. The recovered aqueous layer was subsequently acidified to around pH 2
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through the addition of 1 M HClq) and extracted thrice into EtOAc. The combined organics were
dried over MgSQOy, filtered, and concentrated under reduced pressure to yield the desired product
as a white solid (2.500 g, 7.09 mmol, 93% yield). Characterization matches previous reports [77].
Fmoc-D-Asp(OtBu)-CTC 90. Compound 90 was prepared from fresh 2-chlorotrityl chloride resin
(100-200 mesh, 1.00 g, 0.75 mmol, 1 eq) and Fmoc-D-Asp(OtBu)-OH 9 (1.2 eq) through General
Procedure D. The resin loading was estimated as 0.500 mmol/g, and 1.00 g of loaded resin was

recovered (0.50 mmol, 67% yield).

RhB-Pro-6AH-D-Asp(OtBu)-OH 91. Manually-loaded Fmoc-D-Asp(OtBu)-CTC resin 90 (0.5
mmol, 1 eq) was placed into the automated peptide synthesizer and swelled in 20 mL DMF for 5
min. Fmoc-6AH-OH 89 (4 eq) and Fmoc-Pro-OH (4 eq) were then coupled through cycles of
standard deprotections (10 mL of 20% v/v piperidine in DMF at 90 °C for 1 min) and couplings
(4 eq HATU, 8 eq DIPEA in 16 mL 7:1 DMF/NMP solution at 50 °C over 10 min). The resin was
washed 3 times with 7-10 mL of DMF between each step. After deprotection of the Pro residue’s
Fmoc group, the resin was removed from the instrument. Rhodamine B was double-coupled
manually (5 eq rhodamine B, 5 eq HATU, 10 eq DIPEA, 10 mL DMF, two cycles of 40 min each
at room temperature). The resin was then washed with DMF and DCM. The peptide was cleaved
from the resin through two 30 min treatments with 20% HFIP in DCM. The crude mixture was
concentrated through rotary evaporation, precipitated in cold ether, and pelleted through
centrifugation. Discarding of the supernatant and extensive drying under vacuum produced the
desired peptide as a red solid (282 mg, 0.34 mmol, 68% yield), which was carried forward without

further purification. LC-MS m/z 825 for [M]".
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RhB-Pro-6AH-D-Asp(OtBu)-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (51). Compound 92 was
prepared through General Procedure M using TFA.H-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 40
(347 mg, 0.34 mmol, 1 eq) and RhB-Pro-6AH-D-Asp(OtBu)-OH 91 (282 mg, 0.34 mmol, 1 eq),
both prepared herein. The reaction flask was covered with aluminum foil to prevent degradation
of the fluorophore from exposure to light. The desired peptide was obtained as a deep purple solid

(85.7 mg, 0.050 mmol, 15% yield). LC-MS m/z 1714 for [M]".

RhB-Pro-6AH-D-Asp-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH (93, KM93). Compound 93
(KM93) was prepared through General Procedure N from RhB-Pro-6AH-D-Asp(OtBu)-
Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH 92 (85.7 mg, 0.050 mmol, 1 eq). The reaction flask was
covered with aluminum foil to prevent degradation of the fluorophore from exposure to light. The
desired peptide was obtained as a bright magenta solid (23.6 mg, 0.014 mmol, 28% yield). HRMS

(ESI-QTOF) m/z [M]" calcd for CeoH122N13017 1656.9082; found 1656.9102.
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Supplementary Kinetic Traces and Inhibition Experiments
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Figure S1. Fluorescence-time curve of the spike experiment performed with inhibitor 47 to
confirm the reversibility of FXIlla inhibition. Additional A101 substrate was added to the
reactions corresponding to the positive control with no inhibitor (+ve), the negative control with
no enzyme (-ve), and all 4 inhibitor concentrations (1, 2, 5, and 10 uM) after the initial plateaus
in fluorescence had been reached. Fluorescence emission (RFU, relative fluorescence unit

emission at 418 nm after excitation at 313 nm) was then monitored over time.
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Figure S2. Fluorescence-time curve of the spike experiment performed with inhibitor 23 to
confirm the irreversibility of FXIlla inhibition. Additional A101 substrate was added to the
reactions corresponding to the positive control with no inhibitor (+ve) and the highest inhibitor

concentration (200 uM) after the initial plateaus in fluorescence had been reached.
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Fluorescence emission (RFU, relative fluorescence unit emission at 418 nm after excitation at

313 nm) was then monitored over time.
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Figure S3. Substrate spike experiment with small molecule inhibitor 79 and FXIlla. Upon

completion of the activity assay, another 100 uM of A101 was added and the RFU increased,
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implying FXllla was still active (top and bottom left panels).
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Figure S4. Inhibitor spike experiment with small molecule inhibitor 79. Upon completion of the
activity assay another dose of 320 uM 79 was added and the RFU plateau at a lower value (top

right panel).
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Figure S5. Inhibition experiment of FXIlla with small molecule inhibitor scaffold components

dansyl amide and acrylamide assayed at four different concentrations (0, 100, 200, 320 uM).
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SDS-PAGE of Fluorescent Labelling Experiment
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Figure S6. SDS-PAGE of commercially available FXIlla incubated with 30 uM fluorescent probe

93 (KM93) visualized first for fluorescence and then using Coomassie Blue staining.
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Figure S7. Full SDS-PAGE gel of fluorescent labelling of commercially available FXIlla with

30 uM 93 (KM93). Note the excess labelling agent at the very bottom edge of the gel does not

correspond to protein.
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Supplementary Cellular Labelling Figures
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Figure S8. A) Fluorescent labelling of FXIlla in murine bone marrow macrophages (BMM).
BMMs were incubated with 0-20 uM KM93 for 6 h (top gel) or for 48 h (bottom gel), lysed, and
protein extracts were prepared and resolved with denaturing, 10% SDS-PAGE. The gels were
visualized using a fluoroimager (Ex/Em 562/610). The gels show a dose dependent labelling of a
~80 kDa band, which corresponds to a molecular weight of FXIlla, consistent with the red
fluorescence of the rhodamine moiety of KM93. The identity of the band at ~100 kDa is
unknown but it is also present in the negative control and thus represents background. B)

Coomassie Blue stained gels confirm equal loading in each lane.
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Figure S9. Fluorescence visualization of KM93 in murine bone marrow macrophages (BMM).
Cells were incubated with 20 uM KM93 for 48 h in microscopy chamber slides. At end point,
cells were fixed, cytoskeletal actin was stained with AlexaFluor®-488-phalloidin (green) and
nuclei were stained with DAPI (blue). KM93 was visualized in the 568-nm channel (red). A):
Cells that were incubated in the absence of the probe showed no signal in the 568-nm channel
(negative control). B): Strong red fluorescence was seen observed after 48 h incubation with 20
MM KM93. The probe was confirmed to be intracellular by actin staining (see inset C). White

magnification bar represents 20 pm.
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KM93 ZED1301 + KM93

Figure S10. FXIlla inhibitor ZED1301 is able to block labelling by KM93 probe in BMM

Probe

Probe + DAPI

cells. BMM cells were preincubated in the absence or presence of 20 uM ZED1301 for 2 hours
to inhibit FXIlla, prior to addition of 20 uM KM?93 and further incubation for 4 hours. Cells
were fixed and washed, nuclei were stained with DAPI (blue) and incorporation of the red probe
KM93 was observed by fluorescence microscopy. Negligible red fluorescence was observed in

cells blocked by pre-incubation with ZED1301. Magnification bar equals 40 pm.
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Kinetic Fitting for Inhibitors
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HPLC Traces of Peptidic Inhibitors

Compound 11. Ac-D-Asp-Dap(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-091-059-PURITY-Y3 @ 1/17/2022 1:35:50 PM, Method: Ana 5-95 20min, Iter: 3, Inj: 3
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Sample Table
Injection Number Peak Name Retention Time Area (mAUmin Height (AU) Sample Name Sample Location Fraction Site(s) Area %
(min) x100)
3 1 2677 2238372 0.01 KM-1-091redo Sample Zone->163 0.446
3 2 12.538 49361.4728 1.064 KM-1-091redo Sample Zone->163 98.416
3 3 9.762 252.9785 0.005 KM-1-091redo Sample Zone->163 0.504
3 4 8.98 101.4551 0.003 KM-1-091redo Sample Zone->163 0.202
3 5 7.888 216.2027 0.004 KM-1-091redo Sample Zone->163 0.431

Compound 12. Ac-D-Asp-Dab(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-090-PURITY @ 1/12/2022 10:59:10 AM, Method: Ana 5-95 20min, Iter: 2, Inj: 2
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i 1 12.252 74963.5466 1.968 KM-1-090-PURITY Sample Zone->162 100
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Compound 13. Ac-D-Asp-Orn(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-090-PURITY @ 1/12/2022 10:59:10 AM, Method: Ana 5-95 20min, Iter: 3, Inj: 3
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3 1 12.152 18964.1767 0.5 KM-1-043-PURTTY Sample Zone->162 100
Compound 14. Ac-D-Asp-Lys(Acrylamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.
App: Kian Purification, Run: KM-1-090-PURITY @ 1/12/2022 10:59:10 AM, Method: Ana 5-95 20min, Iter: 4, Inj: 4
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4 1 12.301 3026.1386 0.141 KM-1-042-PURITY Sample Zone->162 100
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Compound 20. Ac-D-Asp-Dap(a-chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-092-PURITY @ 1/24/2022 6:26:12 PM, Method: Ana 5-95 20min, Iter: 2, Inj: 2
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Injection Number Peak Name Retention Time Area (mAUmin Height (AU) Sample Name Sample Location Fraction Site(s) Area %
(min) x100)
2 1 12552 74901.2188 1492 KM-1-092-PURITY Sample Zone->163 99.773
2 2 9.198 170.4799 0.005 KM-1-092-PURTTY Sample Zone->163 0.227
Compound 21. Ac-D-Asp-Dab(a-chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.
App: Kian Purification, Run: KM-1-065-066-2-033-PURITIES @ 1/30/2022 9:21:43 PM, Method: Ana 5-95 20min, Iter: 4, In): 4
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4 1 12421 72958.2993 2032 KM-1-065 Sample Zone->150 99.873
4 2 14.458 53.1548 0.004 KM-1-065 Sample Zone->150 0.073
4 3 14.145 39.4118 0.003 KM-1-065 Sampie Zone->150 0.054
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Compound 22. Ac-D-Asp-Orn(a-chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-065-066-2-033-PURITIES @ 1/30/2022 2:21:43 PM, Method: Ana 5-35 20min, Iter: 3, Inj: 3
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(min) x100)
3 1 12.345 82173.0436 2.032 KM-1-066 Sample Zone->149 99.686
3 2 14.368 258.639%4 0.012 KM-1-066 Sample Zone->149 0.314

Compound 23. Ac-D-Asp-Lys(a-chloroacetamide)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-091-059-PURITY-Y3 @ 1/17/2022 1:35:50 PM, Method: Ana 5-95 20min, Iter: 4, Inj: 4
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4 1 12.63 37663.3183 0.935 KM-1-059 Sample Zone->163 95.514
4 2 14.034 767.1615 0.035 KM-1-059 Sample Zone->163 1.953
4 3 14.558 735.7587 0.031 KM-1-059 Sample Zone->163 1873
4 4 15.071 102.3235 0.007 KM-1-059 Sample Zone->163 0.26
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Compound 45. Ac-D-Asp-Asp(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-2-039-040-PURITY @ 6/6/2022 4:21:06 PM, Method: Ana 5-95 20min, Iter: 2, Inj: 2
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2 1 12.802 40407.2126 0.832 KM-2-039-PURITY Sample Zone->160 99.639
2 2 14.505 146.2959 0.003 KM-2-039-PURITY Sample Zone->160 0.361

Compound 46 (ZED1301). Ac-D-Asp-Glu(MA)-Nle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-1-065-066-2-033-PURITIES @ 1/30/2022 9:21:43 PM, Method: Ana 5-95 20min, Iter: 2, Inj: 2
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2 2 9.662 219.3874 0.006 KM-2-033 Sample Zone->148 0.263
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Compound 47. Ac-D-Asp-Hmg(MA)-NIle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-2-039-040-PURITY @ 6/6/2022 4:21:06 PM, Method: Ana 5-95 20min, Iter: 3, Inj: 3
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3 2 14.905 189.6096 0.008 KM-2-040-PURITY Sample Zone->161 0.277

Compound 93 (KM93). RhB-Pro-6AH-D-Asp-Glu(MA)-NIle-Nle-Leu-Pro-Trp-Pro-OH.

App: Kian Purification, Run: KM-2-044-PURITY @ 6/27/2022 2:24:52 PM, Method: Ana 5-95 20min, Iter: 2, Inj: 2
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2 2 16.733 18161.1618 0.593 KM-2-044-PURITY Sample Zone->163 99.384
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Chapter 3: Cell Impermeable Inhibitors Confirm That Intracellular Human
Transglutaminase 2 Is Responsible for the Transglutaminase-Associated
Cancer Phenotype
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* Correspondence: JWK

3.1.  Introduction to the Research Article Presented Within this Chapter

This research project follows from a recent structure activity relationship (SAR) study
conducted in the Keillor Research Group on a peptidic inhibitor scaffold for TG2. During that
investigation, various hydrophobic amino acids were incorporated to increase the linker space
between the lysine(acrylamide) and naphthoyl moieties. A dramatic increase in potency was
observed when the spacer residue was placed between the piperazine and naphthoyl moieties.
Given the widespread increase in inhibitor efficiency, we proposed that a residue that allowed for
functionalization on the side chain would increase the chemical biology scope of these inhibitors

by allowing attachment of various cargos.
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Although human transglutaminase 2 is the most well studied isozyme of the TGase family,
conflicting and overlapping biological activities have been assigned. One of the most prevalent
misconceptions is the role of intracellular versus extracellular TG2 — especially in the field of
oncology. Our goal within this project is to start to rule out these convoluted roles by designing,
synthesizing, and evaluating cell impermeable inhibitors, cell permeable fluorescent probes, and
biorthogonal compatible labels. These tools were then applied to preliminary cancer biology
studies in multiple cancer cell lines to determine which localization of TG2 is responsible for the
TG2-associated cancer phenotype. Given that the conclusions drawn from this chapter hinge
heavily on the proteome-wide selectivity of the tools evaluated in this work, a preliminary
investigation of the selectivity was also conducted post-submission of the manuscript. The data
that demonstrate the high selectivity of the NCEG-RHB probe in SH-SY5Y cell lysate can be
found in the final section of the Appendix to Chapter 3 (Figure 3.5). This additional result
reinforces the confidence of using NCEG-RHB and our conclusions drawn about the role of

intracellular versus extracellular TG2 in cancer cell biology.

3.2.  Author Contributions

Conceptualization, J.W.K., EW.J.G. and N.J.C.; formal analysis, EW.J.G. and N.D.C;
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the published version of the manuscript.
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3.4. Abstract

Transglutaminase 2 (TG2) is a multifunctional enzyme primarily responsible for
crosslinking proteins. Ubiquitously expressed in humans, TG2 can act either as a transamidase by
crosslinking two substrates through formation of an N®(y-glutaminyl)lysine bond or as an
intracellular G-protein. These discrete roles are tightly regulated by both allosteric and
environmental stimuli and are associated with dramatic changes in the conformation of the
enzyme. The pleiotropic nature of TG2 and multi-faceted activities have resulted in TG2 being
implicated in numerous disease pathologies including celiac disease, fibrosis, and cancer. Targeted
TG2 therapies have not been selective for subcellular localization, such that currently no tools exist
to selectively target extracellular over intracellular TG2. Herein, we have designed novel TG2-
selective inhibitors that are not only highly potent and irreversible, but also cell impermeable,
targeting only extracellular TG2. We have also further derivatized the scaffold to develop probes
that are intrinsically fluorescent or bear an alkyne handle, which target both intra- and extracellular

TG2, in order to facilitate cellular labelling and pull-down assays. The fluorescent probes were
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internalized and imaged in cellulo, and provide the first implicit experimental evidence that by
comparison with their cell-impermeable analogues, it is specifically intracellular TG2, and
presumably its G-protein activity, that contributes to transglutaminase-associated cancer

progression.

3.5. Introduction

The transglutaminases (TGases) are a family of multi-functional enzymes primarily
responsible for cross-linking proteins [1-3]. The family is composed of eight calcium-dependent
isozymes that can be found throughout the human body. These enzymes mediate the formation of
a covalent link between two substrate proteins through the formation of an N¢(y-glutaminyl)lysine
bond, through a transamidation reaction involving a catalytic cysteine residue [4].
Transglutaminase 2 (TG2), or tissue transglutaminase, is of specific interest not only for its
ubiquitous expression and cross-linking activity, but also for its ability to act as a G-protein [5].
TG2 can adopt two dramatically different conformations that are exclusively associated with its
two distinct activities [6]. When acting as a G-protein, the four sub-domains of TG2 are folded in
on themselves in a compact ‘closed’ conformation, obscuring the cross-linking active site and
forming a GTP binding site on the medial C-terminal B-barrel [7]. However, when TG2 adopts its
cross-linking enzymatic form, the two C-terminal B-barrels are extended away from the catalytic
core in an ‘open’ linear conformation, exposing substrate protein binding sites, while dismantling
the GTP binding site [8]. Present in both extracellular and intracellular locations [9-13], TG2 has
been implicated in numerous pathologies ranging from the survival and epithelial-mesenchymal
transition of cancer stem cells to fibrosis to celiac disease [14-21]. Targeted TG2 therapies in the

treatment of celiac disease and liver fibrosis have recently been progressed to Phase 2b clinical

177



trials [22,23]; however, there remains a need to further investigate the roles of TG2 in other
biological contexts. One of the areas that remains to be thoroughly investigated is the effect of
targeting extracellular versus intracellular TG2. Given that the protein is present both inside and
outside the cell, extracellular-selective inhibition may allow the unambiguous assignment of
various roles of extracellular TG2, without convoluting this interpretation through the
simultaneous inhibition of intracellular TG2. The lack of precise chemical tools has also hindered
investigation into which TG2 activities are associated with which sub-cellular environments. The
role of TG2 in the proliferation and migration of cancer cells has been ascribed to both intracellular
(G-protein) [14,24-28] and extracellular (crosslinking) [29-31] activities, suggesting that the
specific localization of the enzyme associated with a phenotype (and cell type) has yet to be
assigned. This ambiguity can be viewed as incomplete target validation that hinders the
development of potential therapeutic agents.

Herein, we disclose several novel chemical probes built on a peptidomimetic scaffold
designed to be selective for TG2 over other isozymes. The probes include functional groups that
decrease cell permeability, are fluorescent, or provide sites for bioorthogonal reactivity. Herein,
we show that the first-in-class cell-impermeable irreversible inhibitors are highly potent but fail to
alter cancer stem cell progression and invasion. In contrast, the fluorescent version of the probe is
both cell permeable and halts cancer cell invasion, providing direct evidence that inhibition of
intracellular TG2 (and presumably its G-protein activity) is necessary to generate the anti-cancer

phenotype.
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3.6. Results

3.6.1. Design

Our previous study of structure—activity relationships in irreversible inhibitors of TG2
revealed a dramatic increase in efficiency when the original lead compound (AA9) [26] was
modified to incorporate an additional amino acid spacer residue in its peptidomimetic backbone
(Figure 1) [32]. This extension of the peptidomimetic scaffold led to inhibitors that were selective
for TG2 over the other isozymes in the TGase family. They were also shown to abolish GTP
binding, presumably by locking TG2 in its open conformation [33-36]. To expressly design first-
in-class cell-impermeable inhibitors of TG2, we introduced a bulky negatively charged moiety on
the amino acid spacer of the scaffold. This was achieved through solid-phase peptide synthesis
(SPPS) of a tri-Asp sequence, connected to the rest of the scaffold through an alkyl or peptidic
linker. The extended scaffold was also modified at the same site by incorporating bright
fluorophores, producing novel TG2 fluorescent probes. Finally, the same site was modified to add
an alkyne group, to allow subsequent copper-assisted azide alkyne cycloaddition (CuAAC)

reactions for attaching alternative cargo.
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Figure 3.1. Previous libraries of inhibitors giving rise to the scaffold disclosed in this work [32].

3.6.2. Synthesis

To generate these various chemical tools, a linear synthetic scheme was designed, featuring
the formation of the naphthoyl-glutamate moiety 6 (Scheme 1) and a common stable key
intermediate 16. Derivatization of the glutamate residue in the peptidomimetic scaffold of the key

intermediate 16 then allowed various chemical tools to be obtained by late-stage diversification.
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Scheme 3.1. Synthetic scheme to generate naphthoyl-glutamate moiety.

Starting from commercially available Z-Glu(OtBu)-OH (1), a methylation was performed
to generate the corresponding methyl ester 2 (Scheme 1). The Chz protecting group was then
removed by palladium catalyzed hydrogenolysis to liberate the N-terminus on glutamate 3.
Acylation with 1-naphthoyl chloride 4 was then performed under basic conditions with
triethylamine to generate the protected intermediate 5. Finally, hydrolysis of the C-terminal ester

generated the naphthoyl-glutamate intermediate 6 to be used in the convergent synthesis described

below (Scheme 2).
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Scheme 3.2. Synthetic scheme to generate key intermediate, allowing for subsequent functionalization of the
glutamate sidechain.
Commercially available Z-Lys-OH (7) was subjected to methyl esterification using thionyl
chloride and methanol to protect the C-terminus and generate 8 (Scheme 2). The addition of the
acrylamide warhead was achieved by reaction with acryloyl chloride 9 and Hiinig’s base to yield

the acrylated lysine 10. The C-terminal ester of 10 was then hydrolyzed to produce 11, which was
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subsequently coupled to N-Boc-piperazine 12, using HATU, to gain access to the Boc-protected
amine 13. Removal of the Boc group with TFA delivered intermediate amine 14 as its TFA salt.
Coupling 14 with the glutamate intermediate 6 produced the t-butyl ester 15. A final hydrolysis of
this ester using TFA exposed the y-carboxylate of the glutamate and provided key intermediate
16.

Once key intermediate 16 was acquired, cell-impermeable inhibitors were generated by
SPPS, allowing all inhibitors to be prepared on-resin in an automated peptide synthesizer (Scheme
3). Starting from manually pre-loaded Fmoc-Asp(OtBu)-Wang resin, two sequential cycles of
coupling with Fmoc-Asp and Fmoc deprotection were performed. The resulting tri-Asp peptide
was then further derivatized to either incorporate an aminohexanoic acid linker or a tri-Gly linker
by further cycles of SPPS. A final coupling with key intermediate 16 executed by the peptide
synthesizer produced the protected precursors bound to Wang resin. The resin was subsequently
cleaved, and the remaining protecting groups were removed using TFA to yield the cell-

impermeable inhibitors 17 and 18, which were purified by semi-preparative reverse phase HPLC.
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Scheme 3.3. Synthetic scheme from key intermediate to generate cell-impermeable inhibitors 17 and 18.

183



To make fluorescent probes starting from key intermediate 16, fluorescein, coumarin, and

rhodamine B fluorophores were linked to the scaffold through a cadaverine spacer (Scheme 4).

Compound 16 was subjected to amide coupling with HATU to attach N-Boc-Cadaverine to the

glutamate residue. The intermediate amine 19 was then deprotected using 4 M HCI in dioxane and

free amine 20 was coupled to the diethylamino coumarin probe 21. This yielded the coumarin

fluorescent probe compound 22 in 59% yield. The addition of FITC to cadaverine intermediate 20

generated fluorescein probe 23 (Scheme S1 in Supplementary Materials).

N-Boc-Cadaverine

HATU, DIPEA, DMF
0 °C to rt, overnight
(63%)

21

4 M HCl in Dioxane

HATU, DIPEA, DMF
0 °C to rt, overnight
(59%)

DCM
n,2h
(quantitative)

Scheme 3.4. Synthetic scheme from key intermediate to generate fluorescent coumarin probe 22.

The preparation of a rhodamine B probe required a different synthetic route relative to the

other probes. Starting from commercially available Z-Pro-OH 24, an amide coupling using HATU

was preformed to attach N-Boc-cadaverine and generate 25 (Scheme S2 in Supplementary

Materials). Palladium-catalyzed hydrogenolysis then deprotected the N-terminus of the proline and
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yielded intermediate 26. Rhodamine B was then linked to the proline using HATU-mediated amide
coupling, providing tertiary amide 27. The Boc protecting group on the cadaverine linker was then
removed using 4 M HCI in dioxane to generate amine 28. A final amide coupling with HATU and
key intermediate 16 provided the rhodamine B probe 29.

Finally, to generate a ‘clickable’ TG2 labelling agent, the key intermediate 16 was coupled
to propargylamine 30 by HATU to generate the propargy! derivative 31 presenting a free alkyne
handle (Scheme S3 in Supplementary Materials). To validate that CUAAC was possible on the
propargyl scaffold, 31 was exposed to desthiobiotin-PEG3-azide 32, copper (II) sulfate, and
sodium ascorbate (Scheme S4 in Supplementary Materials). The desthiobiotin handle was

efficiently installed to give probe 33 in 90% yield.

3.6.3. Kinetics

Relative to the original scaffold, we expected the potency of these novel chemical biology
tools to decrease slightly, due to the additional bulk incorporated on the glutamate sidechain.
Although we expected the sidechain moiety to be directed into bulk solvent, we were concerned
that its mass and charge would disfavor the binding interaction. Therefore, we kinetically
characterized these probes as rigorously as possible, in order to determine their relative affinity
and reactivity. For most inhibitors we have made, including the parent inhibitor AA9 (Figure 1),
we have been able to measure kinetic parameters under Kitz and Wilson conditions [37]. This
experimental approach is based on the use of a continuous activity assay [38] and the measurement
of first-order rate constants for the time-dependent inactivation of enzyme (see Figure 2A and
Figures S1-S5 in Supplementary Materials). The dependence of these observed rate constants

(kobs) on the inhibitor concentration divided by alpha ([I]/a) can then be fitted to a hyperbolic
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saturation model where the upper plateau represents the rate constant of inactivation (Kinact), and
the concentration providing half the rate constant of inactivation represents K; (Figure 2B)
[26,27,39]. Aside from inhibitor 22, the inhibitors disclosed herein exhibited excellent rates of
inactivation; however, this assay was unable to provide reliable values for the observed rate
constants (kons) at high concentrations and, thus, was a poor saturation fitting. To compensate for
this, the overall efficiency of the inhibitor (kinact/Ki) can be derived from the slope of the linear
region of the saturation plot (Figure 2C). To gauge the individual parameters, a double reciprocal
fitting was also employed where K; can be calculated from the x-axis intercept and Kinact Can be

calculated from the y-axis intercept (Figure 2D).
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Figure 3.2. Representative kinetic data for inhibitors. Data shown for compound 17 with (A) time-dependent
inactivation of TG2 (blank subtracted), (B) fitting of observed first-order rate constants to a hyperbolic
model for saturation kinetics, (C) linear regression of lowest concentration rate constants, and (D) double

reciprocal fitting of the data shown in B.
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Despite our concerns, we were pleased to see that nearly all of our derivatives maintained
excellent potency in their inhibition of TG2. In fact, the cell-impermeable inhibitors 17 and 18
were nearly threefold more potent than our original lead compound (AA9) (Table 1) [26]. We
ascribe the increased affinity of these new inhibitors to the amino acid residue added to the
peptidomimetic backbone, as recently described elsewhere [32]. The fluorescent probes also
showed potent inhibition of TG2; with a Kinact/Ki value of 1186 x 10° M 'min~!, FITC derivative
23 is one of the most efficient TG2 inhibitors known. The coumarin probe 22 showed only
modestly efficient inhibition of TG2, with a kinact/Ki value of 188 x 10° M'min~!, although it
should be noted that this derivative displayed decreased solubility in aqueous solutions above 25
UM, The propargyl derivative 31 exhibited highly efficient inhibition of TG2 similar to the cell-
impermeable inhibitors, with a kinact/Ki value of 497 x 10% M~'min~'. The diversity of the cargo
that can be attached at the glutamate residue, without abrogation of inhibitory efficiency, implies
that this site can be broadly varied for numerous applications. Considering the putative binding
mode [27] for these peptidomimetic inhibitors featured the naphthoyl moiety bound in the large
hydrophobic binding pocket of TG2, it seems reasonable to hypothesize that the glutamate
sidechain cargo must be directed out into solvent, where it has little effect on binding affinity.
Molecular docking confirmed this hypothesis, with key intermediate 16, cell-impermeable 18
(NCGE2), and fluorescent probe 29 (NCEG-RHB) all having their sidechain and cargo directed

away from the enzyme (Figure S6 in Supplementary Materials).
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Table 3.1. Kinetic data for cell impermeable inhibitors, fluorescent probes, and propargyl inhibitor.

o

e

R g}u

kinact/K| (X103 Mil

Compound R Ki (UM) Kinact (Min™") min)
HO
(0]
H (0] H (0]
17 * e A AN Ay 10+03 039010 409 + 22
o = g o) :\fo
HO OH
HO
b O . VIR
18(NCEG2)* N Ay M A Aoy 41421 2332112 563 + 13
0o H oo < g 0o :\(o
HO OH
O O
22 13+11  0.24%0.07 188 + 167
23 n.d. n.d. 1186 + 91 **
29 (NCEG- -
RHB) n.d. n.d. 223+3
31 * AN 09+05  0.46+0.26 497 + 33

* Kinetic data fitted to a double reciprocal model; ** Kinetic data from lowest concentrations of saturation plot
fitted to a linear model.
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3.6.4. lIsozyme Selectivity

In the development of probes for TGases, isozyme selectivity is always a significant
challenge. Since the catalytic machinery of the active sites of all TGases features a conserved Gly-
GIn-Cys-Trp-Val sequence, selectivity for one isozyme over the others requires exploitation of
slight differences in the protein substrate binding sites [40,41]. In order to assess the isozyme
selectivity of our cell-impermeable inhibitors, TG2 and four other therapeutically relevant TGases
(Factor XIII, TG1, TG3, and TG6) were exposed to a concentration of inhibitor representing the
same apparent competition with respect to the assay substrate (AL5 [38] or A101 [42,43]). In other
words, both the substrate and inhibitor concentrations were varied so that the [I]/a values were
identical [27]. Under these conditions, both 17 and 18 displayed excellent selectivity by
irreversibly inactivating TG2 with no detectable inhibition of the other isozymes (see Figures S7
and S8 in Supplementary Materials). This provides confidence that in further applications, these

cell-impermeable inhibitors will selectively target TG2 over other transglutaminases.

