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Abstract

Transglutaminases are a family of enzymes expressed in various tissues of our body.
Some are expressed ubiquitously while others are specific to a tissue. Their primary catalytic
activity is to crosslink substrates via an isopeptidic bond. The work described in this thesis
focuses on two of these transglutaminases; human tissue transglutaminase (hTG2) and human
factor Xllla (FXIlla). Divided into two projects for each enzyme, the main objective of this
thesis was directed towards the discovery of potent and selective covalent inhibitors for each
isozyme, namely hTG2 and hFXIllla.

The first project was concentrated on the inhibition of hTG2 activity. Ubiquitously
expressed in tissues, hTG2 is a multifunctional enzyme. Its primary activity is the formation of
isopeptide bonds between glutamine and lysine residues found on the surface of proteins or
substrates. In addition to its catalytic activity, hTG2 is also a G-protein, distinguishing it from
other members of the transglutaminase family. Much evidence illustrates that hTG2’s
multifunctional abilities are conformationally regulated between its “open” and “closed” forms.
Overexpression and unregulated hTG2 activity has been associated with numerous human
diseases; however, most evidence has been collected for its association with fibrosis and celiac
sprue. More recently, elevated hTG2 expression has been linked to cancer stem cell survival and
metastatic phenotype in certain cancer cells. These findings call for the development of suitable
and potent inhibitors that selectivity inactivate human hTG2 as a potential therapeutic target.
Starting with previously designed acrylamide based peptidomimetic irreversible inhibitors, a
structure-activity relationship (SAR) study was conducted. In this work, >20 novel irreversible
inhibitors were prepared and kinetically evaluated. Our lead inhibitors allosterically inhibited

GTP binding by locking the enzyme in its open conformation, as demonstrated both in vitro and



in cells. Furthermore, our most potent and efficient irreversible inhibitors revealed selectivity for
hTG2 over other relevant members of the transglutaminase family (hTG1, hTG3, hTG6 and
hFXIlla), providing higher confidence towards our goal of developing an ideal drug candidate.
The second project was concentrated on the inhibition of hFXIlla activity. In the blood,
coagulation factor XIII (FXIII) is a tetrameric protein consisting of two catalytic A subunits
(FXI11-Az2) and two carrier/inhibitory B (FXI11-B2) subunits. It is a zymogen, which is converted
into active transglutaminase (FXIIla) in the final phase of coagulation cascade by thrombin
proteolytic activity and Caz2+ binding. hFXIII is essential for hemostasis and thus its deficiency
results in severe bleeding conditions. Further, hFXIIla mechanically stabilizes fibrin and protects
it from fibrinolysis. Due to the enzyme’s involvement in the stability of blood clots, inhibition of
hFXIIla activity has been linked to thrombotic diseases. Furthermore, inhibitors of the enzyme
have the therapeutic potential to be used as anticoagulant agents. The current number of selective
and potent inhibitors of hFXIlla are few, mainly due to the similarity between its catalytic
pockets and hTG2. Inspired by a poorly reactive hTG2 inhibitor discovered in this work’s hTG2
SAR study, we synthesized a small library of covalent inhibitors for hFXIIla. Our kinetic results

from this pioneering SAR study will pave the way for future hFXIlla inhibitor SAR studies.
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Chapter One: Introduction

1.1 Medicinal Chemistry

Medicinal chemistry is a branch of chemistry that serves to design, synthesize and evaluate
biologically active compounds that interact with distinct targets to combat diseases. Moreover, it
is a discipline that connects synthetic chemists, biochemists, pharmacologists and biologists, to
create a collaborative environment towards the development of a drug. The drug discovery
process begins with the collection of data in a research setting to validate a hypothesis that states
the inhibition or activation of a protein or pathway will result in a therapeutic effect towards an
illness. The selected target is screened against a library of compounds to identify a ‘hit’ molecule
that interacts with the target to provide the desired biological activity. Chemical synthetic
manipulations follow to improve the potency, selectivity, physicochemical and pharmacokinetic
properties, with the hopes of generating a ‘lead’ compound that sustains the therapeutic effect.
Once a small organic molecule or a biological therapeutic with drug-like properties is
engineered, often termed a drug candidate, it will be evaluated in clinical trials, and if successful,

ultimately become a marketed medicine.

1.1.1 Target Identification

Identifying and validating a biological target associated with a disease is a central initial
step in the drug discovery process. A target is a broad term used for a biomolecule involved in
the disease process, which includes proteins (i.e. enzymes, receptors and ion channels) and
nucleic acids. A target may also pertain to the association or disturbance of a specific protein-

protein or protein-gene interaction. ldeally a target needs to be efficacious, safe and accessible to



the drugz. In addition, the biological target must have an activity assay to evaluate the binding of
the drug in vitro and in vivo. Furthermore, validation of the target is essential and can be
acquired by target modifications, to observe loss or decrease of disease’s phenotype through the
appropriate in vivo model (e.g. transgenic mice studies).

One valuable identification method to find novel drug targets is done through
accessing relevant literature published and shared by researchers worldwide. Another target
identification approach includes examining mRNA/protein levels to determine whether
expression is linked to cause or progression of disease. Descriptive studies can provide direction
through evaluation of mRNA/protein expression in diseased versus healthy tissues. Genetic
association is another tactic used to identify valid targets. For example, familial Alzheimer’s
Disease (AD) patients often have mutations in the amyloid precursor protein or presenilin gene
which further leads to the increased production of the amyloid beta peptide in the brain,
characteristic of AD2. The use of chemical probes to profile the genomic or proteomic activity of
specific target classes has also helped in the identification of targets in disease versus healthy
models. Proteomic based techniques for target discovery include mass spectrometry approachess
and non-mass spectrometry approaches, such as reverse phase protein microarrayss and peptide
arrayss. Furthermore, an alternative approach can be done using phenotypic screening to identify
applicable disease targets. Kurosawa and coworkers used a phase-display antibody library to
isolate human monoclonal antibodies that bind to the surface of tumour cellss. Immunostaining
identified preferred and strong binding of monoclonal antibodies to the malignant cells and the
recognized antigens were isolated and were beneficial for identifying targets for cancer
therapeutics. It is very important that the identified targets are validated experimentally with a
proposed mode of action towards the disease. Target validation techniques range from in vitro
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experimentation, to reveal characteristics of the target and its pathways in which it is involved, to
in vivo modification of a desired target in animal models. Many techniques exist to validate a
target; however, confidence is gained when multiple approaches are employed to show similar

results.

1.1.2 Hit Identification

Once a target has been identified and validated with confidence, a hit compound is sought
after. Like a target, a hit compound must also be identified and validated. The purpose of a hit
compound is to elicit the desired activity towards a biological target to ultimately effectively
treat a disease. Early drug discovery has mainly relied on naturally occurring substances for
medicinal purposes. Natural products, particularly in plants, played a leading medical role
against various human pathologies. In the early 1900s, scientists began to examine natural
substrates more closely with the hope of identifying and isolating the natural ingredient that was
medically useful. The serendipitous discovery of penicillin’s antibacterial property by Fleming in
19297 and its isolation by Chain and Florey in 1940s is one defining example that paved the way
for modern antibacterial drugs. However, pharmaceutical companies have reduced their research
and investments towards medicinally active natural products in the past two decadess.
Justification for the reduced interest of natural products as hits for drug discovery been
reviewedo; justifications include the fact that hit identification from natural products is a slow
process in comparison to the pace of high throughput screening of many existing compound
libraries, and also that the structural complexity of natural products leads to difficult synthesis.

Advances within the drug development sector have led to a variety of screening

approaches to identify hit molecules. One widely used approach is high throughput screening,
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where various available compound libraries are assayed directly against the desired drug targetaio.
This type of screening requires a target specific activity assay to identify a hit compound from a
large library of approximately 100,000 compounds. With the use of complex automated
machinery, high throughput screening can identify a hit molecule without prior knowledge of
target structure, allowing for a time efficient process. Unlike high throughput screening,
fragment based screeningi1 involves the screening of a smaller library (thousands of compounds)
of low molecular weight compounds in hopes of finding a hit. Typically, hit fragments will have
low affinity to the target but will provide a structural basis for further modifications. Through
computational and crystallographic analysis of hit fragment with target, the fragments that form
high quality interactions with target are then optimized to possess high affinity and selectivity.
Alternatively, a more qualitative phenotypic screening can be done using a tissue based
approachi2, which looks for a response more aligned with the final desired in vivo effect as
opposed to targeting one specific molecular component.

With the explosion of genomic, proteomic, and structural information of hundreds of
targets, an alternative approach to drug discovery has emerged, known as structure-based drug
designis. In fact, a combination of the above screening approaches can be combined with a
structure-based approach. Primarily, structural data of the target, deriving from X-ray
crystallography, NMR or possible homology models, must be available to use. Using computer
algorithms, compounds or fragments of compounds from rational design, a database or hits from
a screen are positioned into a selected region of the structure. These compounds are virtually
scored and ranked based on their steric and electrostatic interactions with the target site, and the
best compounds are prepared and tested with biochemical assays to identify a hit or validate a hit
from a screen. Structure determination of the target in complex with the identified hit will reveal
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structural moieties of the compound that can be optimized to increase potency. Potency can be
improved by studying the structure-activity relationship (SAR) of the hit compound towards its
target. An SAR study aims to understand the 3D structural interaction of a hit with its biological
target, which allows researchers to rationally understand the available chemical space. The
optimized compounds usually show marked improvement in binding and, often, specificity for
the target.

Within this broad field of medicinal chemistry, the Keillor group focuses on the
development of inhibitors for transglutaminases. More specifically, we design, synthesize and

evaluate inhibitors of tissue and plasma transglutaminases.

1.2 Transglutaminases

Transglutaminases (TGases, EC 2.3.2.13) are a family of calcium (Ca2+) dependent
enzymes that post-translationally modify their respective substrates by introducing an isopeptidic
Ne-(y-glutaminyl)lysine bond. The introduction of the isopeptic covalent bond occurs between a
glutamine containing protein or peptide and a primary amine such as a lysine residue found on the
surface of a protein. Some transglutaminases are known to be multifunctional proteins; however, they
share one general mechanism depicted in Scheme 1.1 The TGase family is composed of nine
isoforms: TGases 1 through 7, Factor XIIl, and the catalytically inactive erythrocyte membrane
protein band 4.2. Throughout the catalytically active TGases members, a conserved catalytic triad is
found consisting of the residues cysteine, histidine and aspartate. The human isoforms are described

individually below.
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Scheme 1.1.1. Transamidation reaction catalysed by TGases.

Reproduced with permission from Keillor et al., Bioorganic Chemistry (2014)14

1.2.1 Keratinocyte Transglutaminase (TG1)

TG1, also known as keratinocyte TGases, is 90-kDa enzyme that is found as a protein
anchored to the keratinocyte membrane in the epidermis via fatty acyl linkages. As intracellular
Caz+ levels rise in suprabasal epithelial cells of the epidermis, TG1 crosslinks the appropriate
proteins to assemble the cornified envelope, a protective layer replacing the plasma membrane of
keratinocytes. Pathogenetically, TG1 is associated with lamellar ichytosis, a disorder of

cornification that affects the epidermis.

1.2.2 Tissue Transglutaminase (TG2)
Among the most studied of the TGases, tissue transglutaminase or TG2 is a 78-kDa

protein that structurally consists of four domains; an N-terminal f-sandwich, a catalytic domain



harbouring the active site Cys277, and two C-terminal B-barrelsis. Ubiquitously expressed in
tissues, TG2 is predominantly found in the cytosol, but it is also localised in the nucleus, membrane,
cell surface and extracellular matrixiz. TG2 is a multifunctional enzyme that has been demonstrated
to have transamidation, deamination and GTP binding activityis. To avoid nonspecific crosslinking
in the intra- and extracellular environment, regulation of TG2 activity is tight. Three well
understood physiological regulators of its enzymatic activity are Ca.- ions, guanine nucleotides,
and protein redox regulation by thioredoxin. TG2’s transamidation activity is activated by Caz2+
and inhibited by GTP, an allosteric regulatoris. When bound to guanine nucleotides, such as GTP
or GDP, TG2 adopts a compact (closed) conformation, where substrate access to Cys277 is
obscured by two loops of the first f-barrel domainie. Studies showed that TG2 activity is also
affected by redox potential of its environmentzo21i. More specifically, TG2 is susceptible to
reversible inactivation by the formation of an intramolecular disulfide bond between cysteine
residues Cys370/Cys371. Unregulated TG2 activity has been associated with Celiac disease,
fibrosis, Alzheimer’s disease and canceris. Further detail on TG2 is found in section 1.3 since it is

the subject of significant study presented in this thesis.

1.2.3 Epidermal Transglutaminase (TG3)

Similar to TG1, TG3 (epidermal TGase) is expressed in keratinocytes and is a cytosolic
protein found in the upper epidermal layers, with a role in cornified envelope assemblyis. TG3 is
structurally similar to TG2 as evident from its crystal structure (PDB code 1L9N), also possessing
a Cys-His-Asp catalytic triadiz. TG3 is expressed as an inactive 77-kDa zymogen, which is
proteolytically cleaved into a 50-kDa active enzyme (TG3a). Moreover, the cleaved 27 kDa fragment

remains associated with the activated proteinzz. Like other TGases, TG3 requires Caz+ for its



catalytic transamidation activity. The zymogen binds a single calcium ion and upon proteolytic
activation, the active enzyme weakly binds two additional Caz2+ ions. As with TG2, guanine
nucleotides also inhibit TG3 activityzs. Physiologically, while gluten sensitivity typically known as
Celiac disease is associated primarily with TG2, TG3 has been suggestedis to serve as the auto-
antigen responsible for the skin phenotype in dermatitis herpetiformis, a blistering skin disease in

response to gluten sensitivity.

1.2.4 Prostate Transglutaminase (TG4)

TG4, also known as the prostate transglutaminase, is an enzyme found to be expressed
predominately in the prostate gland2s. The exact function of TG4 in humans is not entirely
known, and neither is the structure of this 77-kDa protein. Physiologically, TG4 knockout mice
exhibited reduced fertility due to defects in copulatory plug formation, preventing oocyte
fertilizationzs. It has also been found that the elevated expression of TG4 has a role in the
aggressiveness of prostate cancera. More specifically, TG4 was involved in the adhesion of
cancer cells to the extracellular matrix via interaction with the f1 subunit of integrin. Increased
levels of TG4 have been linked to increased tumour aggressiveness, making TG4 a possible

biological target in devising treatment for prostate cancer.

1.25 TGS

In comparison, TG5 was a later discovery in the TGase family2s. Although its function
has not been fully characterized, it is known to be expressed in the upper spinous and granular
layer of the human epidermis and in hair folliclesis. Like TG3, TG5 is an 80-kDa zymogen

which, upon proteolytic cleavage, produces a 53-kDa fragment comprised of the shared TGase



catalytic domain. TG5 contains a GTP binding site, and both GTP and ATP inhibit its activity in
vitrozz, and the role of its GTP binding activity in regulating cell function is not fully understood.
Like TG2 and TG3, the presence of Caz+ can out compete guanosine nucleotide binding and
restore transamidation activity. Physiologically, intracellular overexpression of TG5 has been
linked to apoptosis, a distinguishing consequence from other TGases found in the epidermiszs. In
addition, mutations in the TG5 gene are known to cause acral peeling skin syndrome, an

autosomal recessive skin disorder2s.

1.2.6 TG6

TG6 is another recently identified member of the TGase familyso. Its descriptive
characterizations1 suggests that the expression of TG6 is unique to specific tissues rather than
having a ubiquitous expression like TG2. Evidence of TG6 expression in an adult mouse brain
was observed, more specifically in the septal region, basal ganglia, hypothalamus and
brainstems2. The enzyme consists of 706 amino acids and has a calculated molecular mass of
about 79 kDa. Structurally, TG6 displays high amino acid sequence conservation to TG3 (50%
overall and 59% within the Cys-His-Asp catalytic core domain). However, similarly to TG2,
TG6 is sensitive to oxidative inactivation and is inhibited by guanine nucleotides in a manner
that suggests that it may also act as a guanine exchange factorsi. Furthermore, TG6 is a protein
that can be detected in the cell cytosol as well as at the cell surface, which might allow it to have
independent intra- and extracellular functions, where the enzyme might function based on the
availability to bind GTP or Caz+. TG6 has been associated with ataxia-like deficits in mice and it

is hypothesized that TG6 may play an important role in motor controlsa.



1.2.7TG7

In terms of physiological function, little is known about TG7. The enzyme was first
identified at the transcriptional level through deeper analysis of the transglutaminase gene
clusterso. TG7 is composed of 710 amino acids and has a molecular mass of 80 kDa. Peptide
screens have identified peptidic substrates for TG733 that provide direction to measuring TG7’s
transamidation activity to further understand its physiological function. So far, no reports

associate TG7 with any known disease.

1.2.8 Plasma Transglutaminase (FXI1I1)

Plasma TGase or Factor X111 (FXIII) is a 320-kDa tetrameric enzyme complex consisting
two A subunits (FXIIIA) and two B subunits (FXI11B)3a. Factor XIII exists as a homodimer of
the A subunits in extracellular matrix, while plasma FXIII circulates in the blood as an A2B2
heterotetramer. FXIIIA is a zymogen that possesses the catalytic domain responsible for
transamidation, while FXIIIB is an inhibitory glycoprotein subunit with no enzymatic functionss.
Although the full FXII1 complex has not yet been crystallized, the structure of the 83-kDa A2
homodimer subunit has been solved by X-ray crystallography (PDB 1GGU). Like TG3 and TG5,
FXIIA is a zymogen that is activated (FXIIla) by proteolytic cleavage, more specifically by
thrombin, allowing the catalytic cysteine in the active site to be accessible. FXIlla lacking the
inhibitory B subunits can be activated upon elevation of intracellular calcium concentrations,
independent of proteolysisiz. FXIlla is mainly known for polymerizing fibrin in the blood
clotting cascade (further detail in section 1.4.1); however, expression in other tissues has been
reportedss. Several protein substrates for FXIlla have been identified, including proteins

involved in blood coagulation, such as adhesive proteins and cytoskeletal proteins. These classes
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of substrates correlate with the three functional roles for FXIlla, namely its involvement in
fibrinolytic system, wound healing, and other less well-defined cellular functions. Further detail
on FXIII is found in section 1.4 since it is one of the enzymes contributing to the work in this
thesis.

1.2.9 Erythrocyte membrane protein band 4.2

Unlike other members of the TGase family, erythrocyte membrane protein band 4.2
(band 4.2) has no catalytic activity. High sequence homology is observed between band 4.2 and
the active site region of other TGases containing the following amino acid sequence: Gly-GlIn-
Cys-Trp-Val, which includes the active site cysteiness. However, band 4.2 has an alanine residue
in the place of the catalytic cysteine, a substitution that is no doubt responsible for the lack of
transamidation activity. Band 4.2 is mainly present in erythrocytes, bone marrow, fetal liver, and
spleens7. Band 4.2 is a major component of the erythrocyte membrane cytoskeleton and plays an
important role in maintenance of membrane integrity and regulation of cell stabilitys7. Band 4.2
null mice show alterations in red blood cell function, including spherocytosis and altered ion

transportss.

1.3 Human Tissue Transglutaminase

Tissue transglutaminase (TG2) is the primary focus of the inhibitor development program
in the Keillor group and one of two transglutaminases studied over the course of this thesis work,
the other being factor XIII. TG2 was the first member of the TGase family to be discovered and
remains the most studied. TG2 has been associated with several diseases; however, for this work,

it is considered as a medicinal target involved in tumour invasion, migration and growth. Details
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of its mechanism, allosteric and conformational regulation, physiology, associated diseases and

current inhibitors are presented below.

1.3.1 Mechanism

TG2 has been demonstrated to act as an acyl transferase using a ping-pong mechanism to
catalyse its crosslinking or transamidation reactions. Transamidation occurs as a double
displacement reaction; initially, the active site cysteine (C277) thiolate attacks the amide side
chain of a glutamine residue, resulting in the formation of a thioester acyl enzyme intermediate
and the release of ammonium. Consequently, a primary amine (such as the amine side chain of a
lysine residue) acts as a nucleophile, resulting in the formation of an isopeptidic bond and the
liberation of the enzyme. Accordingly, transamidation reactions result in posttranslational
modifications of glutamine acyl donors in the presence of a suitable primary amine that can serve
as acyl acceptor substrate. When this primary amine is the lysine side-chain of a second protein,
cross-linking occurs. In the absence of a primary amine substrate, water can assume the role of
an acyl acceptor ‘substrate’, resulting in the deamidation of the glutamine residue to glutamate.
Mechanistically, hydrolysis has been observed to be much slower than aminolysis, and
deacylation appears to be rate-limiting over acylationss. A more detailed representation of the
mechanism is shown below in Scheme 1.2. While additional acyl transfer reactions have been
proposed for other TGases, limited evidence exists in support of TG2 mediated intramolecular
transamidation (i.e. cyclisation)4o or transesterificationsi,42. In addition, TG2 can reversibly
cleave isopeptide bonds with its isopeptidase activityas.

The active site consists of a catalytic triad of Cys277, His335 and Asp358 that are located

at the end of a hydrophobic tunnel made up of Trp241, Trp332 and Thr360. The mutation of
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tryptophan residues Trp241 and Trp332 to alanine results in a protein with no detectable
activityis, thus confirming that these tunnel-lining residues have a role in catalysis. Furthermore,
Thr360 is also involved in the transamidation activityis; the T360A mutant displays a marked

preference for hydrolysis over aminolysis.
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Scheme 1.2. Acyl transferase activities of TG2.

Reproduced with permission from Keillor et al., Bioorganic Chemistry (2014)14

TG2 is relatively selective regarding which GlIn residues are modified by acyl transfer
reactions, but much less selective towards lysine residues or primary amines. Early studies with
guinea pig liver TGase (gplTG) by Folk and Cole reported that GIn alone does not serve as a
substrate, nor do the peptides GIn-Gly and Gly-GIn-Gly; however, Cbhz-GIn-Gly, Cbz-GlIn-
GlyOEt, and benzoyl-Gly-GIn-Gly are functionalss. From this work it was noted that the N-

terminal Cbz group plays an important role in conferring affinity for small peptidic substrates.
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Additional insight was provided in a kinetic study that featured a series of synthetic dipeptides
bearing an N-terminal Cbz or Boc groupss. All Cbz-peptides displayed similar Km and Keat
values, whereas the Boc-dipeptides did not appear to act as donor substrates, showing no
reactivity with gplTG. Given its simple structure, reasonable affinity and commercial
availability, Cbz-GIn-Gly has been the most commonly used non-protein acyl donor substrate.

1.3.2 Allosteric regulation

The acyl transfer reaction of TG2, including transamidation, is allosterically activated by
binding of Caz+ ions. In contrast, binding guanine containing nucleotides inhibits transamidation
activityse. Several potential calcium binding sites have been tentatively identifieds7, whereas the
nucleotide binding pocket of TG2 associated with GTP/GDP binding has been shown by X-ray
crystallography to include residues 476-482 and 580583 of the first and last strand of B-barrel 1
(see TG2 structure in figure 1.1). In its active form, TG2 binds up to six Caz+ ions and its
transamidation activity is decreased or lost when specific Caz+ binding sites are mutatedar.
Additionally, the binding of GTP may be abolished by an arginine point mutation (R580A)
found in the proposed GTP/GDP binding pocketss. TG2’s ability to bind guanine nucleotides
also led to the realization that it was also known as the G-protein Gha, which mediates the
activation of phospholipase C by the a1s-adrenergic receptoras.

In the cytosol, the transamidation activity is likely dormant, due to the low concentration
of Caz+ and the high concentration of GTP. However, extracellularly, the higher concentration of
Caz+ results in an increase of its transamidation activity. To regulate its extracellular activity,
studies have shown that TG2 forms a disulfide bond between Cys370 and Cys371 through the
oxidation of residue Cys230, initiating a cascade of intramolecular disulfide bond formation to

render it inactiveis20. More recently, characterization of the physiological mechanism for the switch
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between the (active) reduced state and the (inactive) oxidized state of TG2 has been linked with the
protein thioredoxin, as a specific activator of oxidized TG221. Moreover, TG2 is protected from
oxidation in the presence of high calcium ion concentrationzo, suggesting that TG2 activation is not
simple. In summary, Caz+, guanine nucleotides, and the redox potential combine to regulate TG2 in
three distinct states, depending on the physiological conditions the enzyme faces.

1.3.3 Conformational regulation

Different from other TGases, TG2 undergoes a large conformational change that is
allosterically regulated. TG2 adopts an extended or open conformation upon binding of Caz+ and
folds into a compact or closed conformation once bound to GTP/GDP. In the closed, inactive
form, TG2 assumes a compact conformation (Figure 1.1 A) that displays considerable interaction
between the catalytic domain and the two C-terminal B-barrels, thus reducing the accessibility to

and the activity of the catalytic site. However, in the open form (Figure 1.1 B), the active site is

. [32-barrel ﬁ

solvent exposed.

B1-barrel
Cal
— Catalytic
GTP/GDP=@ core
N-terminal
[-sandwich

Figure 1.1. Conformations of TG2: A) closed GDP boundie conformation and B) open

substrate mimicking inhibitor boundis conformation.
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Originally, the conformational change was observed by small-angle X-ray scattering
(SAXS) in the form of a considerable increase in the radius of gyration of the activated enzyme
in solutionso. Solved x-ray crystal structures of the enzyme demonstrate that two dramatically
different structures exist, as seen in Figure 1.1, which are allosterically regulated to cause a large
conformational change. The distance between the termini increases from less than 10 A in the
closed form to approximately 150 A in the open formsi1. During this conformational change, the
C-terminal B-sandwich domains are displaced, while the N-terminal and catalytic domains
remain mostly unchanged, thus suggesting that the closed form blocks substrate binding, while
the open form reveals the active site for catalytic activity. This conformational regulation is
therefore not involved in the spatial orientation of the catalytic machinery for activity.
Furthermore, native polyacrylamide gel electrophoresis (nPAGE) confirmsie the presence of two
conformations in solution, as does kinetic capillary electrophoresis (CE)s2. The latter experiment
showed that the interconversion rates between the open and closed forms are slower than Keat,
suggesting that the conformational changes do not occur during the catalytic cycle, but rather as
part of the tight functional regulation of TG2. Finally, FRETss and FRET-FLIMs1 experiments in

cellulo have confirmed the effect of Caz2+ in promoting the open form of the enzyme.

1.3.4 Physiological roles

Since the discovery of TG2 in 195754 a large number of putative substrates have been
proposed for the enzyme in the intra- and extracellular component of various tissues. At the
extracellular surface, TG2 uses its transamidation activity to crosslink proteins such as collagen,
fibronectin and elastin to aid in extracellular matrix assembly and stabilizationss. Moreover, TG2

has been reported to act as a non-enzymatic scaffold protein, non-covalently interacting with
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extracellular proteins to enhance cell adhesionss. Using its transamidation activity, TG2 can
incorporate amines such as serotonin, histamine, dopamine and norepinephrine to monoaminate
substrate proteinss7. TG2 has also been observed to promote cell survival through a signalling
role associated with its conformation, protecting cells from apoptosisss. In the absence of suitable
amine substrate or at relatively low pH, TG2 can also hydrolyse peptide-bound glutamines to
glutamic acids via its deamidation reaction. Besides its classical transamidation/deamination
activity, TG2 possess a poor GTPase activity and a non-enzymatic GTP binding functionsg,eo. Its
GTP binding activity allows intracellular TG2 to link transmembrane adrenergic, thromboxane

A2, and oxytocin receptors to cytoplasmic signalling targets such as phospholipase C.