3.6.5. Pharmacokinetic Properties

The cell-impermeable inhibitors 17 and 18 were designed to violate virtually all of the rules
for cellular permeability described by Lipinski and Veber [44,45]. They were also empirically
evaluated with respect to their pharmacokinetic properties, in particular to determine their cell
permeability. In a PAMPA test, the —Log Pe values were very high (Table 2). The measured values
of >9.02 and >8.79 are much higher than the traditionally accepted upper limit of 6, suggesting
these derivatives would show low permeability. Indeed, neither compound was even detected in
the receptor compartment for the PAMPA, resulting in the lower limit of detection being reported

as an approximate value. This suggests that cell permeability is negligible. In cultured MDCK cell
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permeability assays, both of these compounds exhibited very low permeability again, independent

of the Pgp-mediated efflux pathway.

Table 3.2. Representative pharmacokinetic properties for cell impermeable inhibitors 17 and 18.

Compound 17 18 (NCEG2)

cLogP* 0.94 -1.19

Log D <-2.73 <-2.63

—Log Pe >9.02 >8.79
Papp(a-g) (1076, cm/s) 0.31 0.47
Papp(s-a) (1076, cm/s) 0.42 0.56
Efflux Ratio 1.39 1.18
Papp(a-e) (107, cm/s) + Pgp Inh. 0.33 0.57
Papp(e-a) (107, cm/s) + Pgp Inh. 0.35 0.36
Efflux Ratio + Pgp Inh. 1.04 0.66

* cLog P was calculated using SwissADME online web tool [46].

3.6.6. Fluorescent Labelling

To validate that the novel fluorescent probes were indeed labelling TG2 irreversibly,
recombinantly expressed and purified human TG2 [47] was exposed to 30 uM of each probe for
25 min at room temperature. The samples were then analyzed by SDS-PAGE, revealing a
fluorescent band at 78 kDa in each sample corresponding to full-length TG2. Upon irradiation at
the relevant excitation wavelength, the fluorescent emission of each probe confirmed that TG2
was covalently labelled by each fluorescent probe (see Figure S9 in Supplementary Materials for

full gel images). Given the high isozyme selectivity of the cell-impermeable inhibitors 17 and 18,
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it is reasonable to assume the fluorescent probe versions would display similar selectivity and
prove to be very useful for fluorescence microscopy.

We elected to use the rhodamine B-labelled 29 (NCEG-RHB) in subsequent fluorescence
microscopy studies in SH-SY5Y cells due to its high solubility and desirable photochemical
properties. SH-SY5Y cells can be differentiated upon the addition of retinoic acid, which induces
overexpression of TG2 [48-50]. As shown in (Figure 3A), compound 29 (aka NCEG-RHB) is
cell permeant and clearly visible in the cytoplasm, but not in the nucleus. A noticeable increase in
red fluorescence is observed in cells pre-treated with retinoic acid treatment, suggestive of an

increased expression and labelling of intracellular TG2 (Figure 3B).

A B

Figure 3.3. (A) Cell microscopy of SH-SY5Y cells incubated with 30 pM 29 (NCEG-RHB) (red) for 30 min
and nucleus stained with Hoechst (blue). (B) Cell microscopy of SH-SY5Y cells differentiated with 20 uM
retinoic acid for 4 days, incubated with 30 pM 29 (NCEG-RHB) (red) for 30 min and nucleus stained with

Hoechst (blue).

3.6.7. Evaluation of Cancer Cell Proliferation and Migration

The library of research tools disclosed herein are all potent irreversible inhibitors of TG2,

as measured in our biochemical activity assay (see above). However, these molecular tools differ
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markedly in their cell permeability, allowing us to apply these contrasting agents to determine
whether the role of TG2 in the proliferation and migration of cancer cells is due to its intracellular
or extracellular activity. The unique properties of our cell-impermeable inhibitors make them
powerful tools to answer this longstanding question. Remarkably, cell-impermeable inhibitor 18
(NCEG?2) did not have any effect on cell proliferation of MDA-MB-231, MDA-MB-436, MDA-
MB-468, HaCaT, or SCC-13 cell lines at concentrations up to 100 puM (Figure 4 and
Supplementary Materials Figure S10). In further support, 18 (NCEG2) failed to suppress
migration of MDA-MB-436 and MDA-MB-231, a trait commonly associated with TG2 activity in
cancer cells (Figure S11) [51]. The rhodamine B-labelled probe 29 (NCEG-RHB) was first
validated as being cell permeable in SH-SY5Y, HaCat, and SCC-13 cells through fluorescence
microscopy (see Figures 3 and 4A). It was then tested in a similar manner to 18, in SCC-13, MDA-
MB-436, and MDA-MB-231 cells. Notably, in three different cancer cell lines, the fluorescent
probe 29 (NCEG-RHB) also suppressed migration and proliferation significantly—even more so
than previous lead inhibitors AA9 and NC9 (Figures 4B,D and S10). In this regard, probe 29
(NCEG-RHB) enables both diagnostic and pharmacological applications [52]. In light of the
markedly different effects observed for the cell-permeable inhibitor 29 compared to the cell-
impermeable inhibitor 18, we conclude that targeting the cancer-associated roles of TG2 requires
the inhibition of intracellular TG2. Further, it is presumably the intracellular G-protein activity
of TG2 that contributes to cancer progression, since these chemical tools were designed to
irreversibly inactivate the transamidase active site, but also to block GTP binding by locking TG2

in its open conformation [26,27].
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Figure 3.4. Treatment of cancer cells with cell-permeable and cell-impermeable inhibitors. (A) HaCaT and
SCC-13 are epidermis-derived cutaneous squamous cell carcinoma cells that were treated for 10 h with
NCEG-RHB prior to imaging using a spinning disc confocal microscope. NCEG-RHB localization is detected
adjacent to the nuclei (N) in both cell types and is indicated by red arrows. The HaCaT cell cultures were also
stained for 15 min with MitoTracker Green before imaging. MitoTracker Green detects mitochondria
membrane proteins inside the cell and the labelling is indicated by green arrows. White scale bars = 100 um.
(B) SCC-13 cells treated with cell-impermeable inhibitor 18 (NCEG2) and cell-permeable inhibitors NC9,
AA9, and NCEG-RHB. Scale bars represent 50 um; (*) p value < 0.001 (C) HaCaT cells treated with cell-
impermeable inhibitor 18 (NCEGZ2) and cell-permeable inhibitors NC9 and AA9. Scale bars represent 50 um;
(*) p value < 0.001. (D) MDA-MB-436 cells treated with cell-impermeable 18 (NCEG2) and with cell-
permeable inhibitors NC9, AA9 and NCEG-RHB. Experiments were carried out in triplicate and are

represented as average + SD of the percentage of living cells; (**) p value < 0.01.

3.6.8. Pull-Down of TG2 from E. coli Lysate

While this manuscript was in preparation, Hauser et al. published a novel biotinylated TG2

inhibitor (Figure S12) that is highly efficient, exhibiting a kinact/Ki value of 7260 M's™! (or 435,600
193



M1 min™!) [53]. It is noteworthy that this inhibitor exploits the same binding pocket as our
inhibitors disclosed herein, implying that this site of similar inhibitor scaffolds is broadly
tailorable, with minimal impact on binding affinity. Our propargylated inhibitor 31 shows
comparable efficiency to Hauser’s (see Table 1). Further, TG2 that has been labelled with inhibitor
31 should be amenable to incorporation of a wide variety of azide-functionalized cargo, including
desthiobiotin, which would allow pull-down with streptavidin resin and subsequent elution under
milder conditions than its biotinylated counterpart. More specifically, incorporating desthiobiotin
instead of biotin allows for elution from streptavidin resin using low millimolar concentrations of
biotin for competitive displacement from the streptavidin binding site instead of the harsh
denaturing conditions required for typical biotinylated chemical tools [54]. Inhibitor 31 may,
therefore, allow for more protein—protein interactions to be retained during the elution process in
the discovery of novel TG2 interactions.

As a proof of concept, previously described BL21 E. coli cells were transformed with a
plasmid (pGST-PSP-rhTG2) to induce overexpression of recombinant human TG2 (rhTG2) as a
GST fusion protein [47]. The bacterial cells were then lysed and exposed to the propargylated
inhibitor 31 to allow for labelling. A subsequent CUAAC reaction was then performed in the same
cell lysate to incorporate the desthiobitoin-PEG3-azide into labelled TG2. The lysate was then
passed over streptavidin resin to isolate all proteins that had reacted with inhibitor 31. These
proteins were then eluted from the resin using a solution of 4 mM biotin, and the eluant was
analyzed by SDS-PAGE. As can be seen in Figure S13 in the Supplementary Materials, the only
protein efficiently isolated in this experiment corresponds to the GST-TG2 fusion protein (MW =

25 kDa + 78 kDa). This validates not only the TG2-selectivity of probe 31, but also the efficiency
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of the click reaction of the GST-TG2-31 adduct, allowing for the isolation of TG2 from cell lysate

in a very mild manner.
3.7.  Materials and Methods

3.7.1. Chemical Synthesis

All details and experimental procedures for the chemical synthesis executed within this

study along with characterization data can be found in the Supplementary Materials [55,56].

3.7.2. Molecular Docking of Compounds 16, 18, and 29 into TG2 Active Site

The “compute” tool from MOE was used to perform docking analysis of each ligand with
TG2 (PDB: 2Q3Z) one by one, following a non-covalent approach where ligand placement was
achieved using the Triangle Matcher protocol (London dG) to produce 30 poses. In addition, a
rigid receptor refinement protocol was performed (GBVI/WSA dG) and a total of 5 final poses
were obtained. Finally, using the builder tool from MOE, the covalent bonds between residue
CYS277 and the acrylamide warhead of the bound inhibitors were manually created, prior to

minimization of the system (to 0.001 kcal mol™" A?).

3.7.3. rhTG2 Inhibition Assay

Recombinant human TG2 was expressed and purified using previously published protocols
[47]. The inhibition was monitored using a continuous chromogenic substrate AL5 [38] under Kitz
and Wilson conditions [37,57]. In brief, 125 uL of assay buffer composed of 111.11 mM MOPS,
15.56 CaCl, pH 6.9 was added to a 1.5 mL Eppendorf tube to achieve final assay concentrations
of 50 mM MOPS and 7.5 mM CaCl». To the tube was then added the respective concentration of

inhibitor from an aqueous working stock (<5% DMSO final conditions). Various volumes of water
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were then added to ensure the final volumes were equal. The AL5 substrate was added to the
Eppendorf tube as a 5 pL 5.56 mM solution in DMSO to obtain a final assay concentration of 100
pMM. A 96-well polystyrene microplate then had 180 pL of the assay mixture added to it. The
enzymatic reaction was finally initiated by addition of 20 puL 5 mU prediluted TG2 in assay buffer
using a multichannel pipette. The reaction was monitored at 405 nm using a BioTek Synergy 4
plate reader for 20 min at 25 °C. A positive control with no inhibitor and a blank with no enzyme
nor inhibitor were also included. The blank subtracted kinetic curves were then analyzed. The
observed first-order rate constants of inactivation were gathered through a one-phase association
model using the GraphPad software package. The rate constants were then fit to various models to

elucidate the inhibition parameters. If saturation was achieved, they were fit to a saturation model

[Substrate

versus the inhibitor concentration divided by alpha (where a =1+ ]). A linear

Km

regression of the linear region of this saturation fitting was calculated to obtain a ratio of Kinact/Ki.
A further double reciprocal model was used if saturation could not be observed due to the

limitations in sensitivity of the assay or if solubility issues were present.

3.7.4. TGase Isozyme Selectivity

The selectivity of the cell-impermeable inhibitors was evaluated against four other
therapeutically relevant TGases (TG1, TG3a, TG6, and FXIlla, all purchased from Zedira GmbH
(Darmstadt, Germany). By varying both the inhibitor and assay substrate concentrations with each
isozyme, we ensured that the [[]/a values remained constant as each isozyme had a different K,
for its respective substrate. In order to obey Kitz and Wilson conditions, the substrate
concentrations were varied, and the inhibitor concentrations were adjusted to account for this
change in affinity. TG1, TG6, and TG2 were all monitored using the aforementioned rhTG2
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inhibition assay procedure. The AL5 substrate concentrations for TG1 and TG6 were 112 uM and
435 uM, respectively, with 0.1 uM TG1 or 0.32 uM TG6. To monitor the activity of TG3a and
TG6, a FRET-quenched substrate A101 (Zedira Gmbh) was used [42,43]. In brief, 125 pL assay
buffer #1 (containing TRIS, CaCl,, and NaCl pH 7.5), 18 uL assay buffer #2 (containing TCEP
and acceptor substrate H-Gly-OMe pH 7.5), and a respective concentration of inhibitor aqueous
working stock balanced with various volumes of water were combined in a 96-well black plate
with clear bottom/top. The enzymatic reactions were then initiated by addition of 20 pL of
prediluted enzyme with a microchannel pipette to provide 0.11 uM FXIllaor 0.17 uM TG3a. The
isopeptidase activity of the respective TGase was then monitored at Ex/Em = 313/418 nm with a
BioTek Synergy 4 plate reader at 25 °C. The final assay conditions contained a final volume of
200 pL 69 mM TRIS, 10 mM CaClz, 208 mM NaCl, 5 mM TCEP, and 13 mM H-Gly-OMe pH
7.5. A positive control with no inhibitor and a blank with no enzyme nor inhibitor were included.

The kinetic curves then had the blank subtracted and were compared versus the other isozymes.

3.7.5. Fluorescent Labelling of Purified rhTG2

Recombinant human TG2 was expressed and purified from E. coli using a previously in-
house-developed method [47]. The purified TG2 was stored in cleavage buffer (20 mM TRIS, 150
mM NaCl, 1 mM EDTA, 1 mM TCEP, 15% glycerol, pH 7.2) at =80 °C. The concentration
obtained was 1.166 mg/mL (~15 uM TG2) by a Bradford assay. Totals of 10 pL of this stock, 5
ML of a 20 mM TRIS buffered solution of 50 mM CaClz (pH 7.2), and 10 pL of a 75 uM stock of
the respective fluorescent probe (2.5% DMSO in mQ H0) were added to a 1.5 mL Eppendorf
tube and then vortexed. The labelling was allowed to occur for 25 min at room temperature. A

total of 25 pL of a 2x Laemelli buffer with 5% BME was added to the Eppendorf tube, and the
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tube was heated to 100 °C for 5 min to ensure denaturation. The solutions were then allowed to
cool and 20 pL was loaded onto a BioRad Mini-PROTEAN TGX 4-20% polyacrylamide precast
SDS-PAGE gel along with 10 pL BioRad Precision Plus Protein Unstained Standards.
Electrophoresis (120 V) was then performed for 1 h in 25 mM TRIS, 192 mM glycine, 0.1% SDS
buffer. The gel was first visualized using a BioRad ChemiDoc MP Imager exciting at each specific
wavelength (23 blue epi illumination 530/28 nm filter, 22 UV trans illumination 530/28 nm filter,
and 29 (NCEG-RHB) green epi illumination 605/50 nm filter) to observe the fluorescent bands,

and then the gel was stained with Coomassie Blue and visualized again.

3.7.6. SH-SY5Y Fluorescent Microscopy

SH-SY5Y cells (CRL-2266, ATCC) were thawed and grown under cell culture conditions
(5% COz, 37 °C, humidified) to 80% confluency in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with penicillin/streptomycin (P/S, 100 U/mL/100 pug/mL) and heat-inactivated fetal
bovine serum (FBS, 10%). Cells were passaged three times before being seeded into 12-well glass-
bottom imaging plates. Cells were either grown to confluency using the previously mentioned
methods or differentiated using an adapted protocol from Singh et al. [50]. Briefly, cells to be
differentiated were seeded at 20% confluency and grown in DMEM supplemented with 3% heat
inactivated FBS, P/S, and 20 uM trans-retinoic acid (RA). The medium was changed daily for 4
days, at which point cells were 80% confluent and used for experimentation.

Triplicate wells of both differentiated and undifferentiated cells, once 80% confluent, were
treated with or without 20 uM of probe in their respective medium containing 0.1% DMSO and
incubated under cell culture conditions for 2 h. Following incubation, cells were washed three

times with 37 °C, sterile Dulbecco’s phosphate-buffered saline (PBS) and incubated for 20 min in
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phenol red-free medium with 1 pg/mL Hoechst 33342 under cell culture conditions. Each well
was imaged on a Zeiss LSM 880 confocal microscope with both 20x and 63x objectives,
simultaneously collecting both brightfield, nuclear fluorescence (Hoechst 33342, ex/em 405/461

nm) and any fluorescence associated with the remaining intracellular probe (ex/em 514/600 nm).

3.7.7. Cell Proliferation Assay

MDA-MB-468 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F-12
DMEM, Gibco Laboratories, New York, NY, USA), 10% FBS (Gibco Laboratories, New York,
NY, USA), 50 U/mL penicillin, and 50 pug/mL streptomycin (Gibco Laboratories, New York, NY,
USA), while MDA-MB-231 and MDA-MB-436 cells were cultured in DMEM High Glucose
with/stable L-Glutamine (EuroClone, Pero, Ml, Italy), 10% FBS, and antibiotics, all grown at 37
°C and in 5% CO> humidified atmosphere.

The compounds were added to the cultures at the concentrations of 25, 50, 75, and 100 uM
and 0.1% DMSO represented the negative control. After 48 h, the cells were trypsinized for 2 min
at 37 °C, trypsin was inactivated using 1 mL of the recovered supernatants (containing 10% FBS),
centrifuged at room temperature 5 min at 1200 rpm, washed with PBS and resuspended in complete
medium. Finally, 50 pL of cells were diluted in 500 pL of Count & Viability Reagent (Luminex,
Prodotti Gianni, Milan, Italy) and analyzed by MUSE®.

The experiments were carried out in triplicate and the average £ SD of the percentage of
living cells was reported. Statistical analysis was performed calculating p value by a Student’s t-

test, two-tailed, with homovariance and significance expressed by (*) p value < 0.05.
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3.7.8. Real-Time Cell Migration Assay

We assayed the motility of MDA-MB-436 cells in the presence of vehicle or TG2 inhibitors
18 (NCEG2), 19 (NCEG-RHB), and NC9 at 25 uM concentration with the XxCELLigence RTCA
system (Real-Time Cell Analyzer System, Acea Biosciences Inc., San Diego, CA, USA) [58].
About 3 x 10° cells/wells were put into the top chambers of CIM-16 plates and the bottom
chambers were filled with medium containing 5% FBS (Gibco Laboratories, New York, NY,
USA) as a chemoattractant. Signal detection was done every 15 min for 24 h and each
determination was performed in triplicate. Impedance values were expressed as a dimensionless
parameter (Cell Index, Cl), and values greater than 0.1 were considered positive. The rate of cell
migration was also quantified by calculating the steepness, inclination, gradient, and changing rate

of the CI curves over time (Slope).

3.7.9. HaCaT and SCC-13 Cell Staining

SCC-13 and HacCaT cells (0.1 x 10°) were plated in 35 mm Mat Tek glass bottom cell
culture dishes. After 24 h, the cells were treated with 25 uM 18 (NCEG-RHB), a rhodamine-B-
labelled cell-permeable TG2 inhibitor, for 18 h. The cells were washed three times with phosphate-
buffered saline prior to spinning disc confocal microscopy. In addition, the HaCaT cells were
treated with 50 nM MitoTracker GreenFM (#M7514) dye, obtained from Invitrogen (Waltham,
MA, USA). The cells were then washed three times with PBS before live cell imaging using a
Nikon spinning disc confocal microscope. HaCaT and SCC-13 are epidermis-derived cutaneous
squamous cell carcinoma cells [59,60]. NCEG-RHB (18) is detected adjacent to the nuclei (N) in

both cell types and is indicated by red arrows. MitoTracker GreenFM stains mitochondria
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membrane proteins inside the cell, which is indicated by the green arrows. The sizing bar in the

images represents 100 microns.

3.7.10. Pull-Down of rhTG2 from E. coli Lysate

A total of 400 pL of the aforementioned E. coli cell lysate combined with 133 pL of a
solution of 75 uM 31 was added to a 1.5 mL Eppendorf tube. The labelling was allowed to occur
for 25 min. Totals of 25 pL of a solution of 500 puM azide-PEG3-desthiobiotin 32 and 500 puM
cupric sulfate in 20 mM HEPES at pH 8.0 were added to the tube. To initiate the click reaction,
100 pL of 150 uM sodium ascorbate solution in mQ H>O was added and gently rocked for 2.5 h
at room temperature. Using 100 pL slurry of equilibrated (washed 3% with PBS) streptavidin
agarose resin in PBS (pH 7.4), 200 pL of the click reaction mixture was combined in an Eppendorf
tube. The tube was gently mixed, and binding was allowed to occur for 0.5 h at room temperature
with gentle rocking. The tube was then centrifuged (500% g (3000 rpm) for 1 min) to pellet the
resin and the supernatant was removed and saved for the gel (FT1). An additional 100 pL of PBS
buffer (pH 7.4) was added and the tube was gently mixed, and the resin was pelleted again. The
supernatant was removed and saved for the gel (FT2). The wash with PBS buffer was then repeated
once more (FT3). To elute the protein from the resin, 50 pL of elution buffer containing 4 mM
biotin in PBS (pH 7.4) was added. The tube was gently mixed and allowed to gently shake at 37
°C for 10 min. To resin was pelleted and the supernatant was removed and saved for the gel (EL1).
The elution step was then repeated two more times (EL2 and EL3).

For SDS-PAGE analysis of the elution, 15 pL of each fraction (or 15 pL of raw cell lysate)
was combined with 15 pL 2x Laemelli buffer (5% BME) and boiled at 100 °C for 5 min for

denaturation. The wells of a BioRad Mini-PROTEAN TGX Stain-Free 4-15% polyacrylamide
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precast SDS-PAGE gel were then loaded with 20 pL of the corresponding sample along with 10
pL of BioRad Precision Plus Protein Unstained Standards. Electrophoresis (120 V) was performed

for 50 min and the gel was visualized by Coomassie staining.

3.8. Conclusions

In this work, we have disclosed novel chemical tools designed to selectively label tissue
transglutaminase (TG2). The cell-impermeable inhibitors described herein are first-in-class
inhibitors that display excellent potency and efficiency of TG2 inhibition in addition to confirmed
cellular impermeability. As such, they should prove to be powerful tools for the selective inhibition
of the extracellular activities of TG2. Fluorescent probes were also prepared and shown to be
highly efficient at labelling TG2, and to be cell permeable. A propargylated inhibitor was also
designed and used to irreversibly inactivate TG2, which was then modified by a subsequent click
reaction, incorporating desthiobitoin and allowing TG2 to be pulled down from cell lysate.

These probes should all prove to be of broad utility for investigations of the biological roles
of TG2. However, the most important conclusion from this work may be from our interrogation of
the relative importance of extracellular and intracellular TG2 activity in the propagation and
invasion of certain cancer cells. Direct comparison of the results obtained with cell-impermeable
inhibitor 18 (NCEG2) with those of cell-permeable inhibitor 29 (NCEG-RHB) provides the first
concrete evidence that intracellular TG2 activity contributes to the cancer-associated phenotype,
at least in the cell lines studied herein. This validates the rationale for specifically targeting
intracellular TG2 when trying to alter cancer progression and advances our understanding of the
importance of the sub-cellular context. The future application of these chemical tools should allow

further discovery of the sub-cellular roles of TG2 and lead to other therapeutic applications.
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Supplementary synthetic schemes
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Scheme S3.  Synthetic scheme from key intermediate 16 to generate propargyl derivative 31,
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Supplementary kinetic traces and fitting
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Figure S1. Kinetic traces and fitting of 18 (NCEG?2).
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Figure S4. Kinetic traces and fitting for 29 (NCEG-RHB).
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Molecular docking of compounds in TG2 active site

A)

Figure S6.  Structural representation of inhibitors 16, 18 (NCEG2), and 29 (NCEG-RHB)
covalently bound to the catalytic pocket of TG2 (PDB: 2Q3Z) via CYS277
(orange residue). A) inhibitor 18, S score =-9.63. B) inhibitor 16, S score -9.92.

C) inhibitor 29, S score -10.93.
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Isozyme selectivity
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Figure S7.  Isozyme selectivity of 17 with respect to therapeutically relevant human

transglutaminases TG2, TG1, TG6, FXIlla, and TG3a, using either chromogenic

substrate AL5 or fluorescently quenched isopeptidase substrate A101.
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Figure S8.  Isozyme selectivity of 18 (NCEG2) with respect to therapeutically relevant human
transglutaminases TG2, TG1, TG6, FXIlla, and TG3a, using either chromogenic

substrate AL5 or fluorescently quenched isopeptidase substrate A101.
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Supplementary fluorescent labelling images
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Figure S9.

A) Coomassie stain of full SDS-PAGE used for fluorescent labelling of purified
rhTG2. B) Multi-channel blue epi illumination with 530/28 nm filter (green band
colour) and green epi illumination with 605/50 nm filter (red band colour) of full
SDS-PAGE used for fluorescent labelling of purified rhTG2. C) Multi-channel UV
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trans illumination with 530/28 nm filter (blue band colour) and green epi
illumination with 605/50 nm filter (red band colour) of full SDS-PAGE used for

fluorescent labelling of purified rhTG2.
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Supplementary cellular evaluation figures
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Viability assay: Treatment of (A) MDA-MB-468 breast cancer cell line with cell

impermeable inhibitor 18 (NCEG2) and cell permeable inhibitors NC9 and AA9,

employed at the indicated concentrations and (B) MDA-MB-231 breast cancer cell

line with cell impermeable inhibitor 18 (NCEG2) and cell permeable inhibitors

NC9, AA9, and (C) NCEG-RHB employed at the indicated concentrations.

Experiments were carried out in triplicate and are represented as average + SD of

the percentage of living cells; (*) P value < 0.05; (****) P value < 0.0001.
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Figure S11. Migration assay: A) Dynamic monitoring of the migration of MDA-MB-436 cells.

We recorded for 24 hours the migration of the cells in the presence only of the
vehicle or of the indicated TG2 inhibitors, used at 25 UM concentrations. Data are
reported as Cell Index (ClI) values + SD. B) Slope analysis shown at 24 h comprising
the steepness, inclination, gradient, and changing rate of the CI curves of MDA-
MB-436 cells over the time. * P < 0.05 versus vehicle. C) Dynamic monitoring of
the migration of MDA-MB-231 cells. We recorded for 24 hours the migration of
the cells in the presence only of the vehicle or of the indicated TG2 inhibitors, used
at 25 uM concentrations. Data are reported as Cell Index (CI) values + SD. D) Slope
analysis shown at 24 h comprising the steepness, inclination, gradient, and changing

rate of the Cl curves of MDA-MB-231 cells over the time. * P < 0.05 versus vehicle.
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Biotinylated inhibitor published by Hauser et al.
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Figure S12. Structure of biotinylated TG2 inhibitor recently published by Hauser et al. [53].

SDS-PAGE of pull-down from E. coli
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Figure S13. SDS-PAGE of pull-down experiment of recombinant human TG2 from E. coli cell

lysate visualized with Coomassie staining.
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Synthesis and characterization of intermediates and final compounds

Experimental Section

Where available, commercially available reagents and solvents were purchased from suppliers
including Sigma-Aldrich, Oakwood Products, Combi-Blocks, and Fisher Scientific and used
without further purification. Solid phase peptide synthesis resin was purchased from
MilliporeSigma. Thin layer chromatography (TLC) was performed using SiliCycle aluminium
backed TLC plates 200-um thickness with F-254 indicator and visualized using short wave UV
light. Preparatory-TLC was executed on SiliCycle SiliaPlate glass backed TLC with extra hard
layer 60A 250 um thickness plates and F-254 indicator. Flash chromatography purification was
performed using 230-400 mesh silica gel. All *H- and 3C-NMR spectra were referenced to the
indicated deuterated solvent and acquired using a Bruker 400-MHz or 600-MHz instrument to
report the peaks in ppm. The high-resolution mass spectra were obtained using an electrospray
ionization source (ESI) and quadrupole time-of-flight (QTOF) analyser. All final compounds were

further evaluated for purity by HPLC where indicated.