1.3.5 Associated Diseases
1.3.5.1 General

Pathogenicity of TG2 can arise from its unregulated transamidation and deamination
activity. More so, its GTP binding ability has also been proposed to evoke certain signalling
pathways that lead to a disease state. TG2 has been implicated in the pathogenesis of a number of
diseases, such as neurodegenerative disorderse1, diabetess2, renal diseasees, fibrosises, celiac
spruess and certain types of cancerses. Overall, the greatest potential for the treatment of TG2-
related disease at the moment appears to be centred around celiac disease, fibrosis and tumour
progression, due to the specific nature of the enzyme’s role in their pathologies. Therefore,
inhibition of TG2 activity may offer a potential strategy to therapeutically treat these diseases.
Before examining the scope of TG2 inhibitors, a brief examination of the role TG2 in celiac
sprue, fibrosis, and tumour growth will help illustrate the potential benefits these inhibitors may

offer.

17



1.3.5.2 Celiac disease

Celiac sprue, also known as celiac disease, is a T-cell mediated inflammatory disorder of
the small intestine caused by a class of proteins called prolamins found in wheat, barley, and
ryess. Prolamins intrinsically have a high glutamine content (approximately 30%) and some of
these glutamine residues are recognized by TG2. Intestinal TG2 deamidates specific glutamine
residues in the prolamin peptides to glutamate residues, thereby increasing their affinity for the
disease-associated HLA-DQ2 and HLA-DQ8 proteins, which in turn trigger the T cell immune
response leading to inflammation and destruction of intestinal architecturesz. Celiac patients also
generate an antibody autoimmune response against TG2es, creating anti-TG2 antibodies that can
be found in both the small intestine, where they have been shown to colocalize with extracellular
TG269, and in the blood, where they are currently being used as a diagnostic tool for the

diseasero.

1.3.5.3 Fibrosis

Damage to tissues prompts a repair process typically involving two distinct stages: a
regenerative phase, in which injured cells are replaced by cells of the same type and a phase
known as fibroplasia or fibrosis, in which connective tissues replaces normal parenchymal
tissue71. Although initially beneficial, the repair process becomes pathogenic when it is not
controlled appropriately, resulting in substantial deposition of extracellular matrix components in
which normal tissue is replaced with permanent scar tissue. Fibrotic disease can affect vital
organs including the lungs, liver, heart, and kidneys. Recent studies suggest that TG2 is involved

in tissue fibrosis due to its role in stabilization and crosslinking of the extracellular matrix. In
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pulmonary fibrosis, TG2 knockout mice experiments showed significantly less fibrosis
phenotype compared with wild-type micess. In kidney fibrosis, it has been shown that in rats
induced to undergo renal scarring, treatment with the transglutaminase inhibitors lead to
reduction in kidney scarring with preservation of kidney functionz2,7s. In liver fibrosis, TG2 has
been shown to be involved in the increase in production of protein crosslinks, furthermore,
liposome based delivery of TG2 inhibitors to the liver has minimised and reversed the scarring
associated with fibrosisza. With these associations and further studies to dissect the mechanism of
TG2 involved in fibrotic diseases, the development of TG2 specific drug candidates may be

valued towards therapeutic options.

1.3.5.4 Tumour progression

Tumours are heterogeneous cells, made up of mainly two components: the parenchyma
(neoplastic cells) and the stroma (microenvironment)7s. The components of the complex
microenvironment, which includes several tumour supporting cells, modulate cancer cell growth
and regulate their malignant biological behaviours through numerous intracellular signalling
transduction pathwaysze. Cancer cells recruit tumour supporting cells from nearby endogenous
host stroma and encourage events such as tumour angiogenesis, proliferation, invasion, and
metastasis, as well as mediate mechanisms of therapeutic resistancezz. Tumour stromal cell
composition is known to vary between tissues, which adds to the complexity of cancer
therapeutics. Metastasis is a leading cause of poor prognosis and high mortality rate among many
malignancies and epithelial-mesenchymal transition (EMT) is a major biological process
promoting the invasive and metastatic abilities of cancer cells. Many studies have shown that

elevated and unregulated TG2 expression is associated with formation of aggressive and
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metastatic tumours that are resistant to conventional therapeutic interventionzs. TG2 has been
shown to be a breast cancer cell survival factor, and overexpression in the tumour’s stroma is
associated with high risk of cancer recurrencere. TG2 is highly expressed in advanced breast
cancer and in drug-resistant breast cancer cells and TG2 knockdown restores drug sensitivityso.
In glioblastoma, TG2 expression is elevated in tumour regions where fibronectin assembles in
the extracellular matrix, and knockdown of TG2 results in a loss of this assemblysi. Treatment
with a TG2 inhibitor, reduces matrix remodelling both in vitro and in vivo, and resensitizes
glioma tumours to chemotherapeutic treatmentsi. Moreover, a GTP-binding competent and
transamidation defective TG2 mutant confers resistance to doxorubicin, suggesting that GTP
binding activity, but not TG2 crosslinking activity, is required for this responses2. Epidermal
squamous cell carcinoma tumours possess a subpopulation of cells that display a different
potential for proliferation and differentiation called epidermal cancer stem cells (ECS cells)ss.
These ECS cells have shown to form fast growing, aggressive, invasive, and highly vascularized
tumours in immune-compromised micess. Elevated expression of TG2 is observed in ECS cells
and TG2 knockdown or irreversible inhibition of TG2, reduces ECS cell survival, invasion and
migrationss. Furthermore, using the appropriate TG2 mutants, the mechanism inducing the
metastatic behaviour of ECS cells was linked to the GTP binding activity and not the
transamidation activity of the enzymers. TG2 has also been associated with ovarianss, breastrs,ss,
pancreaticsz, liverss, lungss and colon cancerss. These findings suggest that TG2 holds

therapeutic significance in the fight against cancer.
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1.3.6 Current Inhibitors

As discussed above, TG2 is a potential therapeutic target and selective and potent TG2
inhibitors, to alter one or all its activities, are sought after clinically. Depending on the disease
state, the pathogenic role of TG2 has been linked to its protein crosslinking, deamidation or GTP
binding activity, thus inhibitors are designed to inactivate the enzyme based on the disease
associated activity. Moreover, TG2 knockout mice appear developmentally and reproductively
normal, mainly displaying delayed wound healing and poor response to stresss. Due to the lack
of serious and fatal deficiencies observed in TG2 knockout mice with respect to normal
biological functions, as well as its involvement in a wide range of diseases, TG2 has been
proposed as a safe therapeutic target.

Early research towards inhibition of TG2 was achieved through the use of primary
aminese1, which can ‘inhibit’ the native function of the enzyme by competing as substrates in the
crosslinking reaction. Cystamines are still used as ‘inhibitors’e2, based on the well-known
deactivation of TGases by disulfide compoundsss, despite their lack of selectivity, particularly
when applied in biological settings, thus lessening the potential of this class of inhibitors.

However, the field of TG2 inhibitors has focused on designing competitive acyl donor inhibitors.

1.3.6.1 Reversible Inhibitors

The first reported reversible inhibitors were based on a thieno[2,3-d]pyrimidin-4-one
acylhydrazides scaffold, where compound 1 and LDN-27219 (Figure 1.3) were the most potent,
with 1Cso values of 0.8 uM and 0.6 uMaas,95. A more recent study showed that these compounds
were better inhibitors of TG3 than of TG29%. LDN-27219 was kinetically evaluated and was

shown to act as a reversible inhibitor that does not bind at the active site. Furthermore, LDN-

21



27219 was originally proposed to compete with GTP binding; however, recent literature shows

otherwisegs.
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Figure 1.2. Reversible allosteric inhibitors of TG2.

Following these initial inhibitors, the Khosla group recently developed acylideneoxoin-
doles as another scaffold for reversible TG2 inhibitorsez, inspired by the structure of isatin
(indoline-2,3-dione), whose analogs are widely used as reversible inhibitors of Cys dependent
proteasess. In their SAR study, the 4-chloro analogue (compound 10, Figure 1.3) had the highest
potency, with a Ki of 0.7 mM and was competitive with the acyl donor substrate. The Keillor
group has also played a critical role in designing reversible inhibitors for TG2, using a trans-
cinnamoy| scaffold. Rationale for the choice of scaffold was based on previous studies which
illustrated that the Cbz protecting group, in peptidic substrates conferred affinity to the enzymeas.
From their series of inhibitors, the most potent inhibitor (Ki = 1.0 uM) was termed CP4d (Figure
1.4) and the mode of inhibition was reported as a reversible competitivess. However, due to the
electrophilic nature of CP4d’s alkene moiety, this class of inhibitors was susceptible to
nucleophilic attack by glutathione, a key element in cellular metabolism and toxicity response.

To address this issue, several modifications to the inhibitor scaffold were made, ultimately
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showing that a bis(triazole) scaffold increased resistance to nucleophilic attack, with compound
27d (Figure 1.3) being the most potent (Ki = 10 uM). Furthermore, FRET FLIM experiment with

CP4d has illustrated reversible binding that favours the closed form of the enzymesa.
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Figure 1.3. Reversible inhibitor with isatin scaffold optimised by the Khosla group.
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Figure 1.4. Reversible inhibitors with cinnamoyl scaffold optimised by the Keillor group.

1.3.6.2 Irreversible Inhibitors

Many irreversible inhibitors have been developed against TG2. Recently, review articles
regarding the development of TG2 inhibitors have been publishedisico. As such, for the
irreversible inhibitors, the recent work of two of the more active groups in this field, namely the
Khosla and Keillor groups will be highlighted. Using a 3-halo-4,5-dihydroisoxazole group as a
reactive electrophilic ‘warhead’, the Khosla group developed compound KCCO009 (Figure 1.5),

an irreversible inhibitor (kinact/Ki = 2.00 x 103 M-1 min-1, Kinact = 1.3 min-1, Ki = 0.74 mM) with
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high specificity for TG2 and effectiveness in vivo (mouse model)io1. Further optimisation of this
scaffold led to compound ERW1041E (Kinact/Ki = 16.9 x 103 M-1 min-1, Kinact = 0.110 min-1),
which is more efficient and has also been shown to inhibit the activity of TG2102 in the small

intestine of a mousez1os.
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Figure 1.5. Key irreversible TG2 inhibitors from the Khosla group.

The Keillor group inhibitor design was based on the dipeptidic substrate Cbz-GIn- Gly,
where the glutamine side chain was replaced with a lysine based acrylamide ‘warhead’, resulting
in Cbz-Lys(Acr)- Gly as their most efficient irreversible inhibitor (Kinact/Ki = 3.0 X 106 M-1 min-1,
Ki = 150 nM against guinea pig liver TGase (gplTG), used as a model for TG2)104. Derivative
NC9 (Figure 1.6) has a lower efficiencyio4 (Kinact/ Ki = 1.4 X 104 M-1 min-1, Ki = 29 uM against
gpITG) but its fluorescent dansyl group allows its use as a probe in cellular studies for TG2
localisation. Included in this thesis, is the Kkinetic re-evaluation of the above inhibitors against
human TG2 and design, synthesis and kinetic evaluation of novel irreversible inhibitors of

human TG2.

24



$ .
O\H/N\E)J\N/\/O\/\O/\/N\S
O

H N

HN O
<

Figure 1.6. NC9, a key irreversible inhibitor crafted by the Keillor group.
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Recently, Zedira GmbH have brought an irreversible inhibitor to phase Il clinical trials
for attenuating the immune response to gluten in celiac patients. Compound ZED1227

(Figure 1.7) is the first direct-acting transglutaminase blocker to reach clinical trials.

ZED1227

Figure 1.7. Compound ZED1227, the first TGase inhibitor to reach clinical trials.

1.4 Factor XIlII

Fibrin stabilizing factor or factor XII1 (FXIII) is the second enzyme studied in this thesis

work. FXII1 is well known for its involvement in the blood coagulation cascade, though it is also
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involved in certain cellular activitys4. Due to its crucial involvement in hemostasis, in this work,
we consider FXIII as a medicinal target for thrombosis. The development of selective FXIII
inhibitors is another interest in the Keillor group and a subject that pertains to the work of
chapter 4 of this thesis. Details of its mechanism, physiology, associated diseases and current

inhibitors will be discussed below.

1.4.1 Mechanism

FXIII is a zymogen that circulates in the plasma as a heterotetrameric protein complex,
consisting of two homodimer A-subunits (FXIIIA2, 83 kDa) and two homodimer B-subunits
(FXI1B2, 80 kDa)ios. The A-subunit is a transglutaminase zymogen and the B-subunit is an
inhibitory glycoprotein with no enzymatic functionss. Although the full complex has not yet been
crystallized, the structure of the A2 homodimer has been solved by x-ray crystallographyios. The
structure of a single FXIII A-subunit (FXIIIA) resembles that of the other transglutaminases,
especially TG2, consisting of N-terminal B-sandwich followed by the catalytic domain, that
harbours the active site Cys314, and two C-terminal B-barrelsio7. In contrast to TG2, the N-
terminus carries a 37 amino acid peptide sequence that is proteolytically cleaved during
activationss. The X-ray structure revealed that the catalytic cysteine residue is completely buried
by the activation peptide, where an electrostatic interaction between Argll from the activation
peptide and Asp 343 found within the catalytic domain places the activation sequence in a
position that makes Cys314 inaccessible towards its substratesss. Cleavage occurs via thrombin
mediated hydrolysis of the Arg37-Gly38 peptide bond found in the N-terminus of FXIIIA. This
proteolytic event considerably weakens the interaction between the FXIII A-subunits from the

inhibitory FXIII B-subunits. In the presence of Ca+, the separation of the FXII1A2 homodimers
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into an active transglutaminase (FXIlla) takes place. Like other TGases, FXIlla can crosslink
proteins/peptides via its transamidation activity to form isopeptide bonds and can also perform
the reverse isopeptidase activity. Interestingly, without proteolytic cleavage and in the presence
of high Caz+ concentration in the cellular environment, the B-subunits can be removed from the
heterotetrameric complex (FXIIA2B2) thus liberating the FXIIIA zymogen with its activation
sequence bound (FXIIIA”)107. Unlike TG2, FXIII does not possess a GTP/GDP binding site that
allosterically regulates the enzyme’s activityio7. However, the homologous residues of FXIIIA
interact with the FXIIIB subunit. Furthermore, the redox regulation by the vicinal cysteine
residues in TG2 are substituted by Arg408 and Cys409 in FXIIIA and form the central core of
the dimeric interface of FXII1A2 homodimerio7. This suggests that these two homologous regions
may have regulatory functions for either enzyme, although the biochemical nature of the binding

partner is different for the two transglutaminases.