General synthetic procedure A

To a round bottom flask equipped with magnetic stir bar was added the acid (1 eq) solubilized in
a 1:1 mixture of THF:H20 (0.1 M). To the flask was added finely ground potassium hydroxide (4
eq). The reaction mixture was then stirred for 2 h. Upon completion, the reaction mixture was
diluted with H20 and washed once with ether. The aqueous phase was then acidified to pH 2 with
1 M HCI. The aqueous layer was then extracted three times with ethyl acetate. The organic layers
were combined, washed once with brine, dried over MgSOy, filtered, and concentrated under

reduced pressure to yield the product without further purification.
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General synthetic procedure B

To a round bottom flask equipped with magnetic stir bar was added the acid (1.5 eq), HATU (1.5
eq), and DIPEA (3 eq) solubilized in DMF (0.5 M) at 0 °C. After 0.5 h, the amine (1 eq) was added
dropwise as a solution in DMF (0.5 M) with DIPEA (1 eq). The ice bath was removed, and the
reaction was allowed to stir overnight at room temperature. Upon completion, the reaction mixture
was quenched with H>O and extracted once with ethyl acetate. The organic layer was then washed
with 1 M HCI, H20, sat. NaHCO3 solution, and brine. The organic phase was then dried over
MgSOs., filtered, and concentrated under reduced pressure. The resulting crude oil was then

purified via flash chromatography to obtain the product.

SPPS Wang resin loading procedure

To pre-load the first residue onto Wang resin, a procedure using a symmetrical anhydride was
adapted from Atherton et al. [55]. To a dry SPPS reaction vessel was added 1 gram of Wang resin.
The resin was suspended in 15 mL dry DMF under inert atmosphere and allowed to swell for 30
min. To form the corresponding anhydride to load onto the resin, 4.937 g Fmoc-Asp(OtBu)-OH
(12 mmol, 10 eq) was solubilized in 120 mL dry DCM in a flame-dried round-bottom flask
equipped with magnetic stir bar under inert atmosphere. To the flask was added 0.929 mL DIC (6
mmol, 5 eq) and the solution was stirred for 20 min at 0 °C. The volatiles were then removed from
the round bottom flask under reduced pressure the residue was re-solubilized in a minimum
amount of DMF. The solution was then added along with 0.015 g DMAP (1.2 mmol, 0.1 eq) to
the SPPS reaction vessel, which was subsequently sealed and occasionally stirred for 1 h. Upon

completion, the resin was washed with DMF and DCM. The resin was then dried under reduced
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pressure and the loading was quantified according to the procedure published by Gude et al. [56].
The resin was finally capped using 0.319 mL acetic anhydride (6 mmol, 5 eq), 1.176 mL DIPEA
(12 mmol, 10 eq) in 15 mL DCM for 15 min. The resin was once again washed and dried under

reduced pressure.

General synthetic procedure C

Wang resin was preloaded with Fmoc-Asp(OtBu)-OH offline using the resin loading protocol
described above. Resin was loaded into a CEM Liberty Blue Peptide Synthesizer, and the cell
impermeable inhibitors were generated using 2 min couplings at 90 °C (0.2 M amino acid (5 eq)
in DMF, 1.0 M DIC (10 eq) in DMF, and 1.0 M Oxyma Pure (5 eq) in DMF and 1 min Fmoc
deprotections at 90°C. The deprotection solution contained 20% Piperidine in DMF with 0.1 M
Oxyma Pure to prevent aspartimide formation. Upon completion, the peptidic inhibitors were
cleaved from resin using a cleavage cocktail of 95% TFA, 2.5% H-0, and 2.5% TIPS for 4 h. The
crude peptide was precipitated using cold ether, collected by centrifugation, and purified by semi-

preparative HPLC.

Synthesis of compound 2

To a round bottom flask equipped with magnetic stir bar was added 5.000 g of commercially
available Z-Glu(OtBu)-OH 1 (14.821 mmol, 1 eq) solubilized in 30 mL DMF with 2.656 g cesium
carbonate (8.151 mmol, 0.55 eq) and stirred for 1 h. After which 0.923 mL iodomethane (14.821

mmol, 1 eq) was added and the reaction mixture was stirred overnight. Upon completion, the
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reaction mixture was diluted with ethyl acetate and washed sequentially with 1 M HCI, H>0, sat.
NaHCOs solution, and brine. The organic layer was dried over MgSOyg, filtered, and concentrated

under reduced pressure to yield 5.04 g (97%) of the product as a white solid.

IH NMR (400 MHz, CDCls) § 7.39 — 7.28 (m, 5H), 5.46 (d, J = 8.2 Hz, 1H), 5.09 (s, 2H), 4.38
(td, J = 8.3, 5.0 Hz, 1H), 3.73 (s, 3H), 2.40 — 2.21 (m, 2H), 2.20 — 2.07 (m, 1H), 2.00 — 1.86 (m,

1H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCls) § 172.55, 172.02, 156.02, 136.33, 128.59, 128.24, 128.17, 80.87,

67.08, 53.54, 52.53, 31.47, 28.13, 27.67.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C1sH2sNOeNa 374.1580; found 374.1583.

Synthesis of compound 3

To a round bottom flask under inert atmosphere was added 5.04 g compound 2 (14.451 mmol, 1
eq) solubilized in 143 mL methanol. Palladium on carbon (0.305 g, 2.869 mmol, 20 mol%) was
then added to the flask which was subsequently evacuated and backfilled three times with N2 ().
The flask was then evacuated and backfilled three times with H> g and stirred overnight. Upon
completion, the mixture was evacuated and backfilled three times with N2 () and filtered over a
pad a celite. The filtrate was then concentrated under reduced pressure to yield the product as a

clear oil in quantitative yield (3.057 g) and carried forward without further purification.
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IH NMR (400 MHz, MeOD) & 3.79 (s, 3H), 2.50 — 2.30 (m, 2H), 2.13 — 1.90 (m, 2H), 1.45 (s, 9H).

13C NMR (101 MHz, MeOD) § 173.71, 173.44, 81.97, 53.85, 53.12, 31.98, 28.77, 28.32.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C10H19NOsNa 240.1212; found 240.1216.

Synthesis of compound 5

To a round bottom flask equipped with magnetic stir bar was added 3.057 g compound 3 (14.343
mmol, 1 eq) solubilized in 143 mL DCM with 2.199 mL triethylamine (15.778 mmol, 1.2 eq). To
the flask was added 2.734 g 1-naphthoyl chloride 4 (14.343 mmol, 1.1 eq) dropwise and the
reaction was stirred. After five minutes 0.175 g DMAP (1.434 mmol, 10 mol%) was added and
the reaction mixture was stirred for 2 h. Upon completion the reaction mixture was washed
sequentially with 1 M HCI, H>0O, sat. NaHCO3 solution, and brine. The organic layer was then
dried over MgSOy, filtered, and concentrated under reduced pressure. The resulting crude oil was

purified via flash chromatography to yield 4.47 g (84%) of the product as a white solid.

IH NMR (400 MHz, CDCls) & 8.41 — 8.33 (m, 1H), 7.92 (dt, J = 8.3, 1.2 Hz, 1H), 7.88 — 7.84 (m,
1H), 7.67 (dd, J = 7.1, 1.2 Hz, 1H), 7.59 — 7.49 (m, 2H), 7.45 (dd, J = 8.3, 7.0 Hz, 1H), 6.78 (d, J

= 7.9 Hz, 1H), 3.81 (s, 3H), 2.54 — 2.24 (m, 3H), 2.18 — 2.01 (m, 1H), 1.41 (s, 9H).

13C NMR (101 MHz, CDCls) § 172.56, 172.28, 169.46, 133.80, 133.71, 131.09, 130.31, 128.39,

127.36, 126.57, 125.55, 125.39, 124.76, 81.13, 52.74, 52.36, 31.71, 28.14, 27.30.
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HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C21H2sNOsNa 394.1630; found 394.1641.

Synthesis of compound 6
Compound 6 was synthesized according to general synthetic procedure A. The product was

obtained as a white solid (4.30 g, 99%).

IH NMR (400 MHz, CDCls) & 8.39 — 8.29 (m, 1H), 7.89 (dt, J = 8.2, 1.0 Hz, 1H), 7.86 — 7.80 (m,
1H), 7.63 (dd, J = 7.1, 1.3 Hz, 1H), 7.57 — 7.46 (m, 2H), 7.40 (dd, J = 8.3, 7.0 Hz, 1H), 7.09 (d, J
= 7.4 Hz, 1H), 4.85 (td, J = 7.8, 5.0 Hz, 1H), 2.57 — 2.25 (m, 3H), 2.18 — 2.06 (m, 1H), 1.40 (s,

9H).

13C NMR (101 MHz, CDCls) § 175.21, 173.05, 170.30, 133.74, 133.16, 131.26, 130.24, 128.39,

127.42,126.59, 125.62, 125.46, 124.71, 81.56, 52.64, 31.89, 28.10, 26.93.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C20H23NOsNa 380.1474; found 380.1468.

Synthesis of compound 8
To a round bottom flask equipped with magnetic stir bar was added 2.000 g of commercially
available Z-Lys-OH 7 (7.13 mmol, 1 eq) suspended in 50 mL MeOH under nitrogen atmosphere.

The suspension was cooled to 0 °C and 0.78 mL thionyl chloride (10.7 mmol, 1.5 eq) was added
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dropwise. The reaction mixture was allowed to warm to room temperature and was stirred
overnight. Upon completion, the volatiles were removed under reduced pressure to yield the
product in quantitative yield (2.35 g) as a white solid and was carried forward without further

purification or characterization.

Synthesis of compound 10

To a round bottom flask equipped with magnetic stir bar was added 4.348 g compound 8 (13.144
mmol, 1 eq) solubilized in 40 mL ACN with 6.868 mL DIPEA (39.431 mmol, 3 eq) and 0.161 g
DMAP (1.314 mmol, 10 mol%) at 0 °C. Acryloyl chloride 9 (1.267 mL, 15.772 mmol, 1.2 eq) was
solubilized in 12 mL ACN and added dropwise to the reaction mixture via dropping funnel. The
reaction was stirred for 1 h after which the reaction mixture was concentrated under reduced
pressure and the resulting oil was taken up in ethyl acetate. The organic mixture was washed once
with 1 M HCI, H20, sat. NaHCOs3 solution, and brine. The organic layer was then dried over
MgSOs., filtered, and concentrated under reduced pressure. The resulting crude oil was purified via

flash chromatography to yield 2.65 g of the product (58%) as a white solid.

IH NMR (400 MHz, CDCl3) § 7.29 (d, J = 5.0 Hz, 5H), 6.58 — 6.47 (m, 1H), 6.20 (dd, J = 17.0,
1.8 Hz, 1H), 6.07 (dd, J = 17.0, 10.1 Hz, 1H), 5.75 (d, J = 8.1 Hz, 1H), 5.51 (dd, J = 10.0, 1.8 Hz,
1H), 5.04 (s, 2H), 4.26 (td, J = 8.2, 4.7 Hz, 1H), 3.66 (s, 3H), 3.23 (qt, J = 10.6, 5.6 Hz, 2H), 1.84

~1.58 (m, 2H), 1.57 — 1.40 (m, 2H), 1.40 — 1.25 (m, 2H).
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13C NMR (101 MHz, CDCl3) § 172.91, 165.85, 156.18, 136.18, 130.89, 128.44, 128.10, 127.95,

126.08, 66.84, 53.66, 52.30, 38.84, 31.79, 28.73, 22.44.

Synthesis of compound 11
Compound 11 was synthesized according to general synthetic procedure A. The product was

obtained as a white solid (7.807 g, quantitative yield).
'H NMR (400 MHz, CDCl3) 6 7.36 — 7.27 (m, 5H), 6.30 — 6.19 (m, 2H), 6.08 (dd, J = 17.0, 10.3
Hz, 1H), 5.75 (d, J = 8.0 Hz, 1H), 5.60 (dd, J = 10.3, 1.4 Hz, 1H), 5.08 (d, J = 1.8 Hz, 2H), 4.35

(0, J = 7.3 Hz, 1H), 3.29 (d, J = 2.9 Hz, 2H), 1.95 — 1.67 (m, 2H), 1.60 — 1.30 (m, 4H).

13C NMR (101 MHz, CDCls) § 174.91, 166.49, 156.40, 136.18, 130.43, 128.54, 128.21, 128.06,

127.11, 67.06, 53.52, 39.22, 31.79, 28.73, 22.22.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C17H22N20OsNa 357.1426; found 357.1446.

Synthesis of compound 13
Compound 13 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a white solid (1.816 g, 98%).
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IH NMR (400 MHz, CDCls) & 7.34 — 7.27 (m, 5H), 6.29 (t, J = 5.7 Hz, 1H), 6.21 (dd, J = 17.0,
1.7 Hz, 1H), 6.06 (dd, J = 17.0, 10.2 Hz, 1H), 5.95 (d, J = 8.3 Hz, 1H), 5.54 (dd, J = 10.1, 1.7 Hz,
1H), 5.04 (s, 2H), 4.59 (td, J = 8.2, 4.4 Hz, 1H), 3.66 — 3.21 (m, 10H), 1.70 — 1.61 (m, 1H), 1.60 —

1.46 (m, 3H), 1.43 (s, 9H), 1.40 — 1.30 (m, 2H).

13C NMR (101 MHz, CDCls) § 170.47, 165.76, 156.23, 154.42, 136.24, 130.93, 128.52, 128.18,

127.99, 126.15, 80.42, 66.91, 50.33, 45.36, 41.96, 38.96, 32.75, 28.80, 28.35, 22.26.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C2sH3sN4OgNa 525.2689; found 525.2674.

Synthesis of compound 14

To a round bottom flask equipped with magnetic stir bar was added 1.816 g compound 13 (3.613
mmol, 1 eq) solubilized in 36 mL of a 20% v/v TFA in DCM solution. The reaction mixture was
stirred for 2 h upon which the solvent was removed under reduced pressure. The resulting oil was
co-evaporated 3 times with DCM under reduced pressure to yield the product in quantitate yield
(1.866 g) as a brown oil. The product was carried forward as the TFA salt without further

purification or characterization.

Synthesis of compound 15
Compound 15 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a white solid (1.778 g, 66%)
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IH NMR (400 MHz, CDCl3) & 8.32 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.83 (dd, J = 7.6,
1.8 Hz, 1H), 7.63 (ddd, J = 7.1, 3.0, 1.2 Hz, 1H), 7.55 — 7.46 (m, 2H), 7.41 (dd, J = 8.3, 7.0 Hz,
1H), 7.31 (d, J = 3.4 Hz, 5H), 7.25 — 7.18 (m, 1H), 6.31 — 6.27 (m, 1H), 6.26 — 6.15 (m, 1H), 6.12
~5.98 (m, 2H), 5.57 — 5.50 (M, 1H), 5.32 — 5.26 (M, 1H), 5.05 (5, 2H), 4.64 — 4.57 (m, 1H), 3.94
—3.11 (m, 11H), 2.54 — 2.30 (m, 2H), 2.18 — 2.06 (m, 1H), 1.87 — 1.76 (m, 1H), 1.66 — 1.28 (m,

15H).

13C NMR (101 MHz, CDCls) § 172.08, 170.60, 170.24, 169.20, 165.63, 156.20, 136.26, 133.64,
130.90, 130.14, 128.51, 128.32, 128.18, 128.00, 127.17, 126.41, 126.08, 125.28, 124.65, 80.89,
66.89, 50.31, 48.40, 45.04, 42.10, 38.85, 32.54, 30.56, 28.84, 28.09, 27.87, 22.24. (Rotamers of

piperazine observed at 45.04 ppm and 42.10 ppm)

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C41Hs:NsOgNa 764.3635; found 764.3645.

Synthesis of compound 16

To a round bottom flask equipped with magnetic stir bar was added 0.100 g compound 15 (0.135
mmol, 1 eq) solubilized in 1.5 mL of a 20% v/v TFA in DCM solution. The reaction mixture was
stirred for 4 h upon which the solvent was removed under reduced pressure. The resulting brown
oil was then precipitated using cold ether. The crude solid was further purified by flash

chromatography to yield 0.039 g (42%) of product as a white solid.
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IH NMR (600 MHz, CDCls) § 8.31 — 8.24 (m, 1H), 7.88 (t, J = 8.1 Hz, 1H), 7.85 — 7.80 (m, 1H),
7.66 — 7.61 (m, 1H), 7.57 — 7.45 (m, 2H), 7.43 — 7.27 (m, 7H), 6.34 — 6.19 (m, 2H), 6.13 — 5.96
(m, 2H), 5.61 — 5.51 (m, 1H), 5.40 — 5.30 (m, 1H), 5.10 — 5.02 (M, 2H), 4.71 — 4.60 (m, 1H), 3.93
—3.15 (m, 11H), 2.66 — 2.55 (m, 1H), 2.53 — 2.43 (m, 1H), 2.22 — 2.08 (m, 1H), 2.00 — 1.80 (m,

1H), 1.72 — 1.42 (m, 4H), 1.40 — 1.28 (m, 2H).

13C NMR (151 MHz, CDCl3) § 175.18, 170.62, 169.64, 166.38, 166.11, 156.40, 136.30, 133.75,

133.34, 133.31, 131.22, 130.67, 130.18, 128.66, 128.48, 128.33, 128.14, 128.12, 127.40, 126.60,

125.64, 125.34, 124.78, 67.16, 67.15, 67.12, 67.10, 50.50, 48.82, 48.77, 48.60, 45.57, 42.15,

39.13, 32.64, 29.51, 28.83, 22.33.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C37H43NsOgNa 708.3009; found 708.2991.

Synthesis of compound 17

Compound 17 was synthesized according to general synthetic procedure C using Fmoc-

Aminohexanoic acid-OH as linker on 0.1 mmol scale (3.4 mg isolated).

HRMS (ESI-QTOF) m/z [M — H] calcd for CssHesN9O18 1142.4682; found 1442.4698.

Purity: 95.5%

241



Synthesis of compound 18 (NCEG2)
Compound 18 was synthesized according to general synthetic procedure C using three glycine

residues (iterative couplings and deprotections) as linker on 0.1 mmol scale (7.4 mg isolated).

HRMS (ESI-QTOF) m/z [M — H]" calcd for CssHesN11020 1200.4486; found 1200.4473.

Purity: 96.4%

Synthesis of compound 19
Compound 19 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a white solid (0.098 g, 63%).

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C47He3sN7OgNa 892.4585; found 892.4579.

Synthesis of compound 20

To a round bottom flask equipped with magnetic stir bar was added 0.319 g 19 (0.367 mmol, 1
eq) solubilized in 2 mL of a 1:1 mixture of 4 M HCI in dioxane and DCM. The reaction was
stirred for 2 h after which the solvents were removed under reduced pressure. The product was
carried forward as the HCI salt in quantitative yield (0.296 g) and without further purification or

characterization.
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Synthesis of compound 22
Compound 22 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a vibrant yellow solid (0.073 g, 59%).

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CsgHssNgO10Na 1035.4956; found 1035.4944.

Purity: 85.3%

Synthesis of compound 23

To a round bottom flask equipped with magnetic stir bar was added 0.099 g compound 20 (0.123
mmol, 1 eq) solubilized in 2 mL DMF with 0.021 mL DIPEA (0.123 mmol, 1 eq). To the flask
was added 0.053 g fluorescein isothiocyanate isomer | (0.135 mmol, 1.1 eq) and 0.043 mL
DIPEA (0.246 mmol, 2 eq). The reaction mixture was stirred for 48 h at room temperature. The
volatiles were then evaporated by a stream of compressed air overnight. The resulting crude oil
was purified via flash chromatography twice to yield 0.052 g (37%) of the product as a yellow

solid.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Ce3HesNgO12SNa 1181.4419; found 1181.4425.

Purity: 89.9%
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Synthesis of compound 25
Compound 25 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a colourless oil (0.470 g, 81%).

IH NMR (400 MHz, CDCls) § 7.31 — 7.21 (m, 5H), 5.14 — 4.94 (m, 2H), 4.26 — 4.19 (m, 1H), 3.56
—3.31 (m, 2H), 3.19 — 2.90 (m, 4H), 2.25 — 2.01 (m, 1H), 1.94 — 1.72 (m, 3H), 1.45 — 1.16 (m,

15H).

13C NMR (101 MHz, CDCls) § 172.05, 155.98, 136.29, 128.39, 127.98, 127.69, 78.74, 67.08,

60.50, 46.92, 40.20, 39.02, 29.36, 28.98, 28.32, 23.73.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C23sH3sN3OsNa 456.2474; found 256.2462.

Synthesis of compound 26

To a round bottom flask under inert atmosphere was added 0.470 g compound 25 (1.084 mmol, 1
eq) solubilized in 11 mL methanol. Palladium on carbon (0.023 g, 0.217 mmol, 20 mol%) was
then added to the flask which was subsequently evacuated and backfilled three times with N2 (g).
The flask was then evacuated and backfilled three times with H2 g and stirred overnight. Upon

completion, the mixture was evacuated and backfilled three times with N2 () and filtered over a
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pad a celite. The filtrate was then concentrated under reduced pressure to yield the product as a
clear oil in quantitative yield (0.325 g) and carried forward without further purification or

characterization.

Synthesis of compound 27
Compound 27 was synthesized according to general synthetic procedure B excluding the 1 M HCI

washes. The product was obtained after flash chromatography as a purple solid (0.663 g, 80%).

IH NMR (400 MHz, CDCl3) § 7.77 — 7.48 (m, 3H), 7.35 — 7.27 (m, 2H), 7.24 — 7.14 (m, 1H), 6.93
~ 6.85 (m, 1H), 6.82 — 6.74 (m, 2H), 6.67 (dd, J = 3.5, 2.4 Hz, 1H), 4.19 (dd, J = 7.7, 5.3 Hz, 1H),

3.65 — 3.46 (m, 10H), 3.32 — 2.87 (M, 5H), 2.11 — 1.14 (m, 31H).

13C NMR (101 MHz, CDCls) § 172.43, 170.79, 167.88, 167.48, 157.94, 155.64, 136.96, 136.48,
133.35, 132.37, 131.44, 130.61, 130.49, 130.29, 130.23, 130.16, 129.87, 129.80, 129.41, 127.92,
127.34, 115.78, 114.61, 114.13, 114.06, 113.89, 113.61, 113.35, 62.54, 60.17, 50.49, 46.16,

39.25, 32.51, 29.57, 29.05, 28.97, 28.55, 28.53, 28.28, 25.45, 24.02, 23.96, 22.19, 12.66.

HRMS (ESI-QTOF) m/z [M]+ calcd for Cs3HsgNsOs 724.4438; found 724.4414.

Synthesis of compound 28
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To a round bottom flask equipped with magnetic stir bar was added 0.103 g 27 (0.135 mmol, 1
eq) solubilized in 1 mL of a 1:1 mixture of 4 M HCI in dioxane and DCM. The reaction was
stirred for 2.5 h after which the solvents were removed under reduced pressure. The product was
co-evaporated twice with DCM and then carried forward as the HCI salt in quantitative yield

(0.094 g) and without further purification or characterization.

Synthesis of compound 29
Compound 29 was synthesized according to general synthetic procedure B excluding the 1 M HCI

washes. The product was obtained after flash chromatography as a purple solid (0.035 g, 20%).

HRMS (ESI-QTOF) m/z [M]+ calcd for CzsHg1N19O10 1291.6920; found 1291.6892.

Purity: 91.9%

Synthesis of compound 31
Compound 31 was synthesized according to general synthetic procedure B. The product was

obtained after flash chromatography as a white solid (0.103 g, 91%).

IH NMR (600 MHz, CDCls) & 8.35 — 8.28 (m, 1H), 7.95 — 7.90 (m, 1H), 7.86 (d, J = 8.1 Hz,
1H), 7.68 — 7.63 (m, 1H), 7.58 — 7.49 (m, 2H), 7.45 — 7.30 (m, 6H), 6.27 — 6.17 (m, 1H), 6.16 —

6.01 (m, 2H), 5.95 — 5.81 (m, 1H), 5.61 — 5.53 (m, 1H), 5.23 — 5.13 (M, 1H), 5.09 — 5.02 (m,
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2H), 4.66 — 4.57 (m, 1H), 4.17 — 4.06 (m, 1H), 4.06 — 3.94 (m, 1H), 3.87 — 3.12 (m, 10H), 2.54 —
2.43 (M, 1H), 2.42 — 2.34 (M, 1H), 2.25 — 2.14 (M, 2H), 1.97 — 1.86 (m, 1H), 1.72 — 1.44 (m,

4H), 1.42 — 1.31 (m, 2H).

13C NMR (151 MHz, CDCl3) § 172.00, 170.67, 170.00, 169.90, 165.78, 156.25, 136.31, 136.29,
133.80, 133.79, 131.38, 130.94, 130.15, 130.13, 128.74, 128.63, 128.55, 128.31, 128.29, 128.14,
128.11, 128.09, 127.46, 127.44, 127.41, 126.62, 126.41, 126.40, 125.68, 125.65, 125.22, 125.20,
124.76, 80.05, 71.30, 67.06, 50.36, 50.34, 50.25, 49.03, 49.01, 48.99, 48.94, 45.60, 45.54, 45.16,
45.11, 42.05, 41.79, 41.73, 39.04, 39.00, 38.97, 32.74, 32.72, 32.68, 32.65, 32.03, 32.01, 29.29,

29.27, 29.24, 29.19, 29.18, 29.00, 28.93, 28.90, 22.38, 22.29, 22.27.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C40H4sNeO7Na 745.3326; found 745.3307.

Purity: 94.7%

Synthesis of compound 32

Compound 32 was synthesized according to general synthetic procedure B using commercially

available desthiobiotin and amine-peg3-azide. The product was obtained after flash

chromatography as an orange oil (0.320 g, >99%).
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IH NMR (400 MHz, CDCl3) § 6.62 (t, J = 5.6 Hz, 1H), 5.91 (s, 1H), 5.16 (s, 1H), 3.86 — 3.75 (m,
1H), 3.73 - 3.57 (m, 11H), 3.54 (dd, J = 5.6, 4.6 Hz, 2H), 3.45 — 3.33 (m, 4H), 2.17 (t, J = 7.4 Hz,

2H), 1.63 (p, J = 7.1 Hz, 2H), 1.53 — 1.19 (m, 8H), 1.09 (d, J = 6.5 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 173.33, 164.08, 70.73, 70.58, 70.22, 70.11, 70.01, 56.19, 51.54,

50.73, 39.23, 35.97, 29.51, 28.63, 25.92, 25.26, 15.80.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C1sH34NsOsNa 437.2488; found 437.2462.

Synthesis of compound 33

To a round bottom flask equipped with magnetic stir bar was added a slurry of 0.038 g alkyne 31
(0.053 mmol, 1 eq), desthiobiotin-peg3-azide 32 (0.053 mmol, 1 eq), and copper (I1) sulfate
pentahydrate (0.053 mmol, 1 eq) in 1 mL 1:1 ACN:H20. To the flask was then added 0.010 g
sodium ascorbate (0.053 mmol, 1 eq) and the reaction was stirred at room temperature for 3 h.
Upon completion the reaction mixture was filtered and subsequently concentrated under reduced
pressure. The resulting crude oil was purified via preparatory-TLC to obtain the product as a

clear oil (0.054 g, 90%)

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CsgHgoN12012Na 1159.5916; found 1159.5928.