1.4.2 Physiology

FXIII circulates the plasma as a heterotetramer protein complex composed of two A-
subunits and two B-subunits. The A-subunit contains the active site of the transglutaminase, and
is synthesized by hepatocytes, monocytes, and megakaryocytesios. The B-subunit serves as an
inhibitory carrier of the A-subunit in the plasma, and it is synthesized in the liverios. FXII1A2 is
expressed primarily in cells of bone marrow origin, where platelets have a high concentration of
FXIIA235. The heterotetrameric FXIII complex is converted to an active plasma
transglutaminase that participates in the final stage of the coagulation cascade. Thrombin
activated FXIII (named FXIlla), in the presence of Caz+, catalyzes the formation of covalent

crosslinks between y-glutamyl and e-lysyl residues on adjacent soluble polymerized fibrin chains
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into insoluble crosslinked polymerized fibrin clotsioe. FXIIIa also crosslinks a2-antiplasmin, a
plasmin inhibitor, to fibrin clots to make the developing fibre more resistant to fibrinolysiszos.
The coagulation cascade is part of the wound healing response that begins after the
wound is formed. Inflammatory cells such as macrophages and neutrophils migrate to the
wounded area by a chemotactic effect induced by cytokines. Angiogenesis then starts under the
influence of growth factors such as vascular endothelial growth factor (VEGF), fibroblast growth
factor, and transforming growth factor-G. The newly synthesized small vessels, together with
fibrin, will form the granulation tissue. Besides the significant role of FXIII in fibrin chain
crosslinking, FXIIla crosslinks with proteins such as fibronectin and vitronectin, which adhere to
the integrin of inflammatory cellsii0. As a result, adhesion of the inflammatory cells is enhanced,
and the integrin related signal pathway is activated. It is found that fibronectin plays a potential
role in the activation of macrophagei11, and crosslinked vitronectin can inhibit apoptosis of
neutrophilsii2. FXIlla supports platelet adhesion to integrins on the surface of the platelet cells, a
process independent of its transglutaminase activity, to stabilize the provisional extracellular
matrix at the very early stage of wound healingi0. FXIII also plays an important role in
angiogenesis. VEGF receptor-2 (VEGFR-2) and ovfsintegrin on the surface of vascular
endothelial cells are both signal molecules in angiogenesis, which can be activated by fibronectin
and vitronectin when crosslinked with FXIllai13. VEGFR-2/Evfs complex formation mediated by

FXI11 further activates the signal pathway towards a proangiogenic effectiia.
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1.4.3 Associated Diseases
1.4.3.1 General

Unregulated crosslinking activity of FXIlla can lead to pathogenicity, mainly creating a
disruption in the coagulation and wound healing processes. Moreover, disturbance in FXIII-
protein interactions can induce negative biological outcomes, resulting in affected signalling
pathways of a disease state. FXIII has been implicated in the pathogenesis of diseases such as

thrombosisiis and an autosomal recessive FXIII deficiencyaie.

1.4.3.2 FXIII deficiency

Factor XIIIA deficiency is a rare bleeding disorder inherited as an autosomal recessive
disease. FXIIIA deficiency can be due to a reduction in FXIIA synthesis (Type I) or decreased
FXIIA function (Type Il)11e. Affected individuals experience severe, lifelong bleeding,
characteristically from the umbilical cord at birth, and intracranial bleedingiiz. In addition,
delayed wound healing in some patients and recurrent miscarriages have been reportediiz.
Plasma FXIII has a long half-life (9-14 days), and levels of greater than 3-5% of plasma FXIII
are sufficient to prevent spontaneous bleedingie. FXIII deficiency is often treated with
cryoprecipitate or fresh frozen plasma. However, the risks of blood infection or systemic reaction
are possible. Recombinant FXIIIA concentrate is also used for treatment and is free of any
human products, making it safer than the plasma derived FXIII. Patients are regularly injected
with the clotting factor concentrate to prevent bleeding. Continuous prophylactic therapy every
month is recommended for patients with severe FXIII deficiency to prevent life threatening

spontaneous bleedingiis.
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1.4.3.3 VVenous thrombosis

Thrombosis, the obstruction of blood flow due to the formation of clot, which may result
in tissue anoxia and damage, is a major cause of morbidity and mortality in a wide range of
arterial and venous diseases. Unregulated hemostasis can promote blood clotting which can
cause a pathologic thrombosis, leading to arterial or venous occlusions. Three factors are
involved in the induction of a thrombus; the vessel wall, coagulation proteins, and plateletsiis.
Moreover, pathways regulating thrombus formation are similar to those that regulate hemostasis.
Arterial thrombosis is highly dependent on the state of the vessel wall, the platelet, and factors
related to blood flowiis. In contrast, venous thrombosis arises from defects in the proteins
governing coagulation and/or fibrinolysis, such as FXI1l11s.

Growing evidence has suggested that fibrin clot morphology plays an important role in
venous thrombosis. A study investigating the morphology of clots has demonstrated that patients
with venous thrombosis tend to form clots that are denser and have increased resistance to
fibrinolysisi1e. Following that conclusion, it was illustrated that crosslinking activity of FXIlla
increases clot density and further increases its resistance fibrinolysisizo. Plasmin is an important
serine protease that is involved in fibrinolysis and its activity on a fibrin clot is inhibited by a2-
antiplasmin. FXIlla crosslinking of o2-antiplasmin to the fibrin clot can evoke a prothrombotic
effectios.

One notable polymorphism of FXIIIA is an amino acid exchange of Val34Leu, which is
located on the activation peptide. This polymorphism has been associated with thrombosis due to
an increased activity of FXIII Val34Leu during blood coagulationi2i. Since the polymorphism is
located just 3 amino acids before the thrombin cleavage site, it is not surprising that Val34Leu

substitution influences the effect of thrombin on FXIII activationizo. It was demonstrated with
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both cellular FXI1I1 and plasma FXIII that in the case of the Leu34 variant, the cleavage of the
activation peptide proceeds at an approximately 2.5-fold higher rate than in the case of Val34
varianti22. The relationship between FXIII Val34Leu polymorphisms and thrombosis has been
reviewed with a conclusion that the polymorphism association is conflicting between studiesiza.
Thus, additional studies are required to explore the effect of FXIII Val34Leu polymorphism on

the risk of thrombotic diseases.

1.4.4 Current inhibitors

As noted above, patients with a disrupted hemostasis, more specifically fibrinolysis, are
at risk of developing venous thrombosis. More so, the level of fibrinolysis is associated to fibrin
clot stability. This suggests that treatment can be carried out by modulating FXIlla activity to
normalize the fibrinolytic rates in patients with thrombotic tendency, by reducing crosslinking of
fibrin clot and addition of inhibitory proteins (ex. o2-antiplasmin). Thus, the design of a selective
and potent FXIIla inhibitor can be used as a therapeutic tool for thrombosis patients by acting as
an antifibrinolytic agent. Also, inhibitors that target coagulation factors can disrupt hemostasis
and may be used as anticoagulants in a therapeutic setting. Furthermore, selective irreversible
inhibitors with or without a “tag” (i.e. fluorophore, bioorthogonal moiety, radioisotope) can be
used in a biological setting to further understand the mechanistic pathway, localization, known
substrates, and distribution of FXIIla in both healthy and disease states. Like TG2, the field of
FXIlla inhibitors has focused on designing competitive acyl donor inhibitors.

To date, only a few inhibitors have been reported for FXIlla. Tridegin, a 66-amino acid
peptide was isolated from the salivary gland of the leech Haementeria ghilianii and reported as a

potent reversible inhibitor of FXIlla, with a reported ICso of approximately 9 nMai2s. Other
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research groups have contributed to the drug discovery process by providing substrate sequence
information to aid in the design of peptidic or peptidomimetic inhibitors for FXIllai2s,125. In the
early 90s, researchers developed a few pharmacophores, such as 2-[(2-
oxopropyl)thio]imidazoliumizs and 5-methylthiazolo-[2,3]-1,3,4-thiadiazoliumi27 (depicted in
Figure 1.8) that demonstrated inhibitory activity towards FXIlla. In addition, both
pharmacophores showed selective reactivity towards the enzyme over glutathione, a thiol
molecule found at high concentration (~5 mM) in the cell that can interfere with enzyme
bindingi2s. These discoveries provide insight on the reactivity of warhead towards the enzyme,

but no selectivity over other cysteine proteases, making these inhibitors nonspecific.
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Figure 1.8. Reactivity of FXIIla pharmacophores.

Other series of small molecules that irreversibly inhibit FXIIla, which bear electrophilic
pharmacophores, such as 3-substituted bicyclic [1,2,4]-thiadiazoleis and mono-substituted
cyclopropenoneize were explored through individual SAR studies. In SAR studiesize with the
mono-substituted cyclopropenones, compound 5 (Figure 1.9) was obtained as the most potent
inhibitor; however, no test of selectivity with other TGases or cysteine proteases was conducted.

From the 3-substituted bicyclic [1,2,4]-thiadiazole SAR studyi2s, compound 16 (Figure 1.10)
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was obtained as the most potent inhibitor, with a 76-fold selectivity towards FXIlla over guinea

pig liver TG2.
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Figure 1.9. Cyclopropenone based irreversible FXIlla inhibitor.
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Figure 1.10. 3-substituted bicyclic [1,2,4]-thiadiazole based irreversible FXIlla inhibitor.

Due to the structural homology between TG2 and FXIlla, unfortunately, many TG2
inhibitors have been claimed or advertised as selective FXIIla inhibitors. To date, Zedira GmbH
has been able to successfully obtain an X-ray crystal structure of FXIlla with a peptidic
irreversible inhibitorizo (ZED1301, Figure 1.11), whose design was based on a selective FXllla

peptidic substrate (DQMMLPWPAVL) discovered through a phage-displayed peptide libraryazs.
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Inhibitor ZED1301 binds at the surface of the catalytic domain of FXIlla with an ICso value of

0.1 uM and a 30-fold selectivity over human TG2 (ICso = 3 uM).
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Figure 1.11. Compound ZED1301, a peptidic irreversible FXIlla inhibitor.

1.5 Irreversible enzyme inhibitors

Enzyme binding can occur through irreversible or reversible interactions, where enzyme
binds with the appropriate substrate or inhibitor. Affinity-based irreversible enzyme inhibitors
inactivate the enzyme by forming a covalent bond with the enzyme and filling the suitable
binding pocket. This inactivation is a result of a chemical reactivity between the inhibitor
molecule and enzyme, creating a covalently bound inhibitor enzyme complex. Irreversible
inhibitors rely on the reactivity of the enzyme’s active site, such as having an electrophilic
moiety directed towards a nucleophilic residue.

For all irreversible inhibitors, the inactivation of the target enzyme occurs through a
covalent bond. Over a range of irreversible inhibitor concentrations, the rate of covalent bond

formation will be slow on the time scale of enzyme turnover. Therefore, the reaction progress
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curve will be nonlinear, displaying time-dependent inhibition in the presence of an irreversible
enzyme inhibitor. Also, when the concentration of inhibitor is equal to or exceeds the enzyme
concentration, the progress curve may reach a plateau value, with steady state velocity of zero,
prior to consumption of substrate. The rate at which the system is inactivated can be assessed by
calculating the pseudo-first order rate constant kobs. Furthermore, the mechanism of an
irreversible inhibitor can proceed through either a single-step or a two-step mechanism (scheme
1.3). Non-specific inhibitors can covalently bind to any amino acid residue on the enzyme and
not every modification will lead to an inactivation. In single-step non-specific covalent
modification, the dependence of kobs on the inhibitor concentration will appear as linear and non-
saturating. With regards to two-step covalent inactivation, reversible binding to enzyme happens
first under a rapid equilibrium followed by a covalent bond formation. With two-step irreversible
inhibitors, a plot of kebs as a function of inhibitor concentration will show saturation, reaching a
plateau value at high values of inhibitor concentrations (Figure 1.13), related to the rate constant
of covalent inactivation (kinact). The slope of the linear fit will have units of a second order rate
constant (M-1 s-1) and is the best measure of relative inactivator efficiency and is usually reported
in the literature as kinact/Ki. The data, as illustrated in figure 1.9, for these target specific

irreversible enzyme inhibitors will fit to the following equation:
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Scheme 1.3. Mechanisms of irreversible enzyme inhibitors. (A) Nonspecific inhibition, (B)
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Figure 1.12. Plot of kobs as a function of inhibitor concentration for a two-step mechanism

of inactivation.