Purity: 92.4%
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HPLC traces of final compounds
Compound 17:

<Sample Information>

Sample Name : EG-4-29
Sample ID : EG-4-29
Data Filename : EG-4-29
Method Filename : 5-95% Method.lcm
Batch Filename : EG-4-29

Vial # 1 1-19
Injection Volume : 30 uL
Date Acquired 1 12/15/2021 11:59:11 AM

Date Processed :12/15/2021 12:14:15 PM

Sample Type : Unknown
Acquired by : Eric Gates
Processed by : Eric Gates

<Chromatogram>
mV

750+

0.0 25 5.0
Peak Table
Detector A Channel 1 220nm
Peak# | Ret. Time Area%
1 1.142 0.805
2.341 1.503
3 4.020 0.498
4 4.295 1.070
5 5512 95.488
6 8.089 0.572
7 10.459 0.023
8 11.904 0.041
Total 100.000
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Compound 18 (NCEG2):

<Sample Information>

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

: EG-5-11-Purity

: EG-5-11-Purity

: EG-5-11-Purity.lcd
: 5-95% Method.lcm

Vial # :0-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 9/1/2022 11:01:55 AM Acquired by : Boddy lab
Date Processed :9/1/2022 11:21:26 AM Processed by : Boddy lab
<Chromatogram>
. MS Spectrum
R.Time:5.767(Scan#:347)
MassPeaks:1646
Segment 1 - Event 1
1000000
] g
500000 T
g
& 2 NT o 38 ] g 2 O] 8 § 2
et H ‘$\‘ ?\‘“‘gg\““\‘3‘2‘\““:\“\“‘\2‘ e o ey
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
mV
] 9 Detector A Channel 2 254nm
75| P
50+
~ 0
S 8
S 3
T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%
1 1.824 1.438
4.260 0.222
3 4.695 0.219
4 5.060 0.272
5 5.578 1.827
6 5.766 95.387
7 12.027 0.144
8 14.335 0.492
Total 100.000
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Compound 22:

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-4-65

: EG-4-65

: EG-4-65_002.Icd

: 5-95% Method.lcm

: EG-4-64-65-87-Purity.lcb

Vial # :0-5 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 4/29/2022 10:20:06 AM Acquired by : Boddy lab
Date Processed : 4/29/2022 10:35:07 AM Processed by : Boddy lab
<Chromatogram>
mVv
4 ~
] 8
150 3
100+
50
]
i < B
] 388 |27
(}’h ; P .
T T T T T T T T 1

MS Spectrum

0.0 25 5.0 7.5
Peak Table . )
Detector A Channel 2 254nm R.Time:10.683(Scan#:642)
Ret. Time Area% MassPeaks:1273
8.454 0.580 Segment 1 - Event 1
9.020 2.489 .
9.589 1.625 ]
10.687 85.300 B
10.944 1.605
11.544 8.401 2000000
100.000
1000000
500 600 700 800 900 1000 1100

1113
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1230
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414
1540
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<
= =
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=
o
£

11654

1717
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Compound 23:

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-4-64
:EG-4-64

: EG-4-64_001.lcd

: 5-95% Method.lcm
: EG-4-64-65-87-Purity.lcb

Vial # :0-4 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 4/29/2022 10:04:34 AM Acquired by : Eric Gates
Date Processed : 4/29/2022 10:19:36 AM Processed by : Eric Gates
<Chromatogram>
mV
] &
1250+ s}
1 (e}
1000
750
500
250-]
j ~ o
] 25 52 gfl8¢
] I CIXD N P N
G 4
T T T — T T — T —
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak Table i MS Spectrum
Detector A Channel 2 254nm  R.Time:9.017(Scan#:542)
et. Time Area% MassPeaks:1293
5.293 0.255 Segment 1 - Event 1
5.572 0.943
6.576 1.268 B 2
7.132 2.143 1 8 T
8.063 0.425|  1000000-{
8579 1.827 1
9.023 89.915
9.258 3.059
9.741 0.166 ]
100.000
‘ﬁhg‘g ‘1$\:\§§1 % E\ i T : % 5 \% §\ :
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
m/z
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Compound 29 (NCEG-RHB):

<Sample Information>

: EG-5-2-Purity

Sample ID : EG-5-2-Purity

Data Filename : EG-5-2-Purity_002.lcd
Method Filename : 5-95% Method.lcm

Batch Filename  : EG-4-77-EG-5-2-6-Purity.Icb

Sample Name

Vial # :0-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 9/19/2022 11:35:22 AM Acquired by : Boddy lab
Date Processed :9/19/2022 11:50:24 AM Processed by : Boddy lab
<Chromatogram>
mV
3004 g Detector A Channel 2 254nm
i o
200+
100+
| (=2}
] 3
7M =
07
‘ ‘ ‘ — —— :
0.0 25 5.0 7.5 10.0 12.5 15.0
min

Peak Table
Detector A Channel 2 254nm

Peak# | Ret. Time Area%
1 7.350 1.839
2 7.601 0.242
3 8.181 2.447
4 8.590 1.270
5 9.031 91.881
6 9.257 2.184
7 14.339 0.137
Total 100.000
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Compound 31:

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-4-77-Purity

: EG-4-77-Purity

: EG-4-77-Purity_001.lcd

: 5-95% Method.lcm

: EG-4-77-EG-5-2-6-Purity.Icb

Vial # :0-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 9/19/2022 11:19:51 AM Acquired by : Boddy lab
Date Processed :9/19/2022 11:49:31 AM Processed by : Boddy lab
<Chromatogram>
mVv
] 0 Detector A Channel 2 254nm
0
400 =
300-|
200-|
100 .
1 <
— 3 228 B3 & 8§ 3
] < [ ~ o ] 3
0,
— ‘ 7
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak Table
Detector A Channel 2 254nm
Peak# Ret. Time Area% |
1 4.530 0.673
2 5.647 1.273
3 6.014 0.224
4 6.554 0.787
5 7.320 0.115
6 7.545 94.734
7 7.904 0.937
8 9.023 0.317
9 9.987 0.825
10 14.343 0.116
Total 100.000
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Compound 33:

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename

: EG-5-6-Purity

: EG-5-6-Purity

: EG-5-6-Purity_003.lcd
: 5-95% Method.lcm

Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

: EG-4-77-EG-5-2-6-Purity.Icb
1 0-4

110 uL

1 9/19/2022 11:50:54 AM

1 9/19/2022 12:05:56 PM

Sample Type : Unknown

Acquired by
Processed by

: Boddy lab
: Boddy lab

<Chromatogram>
mV

Detector A Channel 2 254nm

15.0
min
Peak Table

Detector A Channel 2 254nm
Peak# | Ret. Time Area%

ENISINT
©ONo
o
o
=
©

& o ;
=
N
!
1)

Tot;
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This break indicates the end of the supporting information section for the research article
presented within this chapter. The section presented below was conducted post-submission of the

manuscript to 1IJIMS and was thus not published with article.
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Selectivity of NCEG-RHB in SH-SY5Y Lysate

Figure 3.5. SDS-PAGE analysis of SH-SY5Y cell lysate. Left panel, Coomassie stain of protein standards and

raw lysate. Right panel, fluorescence visualization of lysate and 30 uM NCEG-RHB.

In order to confirm the selectivity of the cell permeant rhodamine B fluorescent probe,
NCEG-RHB, SH-SY5Y cells were grown and differentiated using the aforementioned procedure
within this chapter. The cells were lysed and 30 uM NCEG-RHB was added along with 10 mM
CaCl> to ensure TG2 remained catalytically active. Upon SDS-PAGE analysis of the labelled
lysate, one red fluorescent band was identified, corresponding to ~78 kDa (Figure 3.5). Given the
molecular weight of TG2 is approximately 78 kDa, we are confident this band does indeed
correspond to TG2 that has been covalently labelled by NCEG-RHB. Furthermore, as there are
no other protein bands which are also red fluorescent, this confirms that NCEG-RHB does exhibit
a high degree of selectivity within mammalian cell lysate and reinforces that inhibition of

intracellular TG2 is the mechanism of action by which our inhibitors exert their anti-cancer
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activity. Future efforts will be directed to quantifying the degree of selectivity of these tools via

western blot and proteomics.

Materials and Methods for the Selectivity of NCEG-RHB in SH-SY5Y Lysate

SH-SY5Y (CRL-2266, ATCC) cells were grown under cell culture conditions (5% COg,
37 °C, humidified) to 80% confluency in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with penicillin/streptomycin (P/S, 100 U/mL / 100 pg/mL) and heat-inactivated fetal
bovine serum (FBS, 10%). Cells were passaged three times before being seeded into a T175 cell
culture flask. Cells were grown to 70% confluency using an adapted protocol from Singh et al.
[50]. Briefly, cells were differentiated and grown in DMEM supplemented with 3% heat
inactivated FBS, P/S, and 20 uM trans-retinoic acid (RA). Medium was changed daily for 7 days
at which point cells were 70% confluent and used for the lysate experiment. Lysis was performed
with RIPA lysis buffer lacking protease inhibitors at 4 “C with gentle shaking for 30 min and
subsequently scraped with a rubber policeman. The lysate was centrifuged at 17000 x g for 10 min
at 4 °C and the supernatant was retained. To six 1.5-mL Eppendorf tubes were added 50 pL of this
raw lysate. Three of these tubes then acted as lysate controls and received 5 pL of milliQ H20 and
5 pL of a 120 mM CacCl; solution to provide a final CaCl, concentration of 10 mM. The other
three tubes acted as labelling treatment replicates and had 5 pL of the 120 mM CacCl; solution
along with 5 pL of an aqueous solution of 360 UM NCEG-RHB (12% v/v DMSO) to provide a
final probe concentration of 30 uM. All tubes were then gently vortexed and incubated at room
temperature for 25 min. Upon completion, 30 pL of the samples were removed and placed into six
new 1.5-mL Eppendorf tubes, which then had 30 uL of 2X Laemmli Buffer (5% BME) added to

them. The samples were boiled at 100 °C for 5 min to ensure denaturation, and then cooled. The
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wells of a BioRad Mini-PROTEAN TGX 4-20% polyacrylamide precast SDS-PAGE were then
loaded with 40 pL of the corresponding sample and 10 puL of BioRad Precision Plus Protein
Unstained Standards. Electrophoresis was then executed at 120 V for 1 h using 25 mM TRIS, 192
mM glycine, and 0.1% SDS running buffer. Once complete, the gel was first visualized via a
BioRad ChemiDoc MP Imager with green epi illumination and 605/50 nm filter to generate the

fluorescent image, and then Coomassie stained to visualize the protein standards and total loading.

Supporting Information for the Selectivity of NCEG-RHB in SH-SY5Y Lysate

o o® \4
PR PO O
S oS o
IRORSE ROALR
x@\)x"“\\xﬁ“\y x"’“\‘x?’%\)x”’“\)
\UTP U () Q X& (02 Ko % x© Q X® (4
W e W \ﬁs‘)\ W

kDa

<,
L4
250

150
100
75
50
37

25
20

15
10

Figure S14. Full SDS-PAGE images of the gel analyzed within this section.
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Chapter 4. High Affinity Fluorogenic Substrate for Tissue Transglutaminase

Reveals Enzymatic Hysteresis

Eric W. J. Gates?, Adrien Prince-Hallée!, Yasaman Heidari?, Abootaleb Sedighi?, and

Jeffrey W. Keillor®~

! Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa,
Ontario, K1N 6N5, Canada

2 Dalriada Drug Discovery, Mississauga, Ontario L5N 8G4, Canada.

* Corresponding author: JWK

4.1. Introduction to the Research Article Presented Within this Chapter

The work presented within this chapter derived from our wish to initially design an in-
house fluorogenic activity assay for Factor XIII. Due to the fluorescence interreference hurdle we
experienced in our investigation of small molecule FXIII inhibitors in Chapter 2, we believed that
there would be room in the FXIII field for a fluorogenic substrate with more desirable
photochemical properties than the traditional A101 substrate. We designed the scaffold based on
a lead compound from the TG2 SAR studies, namely AA9, and replaced the lysine(acrylamide)
residue with a glutamyl(umbelliferone) ester. Although this scaffold is TG2 selective, we
hypothesized that we could exploit a minimal amount of reactivity with FXIII to still observe a
signal. Through TGase catalyzed hydrolysis of the ester linkage, the fluorescent reporter would be

released and could be monitored.
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Upon initial investigation of the novel substrate, we observed a high degree of affinity and
reactivity for TG2, but minimal for FXI111. We elected to continue our studies of this substrate with
TG2 as it represents the most potent synthetic substrate for TG2 to date. Our further investigation
with this substrate then uncovered an unknown mechanistic phenomenon within this class of
enzymes and has resulted in a greater understanding for how pliable and impressionable TG2’s
catalytic activity is. Utilizing RapidFire Mass Spectrometry, an emerging technique in medicinal
chemistry, inhibition constants were gathered in the absence of a continuous activity assay
substrate. RapidFire MS allows the determination of the covalent incorporation of an inhibitor to
an enzyme of interest through the change in molecular weight. Utilizing a robotic sampler,
inhibitor can be added to a solution of enzyme and immediately analyzed via MS, the observed
rate constants can then be analyzed using an analogous method to activity assays. Taken together,
the work in this chapter represents an interesting journey through the development of a leading

high affinity activity substrate for TG2 and the discovery of a new aspect of its enzymatic activity.

4.2.  Author Contributions

Conceptualization, JW.K. and E.W.J.G.; formal analysis, EW.J.G., A.P.H., and Y.H;
investigation, EW.J.G., A.P.H., Y.H., and A.S.; writing—original draft preparation, EW.J.G.,
A.P.H., and J.W.K.; writing—review and editing, E.W.J.G. and J.W.K_; visualization, EW.J.G.
and J.W.K_; supervision, J.W.K.; project administration, J.W.K.; funding acquisition, JW.K. All

authors have read and agreed to the published version of the manuscript.
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4.3. Copyright

Reprinted (adapted) with permission from Gates, E. W. J. et al. High-Affinity Fluorogenic
Substrate for Tissue Transglutaminase Reveals Enzymatic Hysteresis. Biochemistry 2023.

Copyright 2023 American Chemical Society.
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High-Affinity Fluorogenic Substrate for Tissue Transglutaminase Reveals Enzymatic Hysteresis

ce-Hallée, Yasaman Heidari, et al

CLOSE WINDOW

4.4.  Abstract

Transglutaminases (TGases) are a family of calcium-dependent enzymes primarily known
for their ability to cross- link proteins. Transglutaminase 2 (TG2) is one isozyme in this family
whose role is multifaceted. TG2 can act not only as a typical transamidase through its catalytic
core but also as a G-protein via its GTP binding site. These two discrete activities are tightly
regulated by both environmental stimuli and redox reactions. Ubiquitously expressed in humans,
TG2 has been implicated in numerous disease pathologies that require extensive investigation. The
catalytic activity of TG2 can be monitored through various mechanisms, including hydrolysis,
transamidation, or cleavage of isopeptide bonds. Activity assays are required to monitor the
activity of this isozyme not only for studying its transamidation reaction but also for validation of
therapeutics designed to abolish this activity. Herein, we present the design, synthesis, and
evaluation of a new TG2 activity substrate based on a previously optimized inhibitor scaffold. The
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substrate APH7 exhibits excellent affinity, selectivity, and reactivity with TG2 (KM = 3.0 uM).
Furthermore, its application also allowed the discovery of unique hysteresis at play within the

catalytic activity and inhibition reactivity of TG2.

45, Introduction

The transglutaminase (TGase) family is made up of nine distinct calcium-dependent
isozymes with the primary function of performing various post-translational protein
modifications.}? TGases cross-link specific protein substrates by introduction of an Né(y-
glutaminyl)lysine bond.2 One isozyme of particular interest is transglutaminase 2 (TG2, UniProt:
P21980) or tissue transglutaminase. TG2 is the most well studied of the TGase family and is a 78
kDa enzyme composed of four domains: an N- terminal s-sandwich, an a/f-catalytic core, and two
C-terminal p-barrels.** Being ubiquitously expressed in humans, TG2 has two main biologically
relevant activities. First, TG2 can act in a typical TGase fashion to catalyze transamidation,
mediating cross-linking between protein-bound glutamine and lysine substrates. However, TG2
distinguishes itself from most of the other TGases by also acting as a G-protein important to cell
signaling, by virtue of its GTP binding domain. These two discrete activities are associated with
two discrete conformations. In the extracellular matrix, an open and linear conformation of TG2
is stabilized by calcium binding, allowing easy access to the catalytic active site and facilitating
enzymatic cross-linking. When TG2 is localized intracellularly, it predominantly adopts a closed
and compact conformation, which allows formation of its GTP binding site on the first - barrel
located proximally to the catalytic core.®® Due to its multiple activities and ubiquitous expression,
TG2 has been implicated in numerous physiological roles and disease states including cancer,

celiac disease, and fibrosis.”!”
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Chemical tools are required to specifically evaluate the activity of TG2 in vitro to help
elucidate the vast array of TG2’s roles as well as to assess potential inhibitors to be used as
therapeutics. Some of the current assays developed to monitor the activity of TG2 lack selectivity
for one isozyme in the TGase family, which reduces their applicability to measuring isozyme
activity in in cellulo and in vivo models. The chromogenic substrate Cbz- Glu(p-NP)-Gly-OH
(ALD) is suitable to monitor the hydrolysis activity of TG2 but also TG1 and TG6; this illustrates
the hurdle to isozyme selectivity. Recently, we have also confronted the limits of the AL5 assay
when testing highly potent inhibitors.'*2°The Léser group improved upon this assay by replacing
the nitrophenol leaving group with an umbelliferyl leaving group, thereby resulting in a sensitive
fluorescent signal when cleaved.?* Our fluorogenic assay substrate ZFBC is also suitable for
monitoring the activity of TGases through release of the umbelliferone.?> Zedira Gmbh has also
generated alternative isopeptidase assays, including one based on the use of fluorogenic peptide
A101 (Figure S1); however, this substrate is most useful as a pan-TGase assay and not necessarily
for its selectivity for TG2.22 Other assays typically involve coupled enzyme reactions, such as
the GDH-TGase coupled assay® or end-point assays where an amine or glutamine donor is
incorporated into a complementary substrate.?

TGases catalyze a number of acyl transfer reactions. They are named for their catalysis of
glutamine transamidation reactions; however, they can also mediate the reverse isopeptidase
reaction, resulting in the cleavage of a secondary amide bond as well as the hydrolysis of activated
esters. The assay described herein exploits the hydrolytic activity of TG2 to generate a “turn on”
fluorescence response, reporting the activity of TG2 with great sensitivity. This new assay
substrate was based on the optimized scaffold of an inhibitor that we previously reported,®and it

exhibits excellent affinity, stability, and selectivity for TG2. Furthermore, the novel structure of
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the substrate and the sensitivity of the assay method allowed us to discover a pattern of enzymatic
hysteresis related to the structure of the assay substrate employed, illustrating the effect of subtle

conformational changes on the catalytic activity.
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4.6. Materials and Methods

4.6.1. Synthesis

Commercially available reagents and solvents were used without further purification. *H
and *C NMR spectra were recorded on a Bruker 400 or 600 MHz instrument, and chemical shifts
were reported in parts per million referenced to the deuterated solvent peak. High-resolution mass
spectra were obtained with a quadrupole time-of-flight (QTOF) analyzer and electrospray
ionization (ESI) source by the John L. Holmes Mass Spectrometry Facility at the University of
Ottawa. Purification of intermediates and final compounds was executed using flash
chromatography with 230—400 mesh silica gel. Thin layer chromatography with SiliCycle 200 um
thickness F-254 indicator aluminum-backed plates was utilized for reaction monitoring by short-
wave UV visualization. The final compound was also evaluated for purity via HPLC using a
Shimadzu LC- MS-2020 and Agilent Eclipse XOB-C18 5.0 um, 4.6 x 150 mm column, ACN/H,O
with 0.05% v/v formic acid, 5-95% elution gradient, 15 min total runtime, 1 mL/min flow rate,
and UV detection at 254 nm instrument parameters.

Procedure for the Synthesis of 3 (Boc-piperazine-naphthoyl). The commercially available
naphthoic acid 1 (8.712 mmol, 1 equiv) was dissolved in EDC-HCI (10.454 mmol, 1.2 equiv),
HOBLt (10.454 mmol, 1.2 equiv), DIPEA (26.136 mmol, 3 equiv), and 87 mL of DCM (0.1 M) and
stirred at room temperature for 30 min. Boc-piperazine 2 (10.454 mmol, 1.2 equiv) was added,
and the reaction was stirred at room temperature overnight. The solution was concentrated under
reduced pressure and the residue was dissolved in DCM. The solution was washed with water,
saturated NaHCOj;solution, and brine, dried with MgSO,, filtered, and concentrated under reduced

pressure to provide clear, colorless oils. The crude product was purified by flash chromatography

279



over silica gel (elution with a gradient of 2.5-5% MeOH in DCM) to provide the pure product as
a white solid. Yield: 2.966 g (95%). Spectral data matched those from previously reported syn-
thesis.?2 *H NMR (400 MHz, CDCl,): 6 7.53 (dd, J = 27.3, 8.0 Hz, 3H), 7.20-7.03 (m, 4H),
3.89-3.44 (m, 2H), 3.29 (d, J = 6.1 Hz, 2H), 2.88 (d, J = 62.2 Hz, 4H), 1.16 (d, J = 10.2 Hz, 9H).

Procedure for the Synthesis of 4 (Piperazine-naphthoyl TFA Salt). Boc-piperazine-
naphthoyl 3 (8.276 mmol, 1 equiv) was dissolved in 83 mL of DCM (0.1 M) with 8.3 mL of TFA
(10% v/v) and stirred at room temperature overnight. The solution was washed three times with
NaHCO;, dried with MgSO,, filtered, and evaporated under reduced pressure to provide the desired
product as a clear, colorless oil. Yield: 1.989 g (quantitative).

Procedure for the Synthesis of 5 [Z-Glu(OtBu)-piperazine-naphthoyl]. The commercially
available Z-Glu(OtBu)-OH (6.897 mmol, 1 equiv) was dissolved in EDC-HCI (8.277 mmol, 1.2
equiv), HOBt (8.277 mmol, 1.2 equiv), DIPEA (20.691 mmol, 3 equiv), and 69 mL of ACN (0.1
M) and stirred at room temperature for 30 min. Piperazine-naphthoyl 4 (8.277 mmol, 1.2 equiv)
was added and the reaction was stirred at room temperature overnight. The solution was
concentrated under reduced pressure and the residue was dissolved in DCM. The solution was
washed with water, saturated NaHCO, solution and brine, dried with MgSO,, filtered, and
concentrated under reduced pressure to provide clear, colorless oils. The crude product was
purified by flash chromatography over silica gel (elution with 7.5% MeOH in DCM) to provide
the pure product as a white solid. Yield: 3.354 g (87%). *H NMR (400 MHz, CDCl,): 6 7.96—-7.86
(m, 2H), 7.83 (d, J = 6.6 Hz, 1H), 7.60— 7.47 (m, 3H), 7.43 (t, J = 4.3 Hz, 1H), 7.34 (q, J = 4.2 Hz,
5H), 5.66 (d, J = 8.3 Hz, 1H), 5.17-4.99 (m, 2H), 4.86-4.56 (m, 1H), 4.18-3.10 (m, 8H),
2.47-2.17 (m, 2H), 2.10~1.80 (m, 2H), 1.46 (s, 5H), 1.38 (d, J = 4.0 Hz, 4H). *C NMR (101 MHz,

CDCly) 0: 172.10, 170.45, 169.62, 156.15, 136.27, 133.46, 129.60, 128.29—127.85 (m), 127.30,
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126.65, 125.20, 124.47, 123.96, 80.87, 66.96, 49.95, 47.18, 46.74, 45.44, 42.60, 42.17, 41.88,
41.50, 34.68, 31.60, 30.29 (d, J = 17.2 Hz), 28.44—27.88 (m), 25.29, 14.14. HRMS (ESI-QTOF)
m/z: [M + Na]* calcd for C3,H3;N;O¢Na, 582.2580; found, 582.2598.

Procedure for the Synthesis of 6 (Z-Glu-piperazine-naphthoyl). Z-Glu(OtBu)-piperazine-
naphthoyl 5 (5.064 mmol, 1 equiv) was dissolved in 51 mL of DCM (0.1 M) with 5.1 mL of TFA
(10% v/v) and stirred at room temperature overnight. The solution was washed three times with
0.01 M HCI, dried with MgSO,, filtered, and evaporated under reduced pressure to provide the
desired product as a clear, colorless oil. Yield: 1.896 g (74%). *H NMR (400 MHz, CDCl,):
794— 785 (m, 2H), 7.79 ( J = 9.1 Hz, 1H), 7.59-7.45 (m, 3H), 7.41
(t,J=6.1Hz,1H),7.31(q,J=5.2,4.5Hz,5H),5.93(d,J=10.4 Hz, 1H), 5.06 (d, J = 185 Hz, 2H),
4.92-4.60 (m, 1H), 4.18— 2.99 (m, 8H), 2.62-2.27 (m, 2H), 1.95 (d, J = 51.9 Hz, 2H). *°C NMR
(101 MHz, CDCl,) ¢: 175.97, 170.60, 169.84, 156.55, 136.07, 133.49, 129.67, 129.48, 128.58 (d,
J=8.5Hz), 128.23, 128.03 (d, J = 7.0 Hz), 127.33, 126.67, 125.18, 124.43, 124.02, 67.19, 65.87,
49.90, 47.20, 46.78, 45.42, 42.66, 42.08, 41.50, 28.91, 28.38, 15.25. HRMS (ESI-QTOF) m/z: [M
+ Na]* calcd for C,H,gN;O¢Na, 526.1954; found, 526.1943.

Procedure for the Synthesis of 7 (APH7). Z-Glu-piperazine-naphthoyl 6 (0.118 mmol, 1
equiv), HATU (0.153 mmol, 1.3 equiv), and DIPEA (0.306 mmol, 2.6 equiv) were dissolved in
1.2 mL of DCM (0.1 M) and stirred for 30 min. Umbelliferone (0.153 mmol, 1.3 equiv) was added,
and the reaction was stirred at room temperature for 2.75 h. The solution was concentrated under
reduced pressure and purified via flash chromatography over silica gel (elution with 5% MeOH in
DCM) to provide the pure product as a green-yellow solid. Yield: 42.80 mg (56%). *H NMR (600
MHz, DMSO-d,): 6 8.07 (dd, J = 17.7, 9.7 Hz, 1H), 8.03—7.99 (m, 2H), 7.83-7.70 (m, 2H),

7.69-7.64 (m, 1H), 7.62-7.53 (m, 3H), 7.48 (d, J = 6.9 Hz, 1H), 7.40-7.09 (m, 7H), 6.53-6.43
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(m, 1H), 5.12-4.94 (m, 2H), 4.71-4.38 (m, 1H), 3.94-3.34 (m, 6H), 3.18-2.96 (m, 2H), 2.79-2.58
(m, 2H), 2.08—1.77 (m, 2H). *C NMR (151 MHz, DMSO-ds) ¢: 171.60, 170.24, 168.59, 160.20,
156.57, 154.55, 153.27, 144.33, 137.46, 134.41, 133.48, 129.82, 129.44, 128.93, 128.87, 128.37,
128.28, 128.15, 127.64, 127.05, 125.91, 125.18, 124.38, 119.08, 117.22, 116.08, 110.55, 66.16,
50.18, 47.22, 46.80, 45.59, 45.12, 42.50, 41.96, 41.53, 40.57, 30.28, 26.93. (Note: rotamers of
piperazine were observed) HRMS (ESI-QTOF) m/z: [M + Na]* calcd for C;;H33N;OgNa, 670.2165;

found, 670.2170. Purity via HPLC = 85.0%.

4.6.2. Standard Curve Protocol

The assay was conducted at 25 °C in 50 mM MOPS buffer (pH 6.9) containing 7 mM
CaCl2. Stock solutions of 7-HC (umbelliferone) were prepared in DMSO such that its final
concentrations ranged from 8 to 32 uM while the concentration of DMSO was always 2.5% v/Vv.
The fluorescence emission was measured (Ex 365 nm/Em 465 nm) in a polystyrene 96-well
microplate using a BioTek Synergy 4 plate reader. The experiment was performed in triplicate. A
negative control was made of the same solution as the experimental conditions but no 7-HC

(umbelliferone).

4.6.3. Kinetic Assay Protocol

Activity Assay with hTG2. The affinity of APH7 with hTG2 (UniProt: P21980) was
measured via an activity assay in which the reaction between substrate and enzyme was monitored
by the release of umbelliferone from the hydrolysis of the APH7. The assay was conducted at 25
°C in 50 mM MOPS buffer (pH 6.9) containing 7 mM CacCl,. Stock solutions of APH7 were
prepared in DMSO such that its final concentrations ranged from 5 to 100 M while the

concentration of DMSO was always 2.5% v/v. The reaction was initiated with the addition of 0.005
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U/mL of hTG2 (final concentration 250 nM) to provide a final assay volume of 200 xL. Product
formation was monitored by the fluorescence emission (Ex 365 nm/Em 465 nm) in a polystyrene
96-well microplate using a BioTek Synergy 4 plate reader. The experiment was performed in
triplicate. A negative control was made of the same solution as the experimental conditions: 5 uM
APH?7 and no enzyme. Initial rates of hydrolysis were determined from linear regression fit of the
observed fluorescence of the enzymatic hydrolysis product, umbelliferone. The initial rates were
plotted versus the concentration of APH7, giving a Michaelis—Menten plot from which the Ky, and

V. Were provided. All data analysis was done using GraphPad Prism.

4.6.4. Michaelis-Menten Fitting

Initial rates of hydrolysis were determined from linear regression fit of the observed
fluorescence of the enzymatic hydrolysis product, umbelliferone. The initial rates were divided by
the slope of the standard curve to provide conc/min and then plotted versus the concentration of
APH?7, giving a Michaelis—Menten plot from which the Ky,and V,,,, were fitted. All data analysis

was done using GraphPad Prism.

4.6.5. Isozyme Selectivity Protocol

The hydrolysis of APH7 was tested in the presence of TG1 (UniProt: P22735, TO09 Zedira
Gmbh), TG2, dispase activated TG3 (TG3a, UniProt: Q08188, T013 Zedira Gmbh), TG6 (UniProt:
095932, T021 Zedira Gmbh), and thrombin-activated FXIIIA (FXIlla, UniProt: P00488, T070
Zedira Gmbh) to assess selectivity. For TG1, TG2, and TG6, a solution of 50 mM MOPS buffer
(pH 6.9) containing 7 mM CaCl, was used, while for TG3 and FXIllIla, it was a solution of 98 mM
Tris (pH 7.5) containing 291 mM NaCl, 14 mM CaCl,, and 7 mM TCEP. A stock solution of

APH?7 was prepared in DMSO such that its final concentration was 10 #M in each solution while
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the concentration of DMSO was 2.5% v/v. Each reaction was initiated with the addition of enzyme
to a final concentration of 10 xg/mL. Product formation was monitored by the fluorescence
emission (Ex 365 nm/Em 465 nm) in a polystyrene 96-well microplate using a BioTek Synergy 4
plate reader. Each kinetic experiment was performed in triplicate. Negative controls were

performed, consisting of identical solutions but without enzymes.