For reversible inhibitors, I1Cso values are highly relative and depend upon the assay used
to measure activity, the concentration of substrate used, and the mode of inhibition, to name just
a few factorsisi. For irreversible inhibition, 1Cso values may be useful within one study, but not
meaningful when used to compare two separate studies. Irreversible inhibitor activity depends on
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the time of incubation, temperature, concentration of enzyme and competing substrate
inhibitorsis2. Thus, irreversible inhibitors are best compared using the second order rate constant

or efficiency parameter, Kinact/Ki.

1.6 Thesis overview and goals

The primary aim of the research presented herein was to gain more knowledge of
irreversible inhibitors of human TG2, by understanding their mode of inhibition, and/or to
optimize their potency using a SAR approach and the appropriate kinetic evaluations. Most of
the work was done starting from the lead irreversible chemical probe NC9 (Figure 1.6), where
the carboxylbenzyl extremity is designated as the ‘West end’, connected to a dansyl fluorophore
end, called the ‘East end’, by a polyethylene glycol linker. NC9 also carries a lysine-based
acrylamide warhead that reacts covalently with the enzyme.

Using the scaffold of a very poor TG2 inhibitor from our initial SAR study and a published
FXIlla crystal structure bound to a peptidic irreversible inhibitor, a second project emerged with
the goal of designing a novel small molecule FXIlla irreversible inhibitor. An SAR approach and
the appropriate kinetic evaluations will be used to understand inhibitor’s potency and mode of
inhibition.

Overall, the research presented may be grouped into two enzyme inhibitor design and

evaluation projects, as described in greater detail in the upcoming chapters.

37



Chapter Two: Design and synthesis of TG2 inhibitors
2.1 Targeted covalent inhibitors as drug candidates

Targeted covalent inhibitors (TCIs) reversibly associate with a biological target and then
react to form a covalent attachment. The scaffold holding the electrophilic group confers affinity
for the target enzyme. At the site of inhibitor association, the electrophilic group reacts with the
nucleophilic residue within its proximity. The covalently attached scaffold will block the site of
association and permanently shut down enzyme activity, protein-protein interaction and/or
signalling pathway. The development and use of these class of inhibitors as drugs has been
reviewed recently1ss 134.

Due to the covalent attachment of TCls on their targets, their duration of action is greater
than that of reversible inhibitors. This covalent attachment to the target provides TCls with a
higher overall efficacy in comparison to their non-covalent reversible analogues. Ultimately, the
duration of action of TCIs is dependent on the protein target’s turn over. Hence, covalent
inhibitors provide a prolonged duration of action for biological targets with slow turnovers. This
can be both beneficial and a risk during drug discovery. Longer duration of target inhibition
allows for a lower dosage (meaning less risk of toxicity), but if the target has a physiologically
important function and a slow rate of resynthesis, then risks are introduced.

The major concern with covalent inhibitors as drug candidates is the possibility for non-
specific target binding. The warhead’s reactivity to other off-target proteins can lead to toxic
events leading to undesired side effects. This concern can be reduced by attenuating the
reactivity of the warhead and increasing the selectivity towards the target. The latter can be

challenging when the target is a member of a family of proteins with similar binding pockets. In

38



comparison to non-covalent inhibitors, covalent inhibitors with electrophilic warheads are more
likely to be cleared by the liver as they can react with the thiol group of glutathione found in
cells, lowering the drug’s bioavailabilityiss. Thus, a lower reactivity of the warhead towards
glutathione can slow its clearance and increase the probability of the interaction of the inhibitor
with its intended target. Although glutathione has been the medicinal chemist’s standard for
warhead reactivity within the cell, one should also consider other potential cellular nucleophiles
such as amines, cysteine, y-glutamylcysteinlysine and cysteaminezss.

More recently, a higher number of TCls have been developed as drugs due to their
selectivity and higher efficacy during therapy. For example, ibrutinib (Figure 2.1) is a potent and
selective inhibitor of Bruton’s tyrosine kinase (BTK), a cancer target linked to mantle cell
lymphomaiss. This FDA approved drug carries an acrylamide warhead that is reportedly
selective towards Cys481 found in the ATP binding pocket of BTK137. This class of inhibitors
has produced promising drug candidates and current development is focussed on their selectivity,

efficacy, and toxicity.

Figure 2.1. Chemical structure of ibrutinib, a potent inhibitor of Bruton’s tyrosine kinase

(BTK).
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2.2 Previous work done by Keillor group on TG2 covalent inhibitors

Many covalent inhibitors for TG2 have been developed in the Keillor group. The design of
these covalent inhibitors was based on two peptidic scaffolds, Cbz-GIn-Gly and Cbz-Phe-Gln,
that are known to be TG2 donor substratesioi,13s. Each scaffold was functionalized with an
electrophilic group that can covalently attach to the nucleophilic cysteine thiolate found in the
enzyme’s active site, rendering the enzyme inactive. To avoid cytotoxicity, the electrophilic
moiety should be stable outside of the enzyme’s binding pocket and reactive within, thus
avoiding unwanted covalent attachment to other biological components (i.e. other cysteine
proteases). Within the Keillor group a variety of electrophilic groups, or ‘warheads’, were used
in the design of TG2 covalent inhibitors. These included chloromethyl amidesis9, 1,2,4-
thiadiazoles140, maleimidesi41, epoxidesi42 and a,B-unsaturated amidesi42. The inhibitors bearing
the prementioned warheads were evaluated for their activity against purified guinea pig liver
TG2, using a continuous transamidation assayi43. The efficiency of these covalent inhibitors was
evaluated through the hyperbolic Kitz and Wilson equation (Chapter 1, Section 1.5) and
expressed as the ratio of kinact/Ki (analogous to kecat/Km used to express the efficiency of an
enzyme substrate). Highly efficient covalent inhibitors of purified guinea pig liver TG2 from
various SAR studies conducted by the Keillor group are depicted in Figure 2.2 with their Kinact/Ki
ratio.

From these SAR studies, a few distinguishing results were noted regarding affinity,
efficiency and reactivity of inhibitors towards guinea pig liver TG2. The affinity (Ki) of most
inhibitors was found to lie in the sub-micromolar range, where the Chz-GIn-Gly scaffold
inhibitors displayed higher affinity than the Cbz-Phe-GIn scaffold inhibitors. Overall, the

reactivity rate of electrophilic groups towards the enzyme were similar with an inactivation rate
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constants (kinact) ranging from 0.5 — 1.0 min-1. Thus, giving inhibitor efficiencies of (kinact/K1) of
approximately 10s-106 M-1 min -1. The maleimide-based inhibitors were not as efficient, with
lower values of approximately 103 M-1 min -1. Using the Cbz-GIn-Gly scaffold, inhibitor activity
was increased with a longer side chain bearing their respective warheads. Studies by the Keillor
group and othersas,104,144 have shown that the removal of the Cbz group presented a lower affinity
towards the TG2. Furthermore, the acrylamide warhead showed to be stable in vitro, against 1.6
mM of glutathione at physiological condition (pH = 7.0 and 37 °C)139. After 24 hours, only 10%
of the Cbz-Lys(Acr)-Gly inhibitor was consumed by glutathione.

As illustrated in Figure 2.1, the most efficient inhibitor from pioneering work in the Keillor
group was Chz-Lys(Acr)-Gly (kinact/Ki = 3.0 x 106 M-1 min-1), which also had a low Ki value of
0.15 puM. The Cbz-Lys(Acr)-Gly inhibitor was synthetically modified with a PEGylated linker
bonded to a dansyl fluorophore moiety. The inhibition activity of the designed chemical probe,
NC9 (Figure 1.6), was tested against guinea pig liver TG2 with an efficiency value of Kinact/Ki =
1.4 x 104 M-1 min-1. To further understand the physiological behaviour of TG2 in biological
contexts, numerous research collaborations with the Keillor group used NC9 as a chemical probe
to explore the enzyme’s role in selected disease stateseo, 145146 and/or understand the enzyme’s

conformation in a cellular contextsi,52,147.
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Figure 2.2. Most efficient covalent inhibitors against guinea pig liver TG2 from the various

SAR studies conducted by Keillor group. For simplicity, Keillor inhibitor in this figure are

arbitrarily labelled from JWK-1 to JWK-6. Covalent inhibitors in this figure were

synthesized and evaluated in various SAR studies conducted by the Keillor group13ss-142.



2.3 Inhibitor design
A crystal structure of the extended form of human TG2 (PDB code 2Q3Z) in complex with
a covalent inhibitor has been reported by the Khosla groupis. The covalent inhibitor, Ac-
P(DON)LPF-NH2, was bound to the active site cysteine via its 6-diazo-5-oxo-L-norleucine
(DON) warhead. The active site was described as a hydrophobic binding groove with a
hydrophobic tunnel leading to catalytic cysteine and its histidine base. In contrast to an earlier
crystal structure of human TG2 bound to GDP19, which depicted the enzyme in a folded or
‘closed’ conformation, Khosla’s covalent inhibitor locked the extended TG2 structure in its

‘open’ conformation.
In Figure 2.3, NC9 was docked into the structure of extended conformation of human
TG2 (PDB code 2Q3Z) in place of Khosla’s covalent inhibitor. In the lowest energy poses, the
acrylamide warhead was placed next to the active site nucleophile, the Cbz group was bound in
Pocket 1 and the dansyl group occupied Pocket 2. Similar to the C-terminus Phe of Khosla’s
inhibitor, which formed hydrophobic interactions with Pocket 2, NC9 shared a similar

hydrophobic interaction through its dansyl group.
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Figure 2.3. Putative binding model of NC9 with human TG2. Using the default parameters
of the Molecular Operating Environment (MOE) software, NC9 was energetically minimized
and docked into the structure of ‘open’ conformation hTG2 (PDB code 2Q3Z). The observed

binding pockets in the active site of hnTG2 were labelled from pocket 1-3 for reference.

As mentioned above, previous inhibition studies based on the Cbz-Phess0iand Chz-
Lys99,144 scaffolds have shown that the N-terminal Cbz protecting group confers affinity to these
covalent inhibitors. It was also noted, that the acrylamide warhead demonstrated an ideal balance
between its stability against glutathione and reactivity towards TG2. As such, the Cbz group and
the acrylamide warhead were maintained throughout the SAR study in this thesis. While
maintaining the prementioned groups, we systematically varied the length of the side chain, the
peptide backbone spacer, and the C-terminal R group (Figure 2.4), seeking to optimize inhibition

efficiency.
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2.4 Inhibitor synthesis

As mentioned in section 2.2 above, the most potent inhibitor developed by the Keillor
group was prepared using a Cbz-Lys scaffold with an attenuated acrylamide warhead. More
specifically, Keillor and co-workers found that Cbz-Lys(Acr)-Gly was a very potent inhibitor of
guinea pig liver TG2. In this thesis, the Cbz-Lys scaffold served as a starting point scaffold for
the SAR study. Furthermore, the subsequent SAR study for this dissertation evaluated
synthesized compounds against human TG2. The N-terminal Cbz protecting group, on the ‘West
end’ of the inhibitors, was maintained as it confers affinity. Our investigation started with
modification of the spacer (Figure 2.4) which links the ‘East end’ of the inhibitors to the N-
terminal Chz-Lys scaffold bearing the acrylamide warhead. Also, to focus on the effect of
spacer length variation only, the ‘East end’ was maintained as an aromatic and hydrophobic
dansyl group, which may provide favourable association with the hydrophobic binding pocket of
hTG2. Different diamine spacers were rationally chosen to connect the east and west ends of our
covalent inhibitors via amide bonds that mimic peptidic backbones, which may provide

beneficial intermolecular interactions with the enzyme (Figure 2.4). Keeping Lipinksi’s14g8 and
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Veber’s149 rules in mind, we reduced the number of rotatable bonds and polar surface area (PSA)
by systematically decreasing the length of the diamine spacer. The monodansylated alkylamines
shown in Figure 2.5 were synthesized and coupled to activated carboxylic acid of Cbz-Lys(Acr)
to give our first inhibitor series. To ease with the purification of the monodansylated alkyl
amines, a Boc group was added to the free amine, making it more hydrophobic and easier to
elute from a chromatography silica-based column. The addition of the Boc group also increased
the yield of reaction by increasing solubility in the organic phase during aqueous washes and

avoiding diamine coupling during synthesis.
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Figure 2.5. Monodansylated alkylamine spacers.

Depending on the kinetic evaluations of the spacer series, additional inhibitors were

prepared maintaining the Cbz group and dansyl group, while systematically varying the side
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chain length bearing the acrylamide warhead. These inhibitors were synthesized using
commercially available Cbz protected amino acids such as Z-Dap-OH, Z-Dab-OH and Z-Orn-
OH. The acrylamide derivatives used with the various amine side chains are depicted in Figure

2.6.

Figure 2.6. Cbz protected amino acids bearing an acrylamide warhead on their side chain

with varying length.