4.6.6. Enzymatic Inhibition Assay

Irreversible inhibition assay. The activity of hTG2 was measured via a colorimetric assay
using the chromogenic substrate AL5 or fluorometric assays using fluorogenic APH7, ZFBC, or
A101. The assays were conducted at 25 °C in 69.44 mM MOPS buffer (pH 6.9) containing 10.41
mM CaCl,. For the A101 assay, the buffer also included 18.05 mM glycine methyl ester.
Enzymatic inhibition assays were conducted under continuous assay “Kitz and Wilson”
conditions?’ using either 100 uM ALS5, 50 uM APH7, 100 uM A101, or 91 uM ZFBC. Stock
solutions of the substrates and inhibitors were prepared in DMSO such that the final concentration
of this cosolvent remained below 5% v/v. The reaction was initiated with the addition of 0.005
U/mL of hTG2. Product formation was monitored with absorption at 405 nm (ALS5), with
fluorescence (Ex 365 nm/Em 465 nm for APH7 and ZFBC) or with fluorescence at 313 and 418
nm (A101) in a polystyrene 96-well microplate using a BioTek Synergy 4 plate reader. The
experiment was completed in triplicate. A negative control was made of the same solution as the
experimental conditions, with water in place of the enzyme and inhibitor. A positive control was
made of the same solution as the experimental conditions, with water in place of the inhibitor.
Monoexponential time-dependent inactivation was observed. First-order rate constants of

inactivation (k) were determined from nonlinear regression fit to a monoexponential model (eq
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1.1 for ALS5, eq 1.2 for A101, eq 1.3 for APH7 and ZFBC) of the observed absorbance or
fluorescence of the enzymatic hydrolysis product, p-nitrophenolate for AL5, umbelliferone for
APH7 and ZFBC, or Abz-NEEQVSPLTLLK-OH (Abz) for A101. The kg, did not typically
demonstrate saturation at high inhibitor concentrations for any of the three assays, so a double
reciprocal plot of eq 2 was applied to provide a k;,../K, value. This method does not provide the

two kinetic parameters separately. All data analysis was done using GraphPad Prism.

f(pNP) = [pNP], + (plateau — [pNP],) (1 — e(obsd) eq. 1.1
f(Abz) = [Abz], + (plateau — [Abz],)(1 — elkobst)) eq. 1.2
f(7HC) = [7HC], + (plateau — [7HC],) (1 — elkobsD) eq. 1.3
k be = kinact[l]
[+ K (1 + 1) ®-2
M

4.6.7. Fluorescence Quenching Assay

The fluorescence of 10 uM umbelliferone was measured at 25 °C in 69.44 mM MOPS
buffer (pH 6.9) containing 10.41 mM CacCl,. A stock solution of hydrolysis product 6 was prepared
in DMSO such that its final concentration was 10 M while the concentration of DMSO was 2.5%
v/v. The fluorescence emission was measured (Ex 365 nm/ Em 465 nm) in a polystyrene 96-well
microplate using a BioTek Synergy 4 plate reader. The experiment was performed in triplicate. A
negative control was made of the same solution as the experimental conditions but no
umbelliferone. A positive control was made of the same solution as the experimental conditions

but without hydrolysis product 6. An average of all the RFU data was calculated.
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4.6.8. Covalent Binding Kinetics Characterization by RapidFire-MS

Preparation of Reaction Mixtures. The reaction mixture (30 xL) was prepared in a 96-well
plate format. It consisted of the protein at a concentration of 250 nM, and the inhibitor
concentration ranged from 0.78 to 50 «M. The reaction was carried out in 50 mM MOPS buffer
(pH 6.95), 7.5 mM CacCl,, and 3% DMSO. The protein and inhibitor were incubated for a period
ranging from 0.7 to 120.7 min. The reactions were automated in a 96-well plate format using the
FAST SN 41, Formulatrix liquid handler, to ensure consistent reaction initiation and quenching.
To initiate the reaction, the compound solution was carefully transferred onto a plate containing
the protein and mixed thoroughly. At specific intervals, the reaction was quenched by the addition
of formic acid to the mixture, followed by mixing.

RapidFire-Intact Mass Analysis. The Agilent RapidFire- TOF system was utilized to
determine the covalent modification or occupancy of TG2 by AA9 and inhibitor 8. The system
included a RapidFire-400 and a 6230 nm TOF mass spectrometer with a MassHunter workstation.
The plates containing quenched samples were submitted to RapidFire TOF mass spectrometry. A
volume of 10 L was loaded onto an SPE cartridge (PLRP-S, 30 um, 1000 A material) by loading
buffer [water: acetonitrile (9:1, v/v), 0.1% FA, 0.6 mL/min]. After desalting, the sample was eluted
into the TOF-MS using the elution buffer consisting of acetonitrile: water: [(65:35, v/v), 0.1% FA,
0.5 mL/min]. MassHunter software was used for data acquisition, while BioConfirm software was
used for deconvolution.

Data Analysis. The intensities of unmodified and modified proteins resulting from
BioConfirm were processed using a script written in “R”. To obtain percentage occupancies, the

following eq 3 was used:
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Imod

% Occupancy= x 100 eqg.3

Imod+Iunmod

where 1,,moq @nd I .4 are the signal intensities of the unmodified and covalently modified proteins.
Prism 9 (GraphPad Software) was used for kinetic data analysis. The time- and concentration-
dependent % occupancy data were fit to an exponential eq (eq 4) to generate k,, for each inhibitor
concentration. Then, Kk, as a function of the compound concentration was fit to a hyperbolic
saturation Kinetic eq (eq 5) to provide the k;,.and K, values.

Y=YO0 + (Plateau-Y0) x (1 — e(7kobsxX) ) ¢q, 4

__ kinactx[I]

kobs = P eq.5
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4.7. Results and Discussion

4.7.1. Design

NO,

Figure 4.1. Rational design incorporating the key elements of the lead inhibitor scaffold (AA9) and the

previous activity substrates for TG2.

The design for this substrate initially stemmed from one of the lead compounds optimized
in our medicinal chemistry efforts to target TG2 (Figure 1). Irreversible inhibitor AA9 displays
excellent potency and selectivity for TG2, due in part to its naphthoy! group which presumably
occupies the large hydrophobic binding pocket in the substrate binding site of TG2.%%2° From this
scaffold, we hypothesized that we could replace the acrylamide warhead of the irreversible
inhibitor with an ester capable of being cleaved by TG2-mediated hydrolysis. Improving upon both
of our previously published substrates AL5 and ZFBC, we replaced the central lysine of AA9 with
a glutamate residue and linked an umbelliferyl group to the y- carboxylate. The synthetic route to
this scaffold was planned in a direct linear manner, manipulating orthogonal protecting groups to

allow for the final derivatization of the y-carboxylate.
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4.7.2. Synthesis
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Scheme 4.1. Synthetic scheme to generate fluorescent activity substrate 7 (APH7).

As shown in Scheme 1, starting from commercially available N-Boc-piperazine 2, an amide

coupling with 1-naphthoic acid 1 was performed to generate the protected piperazine-naphthoyl

moiety 3. The Boc group was then cleaved with TFA to produce the resulting TFA salt of amine
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4. Commercially available Cbz-Glu(OtBu)-OH was then coupled via HATU-mediated amide
coupling to yield protected scaffold 5. From here, the y-carboxylate of the glutamate residue was
deprotected under acidic conditions to yield free acid 6. Finally, the reporter umbelliferyl ester was
synthesized through HATU-mediated esterification using umbelliferone (7-hydroxycoumarin, 7-

HC) to generate ester 7 (APH7).

4.7.3. Kinetics
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- — 2 F
_ £ 1.5+
7 : 3uM i
— 4uM =
E 500004 /// ¥ 0 1.0-
x / 5uM %
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Figure 4.2. Kinetic traces and fittings for APH7 with TGases. (A) Raw kinetic traces of the reaction of APH7

with TG2. (B) Saturation fitting of initial rates versus [APH7].

Table 4.1. Relative comparison of the Kear, Km, and Kowg (background hydrolysis rate constant) for three TG2

activity substrates (50 mM MOPS, 7 mM CaCly, 25 °C, pH 6.9).

Substrate Keat (Mint) Km (LM) Keat/Km (UM min?)  Kokg (X 104 mint)
ALS 10.3+0.8 12.0+2.8 0.86 158+0.1
ZFBC 7.4+0.6 91+24 0.81 11+04
APHY7 7.1+£05 3.0x0.6 24 59+£0.1
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To validate that APH7 could serve as a new substrate for TG2, we measured its
Michaelis—Menten kinetic parameters as indicators of binding affinity and hydrolytic reactivity.
The TG2-mediated hydrolysis of APH7 is shown in Figure 2A, where the released product
umbelliferone generates an intense fluorescence signal. A standard curve correlating the
fluorescence intensity of the umbelliferone product to its molar concentration was measured under
the assay conditions, providing a linear response (see Figure S2) that allowed us to convert the
relative rates to molar rates shown in Figure 2B. From this saturation Kinetics curve, it is evident
that APH7 exhibits excellent affinity for TG2, with a K, as low as 3.0 + 0.6 uM and a k., value of
7.1 £0.5 min"!. From this kinetic characterization, it is clear that the high-affinity scaffold of AA9
was effectively translated to a high-affinity activity substrate. APH7 represents an improved
substrate relative to our previous activity assay substrates AL5 and ZFBC, which show K, values
of 12 and 9 uM, respectively, in these assay conditions (Table 1).'822 Furthermore, the rate of
background hydrolysis of APH7, in the absence of TG2, was very low, with a pseudo-first order
rate constant of (5.9 £ 0.1) x 10~*min!estimated by the initial rates method, approximately 2.7-
fold lower than that of AL5 under these assay conditions. In order to explore the selectivity of
APH7, we also tested it against thrombin-activated factor XIIIA (FXIlla, UniProt: P00488),
another therapeutically relevant TGase. No enzymatic activity was detected over background
hydrolysis at concentrations up to 50 M, suggesting APH7 may be useful as a TG2-selective
activity substrate (Figure S3). Furthermore, we also tested APH7 against commercial TG1
(UniProt: P22735), TG3 (UniProt: Q08188), and TG6 (UniProt: 095932), but observed no

activity, confirming the selectivity of APH7 for TG2, in vitro.
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4.7.4. Application to Irreversible Inhibition
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Figure 4.3. Inhibition of TG2 with the irreversible inhibitor AA9. (A) Raw Kinetic traces obtained using

chromogenic substrate ALS5. (B) Linear region of saturation plot of observed rate constants obtained with
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ALS5 vs [AA9]. (C) Raw Kinetic traces were obtained using fluorogenic substrate APH7. (D) Linear region of
saturation plot of observed rate constants obtained with APH7 vs [AA9]. (E) Raw kinetic traces using
fluorogenic substrate ZFBC. (F) Linear region of saturation plot of observed rate constants obtained with
ZFBC vs [AA9]. (G) Raw Kinetic traces using fluorescently quenched substrate A101. (H) Linear region of

saturation plot of observed rate constants obtained with A101 vs [AA9].

After observing the high efficiency of APH7 as a TG2 substrate, we turned to the
application of this new substrate for evaluating the irreversible inhibition of TG2. We first set out
to determine the inhibition parameters of our lead inhibitor AA9 using so-called “Kitz and Wilson
conditions”, as we have described previously.?>?"2 In brief, under these conditions, whereby the
time-dependent inactivation of an enzyme is measured in the presence of a competitive substrate,
over the course of a continuous activity assay, ki..cand K, values may be measured directly, using
very little material. Astonishingly, the inhibition observed in the presence of APH7 was nearly an
order of magnitude more efficient than the inhibition observed for the same inhibitor with the
original substrate AL5. When APH7 was used as the reporter substrate, a value of (2292 £ 163) x
103 M min~! was obtained, whereas AL5 provided a k;,/K, value of (213 + 6) x 103M™ min™!
(Figure 3A—D). This discrepancy inspired us to investigate this inhibition more closely.

First, we selected additional substrates to use in different continuous activity assays in
order to repeat the measurement of irreversible inhibition parameters under the same continuous
assay conditions. ZFBC?? (Figure 1) is a coumarin ester, like APH7, but its simple peptidomimetic
scaffold resembles that of AL5.22\When this substrate was used to measure inhibitor efficiency for
AAY9, a ki,./K,value of (1260 + 149) x 10*M ' min~'was obtained (Figure 3E,F). A101 is a large
guenched- fluorophore peptide, whose cleavage provides direct fluorescent visualization of TGase

isopeptidase activity.?2* The use of this distinctly different substrate provided a k;,.«/K; ratio of
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(433 £ 17) x 10 M min~! (Figure 3G,H). Notably, the use of four different substrates based on

four different structural scaffolds provided four different values for these inhibition “constants™.

e
[:L .O\[(N\__)LN/YOH

0 0

HN__O

\/I;
8
(Z-Lys(Acryl)-Gly-OH)
Figure 4.4. Structure of ALS5 structural mimic inhibitor 8 [Z-Lys(Acryl)-Gly-OH].

At this point, it was obvious that the substrate used in the activity assay clearly influenced
the susceptibility of the enzyme to react with irreversible inhibitor AA9. We noted that the most
potent inhibition by AA9 was observed in the presence of a substrate that resembles it most
strongly, namely, our new substrate APH7. Therefore, we continued our investigation by testing
a structurally distinct inhibitor, Z-Lys(Acryl)-Gly-OH 8 (Figure 4). Using AL5, we measured a
Kinac/ K, ratio of (28 + 2) x 103 M~ min! for this inhibitor, which is consistent with the previously
reported data.?® However, when APH7 was used as the reporter substrate, the measured Kin../K,
ratio increased to (310 £ 4) x 10*M™'min~! for the same inhibitor (Figures S4 and S5 in Supporting
Information). In summary, we observed an order-of-magnitude increase in inhibition efficiency

for a second inhibitor after changing the assay substrate from AL5 to APH7.
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Figure 4.5. TG2 activity measured by 5 pM fluorescent substrate APH7 pre- and post-spiking with a further

5 uM APHY. Initial rates were calculated by linear regression of the first 200s.

One possible explanation for an apparent increase in inhibitor potency while the substrate
is varied is product inhibition. We first attempted to refute the hypothesis by conducting a substrate
spike experiment. TG2 was incubated with 5 uM APH7, and the time-dependent increase of
fluorescence was monitored. When a plateau was attained, indicating that all of the substrates had
been consumed, an additional 5 M APH7 was added to the reaction mixture. If no product
inhibition was at play, the initial rates of pre- and postspike should be identical. We observed
slopes that were not identical but similar (see Figure 5), especially considering that after 30 min
incubation at room temperature, TG2 is known to lose some activity. We also tested the hypothesis
of product inhibition by evaluating the reaction of TG2 with APH7 in the presence of increasing
concentrations of synthetic intermediate 6, which is one of the products of the TG2-mediated
hydrolysis of APH7 (Figure S6A). Similarly, we evaluated the rate of TG2-mediated hydrolysis
of ALS5, in the presence of increasing concentrations of umbelliferone, the other hydrolysis product

from the reaction of TG2 with APH7 (Figure S6B). Neither of these reaction products had any
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significant effect on the TG2 activity, effectively refuting the hypothesis that product inhibition in
the APH7 assay was responsible for the enhanced inhibition by AA9 and 8.

Another possible explanation for enhanced apparent inhibition is that the hydrolysis
products may partially quench the fluorescence signal of product umbelliferone, thereby
decreasing fluorescence and accentuating the curvature of the time-dependent plots shown in
Figure 3C. However, the presence of hydrolysis product 6 had a negligible effect on the
fluorescence intensity of umbelliferone, confirming that fluorescence quenching was not at play

(Figure S7).

4.7.5. TG2 Exhibits Enzymatic Hysteresis

Further reflection on the effect of reporter substrate on inhibitor binding led us to consider
possible conformational effects since TG2 is known to undergo slow, but dramatic, conformational
changes, between states that are catalytically active and inactive.® More specifically, we
hypothesized that ligand-binding events may affect conformational equilibria and therefore the
overall activity of the enzyme. Careful inspection of the Michaelis—Menten curve for APH7
(Figure 2B) shows that at the lowest concentrations of APH7, the mean observed rates fall slightly
below the curve fitted to a simple isotherm binding model, which would be consistent with ligand
binding-induced hysteresis.®®?° [Although the error bars on these points make it impossible to
claim that these mean values are statistically significantly different than those described by the
simple Michaelis—Menten equation, the fitting to a hysteresis model (see Figure S8) provides
higher correlation]. We propose that the binding of APH7 may alter a slow conformational
equilibrium of the uninhibited enzyme, such that at higher concentrations of APH7, a larger

proportion of the free enzyme would exist in a more catalytically active form (see form E*, Scheme
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S1). If this form also shows more affinity for inhibitor AA9 (which closely resembles APH7),
higher concentrations of APH7 would also render TG2 more susceptible to inhibition after
accounting for the competitive binding between substrate and inhibitor. For example, after TG2
reacts with APH?7, the side chain of Trp332 or the Gly239-Asn243 flap, both of which form the
“tunnel” to the active site Cys277, may be displaced into a conformation that shows higher affinity
for AA9 than the conformation these residues would adopt after reaction with the smaller AL5

substrate.®

A B
2.0+ 4
~ 1 M APH7
__15- i+ 2UMAPH7 = 34
E ~ 5UMAPH7 ¥
£ 1.0+ * ~ 10 UMAPH7 § 2
o o 50uMAPH7 &
0.5+ o 14
(o]
0.0 T &rrrJrrro0De0rr T 111 0 1 1 1 I 1
0 10 15 0 10 20 30 40 50

[AA9] (uM)

[APH7] (uM)

Figure 4.6. (A) Irreversible inhibition of TG2 by AA9 in the presence of varied concentrations of reporter
substrate APH7. Fitting was simplified by using the fixed value of Kinact = 2.28 min, measured for the data set
showing the highest degree of saturation (at 1.0 uM APH7). (B) Graphical representation of the effect of
[APHT7] on the observed K, values measured in panel A. The line fitted through the data points represents a
binding isotherm, reflecting saturation of the conformational effect of APH?7.

According to this model, higher concentrations of APH7 would shift the conformational
equilibrium of TG2 to a higher proportion of the form that shows a higher affinity for AA9. We
tested this hypothetical concentration dependence by repeating the continuous assay inhibition

experiment over a range of concentrations of APH7, from 1 to 50 uM (see Figure 6A). As shown

in Table S1, the K, values measured in this way were indeed inversely dependent on the
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concentration of APH7 used in the experiment. Furthermore, since the concentration of APH?7 is
proposed to exert a conformational effect related to a binding event, one might expect to see a
binding isotherm relation between the observed value of K;and the concentration of the substrate
at which it was measured. As shown in Figure 6B, from the fitting of the observed K, versus
[APHT7] data to a binding model, K, is predicted to decrease from a theoretical maximum of 3.8
#M, in the absence of any conformational effect of APH7, toward an asymptotic value of 0.46
uM, which would be realized when the enzyme existed fully in the state showing the highest
affinity for the inhibitor (K,* in Scheme S1). The K,s value for the hyperbolic concentration

dependence of this putative conformational effect was determined to be 4.6 uM.
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4.7.6. Substrate-Free Inhibition Profile
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Figure 4.7. (A) Time-dependent covalent modification of TG2 by AA9, in the absence of reporter substrate.

(B) Saturation kinetic analysis of the associated rate constants of inactivation by AA9. (C) Time-dependent

covalent modification of TG2 by inhibitor 8, in the absence of reporter substrate. (D) Saturation Kinetic

analysis of the associated rate constants of inactivation by inhibitor 8.
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Table 4.2. Inhibitor efficiency values determined for AA9 and 8 when using various activity substrates under

continuous assay experimental conditions.?

experimentally measured Kinact/Ki (X 10° Mt mint)

Substrate
AA9 Inhibitor 8
AL5 2136 28+2
APH7 2290 + 160 310+4
ZFBC 1260 + 149 n.d.
Al101 433 + 17 n.d.

an.d. = Not determined

Finally, in order to confirm the effect of assay substrate on observed inhibition behavior,
we elected to analyze the inhibition by both AA9 and inhibitor 8 via RapidFire mass spectrometry.
This method is based on the rapid, temporal sampling of a reaction mixture of enzyme and
irreversible inhibitor in the absence of any reporter substrate. Intact mass analysis of the protein
mixture reveals the proportion of enzyme that has been covalently modified, at each time point
(see Figure S10 for representative spectral data). As shown in Figure 7A, this allows substrate-free
quantification of the time-dependent covalent modification of TG2 due to the reaction with AA9.
Evaluation of the rate constants for these modification reactions according to a saturation kinetics
model (Figure 7B) provided Kinetic parameters of ki, = 1.68 £ 0.15 min!, K,= 19.6 + 3.8 uM,
and Ki /K, = (85.7 £ 18.3) x 10M ' min™'. Treatment of inhibitor 8 in the same manner (see Figure
7C,D) provided kinetic parameters of ki, = 0.95 £ 0.33 min™!, K,= 110 = 51 M, and k;,,/K, =
(8.65 £ 4.99) x 10*M"'min~'. Comparison of these values to those reported in Table 2 shows that

both inhibitors have the lowest apparent potency when tested in the absence of substrate, slightly
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higher efficiency when evaluated in the presence of the small assay substrate AL5, and the greatest
efficiency when evaluated in the presence of the high-affinity substrate APH7.

It is also interesting to note that the value measured for k;,... does not vary significantly as
a function of the substrate concentration. For example, in the absence of a substrate, as measured
by mass spectrometry, the ki,.. value for AA9 was determined to be 1.68 + 0.15 min~! (above). In
the presence of 1 uM APH7, a value of 2.28 £ 0.14 min~! was measured (Figure 6A). When
inhibition kinetics were performed in the presence of 50 uM APH7, the k.. value deriving from
the saturation fitting was 1.39 + 0.22 min~! (Figure S9). (Incidentally, these values are also similar
to those we have reported recently for a wide variety of other optimized acrylamide inhibitors of
TG2, from our recent publications,'®*° in the range of 0.5-2.3 min™'.) The similarity of the Ki.«
values measured in this work suggests that the order of magnitude increase in k;,../K, observed
with APH7 (see Table 2) is largely due to a decrease in K,, which is consistent with our suggestion
that the binding and reaction with APH7 lead to an activated form of the enzyme having a greater
affinity for AA9 (see above).

Taken together, these lines of evidence support the proposal that assay substrates can
promote a concentration-dependent conformational change in TG2 that renders the enzyme more
susceptible to inhibition and that this effect appears to depend at least partly on the structure of the
substrate. This finding represents an important previously unreported phenomenon for TG2 that

should be considered in future inhibitor screening campaigns.

4.8. Conclusions
The work described herein reveals interesting biochemical behavior that was discovered
during the development of a new fluorogenic substrate for TG2. The substrate APH7 that was
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designed, synthesized, and evaluated in this study revealed excellent affinity, sensitivity, and
reactivity with TG2. Upon further investigation of this substrate for applications in inhibition
assays, a previously unreported phenomenon was observed with TG2. The acyltransferase activity
of TG2 may be susceptible to ligand binding-induced hysteresis, and we propose that small
conformational changes induced by substrate binding may significantly affect the activity of TG2
and its susceptibility to inhibition by structurally similar inhibitors. These findings should be
investigated further to determine how broadly this phenomenon is manifested for TG2 and for
other isozymes in the TGase family. Apart from this biochemical mechanistic information, this
work presents APH7 as one of the most efficient synthetic TG2 substrates known to date, allowing
for future studies involving the acyltransferase activity of TG2. Its low background rate of
hydrolysis, the sensitivity of detection of its intensely fluorescent umbelliferone product, and its
high affinity scaffold are all characteristics that should allow APH7 to overcome the limitations

shown by AL5 and other previous TGase assay substrates.

4.9.  Supporting Information

The Supporting Information IS available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00337.
Additional figures, schemes and tables; structure of A101; standard fluorescence curve of
7-HC (umbelliferone); kinetic data fittings; product inhibition experiment; fluorescence
guenching experiment; fitting of saturation Kinetics data to a hysteresis model; inhibition
of TG2 with AA9 at high [APHT7]; observed KI of AA9 with various [APH7]; RapidFire-
MS supplementary figure; proposed ligand-induced conformational equilibria; scaled

NMR spectra of APH7; NMR spectra of APH7; and HPLC traces of APH7 (PDF)
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Supplementary Figures/Table/Scheme

Structure of A101
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Figure S1. Structure of pan-TGase activity assay substrate A101.
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Figure S2. Fluorescence intensity of 7-HC (umbelliferone) versus concentration. Slope used to

convert raw rate data into molar initial rates.
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Supplementary Kinetic Data Fittings
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Figure S3. Raw kinetic traces of APH?7 displaying negligible reactivity with FXIlla.
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Figure S4. Kinetic data and fitting for the inhibition of TG2 with ALS5 as substrate and Z-

Lys(Acryl)-Gly-OH 8 as inhibitor.

Kinetic Curve

100000+

80000

5 60000+
2

400004

200004

0.4

0 500 1000 1500
Time (s)

Figure S5. Kinetic data and fitting for the inhibition of TG2 with APH7 as substrate and Z-

Lys(Acryl)-Gly-OH 8 as inhibitor.
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Product Inhibition Experiment
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Figure S6. Product inhibition experiments. A) Rate of TG2-catalyzed hydrolysis of 50 uM
APHY7 in the presence of increasing concentration of the hydrolysis product 6. B) Rate of TG2-
catalyzed hydrolysis of 100 uM chromogenic substrate AL5, in the presence of increasing

concentration of hydrolysis product umbelliferone.
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Fluorescence Quenching Experiment
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Figure S7. Fluorescent quenching experiment of 10 uM of fluorescent hydrolysis product

umbelliferone in the absence and presence of 10 uM hydrolysis product product 6.
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Fitting of Saturation Kinetics Data to a Hysteresis Model
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Figure S8. Fitting of the kinetic data from Figure 2B to a hysteresis model (red line) provides V™
= 1.54 uM/min, Kos = 2.38 puM, a Hill parameter of h = 1.55, and a correlation of R2 = 0.9733.
The black line, shown for comparison, derives from the fitting to a non-allosteric Michaelis-

Menten model and provided a correlation of R = 0.9493.
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Inhibition of TG2 with AA9 at high [APH7]
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Figure S9. Irreversible inhibition of TG2 by AA9, under Kitz & Wilson conditions in the presence
of 50 UM of reporter substrate APH7. This fitting provided a Kinact value of 1.39 + 0.22 min and

a K value of 0.44 + 0.13 uM.
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Observed K, of AA9 with Various [APH7]
Table S1. Observed K, versus [APH7]. Observed K; values were measured from saturation

fitting as described in Figure 6A.

[APH7] (UM) Observed K; (uM)
1.0 3.14 +0.13
2.0 3.01+0.14
5.0 1.88 £0.25
10 1.56 +£0.18
50 0.49 +0.02
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RapidFire MS Supplementary Figure
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Figure S10. Representative RapidFire mass spectra. Time dependent covalent modification of

TG2 by inhibitor AA9 in the absence of reporter substrate.
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Proposed Ligand-Induced Conformational Equilibria

k:
E*e| inact E*-I
Ki'|\_ |
S
% N\ % kcat %
E —_— E*S —>» E*+P
S
\ kcat
E ——— ES ——» E+P
K, |

k;
El —mact o Eq a=1+[S)/Ky

Scheme S1: Shown in black is the typical kinetic scheme for irreversible inactivation of enzyme
E with irreversible inhibitor I, in the presence of continuous assay substrate S, under so-called
“Kitz and Wilson” conditions. E*, shown in red, represents a different conformation of active
enzyme that is favoured by binding substrate, and shows higher susceptibility for inhibition, due

to Ki* being lower than K.
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NMR Spectra of 7 (APHT7)
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Scaled NMR Spectra of 7 APH7
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HPLC Trace/LCMS of 7 (APH7)

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-APH7-Purity
: EG-APH7-Purity
: EG-APH7-Purity_002.Icd
: 5-95% Method.lcm

: EG-APH7-Purity.lch

Vial # :0-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 6/20/2023 11:53:49 AM Acquired by : Boddy lab
Date Processed : 6/20/2023 12:08:51 PM Processed by : Boddy lab
<Chromatogram>
mV
i 2 Detector A Channel 2 254nm
] 3
1000+
500
4 n
b=
g S
o
— ©
1 N
fse] ~ ©o ™ L= (=2}
i o o~ < [ae) S
S SE ] B
0 < 0w © [ee]
‘ ‘ —— —— .
0.0 25 5.0 7.5 10.0 12.5 15.0
min
Peak Table . MS Spectrum
Detector A Channel 2 254nm R Time:9.833(Scan#:591)
Peak# | Ret. Time Area% MassPeaks:1618
1 4.003 0.322 Segment 1 - Event 1
2 5.007 0.254 -
3 5.576 0.220
1 8.143 0.367 2000000
5 8.931 0.426
6 9.829 85.024
7 10.015 11.429
8 10.926 1.957 1000000
Total 100.000
279352 495 586 || 739 sg‘q i ‘9‘9‘1‘ o ‘1‘1‘4‘3‘ - 12“95 . ‘1‘1‘14‘1?“15541639 1739
200 400 600 800 1000 1200 1400 1600
m/z

320



Chapter 5: Towards TG2 Active Site Directed PROTACs

5.1. Introduction

Transglutaminase 2 has been an enzyme targeted by multiple medicinal chemistry efforts
in recent years.’® These studies are mostly directed toward active site inhibitors, although there
has also been some investigation into N-terminal binders designed to disrupt the TG2-fibronectin
interaction.®'® Numerous research groups have disclosed novel TG2 inhibitors albeit few have
been able to progress into clinical trials. The only noteworthy candidates are those which are being
used in the treatment of Celiac disease and liver fibrosis developed by Zedira GmbH —no inhibitors
to date have been effective enough as a cancer therapeutic despite TG2’s direct correlation. Future
efforts should be directed toward developing specific therapeutic strategies to target TG2’s
oncogenic role. Given that the oncogenic characteristic of TG2 is most likely linked to its G-protein
activity as well as its intracellular scaffolding role, methods that abolish all of TG2’s activities are
of immediate interest.

As a multifunctional protein, namely both a transamidase as well as a G-protein, TG2 plays
roles that are mutually exclusive and seem to be both inhibited by many active site targeted small
molecule inhibitors.>*-13 An activity that is still being uncovered to date is that related to the
protein-protein interactions formed by TG2. Interactions of TG2 with many oncoproteins
including fibronectin, PLC31, PTEN, and NF-kB have already been established,®!%4-16 hut more
are being uncovered as chemical biology techniques are applied, including isothermal titration
calorimetry, co-immunoprecipiation, and intact MS.*” Although small molecule inhibitors can
target the G-protein and transamidase activity, these classical inhibitors have not been designed to

target the protein-protein interactions or scaffolding capabilities of TG2. Some TG2-FN inhibitors
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have been reported in the literature but remain to be optimized into high affinity scaffolds. With
the chemical knockout induced by PROTACS, or at least knockdown (if a high Dmax is not
achieved), , this methodology represents a novel tool to potentially perturb and disrupt all of TG2’s
activities in cellulo.

Traditionally, PROTACSs have been based on reversible ligands that show high affinity for
their protein of interest. Due to a desire to target proteins that were considered to be undruggable,
covalent PROTACS have just recently emerged as an appealing avenue.'®2 Irreversible PROTACS
are of interest for TG2 due to their ability to bind covalently and lock TG2 in its open
conformation. A hurdle in TG2 therapeutics is that most are designed to target the catalytic active
site, a region that is only accessible, and more so only formed, for a fraction of the time within
cells as TG2 preferentially adopts its closed G-protein conformation in the intracellular
environment. In the case of intracellular TG2, the formation of the transamidase binding site is not
favoured, requiring active site inhibitors to compete with this equilibrium. To combat this
equilibrium, an irreversible PROTAC could aid in ensuring degradation is observed, as a reversible
binder could easily dissociate before ubiquitinylation occurs, and would then have to wait again

for the equilibrium to form the transamidase site.
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5.2.  Results and Discussion

5.2.1. Design
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Figure 5.1. Design strategy for the active site targeted TG2 PROTACSs, stemming from previous work on
chemical biology research tools.

The scaffold design of these molecules stems from our recent work in the chemical biology
space, detailed in Chapter 3 of this thesis. Having a broad diversity of cargo incorporated at the
side chain of the glutamate residue of a peptidomimetic scaffold, while not sacrificing any apparent
affinity for the enzyme, we believed that we could further exploit this position (Figure 5.1). By
installing E3 ligase ligands at this site, we proposed to create a small library of potential TG2
active site targeted PROTACS, an avenue of research which has yet to be explored in the literature.
As a primary screen, the linkers to these E3L ligands will be based on varying lengths of PEG to
allow reasonable flexibility, various distances, and moderate hydrophilicity. Incorporating three
E3L ligands will also increase the propensity for degradation by having attempting to recruit three
distinct E3 ligases.?®?! To create a convergent synthetic strategy, utilizing a propargyl
peptidomimetic inhibitor (see Chapter 3) would then allow for a simple copper-catalysed azide-
alkyne cycloaddition (CUAAC) reaction to install the corresponding azide-linker-E3L ligand and

generate the full irreversible TG2 PROTAC.
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5.2.2. Synthesis

The synthetic route derived for these molecules mirrors that of the chemical biology project
outlined in Chapter 3. Once the propargyl inhibitor had been generated in the same fashion as
previously disclosed, CUAAC reactions could be executed with a corresponding azide. A parallel
synthetic route was derived to link PEG units one through four to the three E3L ligands,

lenalidomide, VHL ligand, and IAP ligand.
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Figure 5.2. Synthetic scheme to generate VHL TG2 PROTACs 9-12.

Starting from the commercially available azide-PEGy-acetic acids 1-4 a HATU-mediated
coupling was executed to link the VHL ligand and produce intermediates 5-8 (Figure 5.2). A

subsequent CUAAC reaction was then used with copper (1) sulfate and sodium ascorbate to click
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the main propargyl inhibitor scaffold to the linkers. Upon purification, the potential VHL

PROTACs 9-12 were obtained in 31-54% vyield.
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Figure 5.3. Synthetic scheme to generate lenalidomide TG2 PROTACSs 17-20.

To synthesize the lenalidomide PROTACs, a similar synthetic scheme was employed
starting again from the azide-PEGp-acetic acids (Figure 5.3). A first step amide bond coupling with
HATU was utilized to couple the linkers to the lenalidomide scaffold and yield intermediates 13-
16. Once coupled the intermediates 13-16 could then be clicked to the propargyl inhibitor scaffold

again via a CuAAC reaction to access lenalidomide PROTACs 17-20 in 28-53% yield.
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Figure 5.4. Synthetic scheme for the Fmoc deprotection of the IAP ligand to yield free amine 22.

The IAP PROTAC: first needed to go through an Fmoc deprotection of the amino proline
residue to gain access to the amine handle (Figure 5.4). Using diethylamine in DCM, the

deprotected 22 was generated in 77% yield.
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Figure 5.5. Synthetic scheme to generate IAP TG2 PROTACs 31-34.

327



Once the free amine 22 had been accessed, the IAP TG2 PROTACs could be accessed
through a route akin to the others in the library (Figure 5.5). A first step amide bond coupling with
HATU, the azide-PEGp-acetic acids and the amine 22 produced intermediates 23-26 in 41-49%
yield. These intermediates were then subjected to a subsequent click reaction with the propargyl
inhibitor to produce the Boc-protected IAP PROTACs 27-30. A final Boc deprotection with
hydrogen chloride in dioxane and DCM was employed to generate the final IAP PROTACSs 31-34

in quantitative yield.

5.2.3. Kinetic Evaluation

In order to ensure these potential PROTACs do indeed bind to the catalytic active site of
TG2, we employed our in-house colorimetric assay?? as we traditionally use for the small molecule
inhibitors.®"23 In contrast to obtaining full binding kinetics and inhibition parameters, we elected
to test one low concentration, such that the inhibitor concentration is much greater than the
estimated K. This simplification allowed us to obtain an approximate value for Kinact/Ki by dividing
the kobs by the inhibitor concentration tested, and multiplying by the value of a (Figure 5.6). Given
that binding affinity does not always correlate with the extent of protein degradation by PROTACS,
this allowed us to rank the PROTACs by a relative hierarchy in affinity. A further qualitative
confirmation of their reactivity was conducted to ensure that they showed fast inhibition of TG2
at 10 uM, with complete knockout of enzymatic activity in less than 100 s (data shown in Appendix
to Chapter 5). The ultimate criteria to rank these molecules will be those parameters that relate

directly to the degradation of TG2, including Dmax and DCsq.
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Figure 5.6. Simplification of inhibition saturation equation to estimate Kinact/Ki.

Through the evaluation of these derivatives, a trend became apparent in terms of the E3L
ligands incorporated (Table 5.1). Each family of E3L ligand PROTACs provided excellent
inhibitory efficiency values above 222 x 10® Mt min™ which are on par or greater than the
efficiency of the original parent compound AA9.%° It also appears that there is a preference for the
less sterically bulky lenalidomide PROTACs 17-20 compared to the other E3L ligands, with the

lead compound 19 reaching an efficiency ratio of Kinact/Ki = 431 x 10° M* mint.
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Table 5.1. Approximate TG2 inhibition efficiency values of active site targeted PROTACsS.

Estimated Kinact/Ki = SD

Compound (x108 M- min)
§ 9 231+ 35
é 10 228 + 71
o
o 11 222 +32
S 12 226 + 51
° 17 380 + 14
=28
£ 18 300 + 27
i) -
=R 19 431 +115
[Cas
- 20 397 +9
g 31 325 + 14
é 32 313 +21
o 33 339 + 19
(ol
< 34 957 + 33

5.3. Conclusions and Future Work

This chapter reports preliminary results towards our objectives to design, synthesize, and
evaluate PROTAC: to target TG2 for proteasomal degradation. Given the difficulties in the small
molecule inhibitor medicinal chemistry efforts, including selectivity, reactivity, and desirable PK
properties; the PROTAC therapeutic methodology is an appealing avenue of research.

The potential degraders were designed based on the scaffold utilized in our chemical
biology efforts detailed in Chapter 3. They were synthesized using a convergent strategy to allow
final functionalization with CUAAC reactions and created a library of twelve PROTACS. The
library was then screened against recombinant human TG2 for their ability to inhibit the
transamidase activity and ensure they bind to the active site. Although no significant trends can be

330



observed from the kinetic data, it does appear that there may be a slight preference for the smaller
lenalidomide ligand, followed by the IAP ligand, and then finally VHL. Affinity for the protein of
interest does not always correlate with degradation but does provide us insight towards which will
be most efficient at forming the heterodimer TG2-PROTAC complex.

The potential active site targeted TG2 PROTACSs have currently been fully characterized
synthetically and in vitro for their ability to bind and inhibit the transamidase activity of TG2. The
future of this project involves the evaluation of their ability to degrade TG2 in cellulo which will
be examined initially by ELISA, through our existing collaboration with Prof. Nicoletta Bianchi
at the University of Ferrara, in Italy. If this library contains an efficient degrader of TG2, the
scaffold can then be further tailored to optimize both the PK and PD properties. As a mitigation
strategy, should there be no molecules that induce the degradation of TG2 in cellulo, the field of
E3L ligands is quickly expanding to reveal new binders as well as covalent ligands.?*?’ Having a
dual covalent PROTAC, which binds irreversibly to both the protein of interest and to E3 ligase
could also be an appealing avenue of research in the search for an agent that abolishes all of TG2’s

activities via degradation, but exploits the irreversible inhibition Kinetics to its full potential.
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Appendix to Chapter 5

General Synthesis Remarks:

When available, commercially available starting materials, reagents, and solvents were
purchase from various suppliers including Sigma-Aldrich, Oakwood Products, Combi-Blocks,
Fisher Scientific, AA Blocks, and Aaron Chemicals and were used without further purification.
To monitor reaction progress, thin layer chromatography (TLC) was employed with SiliCycle 200-
pum thickness F-254 indicator aluminum backed TLC plates and were visualized using short wave
UV light. Flash chromatography was utilized to purify intermediates as well as final products with
230-400 mesh silica gel and was either conducted manually or automatically via a Biotage Selekt
system. All tH- and 3C-NMR spectra were first referenced to the specified deuterated solvent and
obtained using a Bruker 400-MHz or 600-MHz instrument to report the peaks in ppm. The high-
resolution mass spectra (HRMS) for characterization were obtained via an electrospray ionization
source (ESI) in positive mode and a quadrupole time-of-flight (QTOF) analyser by the John L.
Holmes Mass Spectrometry Facility at the University of Ottawa. All final compounds were also
evaluated for purity via HPLC using a Shimadzu LC-MS-2020 and Agilent Eclipse XOB-C18 5.0-
um, 4.6 x150-mm column or Bischoff Chromatography ProntoSIL 5.0-pum, 4.0 x125-mm column;
ACN/H20 with 0.05% v/v formic acid, 5-95% gradient, 15 min runtime, 1 mL/min flowrate; UV
detection at 220 and 254 nm instrument parameters.

In Vitro Kinetic Evaluation of PROTACs Against hTG2:

To evaluate the extent of transamidase inhibition of recombinant hTG2% induced by the
proposed PROTACS, an in-house developed colorimetric assay was employed under Kitz and
Wilson conditions with hTG2 as published previously.32°% In brief, a master mix buffer solution

containing 111 mM MOPS, 15 mM CaCl, in water was brought to pH 6.9. Stock solutions of the
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chromogenic substrate AL5%? (40 mM) and respective PROTAC (3 mM) were prepared in DMSO.
Two aqueous working stocks (25 uM and 200 uM) of the PROTAC were then prepared from the
DMSO stock to ensure the percent DMSO remained below 5% in the final assay conditions. To a
1.5 mL Eppendorf tube was added 125 pL master mix and the corresponding amount of water and
inhibitor working stock, such that the final concentration of inhibitor would be 1 uM or 10 uM in
the plate. To the tube was finally added 5 pL of ALS5 stock and the mixture was vortexed. A 180
pL aliquot was then removed and placed in a well of a 96-well polystyrene microplate. A 20 pL
aliquot of pre-dilute recombinant human TG2 in master mix was added to the well and was
aspirated to initiate the reaction and obtain a final activity of 5 mU TG2 in the well. Each well was
monitored for absorbance at 405 nm using a BioTek Synergy plate reader and had final
concentrations of 50 mM MOPS, 7 mM CaCl,, 5 mU TG2, 100 uM ALS5, and 1 pM or 10 uM
PROTAC. A positive control which did not contain any inhibitor as well as a blank which did not
receive enzyme and had water in place of those components were also included and the experiment
was performed in triplicate. The raw data obtained was then blank subtracted to correct for the
background rate of hydrolysis of the substrate.

In order to estimate the inhibition parameters, observed first order rate constants were
extracted by fitting the 1 uM data to a one phase association model. Utilizing Graphpad Prism, the
observed rate constants were then divided by the inhibitor concentration (1 uM) and multiplied by
11 (the value of a). The error in each value was estimated using the standard deviation from the
three replicates.

General Procedure A: (Azide PEG linker coupling to VHL ligand)
To a round bottom flask was added 1.5 eq of the corresponding carboxylic acid, 1.5 eq HATU,

and 3 eq DIPEA solubilized in DMF at 0 °C. The pre-activation was stirred for 0.5 h, upon which
339



1 eq of the corresponding amine was added as a solution in DMF with 1 eq DIPEA. The ice bath
was removed, and the reaction mixture was allowed to warm to room temperature and stirred
overnight. Upon completion, the reaction mixture was diluted with ethyl acetate and washed twice
with brine, once with water, and then again twice with brine. The organic layer was dried over
MgSOyg, filtered, and concentrated under reduced pressure. The resulting crude oil was purified via

flash chromatography to yield the product.

General Procedure B: (Azide PEG linker coupling to IAP ligand)

To a round bottom flask was added 1.5 eq of the corresponding carboxylic acid, 1.5 eq HATU,
and 3 eq DIPEA solubilized in DMF at 0 °C. The pre-activation was stirred for 0.5 h, upon which
1 eq of the corresponding amine was added as a solution in DMF. The ice bath was removed, and
the reaction mixture was allowed to warm to room temperature and stirred overnight. Upon
completion, the reaction mixture was diluted with ethyl acetate and washed twice with brine, once
with 1 M HCI, brine, sat. NaHCOs3, and then again twice with brine. The organic layer was dried
over MgSOy, filtered, and concentrated under reduced pressure. The resulting crude oil was

purified via flash chromatography to yield the product.

General Procedure C: (Azide PEG linker coupling to lenalidomide)

To a round bottom flask was added 1.5 eq of the corresponding carboxylic acid, 1.5 eq HATU,
and 4 eq DIPEA solubilized in DMF at 0 °C. The pre-activation was stirred for 0.5 h, upon which
1 eq of lenalidomide was added to the flask. The ice bath was removed, and the reaction mixture
was allowed to warm to room temperature and stirred overnight. Upon completion the reaction

mixture was diluted with EtOAc and washed twice with brine. The organic layer was then washed
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with 1 M HCI, brine, sat. NaHCOg3, and brine again. The organic layer was subsequently dried over
MgSO., filtered, and concentrated under reduced pressure. The resulting crude oil was purified via

flash chromatography to yield the product.

General Procedure D: (CUAAC reaction with propargylated scaffold and azides)

To a vial was added 1 eq of the corresponding azide, 1 eq of the propargylated scaffold, and 1 eq
of copper (1) sulfate pentahydrate solubilized in a 1:1 mixture of ACN:H20. The mixture was
stirred at 40 °C for 5 h upon which the volatiles were removed under reduced pressure. The
resulting crude residue was then purified via flash chromatography or preparative thin layer
chromatography to yield the product. The product was then subjected to one final step of
purification by filtering through a 1 g SiliCycle SiliaPrep SPE cartridge functionalized with

imidazole to scavenge any remaining copper.

General Procedure E: (Boc deprotection to yield IAP PROTACS)

To a vial was added 1 eq of the Boc-protected starting materials solubilized in a 1:1 mixture of 4
M HCI in dioxane and DCM. The reaction mixture was stirred for 1 h upon which the volatiles
were removed under reduced pressure. The residue was co-evaporated with DCM to yield the

product as a hydrochloride salt without any further purification.

Fmoc Deprotection of IAP Ligand (Compound 22, EG-5-28):
To a round bottom flask was added 1 eq of Fmoc- and Boc-protected IAP ligand solubilized in a
solution of 40% diethylamine in DCM [0.25 M]. The reaction mixture was stirred for 5 h upon

which the volatiles were removed under reduced pressure. The resulting crude oil was then
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resolubilized in DCM and co-evaporated three times. The crude solid was then triturated with
hexanes to yield the Fmoc deprotected product without any further purification as a white solid
(309 mg, 77%).

IH NMR (600 MHz, CDCl3) § 7.25 (dd, J = 7.4, 1.7 Hz, 1H), 7.15 — 7.08 (m, 2H), 7.05 (dd, J =
7.4,1.7 Hz, 1H), 5.13 - 5.08 (m, 1H), 4.53 (dd, J = 9.2, 3.4 Hz, 1H), 4.46 (t, J = 7.9 Hz, 1H),
3.99 (dd, J = 10.6, 5.8 Hz, 1H), 3.74 — 3.67 (m, 1H), 3.43 (dd, J = 10.5, 3.4 Hz, 1H), 2.82 — 2.69
(m, 6H), 2.30 — 2.20 (M, 4H), 1.91 — 1.75 (m, 4H), 1.64 — 1.59 (m, 6H), 1.46 (s, 9H), 1.16 — 0.96
(m, 6H). °C NMR (151 MHz, CDCl3) § 171.97, 171.58, 170.82, 137.42, 136.57, 129.19, 128.76,
127.28, 126.27, 80.70, 60.46, 56.67, 55.25, 51.32, 47.76, 40.87, 35.97, 34.78, 30.10, 29.78,
29.33, 29.17, 28.46, 26.12, 26.00, 25.85, 25.39, 20.11. HRMS (ESI-QTOF) m/z [M + Na]+ calcd

for C32H49Ns0OsNa 606.3631; found 606.3616.

Propargylated Inhibitor (EG-5-34)
Synthesised using previously published procedure (white solid, 549 mg, 85%) (See Chapter 3).

The following NMR spectral data are the same as those reported in that manuscript (Chapter 3):

“IH NMR (600 MHz, CDCls) 6 8.35 — 8.28 (m, 1H), 7.95 — 7.90 (m, 1H), 7.86 (d, J = 8.1 Hz,
1H), 7.68 — 7.63 (M, 1H), 7.58 — 7.49 (m, 2H), 7.45 — 7.30 (m, 6H), 6.27 — 6.17 (m, 1H), 6.16 —
6.01 (m, 2H), 5.95 — 5.81 (M, 1H), 5.61 — 5.53 (m, 1H), 5.23 — 5.13 (m, 1H), 5.09 — 5.02 (m, 2H),
4.66 — 4.57 (m, 1H), 4.17 — 4.06 (M, 1H), 4.06 — 3.94 (m, 1H), 3.87 — 3.12 (m, 10H), 2.54 — 2.43
(m, 1H), 2.42 — 2.34 (m, 1H), 2.25 — 2.14 (m, 2H), 1.97 — 1.86 (m, 1H), 1.72 — 1.44 (m, 4H), 1.42
—~1.31 (m, 2H). 3C NMR (151 MHz, CDCly) & 172.00, 170.67, 170.00, 169.90, 165.78, 156.25,

136.31, 136.29, 133.80, 133.79, 131.38, 130.94, 130.15, 130.13, 128.74, 128.63, 128.55, 128.31,
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128.29, 128.14, 128.11, 128.09, 127.46, 127.44, 127.41, 126.62, 126.41, 126.40, 125.68, 125.65,
125.22, 125.20, 124.76, 80.05, 71.30, 67.06, 50.36, 50.34, 50.25, 49.03, 49.01, 48.99, 48.94,
45.60, 45.54, 45.16, 45.11, 42.05, 41.79, 41.73, 39.04, 39.00, 38.97, 32.74, 32.72, 32.68, 32.65,

32.03, 32.01, 29.29, 29.27, 29.24, 29.19, 29.18, 29.00, 28.93, 28.90, 22.38, 22.29, 22.27.”

Azide-PEG1-VHL (Compound 5, EG-5-17)

Synthesised using General Procedure A (colourless oil, 85 mg, 71%)

IH NMR (600 MHz, CDCls) & 8.66 (s, 1H), 7.47 (t, J = 5.9 Hz, 1H), 7.36 — 7.28 (m, 4H), 7.20
(d, J=8.6 Hz, 1H), 4.70 (t, J = 7.9 Hz, 1H), 4.55 — 4.46 (m, 3H), 4.30 (dd, J = 15.1, 5.3 Hz, 1H),
4.04 —3.92 (m, 3H), 3.71 — 3.60 (M, 3H), 3.50 — 3.37 (M, 2H), 2.49 (s, 3H), 2.48 — 2.43 (m, 1H),
2.12 —2.05 (m, 1H), 0.95 (s, 9H). 13C NMR (151 MHz, CDCl3) § 171.25, 170.99, 169.74,
150.43, 148.52, 138.21, 131.71, 130.95, 129.55, 128.12, 70.62, 70.31, 70.20, 58.73, 57.36, 56.80,
50.76, 43.26, 36.22, 35.18, 26.44, 16.13. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C26H35N705Sna 580.2318; found 580.2297.

Azide-PEG2-VHL (Compound 6, EG-5-18)

Synthesised using General Procedure A (colourless oil, 106 mg, 82%)

IH NMR (600 MHz, CDCl3) & 8.61 (s, 1H), 7.41 (t, J = 6.0 Hz, 1H), 7.29 — 7.25 (m, 4H), 7.22 —
7.20 (m, 1H), 4.64 (t, J = 7.8 Hz, 1H), 4.49 — 4.43 (m, 3H), 4.26 (dd, J = 15.0, 5.4 Hz, 1H), 3.95
—3.87 (M, 3H), 3.62 — 3.56 (m, 7H), 3.35 — 3.26 (M, 2H), 2.43 (s, 3H), 2.42 — 2.36 (m, 1H), 2.06
—2.00 (m, 1H), 0.89 (s, 9H). 2*C NMR (151 MHz, CDCls) 5 171.20, 171.03, 170.23, 150.43,

148.47, 138.24, 131.68, 130.91, 129.52, 128.12, 71.15, 70.44, 70.41, 70.14, 70.09, 58.74, 57.04,
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56.77, 50.59, 43.22, 36.20, 35.35, 26.43, 16.11. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C2sH39N706SNa 624.2580; found 624.2584.

Azide-PEG3-VHL (Compound 7, EG-5-19)

Synthesised using General Procedure A (colourless oil, 109 mg, 79%)

IH NMR (600 MHz, CDCls) & 8.61 (s, 1H), 7.43 (t, J = 6.0 Hz, 1H), 7.30 — 7.24 (m, 4H), 7.23
(d, J = 8.6 Hz, 1H), 4.63 (t, J = 7.8 Hz, 1H), 4.49 — 4.42 (m, 3H), 4.27 (dd, J = 15.1, 5.5 Hz, 1H),
3.96 — 3.86 (m, 3H), 3.61 — 3.56 (M, 11H), 3.28 (dd, J = 5.6, 4.5 Hz, 2H), 2.43 (s, 3H), 2.40 —
2.33 (m, 1H), 2.07 — 2.00 (m, 1H), 0.89 (s, 9H). 3C NMR (151 MHz, CDCls) § 171.15, 171.07,
170.30, 150.39, 148.43, 138.24, 131.66, 130.84, 129.47, 128.04, 71.18, 70.71, 70.70, 70.51,
70.32, 70.07, 70.04, 58.74, 57.03, 56.73, 50.67, 43.16, 36.27, 35.29, 26.41, 16.08. HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for C3oH43N707SNa 668.2842; found 668.2832.

Azide-PEG4-VHL (Compound 8, EG-5-20)

Synthesised using General Procedure A (colourless oil, 59 mg, 40%)

IH NMR (600 MHz, CDCls) & 8.66 (s, 1H), 7.44 (t, J = 5.8 Hz, 1H), 7.35 — 7.29 (m, 4H), 7.25
(d, J = 8.6 Hz, 1H), 4.71 — 4.66 (m, 1H), 4.53 — 4.47 (m, 3H), 4.32 (dd, J = 15.1, 1.6 Hz, 1H),
4.01 - 3.91 (m, 3H), 3.66 — 3.60 (M, 15H), 3.38 — 3.34 (M, 2H), 2.50 — 2.47 (M, 3H), 2.46 — 2.40
(m, 1H), 2.12 — 2.05 (m, 1H), 0.94 (s, 9H). 3C NMR (151 MHz, CDCl3) § 171.30, 171.29,
171.27,171.26, 171.04, 171.03, 171.01, 171.00, 170.46, 170.46, 170.44, 150.41, 148.49, 148.48,
138.26, 131.69, 130.92, 130.91, 129.53, 128.11, 128.10, 71.16, 70.68, 70.66, 70.61, 70.60, 70.43,

70.32, 70.13, 70.08, 58.72, 58.70, 58.69, 57.18, 56.75, 50.70, 43.22, 36.24, 36.21, 36.19, 35.25,
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35.24, 35.22, 35.20, 26.45, 16.12. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C32H47N70sSNa

712.3105; found 712.3099.

Azide-PEG1-1AP (Compound 23, EG-5-29)

Synthesized using General Procedure B (colourless oil, 39 mg, 41%)

IH NMR (600 MHz, CDCls) § 7.12 (t, J = 7.6 Hz, 2H), 7.05 (t, J = 7.6 Hz, 2H), 5.15 — 5.10 (m,
1H), 4.73 (d, J = 8.9 Hz, 1H), 4.69 — 4.64 (m, 1H), 4.35 — 4.30 (m, 1H), 4.11 — 4.03 (m, 3H),
3.73 (dt, J = 10.0, 5.0 Hz, 1H), 3.68 (dt, J = 10.1, 5.0 Hz, 1H), 3.61 (d, J = 10.8 Hz, 1H), 3.49 (¢,
J=5.1Hz, 2H), 2.84 — 2.71 (m, 5H), 2.44 (d, J = 13.8 Hz, 1H), 2.24 — 2.16 (m, 1H), 2.05 — 1.97
(m, 1H), 1.87 — 1.79 (m, 3H), 1.66 — 1.52 (m, 5H), 1.44 (s, 9H), 1.27 (d, J = 7.1 Hz, 4H), 1.04 (d,
J =10.3 Hz, 3H), 0.92 — 0.82 (m, 2H). 3C NMR (151 MHz, CDCl3) § 172.85, 171.57, 170.68,
169.49, 137.37, 136.30, 129.28, 128.33, 127.38, 126.12, 80.67, 70.78, 70.70, 60.27, 55.70, 55.30,
50.65, 48.94, 47.91, 40.46, 31.32, 30.05, 29.50, 29.25, 28.43, 26.03, 26.01, 25.83, 20.13. HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for C3sHs4NgO7Na 733.4013; found 733.4021.

Azide-PEG2-1AP (Compound 24, EG-5-30)

Synthesized using General Procedure B (white solid, 49 mg, 49%)

IH NMR (600 MHz, CDCl3) § 7.14 — 7.09 (m, 2H), 7.04 (d, J = 7.5 Hz, 2H), 5.13 - 5.07 (m,
1H), 4.72 (d, J = 8.8 Hz, 1H), 4.62 (q, J = 6.4 Hz, 1H), 4.32 (t, = 7.5 Hz, 1H), 4.09 — 3.99 (m,
3H), 3.76 — 3.68 (m, 5H), 3.67 — 3.62 (M, 2H), 3.61 — 3.57 (m, 1H), 3.35 — 3.27 (M, 2H), 2.84 —
2.68 (m, 5H), 2.46 (d, J = 13.7 Hz, 1H), 2.19 (ddd, J = 13.7, 8.9, 6.6 Hz, 1H), 2.04 — 1.96 (m,
1H), 1.88 — 1.75 (m, 3H), 1.63 — 1.49 (m, 5H), 1.44 (s, 9H), 1.28 — 1.16 (m, 4H), 1.08 — 0.97 (m,

3H), 0.94 — 0.79 (m, 2H). 3C NMR (151 MHz, CDCls) § 172.86, 171.51, 170.64, 170.10,
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137.25, 136.38, 129.24, 128.28, 127.34, 126.15, 80.62, 71.44, 70.96, 70.54, 70.22, 60.19, 55.52,
55.26, 50.66, 48.95, 47.78, 40.49, 31.15, 30.06, 29.42, 29.22, 28.41, 25.98, 25.81, 20.19. HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for C3sHsgNgOgNa 777.4275; found 777.4298.