Once the appropriate spacer and sidechain length was found for optimal inhibitory activity
against human TG2, the SAR study shifted its focus to the dansyl group. The SAR study on the
‘East end’ series of inhibitors replaced the dansyl group with various aromatic and aliphatic
derivatives. The goal was to probe the interaction with the putative hydrophobic binding pocket
of human TG2. Furthermore, the hydrophobic derivatives on the ‘East end’ were linked in two
ways to the spacer; via a sulfonamide or a carboxamide group. The variation in the linkage was
expected to possibly orient the C-terminal hydrophobic group slightly differently due to the
conformational difference between a carboxamide and a sulfonamide. For the work of this thesis,
the focus was synthesizing and evaluating three carboxamide linked aromatic derivatives; 1-

naphthyl, 2-naphthyl and a phenyl group.
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The general procedures and details for the synthesis of intermediates and final compounds
can be found in Chapter 7. Presented below are brief discussions of any noteworthy anomalies or

improvements from the synthetic procedures we used (Scheme 2.1).
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Scheme 2.1. General scheme for the convergent synthesis of this work’s
hTG2 covalent inhibitors, where the products of scheme A and B are
combined to make final inhibitors in C.
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2.4.1 Addition of warhead

The attachment of an acrylamide group on the side chain of Cbz protected amino acid
derivatives was adapted from a previous methodi44. The amine groups of commercially available
Cbz protected amino acids were reacted with acryloyl chloride to afford the desired acrylamide,
as illustrated in Scheme 2.1 A. The reaction took place in a basic aqueous medium with THF and
was completed anywhere from 30 minutes to 2 hours. The reported yield for this reaction using
4-bromoanaline was 90%, while this work reports yields ranging from approximately 62-82%
using Cbz protected amino acids. Pure intermediates were isolated through multiple extraction
with ethyl acetate to remove acrylic acid, an impurity in this reaction. Extraction of acrylamide
products with DCM, provided an impure mix with acrylic acid (identified with 1H NMR). The
highest yield was afforded with Cbz-Lys (82%) where the side chain possessed 4 methylene
units followed by the nucleophilic amine. A loss of 1 methylene unit from Cbhz protect amino
acid (Cbz-Orn) decreased the yield to 70%. A similar pattern occurred with the loss of 2 and 3
methylene units from the Cbz protected amino acid, giving a yield of 62% and 64%,
respectively. This observation can be linked to higher solubility of Cbz protected amino acids in
the aqueous layer due to the loss of methylene units and thus a decrease in quantity is found in

the organic layer.

2.4.2 Amide coupling to afford final compounds

The Chz protected amino acids, bearing the warhead, and the amine linker derivatives,
were coupled via an amide bond to afford the final compounds (Scheme 2.1 C). The carboxylic

acid was activated into a better electrophile using 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide ~ (EDC) and  1-hydroxy-1H-benzotriazole  (HOBH).
Nucleophilic primary or secondary amines then react with the activated esters to form an amide
bond. Originally, O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate
(HBTU) was used to perform the amide coupling synthesis; however, due to difficulty of
removing its urea by-product, a combination of HOBt/EDC was used. A more water soluble
carbodiimide was chosen (EDC), since its urea by-product can be readily washed away through
multiple aqueous washes. The yield for these coupling reactions using primary amines ranged
from 56% to 49% while the yield for amide coupling using secondary amines was lower in
comparison, yielding around 41% to 32%. The overall low yield of this reaction can be attributed
to formation of by-products such as N-acyl urea and formation of guanidium salts. In addition,
activated esters are in lower concentration in hygroscopic solvents, which converts them back to
carboxylic acids. Therefore, using anhydrous DMF/ACN as a solvent system can help increase
the yield of amide product.

As mentioned above, inhibitors are rationally designed using information extracted from
the inhibitor bound crystal structures, docking models and previous SAR studies. Following the
synthesis of our acrylamide bearing inhibitors, they were kinetically evaluated for their affinity

and efficiency to inactivate hTG2.
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Chapter Three: Evaluation of TG2 inhibitors
3.1 Kinetic evaluation of transglutaminase activity in the presence of covalent inhibitors

A covalent inhibitor’s potency can be evaluated through two parameters; Ki and Kinact (See
Chapter 1, section 1.5 for introductory discussion). The equilibrium constant Ki is a measure of
the covalent inhibitor’s ability to dissociate from the enzyme-inhibitor complex (El), thus
providing a parameter that measures affinity to the target enzyme. Like the Michaelis-Menten
equilibrium constant (Kwm) for substrate binding to enzyme, Ki also considers all rate constants
associated with the dissociation of enzyme-inhibitor complex (Figure 3.1). Therefore, Ki values

reported hereafter are defined according to the following equation:

k—Z + kinact
KI =
k;
ky - keat
E+S ES — E+P
+ b1
|
Enzyme (E)
Substrate (S)
ko || ko Inhibitor (I)
Enzyme-substrate complex (ES)

Enzyme-inhibitor complex (EI)
EI Product (P)

Enzyme covalently linked to inhibitor (E-I)
lkinact

E-I
Figure 3.1. Irreversible inhibition via a two-step reaction; first forming a reversible
complex (El), followed by transformation to an irreversible complex (E-1). This irreversible
inactivation competes with substrate and enzyme reaction.
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where kinact is the rate constant for the conversion of the reversible EI complex to the irreversibly
inhibited enzyme E-1 (Figure 3.1).

Transglutaminases (TGases) are known to catalyze reactions via a ping-pong mechanism
(see Chapter 1.3, Scheme 1.2)1s0. At the active site, a thiol found on the nucleophilic cysteine
residue is acylated by the y-carboxamide group of peptide-bound glutamine (acyl donor). This
acylation step results in the formation of a thioester acyl enzyme intermediate. Deacylation
occurs through either hydrolysis or aminolysis of the intermediate thiolester acyl enzyme,
resulting in the regeneration of free enzyme. In the absence of a primary amine acceptor, water is
capable of regenerating free enzyme. Using a colorimetric assayss developed by the Keillor
group, we can monitor the progress of the TGase reaction with a substrate mimic; N-Cbz-L-
Glu(y-p-nitrophenyl ester)Gly (AL5). The kinetics for the hydrolysis of the thiolester acyl
enzyme intermediate can be monitored with AL5, as an increase of absorbance at 405 nm due to

the release of p-nitrophenolate (Scheme 3.1).
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Scheme 3.1. A general illustration of transglutaminase (TGase) reacting with AL5 to form

a thiolester acyl enzyme intermediate that is observed spectrophotometrically at 405 nm.
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Figure 3.2. Determination of covalent inhibition parameters using a previously reported
continuous colorimetric assay. (A) Time-dependent inactivation curves of enzymatic
reaction in the presence of various concentrations of inhibitor 9. (B) Nonlinear regression

to a hyperbolic equation of kobs versus varying concentrations of inhibitor 9.
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The data presented in Figure 3.2 A can be fit to a series of first-order exponential curves, from
which one can measure the rate constant for inactivation of the enzyme (kobs) by a given
concentration of an inhibitor. For time-dependent irreversible inhibitors the value of Kkobs is
expected to increase over a certain range of inhibitor concentration and then exhibit saturation at
higher concentrations of inhibitor as shown in Figure 3.2 B. Kitz and Wilsonis1 have shown that
the dependence of kobs on inhibitor concentration for a time-dependent irreversible inhibitor is
described by a hyperbola from which the values of kinact, the maximal rate constant for
inactivation of the enzyme by the inhibitor, and Ki, the apparent concentration of inhibitor
displaying half-maximal rate of inactivation, can be extracted by the fitting the hyperbola to the

Kitz and Wilson equation as follows:

k — kinact[l]
°bs T oK, + [1]

where o represents the competition between substrate and inhibitor towards the free enzyme.

This reversible competition can follow this equation:

[S]
=14—
a + K,

The TG2 inhibitors presented herein are classified as covalent inhibitors, as they all are
bearing an electrophilic acrylamide warhead. The efficiency of a covalent inhibitor is typically
expressed as the ratio kinact/Ki, derived from the hyperbolic Kitz and Wilson equation above,
which is analogous to the kecat/Km used to express the efficiency of a substrate in an enzyme

catalyzed reaction. As a point of reference, a kinact/Ki ratio equal to or greater than 106 M-1 min-1
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may be considered as a highly efficient covalent inhibitoris. All kinetic parameters mentioned
can be used to measure affinity and reactivity of different inhibitors and substrates, provided that
key differences in experimental conditions (such as pH, temperature, and enzyme source) are
taken into account. The covalent inhibitors kinetic evaluation against human TG2 were

compared under the same experimental conditions.

3.1.1 Kinetic evaluation of spacer derivatives

We started our search for a potent and selective inactivator of human TG2 (hTG2) with a
previously reported covalent inhibitor developed by our group; Cbz-Lys(Acr)-OH (8)14.
Compound 8 was evaluated against guinea pig liver TG2 (gplTG2) and displayed exceptional
kinetic inhibition parameters with Ki value of 0.52 uM and efficiency constant (kinact/K1) of 1.3 x
106 M-1 min-1. Although gplTG2 may be homologous to hTG2, we re-evaluated Chz-Lys(Acr)-
OH and found that its affinity and efficiency constant were 2 orders of magnitude worse (see
Table 3.1)1s2. Interestingly, we observed by extending the carboxylate group, through the
addition of a glycine linker in between Cbz-Lys(Acr) and C-terminal (compound 9), there was a
gain in the inhibition efficiencyis2. This may be due to the extension of the negative charge from
possible unfavourable interactions in the binding pocket. Furthermore, Replacing the carboxylic
acid groups of 8 and 9 with a neutral terminal amide in 10 or a methyl ester in 11 results in minor
gains in affinity and efficiency, building a case for the possibility of unfavourable interaction
with the negative charge. We also kinetically re-evaluated NC9, a previous compound from the
Keillor group, on hTG2. NC9 is structurally composed of the Cbz-Lys(Acr) scaffold with a
polyethylene glycol linker and dansyl group extending out the C-terminal end or the ‘East end’
of the molecule. In comparison we found that NC9 has a comparable inhibition constant for
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hTG2 as it did for gplTG2 (Ki ~30 uM). However, NC9 displayed a quicker inactivation of
hTG2 due to its higher Kinact value of 2.60 min-1 compared to 0.483 min-1 for gplTG2. The
observed increase in kinact With respect to hTG2 may be due to a different binding mode that
places the acrylamide warhead closer to the active site Cys277 residue. When considering both
affinity and reactivity, the overall efficiency (kinact/Ki) of NC9 is 5-fold higher for inhibition of
hTG2 versus gplTG2. From our Kinetic re-evaluation of past inhibitors tested on gplTG2, we

found that NC9 was one of the most efficient inhibitors of hTG2.

Table 3.1. Kinetic Parameters of Substituted Cbz-Lys(Acr)-R.

I
O<__NH
J
kinact/KI
Inhibitor Ki (UM) Kinact (Min-1)
Rl (103 M-1 min-1)
8h ‘{OH 603+186  0.796+0.13 132+ 4.6
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9b

10

11b

NC9

Ne
;‘f;ﬂ/\/o\\/’\of\/l\l‘s

“(H\)\OH 48.1+10.3
N 35.1+15.1
P

\‘{N\)LO/ 40.0 +5.9

o
339+34

7R

1.26 +0.17

1.08 +0.46

1.45+0.12

2.60 £0.17

26.1+6.6

30.7+25

36.2+6.1

76.4+9.1
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a) kinetic parameters for compound #14 were determined using a double reciprocal method of data
analysis (see Appendix I11).

b) Compounds 8, 9 and 11 were synthesized and kinetically evaluated by N. M. R. McNeil.

Although originally designed as a fluorescent probe, the dansyl group on NC9 may be
associating with hTG2 rather than extending away from the enzyme pocket via its PEG spacer.
From our Kinetic results shown in Table 3.1, we see that the addition of a hydrophobic and
aromatic dansyl group may be providing beneficial contact with a distal binding pocket of hTG2
that the truncated compounds 8-11 cannot access. Furthermore, docking NC9 into an open
conformation of hTG2 (PDB code 2Q3Z)16 suggests that the dansyl group may be bound in the
hydrophobic pocket on the surface of hTG2 in which the Phe side chain of Ac-P(DON)LPFNH?2
was bound in the cocrystal structure. This putative binding model also shows that the PEG spacer

forms a long flexible loop, where there are few productive interactions with binding pocket of



hTG2. To this end, we first sought to systematically decrease the length of the diamine spacer
between the Cbz-Lys(Acr) and the dansyl aromatic group of NC9.

As presented in Table 3.2, decreasing the diamine spacer length from eight atoms in NC9
to four atoms in compound 12 resulted in a minor change with respect to the kinetic parameters.
However, we were able to reduce the number of rotatable bonds and polar surface area (PSA),
respecting Veber’s rulesiss. A further decrease in the number of methylene units in the diamine
linker from four to three resulted in a lower inhibitor efficiency. This was due to a drop in Kinact
from 2.19 min-1 in compound 12 to 0.85 min-1 in compound 13. Decreasing the spacer length to
two methylene units (14) restored the reactivity of the covalent reaction back to a kinact value of
1.45 min-1. Keeping a two methylene unit spacer length, we rigidified our linker with a
piperazine group as seen in compound 15, also known as VA4. The introduction of the
piperazine spacer increased the efficiency constant (Kinact/Ki) to 1.07 x 105 M-1 min-1, displaying
the best inhibition in the spacer modification series. Compound VA4 exceeded the overall
inhibition efficiency of NC9 and showed more than two-fold reduction in the inhibition
dissociation constant (Ki). The affinity increase with a rigid piperazine spacer suggests more
favourable interactions with the binding pocket of hTG2 compared to a more flexible PEG

spacer.
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Table 3.2. Kinetic parameters of irreversible inhibitors with varying backbone spacers.

Kinact/ K
Inhibitor X group Ki (uM) Kinact (Min-1)
(103 M-1 min-1)
NH-(CH2CH:20)2-
NC9 33.9+34 2.60 £0.17 76.4+9.1
CH2CH2NH

12 HN-(CH2)s-NH 27.1+119 2.19+0.94 80.8 +4.7
13 HN-(CH2)s-NH 30594 0.85+0.25 276+1.7
14 HN-(CHz2)2-NH 235+3.1 1.45+0.12 61.5+9.6
15 (VA4) piperazine 12926 1.40+0.13 107 + 23.8

3.1.2 Kinetic evaluation of side chain derivatives

For the next series of inhibitor derivatives, we chose to systematically vary the side chain

of the Cbz-Lys(Acr) scaffold holding the acrylamide warhead. We started this series with a SAR

study using VA4 as the new parent compound. Similar to the spacer modification, we chose to

reduce the number of rotatable bonds in inhibitors 16-18, with the hope of increasing the
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probability of good bioavailability as recommended by Veber’s rules. Time-dependent inhibition
of hTG2 within a reasonable inhibitor concentration range was only observed for compound 18,
which consisted of 3 methylene units on the side chain. Reducing the methylene units in the side
chain to one (16) or two (17) did not illustrate sufficient time-dependent inhibition of hTG2 and
thus, we were unable to determine the kinetic parameters for these compounds. The efficiency of
compound 18 dropped an order of magnitude due to a significant loss in affinity, as the Ki
increased from approximately 13 uM to 48 uM (see Table 3.3). As a comparison, we measured
the observed rate constant (kobs) for the inactivation of hTG2 in the presence of inhibitors 16-18
and VA4, as shown in Figure 3.3. We used our colorimetric assay to monitor the time-dependent
inactivation curves and it was obvious that reducing the number of methylene units of the side

chain below four resulted in a significant loss of inhibitor activity.
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Table 3.3. Kinetic parameters of derivatives having varied side chain length.