Azide-PEG3-1AP (Compound 25, EG-5-31)

Synthesized using General Procedure B (colourless oil, 44 mg, 42%)

'H NMR (600 MHz, CDCls) 6 7.15 — 7.08 (m, 2H), 7.04 (d, J = 7.3 Hz, 2H), 5.13 — 5.07 (m,
1H), 4.71 (d, J = 8.8 Hz, 1H), 4.65 — 4.58 (m, 1H), 4.32 (t, J = 7.9 Hz, 1H), 4.10 — 4.03 (m, 3H),
3.78 — 3.54 (m, 12H), 3.32 (t, J = 5.1 Hz, 2H), 2.83 — 2.68 (m, 5H), 2.45 (d, J = 13.8 Hz, 1H),
2.20 (ddd, J = 13.7, 8.9, 6.7 Hz, 1H), 2.04 — 1.98 (m, 1H), 1.87 — 1.76 (m, 3H), 1.65 — 1.48 (m,
5H), 1.4 (s, 9H), 1.29 — 1.21 (m, 4H), 1.09 — 0.98 (m, 3H), 0.93 — 0.80 (m, 2H). 3C NMR (151
MHz, CDCl3) 6 172.83, 171.53, 170.58, 170.26, 137.25, 136.39, 129.23, 128.36, 127.33, 126.16,
80.66, 71.38, 70.92, 70.79, 70.75, 70.69, 70.66, 70.07, 60.18, 55.49, 55.27, 50.70, 48.93, 47.76,
40.50, 31.21, 30.05, 29.42, 29.23, 28.41, 26.00, 25.98, 25.81, 20.15. HRMS (ESI-QTOF) m/z [M

+ Na]+ calcd for C40Hs2NgOgNa 821.4537; found 821.4508.

Azide-PEG4-1AP (Compound 26, EG-5-26/EG-5-32)

Synthesized using General Procedure B (colourless oil, 71 mg, 49%)

IH NMR (600 MHz, CDCls) § 7.14 — 7.06 (m, 2H), 7.03 (d, J = 7.0 Hz, 2H), 5.09 (dd, J = 8.6,
5.9 Hz, 1H), 4.70 (d, J = 8.8 Hz, 1H), 4.65 — 4.56 (m, 1H), 4.31 (t, J = 7.8 Hz, 1H), 4.10 — 4.00
(m, 3H), 3.90 — 3.42 (m, 16H), 3.38 — 3.30 (M, 2H), 2.79 — 2.70 (m, 5H), 2.44 (dd, J = 14.0, 1.7
Hz, 1H), 2.18 (ddd, J = 13.6, 8.9, 6.6 Hz, 1H), 2.02 — 1.93 (m, 1H), 1.86 — 1.74 (m, 3H), 1.65 —

1.46 (m, 5H), 1.42 (s, 9H), 1.27 — 1.12 (m, 4H), 1.07 — 0.96 (m, 3H), 0.92 — 0.78 (m, 2H). 1*C
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NMR (151 MHz, CDCls) 6 172.74, 171.45, 170.52, 170.21, 137.17, 136.35, 129.17, 128.33,
127.27,126.11, 80.57, 71.32, 70.88, 70.71, 70.67, 70.64, 70.62, 70.54, 70.04, 60.12, 55.45,
55.19, 50.68, 48.87, 47.68, 40.47, 31.16, 30.00, 29.37, 29.18, 28.36, 25.95, 25.93, 25.77, 20.09.

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C42HesNgO10Na 865.4800; found 865.4814.

Azide-PEG1-Lenalidomide (Compound 13, EG-5-39)

Synthesized using General Procedure C (white solid, 23 mg, 10%)

IH NMR (600 MHz, CDCl3) & 8.37 (d, J = 12.3 Hz, 1H), 7.90 — 7.84 (m, 1H), 7.74 (d, J = 7.5
Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H), 5.21 (dd, J = 13.4, 5.2 Hz, 1H), 4.43 (q, J = 16.3 Hz, 2H), 4.17
(s, 2H), 3.79 (t, J = 4.8 Hz, 2H), 3.55 (q, J = 4.6 Hz, 2H), 2.91 — 2.75 (m, 2H), 2.33 (qd, J = 13.2,
4.9 Hz, 1H), 2.19 (dtd, J = 12.9, 5.2, 2.5 Hz, 1H). **C NMR (151 MHz, CDCls3) § 171.26,
169.68, 168.95, 167.19, 133.37, 132.87, 131.83, 129.49, 125.48, 121.48, 121.46, 70.71, 70.56,
51.89, 50.89, 46.15, 31.61, 23.47. HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C17H1sNeOsNa

409.1236; found 409.1242.

Azide-PEG2-Lenalidomide (Compound 14, EG-5-40)

Synthesized using General Procedure C (white solid, 93 mg, 37%)

IH NMR (600 MHz, CDCl3) § 8.73 (s, 1H), 8.69 (s, 1H), 7.73 (dd, J = 7.6, 1.0 Hz, 1H), 7.65 (dd,
J=8.0,1.0 Hz, 1H), 7.47 (t, J = 7.7 Hz, 1H), 5.18 (dd, J = 13.3, 5.1 Hz, 1H), 4.41 (d, J = 2.1 Hz,
2H), 4.16 (d, J = 1.2 Hz, 2H), 3.81 — 3.77 (m, 2H), 3.75 — 3.66 (m, 4H), 3.38 — 3.33 (M, 2H),
2.84 —2.74 (m, 2H), 2.32 (qd, J = 13.0, 5.3 Hz, 1H), 2.15 (dtd, J = 12.9, 5.2, 2.6 Hz, 1H). 3C

NMR (151 MHz, CDCl3) 6 171.65, 169.97, 168.91, 168.28, 134.78, 132.99, 131.88, 129.21,
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126.43, 121.66, 71.20, 70.52, 70.18, 70.16, 51.89, 50.52, 46.58, 31.58, 23.39. HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for C19H22NsOsNa 453.1499; found 453.1490.

Azide-PEG3-Lenalidomide (Compound 15, EG-5-41)

Synthesized using General Procedure C (white solid, 120 mg, 44%)

IH NMR (600 MHz, CDCls) & 8.92 (s, 1H), 8.90 (s, 1H), 7.71 (dd, J = 7.5, 1.0 Hz, 1H), 7.63 (dd,
J=8.0,0.9 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 5.16 (dd, J = 13.4, 5.1 Hz, 1H), 4.41 (s, 2H), 4.19 —
4.08 (m, 2H), 3.77 (ddd, J = 6.0, 2.8, 1.8 Hz, 2H), 3.74 — 3.70 (m, 2H), 3.69 — 3.65 (m, 2H), 3.58
—3.54 (m, 2H), 3.46 (ddd, J = 5.6, 4.5, 1.3 Hz, 2H), 3.20 (ddd, J = 6.5, 5.4, 4.4 Hz, 2H), 2.77 (s,
2H), 2.36 — 2.23 (m, 1H), 2.13 (dtd, J = 12.9, 5.1, 2.8 Hz, 1H). 3C NMR (151 MHz, CDCls) &
171.72, 169.95, 168.86, 168.67, 134.96, 132.96, 132.05, 129.06, 126.53, 121.56, 71.38, 70.66,
70.45, 70.36, 70.26, 69.94, 51.86, 50.53, 46.65, 31.54, 23.33. HRMS (ESI-QTOF) m/z [M +

Na]+ calcd for Co1H26NsO7Na 497.1761; found 497.1772.

Azide-PEG4-Lenalidomide (Compound 16, EG-5-42)

Synthesized using General Procedure C (white solid, 51 mg, 17%)

IH NMR (600 MHz, CDCl3) & 8.97 (s, 1H), 8.67 (s, IH), 7.73 (dd, J = 7.5, 1.0 Hz, 1H), 7.68 (dd,
J=79,10Hz 1H), 7.47 (t, J=7.7 Hz, 1H), 5.19 (dd, J = 13.4, 5.1 Hz, 1H), 4.48 — 4.38 (m,
2H), 4.19 — 4.09 (m, 2H), 3.80 — 3.76 (M, 2H), 3.74 — 3.70 (M, 2H), 3.69 — 3.66 (M, 2H), 3.61 —
3.54 (m, 4H), 3.51 — 3.47 (m, 4H), 3.32 — 3.29 (m, 2H), 2.87 — 2.73 (m, 2H), 2.34 (qd, J = 13.1,
5.1 Hz, 1H), 2.17 (dtd, J = 13.0, 5.2, 2.6 Hz, 1H). 13C NMR (151 MHz, CDCls) & 171.55,

169.81, 168.93, 168.68, 134.82, 132.94, 132.16, 129.13, 126.49, 121.56, 71.45, 70.70, 70.60,
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70.47,70.40, 70.38, 70.14, 70.02, 51.90, 50.67, 46.64, 31.61, 23.43. HRMS (ESI-QTOF) m/z [M

+ Na]+ calcd for C23H3oNsOgNa 541.2023; found 541.2008.

Boc-1AP-PEG1-TG2Ligand (Compound 27, EG-5-43-2)

Synthesized using General Procedure D (white solid, 30 mg, 38%)

'H NMR (600 MHz, MeOD) & 8.28 —8.21 (m, 1H), 8.11 — 8.04 (m, 1H), 7.97 (d, J = 8.3 Hz,
1H), 7.94 — 7.89 (m, 1H), 7.69 (t, J = 6.3 Hz, 1H), 7.52 (ddd, J = 15.3, 7.2, 4.7 Hz, 3H), 7.40 —
7.25 (m, 6H), 7.16 — 7.09 (m, 2H), 7.08 — 7.01 (m, 1H), 6.23 — 6.15 (m, 2H), 5.65 — 5.58 (m,
1H), 5.23 —5.12 (m, 1H), 5.10 — 5.05 (m, 2H), 5.05 — 4.99 (m, 1H), 4.72 — 4.35 (m, 10H), 4.06
(dd, J = 10.8, 5.8 Hz, 1H), 3.96 — 3.40 (m, 14H), 3.28 — 3.19 (m, 2H), 2.90 — 2.66 (m, 5H), 2.50
—2.37 (m, 3H), 2.24 — 2.13 (m, 1H), 2.02 — 1.81 (m, 6H), 1.80 — 1.62 (m, 8H), 1.59 — 1.51 (m,
2H), 1.48 — 1.44 (m, 9H), 1.32 — 1.26 (m, 3H), 1.25 — 0.98 (m, 5H). HRMS (ESI-QTOF) m/z [M

+ Na]+ calcd for C76H100N14014Na 1455.7441; found 1455.7455.

Boc-1AP-PEG2-TG2Ligand (Compound 28, EG-5-44-2)

Synthesized using General Procedure D (white solid, 39 mg, 41%)

'H NMR (600 MHz, MeOD) & 8.27 — 8.22 (m, 1H), 8.00 — 7.88 (m, 3H), 7.72 — 7.67 (m, 1H),
7.57 — 7.47 (m, 3H), 7.39 — 7.26 (m, 6H), 7.14 — 7.09 (m, 2H), 7.08 — 7.03 (M, 1H), 6.24 — 6.16
(m, 2H), 5.67 — 5.57 (m, 1H), 5.22 — 5.14 (m, 1H), 5.08 (dd, J = 11.7, 3.1 Hz, 2H), 5.05 — 4.98
(m, 1H), 4.67 — 4.34 (m, 10H), 4.11 — 4.03 (m, 1H), 3.90 — 3.42 (m, 18H), 3.27 — 3.19 (m, 2H),
2.84 —2.70 (m, 5H), 2.56 — 2.38 (m, 3H), 2.24 — 2.16 (m, 1H), 2.05 — 1.81 (m, 6H), 1.78 — 1.62
(m, 8H), 1.59 — 1.52 (m, 2H), 1.46 (s, 9H), 1.34 — 1.27 (m, 3H), 1.24 — 0.97 (m, 5H). HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for C7gH104N14015Na 1499.7703; found 1499.7689.
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Boc-1AP-PEG3-TG2Ligand (Compound 29, EG-5-45-2)

Synthesized using General Procedure D (white solid, 52 mg, 62%)

'H NMR (600 MHz, MeOD) & 8.28 — 8.21 (m, 1H), 8.04 — 7.88 (m, 3H), 7.69 (d, J = 7.0 Hz,
1H), 7.59 — 7.48 (m, 3H), 7.38 — 7.27 (m, 6H), 7.17 — 7.10 (m, 2H), 7.09 — 7.01 (m, 1H), 6.25 —
6.15 (m, 2H), 5.65 — 5.57 (m, 1H), 5.21 — 5.13 (m, 1H), 5.11 — 5.05 (m, 2H), 5.03 (t, J = 6.4 Hz,
1H), 4.72 — 4.36 (m, 10H), 4.14 (dd, J = 10.5, 6.4 Hz, 1H), 3.99 — 3.42 (m, 22H), 3.28 — 3.18 (m,
2H), 2.88 — 2.69 (m, 5H), 2.53 — 2.40 (m, 3H), 2.25 — 2.16 (M, 1H), 2.06 — 1.80 (m, 6H), 1.79 —
1.62 (m, 8H), 1.59 — 1.52 (m, 2H), 1.48 — 1.44 (m, 9H), 1.33 — 1.28 (m, 3H), 1.25 — 0.99 (m,
5H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CsoH10sN1401sNa 1543.7965; found

1543.7966.

Boc-1AP-PEG4-TG2Ligand (Compound 30, EG-5-46-2)

Synthesized using General Procedure D (white solid, 36 mg, 23%)

'H NMR (600 MHz, MeOD) § 8.29 — 8.21 (m, 1H), 8.02 — 7.88 (m, 3H), 7.76 — 7.67 (m, 1H),
7.59 — 7.46 (m, 3H), 7.41 — 7.25 (m, 6H), 7.19 — 7.11 (m, 2H), 7.09 — 7.04 (m, 1H), 6.24 — 6.16
(m, 2H), 5.69 — 5.55 (m, 1H), 5.22 — 5.13 (m, 1H), 5.12 — 5.06 (m, 2H), 5.04 (t, J = 6.2 Hz, 1H),
4.67 — 4.36 (M, 10H), 4.14 (dd, J = 10.5, 6.3 Hz, 1H), 3.98 — 3.49 (m, 26H), 3.28 — 3.20 (M, 2H),
2.87 —2.68 (m, 5H), 2.53 — 2.39 (m, 3H), 2.25 — 2.15 (m, 1H), 2.06 — 1.81 (m, 6H), 1.80 — 1.62
(m, 8H), 1.60 — 1.53 (m, 2H), 1.46 (s, 9H), 1.32 — 1.28 (m, 3H), 1.25 — 1.01 (m, 5H). HRMS

(ESI-QTOF) m/z [M + Na]+ calcd for Ce2H112N14017Na 1587.8228; found 1587.8235.

VHL-PROTAC-1 (Compound 9, EG-5-35)
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To a vial was added 1 eq of the corresponding azide, 1 eq of the propargylated scaffold, and 1 eq
of copper (1) sulfate pentahydrate solubilized in a 1:1 mixture of ACN:H20. The mixture was
stirred at room temperature overnight upon which the volatiles were removed under reduced
pressure. The resulting crude residue was resolubilized in DCM and washed with water. The
organic layer was then purified via flash chromatography to yield the product. The product was
then subjected to one final step of purification by filtering through a 1 g SiliCycle SiliaPrep SPE
cartridge functionalized with imidazole to scavenge any remaining copper.

(white solid, 105 mg, 54%)

'H NMR (600 MHz, MeOD) & 8.89 (s, 1H), 8.25 (d, J = 4.2 Hz, 1H), 8.04 — 7.92 (m, 2H), 7.91 —
7.86 (m, 1H), 7.72 — 7.65 (m, 1H), 7.54 — 7.45 (m, 3H), 7.44 — 7.23 (m, 9H), 6.24 — 6.15 (m,

2H), 5.63 — 5.56 (m, 1H), 5.20 — 5.15 (m, 1H), 5.10 — 5.04 (m, 2H), 4.67 — 4.53 (m, 5H), 4.52 —
4.43 (m, 3H), 4.41 — 4.32 (m, 2H), 4.00 — 3.42 (m, 14H), 3.26 — 3.17 (m, 2H), 2.50 — 2.39 (m,
4H), 2.26 — 2.12 (m, 2H), 2.02 — 1.93 (m, 3H), 1.72 — 1.28 (m, 6H), 0.99 — 0.92 (m, 9H). HRMS
(ESI-QTOF) m/z [M + Na]+ calcd for CesHs1N13012SNa 1302.5746; found 1302.5713. Purity via

HPLC = 84.4%.

VHL-PROTAC-2 (Compound 10, EG-5-36)

Synthesized using General Procedure D (white solid, 109 mg, 47%)

'H NMR (600 MHz, MeOD) & 8.66 (s, 1H), 8.33 —8.23 (m, 1H), 7.96 (d, J = 8.1 Hz, 2H), 7.90
(d, J=7.3 Hz, 1H), 7.74 — 7.67 (m, 1H), 7.60 — 7.50 (m, 3H), 7.42 — 7.28 (m, 9H), 6.23 — 6.16
(m, 2H), 5.64 — 5.57 (M, 1H), 5.29 — 5.14 (m, 1H), 5.13 — 5.04 (m, 2H), 4.76 — 4.22 (m, 10H),

3.96 — 3.47 (m, 18H), 3.26 — 3.18 (m, 2H), 2.76 — 1.85 (m, 9H), 1.69 — 1.27 (m, 6H), 0.99 (s,
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9H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CegHgsN13013SNa 1346.6008; found

1346.5962. Purity via HPLC = 84.3%.

VHL-PROTAC-3 (Compound 11, EG-5-37)
Synthesized using General Procedure D (white solid, 72 mg, 31%)

'H NMR (600 MHz, MeOD) & 8.70 (s, 1H), 8.30 — 8.21 (m, 1H), 8.14 — 7.95 (m, 2H), 7.90 (d, J
= 7.4 Hz, 1H), 7.70 (t, J = 6.6 Hz, 1H), 7.56 — 7.48 (m, 3H), 7.44 — 7.24 (m, 9H), 6.27 — 6.13 (m,
2H), 5.67 — 5.57 (m, 1H), 5.18 (s, 1H), 5.12 — 5.04 (m, 2H), 4.72 — 4.30 (m, 10H), 4.03 — 3.52
(m, 22H), 3.26 — 3.19 (m, 2H), 2.62 — 2.32 (m, 5H), 2.25 — 2.15 (m, 2H), 2.11 — 1.99 (m, 2H),
1.71 - 1.30 (m, 6H), 1.02 (s, 9H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C70HgoN13014SNa 1390.6270; found 1390.6266. Purity via HPLC = 84.9%.

VHL-PROTAC-4 (Compound 12, EG-5-38)

Synthesized using General Procedure D (white solid, 64 mg, 53%)

'H NMR (600 MHz, MeOD) § 8.83 (s, 1H), 8.29 — 8.22 (m, 1H), 8.15 — 7.94 (m, 2H), 7.90 (d, J
= 7.3 Hz, 1H), 7.70 (t, J = 6.3 Hz, 1H), 7.58 — 7.47 (m, 3H), 7.46 — 7.24 (m, 9H), 6.25 — 6.14 (m,
2H), 5.64 — 5.57 (m, 1H), 5.23 — 5.15 (m, 1H), 5.09 — 5.03 (M, 2H), 4.70 — 4.29 (m, 10H), 4.06 —
3.44 (m, 26H), 3.27 — 3.18 (m, 2H), 2.61 — 2.35 (M, 5H), 2.25 — 2.18 (m, 2H), 2.10 — 1.97 (m,
2H), 1.73 - 1.27 (m, 6H), 1.02 (s, 9H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C72H93N13015SNa 1434.6533; found 1434.6508. Purity via HPLC = 85.7%.

IAP-PROTAC-1 (Compound 31, EG-5-58-2)

Synthesized using General Procedure E (white solid, mg, %)
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IH NMR (600 MHz, ds-DMSO) § 9.65 — 9.57 (m, 1H), 8.93 — 8.87 (m, 1H), 8.81 (d, J = 8.1 Hz,
2H), 8.53 (d, J = 8.7 Hz, 1H), 8.47 — 8.41 (m, 2H), 8.26 — 8.21 (m, 1H), 8.19 — 8.13 (m, 1H),
8.05 — 7.95 (m, 3H), 7.64 (d, J = 6.9 Hz, 1H), 7.59 — 7.51 (m, 4H), 7.40 — 7.26 (m, 6H), 7.18 —
7.11 (m, 1H), 7.11 — 7.04 (m, 2H), 6.28 — 6.16 (m, 1H), 6.13 — 6.02 (m, 1H), 5.59 — 5.50 (m,
1H), 5.10 — 4.90 (m, 4H), 4.62 — 4.52 (m, 2H), 4.48 — 4.29 (M, 6H), 4.07 — 3.98 (M, 1H), 3.89 —
3.79 (m, 6H), 3.67 — 3.41 (m, 10H), 3.14 — 3.06 (M, 2H), 2.77 — 2.64 (M, 2H), 2.44 (t, J = 5.4 Hz,
3H), 2.41 - 2.27 (m, 3H), 2.06 — 1.95 (m, 1H), 1.92 — 1.76 (m, 6H), 1.73 — 1.53 (m, 8H), 1.41 —
1.29 (m, 6H), 1.17 — 1.11 (m, 2H), 1.06 — 0.99 (m, 2H). HRMS (ESI-QTOF) m/z [M + Na]+

calcd for C71H92N14012Na 1355.6917; found 1355.6942. Purity via HPLC = 86.2%.

IAP-PROTAC-2 (Compound 32, EG-5-59-2)

Synthesized using General Procedure E (white solid, mg, %)

IH NMR (600 MHz, ds-DMS0) & 9.73 — 9.65 (m, 1H), 8.94 — 8.89 (m, 1H), 8.81 (d, J = 7.8 Hz,
2H), 8.54 — 8.44 (m, 2H), 8.38 (d, J = 8.4 Hz, 1H), 8.27 — 8.14 (m, 2H), 8.01 (d, J = 8.3 Hz, 1H),
7.99 — 7.94 (m, 1H), 7.93 — 7.88 (m, 1H), 7.64 (d, J = 7.0 Hz, 1H), 7.58 — 7.50 (m, 4H), 7.40 —
7.26 (m, 6H), 7.18 — 7.02 (m, 3H), 6.31 — 6.16 (m, 1H), 6.13 — 6.00 (m, 1H), 5.59 — 5.50 (m,
1H), 5.11 — 4.86 (m, 4H), 4.49 — 4.39 (m, 4H), 4.39 — 4.29 (m, 4H), 4.01 (dd, J = 10.1, 6.4 Hz,
1H), 3.85 — 3.76 (m, 6H), 3.72 — 3.47 (m, 14H), 3.13 — 3.07 (M, 2H), 2.79 — 2.64 (m, 2H), 2.43
(t, J = 5.4 Hz, 3H), 2.41 — 2.25 (m, 3H), 2.06 — 1.98 (m, 1H), 1.92 — 1.76 (m, 6H), 1.73 — 1.52
(m, 8H), 1.43 —1.29 (m, 6H), 1.18 — 1.10 (m, 2H), 1.07 — 0.98 (m, 2H). HRMS (ESI-QTOF) m/z

[M + H]+ calcd for C73He7N14O13 1377.7360; found 1377.7354. Purity via HPLC = 86.3%.

IAP-PROTAC-3 (Compound 33, EG-5-60-2)
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Synthesized using General Procedure E (white solid, mg, %)

IH NMR (600 MHz, ds-DMSO) & 9.80 — 9.72 (m, 1H), 8.97 — 8.91 (m, 1H), 8.85 — 8.78 (m, 2H),
8.53 — 8.46 (m, 2H), 8.37 (d, J = 8.4 Hz, 1H), 8.27 — 8.16 (m, 2H), 8.01 (d, J = 8.3 Hz, 1H), 7.98
—7.94 (m, 1H), 7.94 — 7.89 (m, 1H), 7.65 (d, J = 6.9 Hz, 1H), 7.60 — 7.48 (m, 4H), 7.42 — 7.25
(m, 6H), 7.18 — 7.03 (m, 3H), 6.28 — 6.18 (m, 1H), 6.08 — 6.03 (m, 1H), 5.57 — 5.50 (M, 1H),
5.08 — 4.90 (m, 4H), 4.51 — 4.41 (m, 4H), 4.38 — 4.29 (m, 4H), 4.06 — 4.00 (m, 1H), 3.92 — 3.39
(M, 24H), 3.18 — 3.04 (M, 2H), 2.79 — 2.64 (m, 2H), 2.43 (t, J = 5.4 Hz, 3H), 2.40 — 2.26 (m,
3H), 2.07 — 1.97 (m, 1H), 1.94 — 1.77 (m, 6H), 1.73 — 1.51 (m, 8H), 1.42 — 1.30 (m, 6H), 1.18 —
1.11 (m, 2H), 1.07 — 0.99 (m, 2H). HRMS (ESI-QTOF) m/z [M + H]+ calcd for C75H101N14014

1421.7622; found 1421.7646. Purity via HPLC = 82.2%.

IAP-PROTAC-4 (Compound 34, EG-5-61-2)

Synthesized using General Procedure E (white solid, mg, %)

IH NMR (600 MHz, ds-DMSO) 6 9.47 — 9.39 (m, 1H), 8.91 — 8.85 (m, 1H), 8.80 (d, J = 7.7 Hz,
2H), 8.51 — 8.41 (m, 2H), 8.35 (d, J = 8.4 Hz, 1H), 8.27 —8.21 (m, 1H), 8.16 — 8.08 (m, 1H),
8.01 (d, J = 8.3 Hz, 1H), 7.99 — 7.95 (m, 1H), 7.94 — 7.89 (m, 1H), 7.64 (d, J = 7.0 Hz, 1H), 7.58
—7.51 (m, 4H), 7.39 — 7.26 (m, 6H), 7.17 — 7.05 (m, 3H), 6.26 — 6.15 (M, 1H), 6.10 — 6.02 (m,
1H), 5.57 — 5.51 (m, 1H), 5.06 — 4.89 (M, 4H), 4.50 — 4.40 (m, 4H), 4.40 — 4.30 (m, 4H), 4.07 —
3.99 (m, 1H), 3.89 — 3.41 (m, 28H), 3.14 — 3.05 (M, 2H), 2.80 — 2.64 (m, 2H), 2.45 (t, J = 5.4 Hz,
3H), 2.40 — 2.25 (m, 3H), 2.05 — 1.97 (m, 1H), 1.93 — 1.76 (m, 6H), 1.73 — 1.53 (m, 8H), 1.42 —
1.30 (m, 6H), 1.19 — 1.12 (m, 2H), 1.06 — 0.98 (m, 2H). HRMS (ESI-QTOF) m/z [M + Na]+

calcd for C77H104N14015Na 1487.7703; found 1487.7704. Purity via HPLC = 86.8%.
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Lenalidomide-PROTAC-1 (Compound 17, EG-5-49)

Synthesized using General Procedure D (white solid, 24 mg, 36%)

IH NMR (600 MHz, CDCls) 5 10.38 — 10.02 (m, 1H), 8.52 — 8.34 (m, 1H), 8.28 — 8.16 (m, 2H),
7.95 - 7.89 (m, 1H), 7.89 — 7.83 (m, 1H), 7.76 — 7.65 (m, 1H), 7.64 — 7.60 (m, 2H), 7.56 — 7.39
(m, 5H), 7.35 — 7.28 (m, 6H), 6.29 — 6.16 (m, 2H), 6.13 — 6.03 (M, 1H), 5.95 — 5.78 (M, 1H),
5.61 —5.51 (m, 1H), 5.26 — 5.16 (m, 1H), 5.14 — 5.02 (m, 3H), 4.73 — 4.55 (m, 3H), 4.55 — 4.39
(m, 3H), 4.11 — 3.44 (m, 13H), 3.33 — 3.22 (M, 2H), 2.82 — 2.61 (M, 2H), 2.60 — 2.50 (m, 1H),
2.48 — 2.38 (m, 1H), 2.27 — 2.13 (m, 1H), 2.09 — 1.99 (m, 2H), 1.87 — 1.76 (m, 1H), 1.71 — 1.47
(m, 4H), 1.44 — 1.28 (m, 2H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Cs7HssN12012Na

1131.4664; found 1131.4630. Purity via HPLC = 92.1%.

Lenalidomide-PROTAC-2 (Compound 18, EG-5-50)

Synthesized using General Procedure D (white solid, 70 mg, 28%)

IH NMR (600 MHz, CDCls) 5 9.85 — 9.72 (m, 1H), 8.68 — 8.61 (m, 1H), 8.25 (dd, J = 6.5, 3.5
Hz, 1H), 7.87 (t, J = 7.3 Hz, 1H), 7.84 — 7.80 (m, 1H), 7.78 — 7.69 (m, 2H), 7.67 — 7.58 (m, 3H),
7.50 — 7.45 (m, 3H), 7.44 — 7.36 (m, 2H), 7.34 — 7.27 (m, 5H), 6.56 — 6.27 (M, 1H), 6.25 — 6.17
(m, 1H), 6.11 —5.91 (m, 2H), 5.57 — 5.47 (m, 1H), 5.21 (t, J = 9.5 Hz, 1H), 5.14 — 5.00 (m, 3H),
4.67 — 4.48 (M, 2H), 4.44 — 4.32 (m, 3H), 4.31 — 4.19 (m, 2H), 4.01 — 3.91 (m, 2H), 3.79 — 3.41
(m, 14H), 3.29 — 3.16 (m, 2H), 2.73 — 2.59 (m, 2H), 2.47 — 2.41 (m, 1H), 2.41 — 2.32 (m, 1H),
2.31—2.08 (m, 2H), 2.04 — 1.98 (m, 1H), 1.89 — 1.76 (m, 1H), 1.65 — 1.28 (m, 6H). HRMS (ESI-
QTOF) m/z [M + Na]+ calcd for CseHesN12013Na 1175.4927; found 1175.4928. Purity via

HPLC = 94.5%.
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Lenalidomide-PROTAC-3 (Compound 19, EG-5-51)

Synthesized using General Procedure D (white solid, 161 mg, 53%)

IH NMR (600 MHz, CDCl3) 5 9.88 — 9.69 (m, 1H), 9.13 — 8.99 (m, 1H), 8.30 — 8.20 (m, 1H),
7.91-7.77 (m, 2H), 7.70 — 7.56 (m, 5H), 7.54 — 7.44 (m, 3H), 7.43 — 7.34 (m, 2H), 7.34 — 7.25
(m, 5H), 6.60 — 6.33 (M, 1H), 6.19 (dd, J = 17.1, 1.5 Hz, 1H), 6.15 — 5.94 (m, 2H), 5.62 — 5.43
(m, 1H), 5.28 — 5.18 (m, 1H), 5.16 — 5.01 (m, 3H), 4.71 — 4.46 (m, 2H), 4.38 — 4.29 (m, 3H),
4.26 — 4.16 (M, 2H), 4.15 — 4.04 (m, 2H), 3.86 — 3.44 (m, 14H), 3.39 — 3.33 (M, 4H), 3.26 — 3.16
(m, 2H), 2.73 — 2.59 (m, 2H), 2.50 — 2.41 (m, 1H), 2.40 — 2.31 (m, 1H), 2.25 — 2.11 (m, 2H),
2.04 —1.98 (m, 1H), 1.92 — 1.82 (m, 1H), 1.69 — 1.26 (m, 6H). HRMS (ESI-QTOF) m/z [M +

Na]+ calcd for Ce1H72N12014Na 1219.5189; found 1219.5166. Purity via HPLC = 93.2%.

Lenalidomide-PROTAC-4 (Compound 20, EG-5-52)

Synthesized using General Procedure D (white solid, 64 mg, 52%)

IH NMR (600 MHz, CDCl3) 5 9.83 — 9.66 (m, 1H), 9.24 — 9.14 (m, 1H), 8.30 — 8.23 (m, 1H),
7.91 - 7.85 (m, 1H), 7.85 — 7.80 (m, 1H), 7.72 — 7.57 (m, 5H), 7.53 — 7.44 (m, 3H), 7.43 — 7.36
(m, 2H), 7.34 — 7.27 (m, 5H), 6.52 — 6.26 (m, 1H), 6.24 — 6.17 (m, 1H), 6.13 — 6.01 (M, 1H),
5.97 — 5.89 (m, 1H), 5.58 — 5.47 (m, 1H), 5.30 — 5.20 (M, 1H), 5.16 — 5.03 (M, 3H), 4.72 — 4.49
(m, 2H), 4.42 — 4.34 (m, 3H), 4.33 — 4.28 (M, 2H), 4.18 — 4.05 (m, 2H), 3.79 — 3.69 (M, 4H),
3.68 —3.56 (m, 9H), 3.52 — 3.39 (m, 5H), 3.33 - 3.21 (m, 6H), 2.74 — 2.64 (m, 2H), 2.51 — 2.46
(m, 1H), 2.43 — 2.33 (m, 1H), 2.30 — 2.20 (m, 1H), 2.17 — 2.11 (m, 1H), 2.06 — 1.99 (m, 1H),
1.94 - 1.83 (m, 1H), 1.66 — 1.29 (m, 6H). HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

CesH76N12015Na 1263.5451; found 1263.5486. Purity via HPLC = 94.9%.
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Supplementary Kinetic Traces:

. .. **Estimated Kinact/Ki £ SD
Compound Alias Kinetic Curve (x108 M-min)
EG-5-35
0.51
— +ve Control
£ 0.4 — 1uM
9 VHL 2 03 o
3 — 1uM +
(EG-5:35) | PROTAC1 | Qo2 o 231£35
< 014 — 10uM
o0 — 10pM
o 500 1000 1500
Time (s)
EG-5-36
0.5
— +ve Control
c 0.4 — 1uM
g i — 1uM
10 VHL e i 228 4 71
(EG-5-36) PROTAC 2 % 0.2 10 M -
< 014 — 10uM
o0 — 10uM
"o 500 1000 1500
Time (s)
EG-5-37
0.41
— +ve Control
£ 0.3 — 1M
- — 1uM
1 VHL g 021 — 222 +32
(EG-5-37) | PROTAC3 | & oum
< 0.4 — 10uM
vols — 10uM
"o 500 1000 1500
Time (s)
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EG-5-38

0.4-
+ve Control
£ 0.3 1 M
12 VHL lg 1uM
o
0" UM 226 + 51
(EG-5-38) PROTAC 4 % 10 M
< 01 10 M
0.0 10 uM
o 500 1000 1500
Time (s)
EG-5-49
0.4+
+ve Control
£ 0.3 1uM
17 Lenalidomide | i
enaliaomide S 0.24 1M N
(EG-5-49) PROTAC 1 % 10 M 380+ 14
< 0.1- 10 M
0.0 10 pM
o 500 1000 1500
Time (s)
EG-5-50
0.4+
+ve Control
£ 0.31 1uM
8 lidomide | i
1 Lenalidomide | € ,, 1
] uM 300 + 27
(EG-5-50) | PROTAC 2 ﬁ) 10 uM
< 0.1- 10 M
0.0 10 pM
o 500 1000 1500
Time (s)
EG-5-51
0.5+
+ve Control
0.4 1M
£
lidomide | & % i
19 Lenalidomide | € 1
HM 431 + 115
(EG-5-51) PROTAC 3 % 0.2 10 uM
< 011 10 uM
0042 _— - 10 uM
"o 500 1000 1500
Time (s)
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EG-5-52

0.5
+ve Control
0.4 1uM
£
. o 0.3 1M
20 Lenalidomide | g ™ 1M 397 + 10
(EG-5-52) PROTAC 4 % 0.2- 10 uM B
< 011 10 uM
i R 10 uM
0.0' T T 1
0 500 1000 1500
Time (s)
EG-5-58
0.5
+ve Control
0.4 1uM
£
31 IAP PROTAC 2 03, o
9 0.
p 1uM 325+ 14
(EG-5-58) 1 ﬁ) 0.21 10 M
< 0.1 10 uM
0.0 ' . . 1oum
0 500 1000 1500
Time (s)
EG-5-59
0.5
+ve Control
0.4 1uM
£
32 OTAC 2 03, o
IAP PROTA g 1
M 313+21
(EG-5-59) 2 g) 0.2 10 M
< 0.4 10 uM
o 10 pM
) 500 1000 1500
Time (s)
EG-5-60
0.5
+ve Control
0.4 1uM
£
33 IAP PROTAC 2 03, o
9 0.
p TuM 339+19
(EG-5-60) 3 % 0.2] 10 uM
< 0.4 10 UM
10 pM
0.0' T T 1
0 500 1000 1500
Time (s)
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EG-5-61
0.5
— +ve Control
0.4- — 1uM
£
2 0.3] — 1M
34 IAP PROTAC | & ™ — 1uM 257 + 33
(EG-5-61) 4 %02 10 uM -
< 04 — 10uM
E— — 10 uM
0.0' T T 1
1] 500 1000 1500
Time (s)

** kinact/ K1 values were approximated by using one low [1] such that [I]<<K;. This allows for
simplification of the formula where (Kobs/[1])(ct) = kinact/Ki. Here, we are assuming that 1 uM

<<K|
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NMR Spectra of Intermediates and Final Compounds:
Fmoc Deprotection of IAP Ligand (Compound 22, EG-5-28):
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Propargylated Inhibitor (Compound EG-5-34)
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Azide-PEG1-VHL (Compound 5, EG-5-17)
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Azide-PEG2-VHL (Compound 6, EG-5-18)
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Azide-PEG3-VHL (Compound 7, EG-5-19)
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Azide-PEG4-VHL (Compound 8, EG-5-20)
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Azide-PEG1-1AP (Compound 23, EG-5-29)
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Azide-PEG2-1AP (Compound 24, EG-5-30)
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Azide-PEG3-1AP (Compound 25, EG-5-31)
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Azide-PEG4-1AP (Compound 26, EG-5-26/EG-5-32)
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Azide-PEG1-Lenalidomide (Compound 13, EG-5-39)
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Azide-PEG2-Lenalidomide (Compound 14, EG-5-40)
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Azide-PEG3-Lenalidomide (Compound 15, EG-5-41)
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Azide-PEG4-Lenalidomide (Compound 16, EG-5-42)
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Boc-1AP-PEG1-TG2Ligand (Compound 27, EG-5-43-2)
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Boc-1AP-PEG2-TG2Ligand (Compound 28, EG-5-44-2)
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Boc-1AP-PEG3-TG2Ligand (Compound 29, EG-5-45-2)
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Boc-1AP-PEG4-TG2Ligand (Compound 30, EG-5-46-2)
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VHL-PROTAC-1 (Compound 9, EG-5-35)
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VHL-PROTAC-2 (Compound 10, EG-5-36)
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VHL-PROTAC-3 (Compound 11, EG-5-37)
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VHL-PROTAC-4 (Compound 12, EG-5-38)
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IAP-PROTAC-1 (Compound 31, EG-5-58-2)
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IAP-PROTAC-2 (Compound 32, EG-5-59-2)
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IAP-PROTAC-3 (Compound 33, EG-5-60-2)
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IAP-PROTAC-4 (Compound 34, EG-5-61-2)

9P-OSINA 0S¢

EG-5-61-2.1.fid

€T,
PET
T
S1Z]
92

1v'€
£v'€
£v'€
a3
Py eq
SY'Eq
Sye
Sye
9v €y
VASS
Lt €1
8¢
847
647
647€
=
¥S°€]
§se]
95°€
957
957
SLie
9/°¢4
9s°¢4
88°¢]
98°¢
1€
[3R2
vEY
YEY
9€'v]
(e
by
Sty
9y
mo.&
60°L
872
o€z
ve L]
se/
9g/1
¥S2]
vS L]
vs°Z]
55721
951
95/
1621
6281
088’

=

s

e

N
S Ssns ,///

{C:\data} Keillor 19

=

1d_1H_8min DMSO

S/

VA

I

/

s

o

NN O 0N ®IN WY
XHeaRooNO
Mo ineo A

€0°¢

n
x
~N
~

R R e e e

oNno
NN
< &

T
)
—
<

£€6°0
06°0

s

443
S8'S
£€8°¢
00°1T
€0'T
80T
Tt
16°0
20°1T
£6°0
L6'T
S6°'T
S8°0
¥8°0

i et et

"

f1 (ppm)

386



Lenalidomide-PROTAC-1 (Compound 17, EG-5-49)
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Lenalidomide-PROTAC-2 (Compound 18, EG-5-50)
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Lenalidomide-PROTAC-3 (Compound 19, EG-5-51)
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Lenalidomide-PROTAC-4 (Compound 20, EG-5-52)
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HPLC Traces of Final Compounds:

VHL-PROTAC-1 (Compound 9, EG-5-35)

<Sample Information>

Sample Name : EG-5-35
Sample ID : EG-5-35
Data Filename : EG-5-35.Icd

Method Filename
Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

1 5-95% Method.lcm

:0-2 Sample Type
;10 uL

: 2/3/2023 12:50:32 PM
: 2/3/2023 1:11:40 PM

Acquired by
Processed by

: Unknown

: Boddy lab
: Boddy lab

<Chromatogram>

mvVv

8.108

Detector A Channel 2 254nm

Peak Table

Detector A Channel 2 254nm

Peak# | Ret. Time

5.477
6.758

Area%
0.1

0.344

7.259
7.594

0.756
0.472

8.108

84.368

RSENNINE

8.346
9.037

13.654
0.239

Total

100.000
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VHL-PROTAC-2 (Compound 10, EG-5-36)

<Sample Information>

Sample Name

Sample ID

Data Filename

Method Fil

ename

Batch Filename

Vial #

Injection Volume

Date Acqu

ired

Date Processed

: EG-5-36

: EG-5-36

: EG-5-36_001.lcd

: 5-95% Method.lcm
: EG-5-36-37-38.Icb

0-2 Sample Type

“10 UL
$ 2/13/2023 3:42:22 PM
- 2/14/2023 12:08:00 PM

Acquired by
Processed by

: Unknown

: Boddy lab
: Boddy lab

<Chromatogram>

mvVv

™
o
“
o

Detector A Channel 2 254nm

0.0 25 5.0 7.5
Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%
1 6.975 0.891
2 7.533 0.384
3 8.323 84.324
4 8.555 11.902
5 9.073 0.569
6 0.388 0.623
7 1.537 0.897
8 2.690 0.410
Total 100.000
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VHL-PROTAC-3 (Compound 11, EG-5-37)

<Sample Information>

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

1 EG-5-37

: EG-5-37

: EG-5-37_002.Icd

1 5-95% Method.lcm
: EG-5-36-37-38.Icb

Vial # :0-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 2/13/2023 3:57:54 PM Acquired by : Boddy lab
Date Processed : 2/14/2023 12:13:25 PM Processed by : Boddy lab
<Chromatogram>
mVv
x Detector A Channel 2 254nm
] 3
50+

Peak Table

Detector A Channel 2 254nm

Peak#
1

2
3
4
5
6
7
8

Total

Ret. Time

Area%
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VHL-PROTAC-4 (Compound 12, EG-5-38)

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-5-38

: EG-5-38

: EG-5-38_003.Icd

: 5-95% Method.lcm
: EG-5-36-37-38.Icb

Vial # :0-4 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 2/13/2023 4:13:30 PM Acquired by : Boddy lab
Date Processed :2/14/2023 12:17:47 PM Processed by : Boddy lab
<Chromatogram>
mV
] = Detector A Channel 2 254nm
4 ™
40 o

0.0 25 5.0 7.5
Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area Area%

1 5.282 779 0.207

2 5.600 637 0.169

3 7.074 405 0.108

4 7.523 968 0.257

5 7.780 516 0.137

6 8.309 322819 85.655

7 8.535 48302 12.816

8 9.103 273 0.073

9 9.322 329 0.087

10 14.316 1854 0.492
Total 376883 100.000
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IAP-PROTAC-1 (Compound 31, EG-5-58-2)

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-5-58

: EG-5-58

: EG-5-58_002.Icd

: 5-95% Method.lcm

: EG-5-58-59-60-61-Purity.lch

Vial # :0-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 4/4/2023 10:48:18 AM Acquired by : Boddy lab
Date Processed : 4/4/2023 11:43:58 AM Processed by : Boddy lab
<Chromatogram>
mVv

250

6.757

Detector A Channel 2 254nm

Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%

4.604 4.904

2 5.685 2.565

3 6.757 86.186

4 7.076 4.239

5 8.279 1.886

6 9.626 0.219

Total 100.000
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IAP-PROTAC-2 (Compound 32, EG-5-59-2)

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

1 EG-5-59

: EG-5-59

: EG-5-59_003.Icd

: 5-95% Method.lcm

: EG-5-58-59-60-61-Purity.lch

Vial # :0-3 Sample Type : Unknown
Injection Volume : 10 uL

Date Acquired : 4/4/2023 11:03:53 AM Acquired by : Boddy lab
Date Processed :4/4/2023 11:48:17 AM Processed by : Boddy lab
<Chromatogram>

mVv

6.937

Detector A Channel 2 254nm

Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%
1 3.313 0.526
2 4.822 5.433
3 5.410 0.347
4 5.855 0.384
5 6.010 0.877
6 6.937 86.291
7 7.244 5.016
8 8.431 0.499
9 9.600 0.628
Total 100.000
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IAP-PROTAC-3 (Compound 33, EG-5-60-2)

<Sample Information>

Sample Name
Sample ID
Data Filename

Method Filename

Batch Filename

: EG-5-60

: EG-5-60

: EG-5-60_004.Icd

: 5-95% Method.lcm

: EG-5-58-59-60-61-Purity.Ich

Vial # 104 Sample Type : Unknown
Injection Volume : 10 uL

Date Acquired : 4/4/2023 11:19:28 AM Acquired by : Boddy lab
Date Processed : 4/4/2023 11:52:10 AM Processed by : Boddy lab
<Chromatogram>

mv

Detector A Channel 2 254nm

o

%

3

T T T —T — T
0.0 25 5.0 7.5 10.0 12.5 15.0
min
Peak Table
Detector A Channel 2 254nm

Peak# | Ret. Time Area%
1 3.291 0.825
2 4.860 6.451
3 6.037 2.289
4 6.931 82.174
5 7.242 5.086
6 7.635 0.144
7 .058 0.803
8 .460 0.724
9 .633 0.79
10 .565 0.34
11 14.620 0.37
Total 100.000
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IAP-PROTAC-4 (Compound 34, EG-5-61-2)

<Sample Information>

Sample Name
Sample ID
Data Filename
Method Filename
Batch Filename

1 EG-5-61

. EG-5-61

: EG-5-61_005.Icd

1 5-95% Method.lcm

: EG-5-58-59-60-61-Purity.lch

Vial # :0-5 Sample Type : Unknown
Injection Volume : 10 uL

Date Acquired 1 4/4/2023 11:35:01 AM Acquired by : Boddy lab
Date Processed : 4/4/2023 11:56:34 AM Processed by : Boddy lab
<Chromatogram>

mVv

Detector A Channel 2 254nm

7.041

0.0
min
Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%
1 3.278 0.755
2 4.968 5.454
3 6.123 1.279
4 7.041 86.800
5 7.323 4.304
6 8.096 0.337
7 8.665 0.800
8 9.546 0.271
Total 100.000
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Lenalidomide-PROTAC-1 (Compound 17, EG-5-49)

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

: EG-5-49

: EG-5-49

: EG-5-49_002.Icd

: 5-95% Method.lcm

: EG-5-49-50-51-52-Purity.Ich

Vial # 10-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 3/31/2023 1:31:42 PM Acquired by : Boddy lab
Date Processed : 3/31/2023 1:46:44 PM Processed by : Boddy lab
<Chromatogram>
mV
i ] Detector A Channel 2 254nm
] é
500+
250+
] @
© o R 08«
] ® o ~ 5 ™ Q
o2} =23 D 5 X
07 < 0 N~ [ee]
1 T T T T T T T T T T T T T T T T T T T T T T T T T T
0.0 25 5.0 7.5 10.0 12.5 15.0
min
Peak Table
Detector A Channel 2 254nm
Peak# Ret. Time Area%
1 4.938 0.083
2 5.902 0.758
3 6.893 92.092
4 7.206 4.398
5 7.946 0.049
6 8.335 2.504
7 8.802 0.116
Total 100.000
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Lenalidomide-PROTAC-2 (Compound 18, EG-5-50)

<Sample Information>

Sample Name : EG-5-50

Sample ID : EG-5-50

Data Filename : EG-5-50_003.Icd

Method Filename : 5-95% Method.lcm

Batch Filename  : EG-5-49-50-51-52-Purity.Ich

Vial # :0-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 3/31/2023 1:47:14 PM Acquired by : Boddy lab
Date Processed : 3/31/2023 2:02:16 PM Processed by : Boddy lab
<Chromatogram>
mVv
] 3 Detector A Channel 2 254nm
1500+ o
i ©
1000
500
] 8
i g 8§ BN B
o 0 0 )
T 1T T T s s B R
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak Table

Detector A Channel 2 254nm

Peak# | Ret. Time Area%
1 5.067 0.656
2 5.970 1.142
3 6.768 0.057
4 6.958 94.503
5 7.263 3.522
6 8.589 0.081
7 8.827 0.040
Total 100.000
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Lenalidomide-PROTAC-3 (Compound 19, EG-5-51)

<Sample Information>

Sample Name

Sample ID

Data Filename

Method Fil

ename

Batch Filename

: EG-5-51

: EG-5-51

: EG-5-51_004.Icd

1 5-95% Method.lcm
: EG-5-49-50-51-52-Purity.Ich

Vial # :0-4 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 3/31/2023 2:02:45 PM Acquired by : Boddy lab
Date Processed : 3/31/2023 2:17:47 PM Processed by : Boddy lab
<Chromatogram>
mVv
12507, s Detector A Channel 2 254nm
] K
1000
750
500-|
250 o
1 8 o ~ o S o <o
] S §  I5|,~ 8 &
&’ A 0 © o o 0o
1 T T T T T T T T T T T T T T T T T T T T T T T T T T
0.0 25 5.0 7.5 10.0 125 15.0
min
Peak Table
Detector A Channel 2 254nm
Peak# | Ret. Time Area%
1 1.905 0.659
2 5.220 0.568
3 6.247 0.256
4 6.575 0.055
5 7.047 93.197
6 7.341 4.632
7 8.062 0.339
8 8.694 0.208
9 8.875 0.086
Total 100.000
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Lenalidomide-PROTAC-4 (Compound 20, EG-5-52)

<Sample Information>

Sample Name : EG-5-52

Sample ID : EG-5-52

Data Filename : EG-5-52_005.Icd

Method Filename : 5-95% Method.lcm

Batch Filename  : EG-5-49-50-51-52-Purity.Icb

Vial # :0-5 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired 1 3/31/2023 2:18:17 PM Acquired by : Boddy lab
Date Processed : 3/31/2023 2:33:19 PM Processed by : Boddy lab
<Chromatogram>
mV
125(}: g Detector A Channel 2 254nm
4 ~
1000
750
500
250
1 <
] @
o 0
-
0.0 25 5.0 7.5 10.0 12.5 15.0

Peak Table
Detector A Channel 2 254nm

Peak# | Ret. Time Area%
1 5.354 0.382
2 5.738 0.061
3 6.163 0.500
4 7.115 94.911
5 7.403 3.832
6 8.105 0.069
7 8.704 0.143
8 8.915 0.102
Total 100.000
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Chapter 6: Conclusions and Future Perspectives

6.1. Chapter 2: Peptidic Inhibitors and a Fluorescent Probe for the Selective Inhibition

and Labelling of Factor Xllla Transglutaminase

6.1.1. Conclusion to Chapter 2

In this chapter we sought to develop first-in-class isozyme selective small molecule
inhibitors for FXIlla. Upon realization that initial compounds were subjects of fluorescence
interference, and that the apparent inhibition we were observing was not enzymatic inactivation,
we directed our efforts toward optimizing a known peptidic inhibitor, ZED1301. By synthesizing
and evaluating a library of 11 peptides, which varied both the warhead itself as well as the length
of the methylene linker sidechain, we ultimately discovered that ZED1301 remained as the most
potent scaffold, and we reported the first time-independent inhibition parameters for this inhibitor
(Kinact/Ki = 373 x 10° M mint). We then derivatized this scaffold to incorporate a highly
fluorescent rhodamine B moiety at the N-terminus to produce a probe for active FXIlIla. The probe,
KM93, showed excellent potency in vitro with a Kinact/Ki ratio of 127 x 10° M~ min~! and a 6.5-
fold selectivity for FXIIla over TG2. KM93 was also able to label FXIlla irreversibly both in vitro
as well as in cellulo, making it a cell permeant FXIlla probe that can be applied to cell culture.
Fluorescence microscopy of bone marrow macrophages revealed FXIlla to be primarily localized
in punctate structures, demonstrating the utility of this probe as a new resource in the FXIlla

research toolbox.

403



6.1.2. Future Perspectives to Chapter 2

Our investigation of novel FXIII inhibitors did not reveal any new leads and moreover
confirmed that ZED1301 outcompetes other derivatives that we had hypothesized could show
greater reactivity. With this being said, our efforts did produce a first-in-class, highly potent, and
efficient probe for FXIlla, KM93, with desirable photochemical properties. This probe was applied
within cell cultures of bone marrow macrophages and will continue to act as an irreversible
fluorescent probe of active FXIIla for future investigations. In particular, it would be interesting
to apply KM93 to other cell lines known to express FXIlla, including chondrocytes and

osteoblasts, to enable localization studies within these cell types.

6.2.  Chapter 3: Intracellular Human Transglutaminase 2 is Responsible for the

Transglutaminase-Associated Cancer Phenotype

6.2.1. Conclusion to Chapter 3

The work presented within this chapter was a multidisciplinary effort to expand our
knowledge of the overlapping activities of TG2. More specifically, we designed, synthesized, and
evaluated three different classes of chemical biology research tools. Exploiting a recent SAR lead
compound, we functionalized the side chain of a glutamate residue to incorporate cargo to facilitate
cell impermeability, fluorescent labelling, and biorthogonal chemistry. All of the tools maintained
their affinity and reactivity with TG2, and the cell impermeable inhibitors exhibited strong
isozyme selectivity. The cell impermeable inhibitors were further validated to be non-cell
permeable by directly measuring their permeability and demonstrating that the values fall well
below the values that represent acceptable PK parameters. The fluorescent probe, NCEG-RHB,

was capable of labelling TG2 in vitro and was applied in cell culture of the SH-SY5Y cell line and
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visualized via fluorescence microscopy. Once visually validated to be cell permeant, NCEG-RHB,
as well as the cell impermeable NCEG2, were applied to cancer cell biology studies. Through the
analysis we were able to conclude that intracellular TG2 is responsible for both the proliferation
of HaCaT, SCC-13, and MDA-MB-436 cells as well as the migration of MDA-MB-436 cells,
given that only cell permeable inhibitors could hinder these traits, while the cell impermeable

inhibitor failed to provide any significant response compared to controls.

6.2.2. Future Perspectives to Chapter 3

The derivatives developed within this chapter are some of the most broad and all-
encompassing chemical biology research tools with isozyme selectivity disclosed to date for TG2.
The cell impermeable inhibitors, including NCEG2, are first-in-class scaffolds which can
irreversible inhibit specifically extracellular TG2. The cell permeant fluorescent probe, NCEG-
RHB, provides a useful visual tool for labelling TG2. The biorthogonal propargylated inhibitor
has only gone through a proof of concept in E. coli lysate but will be extremely useful in our
follow-up mechanism of action studies for our medicinal chemistry efforts. Further, the cell
impermeable inhibitors are in high demand by our collaborators as rigorous controls in ongoing

studies and will continue to serve this purpose in the future.

6.3. Chapter 4: High Affinity Fluorogenic Substrate for Transglutaminase 2 Reveals

Pattern Consistent with Enzymatic Hysteresis

6.3.1. Conclusion to Chapter 4

The manuscript presented in Chapter 4 encompasses our efforts to initially design a novel

FXI11 fluorogenic activity assay substrate, which ended up resulting in an extremely efficient TG2
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substrate. APH7 shows a high degree of affinity for TG2 with a Km = 3 uM, and a low rate of non-
enzymatic background hydrolysis. During our routine analysis of this substrate, we attempted to
reproduce the inhibition parameters determined for inhibitor AA9. The data obtained indicated
that AA9 appeared to be nearly an order of magnitude more potent when using APH7 than with
our classic AL5 substrate. These complexing results led us to several mechanistic experiments
before we ultimately concluded that TG2, being a dramatically conformationally flexible enzyme,
is vulnerable to patterns of enzymatic hysteresis. Certain substrates, more than others, seem to
stabilize a conformation of TG2 that is more susceptible to certain active site inhibitors. These
findings are the first evidence that TG2 can undergo this enzymatic phenomenon and through this

study we have also provided the field with a sensitive new activity assay.

6.3.2. Future Perspectives to Chapter 4

APHY7 is the highest affinity activity assay substrate at the current state in TG2 research.
Although this substrate uncovered a pattern of hysteresis with TG2, its usefulness is not hindered
by this inherent trait of the enzyme. Our current activity assay utilizing AL5 has been plagued by
inconsistencies as the extremely potent inhibitors currently in development in the group have
exposed the limitations of the AL5 assay. APH7, on the other hand, exhibits higher affinity for
TG2 and negligible background reactivity, which leads us to believe it could be the way forward
and the new standard for our research group’s evaluation of highly potent TG2 inhibitors. APH7
provides extremely reliable, consistent, and sensitive data with TG2, which highlights its

advantages and versatility moving forward.
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6.4. Chapter 5: Towards TG2 Active Site Directed PROTACs

6.4.1. Conclusion to Chapter 5

This preliminary work was based on our desire to explore a new route of TG2 therapeutics,
by eschewing from traditional small molecule inhibitors and instead targeting the enzyme for
proteasomal degradation. By utilizing our known highly tailorable scaffold from Chapter 3, we
incorporated various PEG linkers and E3L ligands to create a library of 12 novel compounds.
These compounds all exhibited excellent potency versus TG2 with the lead compound having an
estimated kinact/Ki efficiency value of 431 x 10° M min“t. Furthermore, 10 uM concentrations of
these PROTAC candidates completely inhibited the enzyme in less than 100 s in our assay
conditions, highlighting their reactivity. The future of this project will rely upon the results from
both the primary ELISA screen for TG2 degradation as well as the fully characterized western blot

degradation portfolio including efficiency and timeline.

6.4.2. Future Perspectives to Chapter 5

The prospective TG2 active site directed PROTACSs have shown that they do indeed bind
to the active site irreversibly with a high degree of affinity and reactivity. The next step will be to
screen the library in cellulo using cancer cell lines that express TG2 at an elevated level, to ensure
they serve their purpose and target TG2 for degradation. To design a higher throughput workflow
than traditional western blots, the library will first be screened using ELISA of the cell lysate after
treatment with the respective PROTAC. The lead compound from this study will then be further
evaluated to obtain reliable DCso and Dmax values by western blot to fully characterize its efficacy
and timeline of degradation. Further analysis of the PK portfolio will then be conducted to

determine whether this lead candidate could be optimized further from a PK perspective. Future
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iterations of these molecules will focus on rigidifying the linker and fine tuning both the PK and

PD portfolios in an effort to create a potential TG2 PROTAC with therapeutic applications.
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