T : N/\ f
o LN N
(cH,) A
‘ n 0O o0
O~__NH
J
kinact/KI
Compound (CH2)n Ki (UM) Kinact (Min-1)
(103 M-1 min-1)
16 n=1 n.d. n.d. n.d.
17 n=2 n.d. n.d. n.d.
18 a n=3 477 +37.8 1.18 £0.93 24.7+2.2
15 (VA4) n=4 129+2.6 1.40 +0.13 107 +23.8

n.d = not detectable.

a) kinetic parameters for compound 18 were determined using a double reciprocal method of data
analysis (see Appendix Il1).

Figure 3.3 shows that a side chain length of one or two methylene units is not long

enough for the inhibitors to inactivate hTG2 efficiently. Similar results have been reported with

the Cbz-Phe-X and Cbhz-X-Gly scaffolds, where fewer methylene units in the side chains showed

poor inhibition as wellisa. In the crystal structure of ‘open’ conformation hTG2 (PDB code

2Q32Z)1s, the active site’s C277 is located at the bottom of a hydrophobic tunnel. Since one and

two methylene unit side chain inhibitors showed a poor rate of covalent inactivation, we presume

the acrylamide warhead was not positioned in the proximity C277 to favour nucleophilic attack,
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and therefore no significant enzyme inactivation was observed. The inhibition reappeared with
three methylene units (18) but was the most efficient with four methylene units in VAA4.
Regardless, from this series of inhibitors, it was evident that the side chain length is a critical

component for successful inactivation of hTG2.

0.5-
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0.3+
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No N O N

18 mM [Inhibitor]/a

Figure 3.3. Observed rate constants (Kobs) of inactivation of hTG2 with 18 uM of inhibitors

15-18.

3.1.3 Kinetic evaluation of ‘East end’ derivatives

So far, we noted that a more rigid piperazine linker and four methylene units on the side
chain (VA4) provided beneficial interactions that enhanced both affinity and reactivity of our
inhibitors towards inactivation of hTG2. Having established appropriate lengths with spacer and
side chain, we relocated our attention to the modification of the dansyl group found on the ‘East

end’ of VA4. As mentioned earlier, we believe binding of the dansyl group is occurring in a
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hydrophobic pocket, thus we sought to replace it with various aromatic and aliphatic functional
groups, hoping that the chosen derivatives would help us understand the necessary interactions at
the binding pocket. The first set of derivatives for the ‘East end’ modification SAR study
maintained a sulfonamide connection with the piperazine spacer. As a way of understanding the
binding associated with the dansyl group, we removed the dimethylamino group on the
naphthalene ring to make compound 19 and then kinetically compared it to VA4 (see Table 3.4).
Although both inhibitors 19 and VA4 had similar affinity constants (Ki), compound 19 had a rate
constant of inactivation (kinact) that is 3.5-fold less than VA4 and resulted in an overall lower
inhibition efficiency. Changing the orientation from a 1-naphthyl to a 2-naphthyl moiety in
compound 20 also gave a low rate constant of inactivation (Kinact), with a small increase in
affinity. Reducing the size of the aromatic ring from naphthyl to phenyl in compound 21 resulted
in slight increase in the rate constant of inactivation (Kinact), from 0.38 min-1 to 0.47 min-1.
However, the overall inhibitor efficiency was similar to compound 20. Furthermore, we saw that
aromaticity is not necessary to achieve modest inhibition efficiency with the sulfonamide linked
seriesis2. Derivatives such as cyclohexyl, isopropyl, ethyl, and methyl sulfonamides all gave

comparable inhibition values to those of the aromatic derivativesis2.
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Table 3.4. Kinetic parameters of piperazine sulfonamide derivatives.

@VOTH\_)\N,\N

5 Lk,

0O
J

R

\

o~

0]

NH

Kinact/ K1
Inhibitor R group Ki (UM) Kinact (min-1)
(103 M-1 min-1)
|
N\
15 (VA4) 12926 1.40 £0.13 107 £ 23.8
19 s 104+1.38 0.39+£0.03 372171
20 6.7+11 0.38+£0.03 57.3+10.6
21 \/© 88+15 0.47+0.04 53.3+9.38

The final set of derivatives for the ‘East end’ modification series maintained the Cbz-

Lys(Acr)-pip-X scaffold, but the linkage to the piperazine spacer was changed from sulfonamide

to an amide. We hypothesized that a switch from a tetrahedral to a trigonal planar geometry at

the spacer linkage would possibly orient the C-terminal hydrophobic groups differently, thus we
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retested amide linked derivatives; 1-naphthyl (22), 2-naphthyl (23), and phenyl (24). Direct
comparison of amide derivatives, compounds 22-24, in Table 3.5 to their corresponding
sulfonamide derivatives, compounds 19-21, in Table 3.4 suggests that the presence of an amide
functional group in place of the sulfonamide is beneficial for the inhibition of hTG2. All three of
these aromatic derivatives (22-24) show approximately a 2-fold increase in overall inhibition
efficiency compared to their sulfonamide counterparts (19-21). From the amide linked series,
compound 22 (also called AA9) has the best affinity constant with a Ki value of 8.9 uM. Also, in
comparison to the more efficient inhibitor in the sulfonamide linked series (VA4), AA9 has a
slightly better affinity to hTG2. Compound 24 did show the highest inhibitor efficiency;
however, it demonstrated the worst affinity within the series with a Ki value of 36.6 pM. Upon
consideration of inhibitor affinity and efficiency, we considered compound 15 (VA4) and
compound 22 (AA9), to be the best lead compounds from the sulfonamide and amide piperazinyl
linked derivatives. Both compounds are highly efficient irreversible inhibitors with a kinact/Ki of

approximately 10s M-1 min-1.

65



Table 3.5. Kinetic parameters of piperazine amide derivatives.

@OTHEAN/\

0 ;K,
/j,NH

Inhibitor R group Ki (UM)

Kinact (min-l)

Kinact/ K1

(103 M-1 min-1)

22 (AA9) ‘ 8.9+1.0

23 134423
24 \/O 36.6+ 4.8

0.90 +0.05

1.21+0.13

4,77 £ 0.46

101 +12.8

90.3+18.0

130+21.2

3.2 Assessment of TG2 GTP binding activity in the presence of covalent inhibitors

TG2 has been shown to have allosteric binding sites for both Ca2+ and guanosine

nucleotides 1s5. More specifically, Caz+ binding activates the acyl transfer catalysis of TG2, and

guanosine nucleotide binding deactivates this activity. A crystal structure of hTG2 bound to GDP

demonstrated a dramatic conformational change, where the two C-terminal B-barrel domains
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were folded over the catalytic coreis. In addition, TG2 is unique amongst its isozymes, in that
when bound to GTP, it functions as a G-protein 1s6. Originally, TG2 was reported as a GTP
binding protein called Gn and was involved in coupling the al-adrenergic agonists for the
stimulation of the phosphoinositide lipid metabolismiss. Later, studies demonstrated that Gh was
identical to TG249. More recently, studies have shown that the GTP-binding ability (and by
extension, presumably the G-protein activity) of hTG2 is involved in certain types of
cancersrg4,157. Other than the diseases associated with hTG2’s acyl transfer activity, targeting and
abolishing its GTP binding activity can also offer potential therapeutics toward treatment of
linked diseases.

Our covalent inhibitors are competitive with respect to the acyl-donor substrate (AL5) of
hTG2. With increased AL5 concentration, the value of kobs at a constant inhibitor concentration
decreases, demonstrating that the binding of both substrate and inhibitor is competing at the
active site of the free enzyme. Furthermore, we have observed by mass spectrometry that one
equivalent of NC9 and 23 is covalently incorporated into irreversibly inhibited hTG2uss,
presumably through reaction with the active site cysteine. Thus, our inhibitors target the
substrate binding pocket and should not be competing with the GTP binding pocket.
Interestingly, through collaborate work, we have shown through FRET-FLIMs1,147 and by CE-
MSs2,158 that our acrylamide-based irreversible inhibitors (at micromolar concentrations) can
lock hTG2 in its open conformation. Thus, not allowing an irreversibly locked and extended
conformation of hTG2 to bind GTP. To further solidify this conclusion, we tested two of our lead
compounds (VA4 and AA9) for their ability to abolish GTP binding. For this assessment we
used a GTP binding assay (Scheme 3.2) that uses a fluorescent nonhydrolyzable GTP analogue
(GTPyS FL BODIPY) whose fluorescence increases when bound to a GTP-binding proteiniso.
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After incubating hTG2 with our lead covalent inhibitors, VA4 and AA9, hTG2 showed
significant loss in GTP binding ability (see Figure 3.4). Thus, in addition to their ability to
covalently inhibit the acyl transfer activity of hTG2 and locking the enzyme in its extend/open

conformation, VA4 and AA9 are also capable of almost completely abolishing GTP binding.
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Scheme 3.2. A general illustration of tissue transglutaminase (TG2) binding a fluorescent
nonhydrolyzable GTP analogue (GTPYS FL BODIPY) whose fluorescence increases when

bound.

Having access to a library of covalent inhibitors from our SAR library, we decided to
gain more insight into the structural requirements for inhibition of GTP binding. We chose to test
inhibitor 10 which lacks two key structural components: namely the C-terminal functional group

and the piperazine spacer. Even without these structural features, inhibitor 10 was still capable of
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abolishing hTG2’s GTP binding activity (see Figure 3.5). Before we ruled out a possible
structural requirement for exclusive GTP binding abolishment over inhibition of acyl transfer
activity, we decided to evaluate the GTP binding using iodoacetamide; a non-specific
irreversible inhibitor known for TG2 and many other cysteine proteasesieo. Incubation with
iodoacetamide did not perturb its GTP binding ability (see Appendix IV), suggesting that
covalent inhibition of acyl transfer activity does not always lead to abolishment of GTP binding.
Furthermore, the covalent addition of the acetamide group does not prevent the enzyme from
adopting its closed conformation and therefore, allows for a conformation suitable for guanosine
nucleotide binding. These findings with inhibitor 10 and iodoacetamide do not give a complete
understanding of the structural requirements needed for exclusive inhibition of acyl transfer
activity. However, these preliminary results may lead to future systematic structural modification
of our covalent inhibitor to develop an exclusive acyl transfer inhibitor that does not alter
hTG2’s GTP binding. Regardless, we have developed efficient inhibitors that abolish both
acyltransferase and GTP-binding activities in vitro, namely VA4 and AA9. This represents a
novel allosteric mechanism for inhibiting GTP binding, without the use of GTP analogues, an

approach that may suffer from the lack of selectivity.
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Figure 3.4. Suppression of GTP binding activity using 3 pM GTP-y-S FL BODIPY after

inhibition of hTG2 with VA4 (15) and AA9 (22).
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Figure 3.5. Suppression of GTP binding activity using 3 pM GTP-y-S FL BODIPY after
inhibition of hTG2 with compound 10.
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3.3 Cellular target and evaluation

hTG2 has been shown to be highly elevated in epidermal cancer stem (ECS) cellssa. In
addition, hTG2 knockdown or inactivation with 20 uM NC9 reduced ECS cell proliferation
and survivales, the expression of epithelial-mesenchymal transition (EMT) transcription factors
and markersis7, and metastatic phenotypess. In TG2 knockout ECS cells, treatment with NC9 had
no effect, suggesting that the inhibitor’s biological activity is not related to off-target
interactionis47. Furthermore, administration of NC9 by intraperitoneal injection at 20 mg/kg
reduced the growth of mouse xenograft tumours initiated by injection of cancer stem cellsias.
Through these biological assays, NC9 was found to be surprisingly effective against human
squamous cell carcinoma, which is the reason we sought to optimize it further to create a more
drug-like candidate.

Extracellular basement membranes composed of collagens, laminins, and proteoglycans,
form thin and sheet-like structures that separate epithelial tissues from adjacent connective
tissuesie1. The crossing of cancer cells through this membrane is a crucial aspect of metastasis. It
has been shown previously that ECS cells invade efficiently and migrate rapidly relative to non-
stem cancer cells and that these properties are associated with enhanced tumour formationss. As
optimizations were taking place in this SAR study, we decided to compare the migrating ability
of ECS cells in the presence of VA4 and NC9. To determine the relative potency of NC9 and
VA4, we monitored the ability of ECS cells to migrate through collagen membrane-like polymer
called Matrigelie1 treated with either of these inhibitors over a concentration range of 1-50 uM.
As can be seen in the dose-response data shown in Figure 3.6, both inhibitors are capable

of inhibiting ECS cell migration. Due to a higher potency, the migration data for VA4 could be
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fitted to provide an ECso value of 3.9 uMzis2, while NC9 did not provide enough data points to

extrapolate a precise ECso value.
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Figure 3.6. Dose-response data for inhibition of ECS invasion by 15 (VA4) and NC9. The
solid line was fitted through the data for 15 (VA4), providing an ECso value of 3.9 pM.

Experimental data was obtained from Dr. Gautam Adhikaryisz.

3.4 Isoenzyme selectivity

We next assessed the selectivity of our most studied inhibitors, NC9 and VA4, for their
reaction with hTG2 over other members of the TGase family. We chose to test these covalent
inhibitors against four therapeutically relevant isoforms of human transglutaminase: FXIlla,
hTG3a, hTG1, and hTG6. The activities of hTG2, hTG1 and hTG6 were measured using our
previously reported continuous colorimetric assayss, using Cbz-Glu(y-p-nitrophenyl ester)Gly or

AL5 as a substrate (see Scheme 3.1). As for the other TGases, FXllla and hTG3a, a
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commercially available continuous fluorescent assayas 162 that utilizes a peptidic FRET-quenched

substrate called A101 was used (see Scheme 3.3). For all enzymatic reactions, we measured the

respective kinetic parameters (Km and Vmax) with their appropriate substrate; AL5 or A101 (see

Appendix Il for data).
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Scheme 3.3. A general illustration of transglutaminase (TGase) reacting with a peptidic

FRET-quenched substrate via its isopeptidase activity. Once the N-(2,4-

dinitrophenyl)cadaverine is cleaved off and the enzyme forms a thiolester acyl

intermediate, the N-terminal fluorophore 2-aminobenzoyl (Abz) group is observed

spectrophotometrically at 413 nmausz.

At a specific inhibitor concentration, we obtained the rate constant of inactivation (kobs)

for each of the selected TGase isozymes (see Appendix V for data). Furthermore, these inhibitor

concentrations were chosen to account for competition with substrates in each enzymatic

reaction. In general, our potent irreversible inhibitors showed excellent selectivity toward hTG2

over the other isozymes (see Table 3.5).
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Both VA4 and NC9 demonstrated superior selectivity toward hTG2 over hTG3a by about
390-fold. VA4 was 48-fold less reactive with hTG1, 97-fold less reactive with FXllla, and no
inhibition was observed with hTG6 compared to inhibition of hTG2. In addition, VA4 generally
illustrated a lower reactivity toward other TGase isozymes compared to NC9. The subsequent in

vitro selectivity over homologous TGases bodes well for in vivo selectivity.

Table 3.5. Selectivity of VA4 and NC9 against TGase isoforms.

Compound # Kobs (10 -3 min -1)
TG2 TGl TG3a TG6 FXlIlla
NC9 390 £ 49 789159 1.01 £0.09 6.16 £ 0.14 591 +1.59
15 (VA4) 394 + 37 8.27 +£0.76 0.65+0.21 n.d. 4.08 £0.77

n.d = not detected
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Chapter Four: Design, Synthesis and Kinetic Evaluation of FXIIla inhibitors
4.1 Recent work on FXIllla inhibitors

As mentioned in Chapter 1 section 1.4.4, research directed towards designing selective
human FXIlla (hFXIlla) inhibitors is limited. To date, the most promising selective hFXIlla
reported was by the Zedira, a biotechnology company specializing in transglutaminase research.
Zedira introduced ZED1301 (Figure 4.1), a peptidic irreversible hFXIlla inhibitor bearing an
acrylate methyl ester warhead. ZED1301 demonstrated a 30-fold selectivity for hFXllla
compared to hTG2. Furthermore, a crystal structure was solved with ZED1301 bound in the
active site pocket of hFXIIIA2 (calcium activated homodimeric proenzyme)iso. The peptidic
sequence found in ZED1301, was derived from the 12-mer peptidic substrate
(pepF11KA: DQMMLPWPAVAL) discovered to be selective for hFXIlla over hTG2 via a
phage-display selectionizs. The irreversible inhibitor was shown to bind covalently to the
catalytic C314 residue with its glutamyl-like acrylate methyl ester warhead. With the emergence
of this crystal structure demonstrating the complexation of a peptidic inhibitor with the active
site, researchers can begin to include implicit binding interactions within their structure-based

design of future hFXIlla inhibitors.
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o
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Figure 4.1. Zedira’s ZED1301, a covalent peptidic inhibitor bearing an acrylate methyl

ester with a 30-fold selectivity for hFXlla over hTG2.

hFXIlla is an enzyme involved in the last step of the coagulation pathway, and inhibition
of the enzyme can provide another direction for anticoagulant therapy. For decades, vitamin K
antagonists were the only available anticoagulants. Vitamin K antagonist’s anticoagulant effect is
due to the inhibition of vitamin K epoxide reductase which inhibits the synthesis of vitamin K-
dependent protein involved in coagulationies. These anticoagulants have a small therapeutic
index and unpredictable dose-response relationship, giving rise to frequent bleeding
complications or insufficient anticoagulationies. More recently, a new generation of
anticoagulants has emerged targeting directly or indirectly serine proteases that are upstream of
the coagulation pathway such as thrombin and factor Xaies. Since hFXIlla is linked to the
mechanical stability, half-life, and lysis rate of clotsi2o and acts downstream of thrombin and
factor Xa, it can be a potential therapeutic for a safer and more selective anticoagulant. From our
knowledge within the transglutaminase field, a hFXIlla inhibitor that selectively discriminates
against hTG2 is highly sought-after for research related biological evaluations. Furthermore,
selectivity against hTG2 over the other TGase members is important since tissue
transglutaminase is distributed ubiquitously. With that, we decided to start our search for a
hFXIIla inhibitor that has poor affinity for hTG2. Once a lead compound is found, selectivity

against other TGase isoforms will follow.

4.2 Inhibitor design and synthesis
Originally, like Zedira, we proposed to modify the glutamine residue in the reported

pepF11KA peptide (DQMMLPWPAVAL) to incorporate our lysine-borne acrylamide warhead.
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We also observed that the pentamer and heptamer peptide substrate, DQMML and DQMMMAF,
was enough to show selectivity towards hFXIlla over hTG2 by 570-fold and 2686-fold,
respectivelyies. In Zedira’s crystal structure of hFXIII, the active site was noted to appear
differently than hTG2, with a wider opening for binding of the acyl amine acceptoriso. In
addition, a space resembling pocket 1 (see Chapter 2, Figure 2.3) was described as being more
distinguished between hFXIlla and hTG2. In this region, we observed an electrostatic interaction
between the aspartate residue in ZED1301 and arginine residue (R223) in pocket 2. Moreover,
from phage-displayed selection library that found pepF11KA peptide, about 35% of the
preferred peptide sequences for hFXIlla had a negatively charged carboxylate side chain in the -
1 position to the glutamine, while none of the preferred peptides for hTG2 had a negatively
charge residue at the -1 position to the glutamine. Like hTG2, hFXIllla also has a hydrophobic
pocket 2 that prefers non-polar motifsis,iso.

From our SAR study results in Chapter 3, we discovered that inhibitor 16 (Figure 4.2 A),
with one methylene unit on the side chain bearing our warhead, exhibited very poor reactivity
with hTG2. More specifically, compound 16 was about 10-fold less reactive towards inhibition
of hTG2 (Figure 4.2 B) than VA4 (a compound that has four methylene units on the side chain
bearing the acrylamide warhead). In fact, there was a trend of decreasing reactivity towards
hTG2 as we systematically decreased the number of methylene units in the Lys(Acr) side chain.
Having this low reactivity for the inactivation of hTG2, we thought to select a one methylene
unit acrylamide side chain or Dap(Acr) for our SAR study of hfXllla inhibitors, with the hope of

selective inhibition of hFXIlla over hTG2.
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Figure 4.2. A) Chemical structure of compound 16. B) Rate constant for the covalent

reactivity (kobs) of 16 versus 15 (VA4) against hTG2 at a concentration of 18 uM.

As previously tested with our TG2 studies, the acrylamide warhead showed stability
against glutathione, while maintaining reactivity with the active site cysteineiss. Further, an
acrylamide warhead held via one methylene unit demonstrated low reactivity towards hTG2. The
latter result can potentially allow for isozyme selectivity, with the possibility for sufficient
reactivity towards the active site cysteine of hFXIlla. With that, we decided to start our
pioneering SAR study on inhibitors for hFXIIla with Dab(Acr), with the understanding that other
warheads may allow for more efficient inhibitors. Similar to what we have done in our hTG2
SAR study, we systematically varied the spacer length with the same diamine spacers to explore
their binding towards hFXIlIla. Moreover, to focus on the effect of spacer length variation only,
the ‘East end’ was maintained as an aromatic and hydrophobic dansyl group, which may provide
favourable association with the hydrophobic binding pocket of hFXIlIla. Once an optimal spacer
length was found, we then sampled a few aryl derivatives linked via a sulfonamide and

carboxamide, for a preliminary evaluation of their binding strength towards hFXIlla. As
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mentioned earlier, the binding in pocket 1 was noted to be different between hFXIlla and hTG2.
More specifically, as seen in the crystal structure of FXIIIA bound with ZED1301, a negative
residue may show favourable interaction. Thus, we tried replacing the Cbz group on the ‘West
end’ of the inhibitors with an N-acyl-L-aspartate residue. Scheme 4.1 summarizes our goals for

our initial SAR study towards finding a selective and efficient covalent inhibitor of hFXIlla.

replace with negatively
charged residue

©\/ I
H
O\n’N\gj\ spacer |[—R

o] 'select’ warhead with
\E\ ‘ one methylene unit
side chain length

Scheme 4.1. Proposed structural modifications for this work’s SAR study with human

FXIlla.

The synthesis of inhibitors for this SAR study can be divided into two scaffolds; Cbz-Dap
and Boc-Dap(Cbz). The Chz-Dap scaffold was used to synthesize the spacer and ‘East end’
derivatives, while the Boc-Dap(Cbz) scaffold was used to synthesize the ‘West end’ derivates.
As explained above, both scaffolds used our acrylamide warhead. Through a similar convergent
synthesis used to make our hTG2 inhibitors, Chbz-Dap(Acr)-OH and various aryl
monosubstituted alkyldiamine spacers were coupled to give us on set of our final inhibitors (see
Scheme 2.1 in Chapter 2 for a general synthesis scheme). The monosubstituted alkyldiamine
spacers ranged from 2 to 4 methylene units linked to a maintained dansyl group. To ease

purification of the monodansylated alkyl amines, a Boc group was added to the free amine,
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making it more hydrophobic and easier to elute from a silica-based column. The addition of the
Boc group also increased the yield of reaction by increasing solubility in the organic phase
during aqueous washes and avoiding diamine coupling during synthesis. Once an optimal spacer
length was discovered, the dansyl group was replaced with a 1-naphthalene derivative linked via
sulfonamide or carboxyamide.

For the ‘West end’ derivatives, a different synthetic route was designed and the general
scheme for this route is depicted in Scheme 4.2. The Boc-DapCbz) scaffold was used to
synthesize our ‘West end’ derivatives. It offered a late Boc protected intermediate that can easily
be functionalized with various derivatives via a simple dilute acidic deprotection. More
importantly, the trifluoracetic acid (TFA) deprotection did not alter the existing functional
groups. If the Cbz-Dap scaffold was used to make the same later intermediate, then we would be
affecting the electrophilic alkene group found on the acrylamide warhead. Cbz deprotection
conditions such as hydrogenation would reduce our warhead alkene to an alkane. We also were
not able to devise a convergent synthesis, where Boc-Dap(Acr)-OH is coupled to various aryl
compounds with a spacer. This was because we did not obtain a high yield for the addition of the
acrylamide warhead using Boc-Dap, rather than Cbz-Dap. The Boc protected scaffold was very
soluble in the aqueous phase and did not allow us to follow our acrylamide warhead addition
reaction conditions.

Consequently, the Boc-Dap(Cbz)-OH scaffold was directly coupled to the spacer and the
‘East end’ of the inhibitor in the early steps of the synthesis, rather than at the end. A common
hydrogenation reaction was used to remove the Cbz-group from the -amine and subsequently
followed by the acrylation of the amine to afford our acrylamide warhead. A mild acidic Boc-

deprotection was used to free up the a-amine, which was then used to couple to a negatively
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charged residue. For this thesis’s SAR study, we used N-acyl-L-aspartic acid as our negatively
charged residue. The general procedures and details for the synthesis of intermediates and final

compounds can be found in Chapter 6.
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Scheme 4.2. General scheme for the synthesis of this work’s hFXIIIa ‘West end’

derivatized covalent inhibitors.
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4.3 Kinetic evaluation of FXIlla inhibitors

As described in Chapter 3, a covalent inhibitor’s potency can be evaluated through two
parameters; Ki and kinact132. Moreover, these kinetics parameters are measured under Kitz and
Wilson conditionsisi, where the dependence of kobs versus inhibitor concentration will show a
hyperbolic relationship that fits under equation 3.1 from Chapter 3. The rate constant kobs is a
measure of covalent enzyme inactivation and it can be measured graphically when the enzyme is
saturated with substrate. During this substrate saturation, the curvature of enzymatic reaction rate
is solely due to the inhibitor’s activity and thus we can measure the rate constant of inactivation
(kobs). However, if the efficiency of the enzyme-substrate reaction (kcat/Kwm) is greater the
enzyme-inhibitor efficiency (kinact/Ki), then a pseudo-first order regression for the inhibitor
exclusively is not observed. Consequently, we are observing both the substrate depletion and
inhibition reaction. This scenario was observed with our Dap(Acr) hEXIlla inhibitors. Another
method to solve for kobs is possible and would require a more rigorous experimental set up. The
kobs can be measured graphically by plotting percent residual activity versus time.
Experimentally, a researcher would measure both the initial rate of enzymatic activity in the
presence and absence of inhibitor. Aliquots are obtained at various time intervals to measure
percent inhibitions of one inhibitor concentration. The aliquots must be significantly diluted to
avoid competitive binding of inhibitor with substrate, which will allow for the measurement of
only covalent inactivation or the kobs Over time. As a preliminary screen for this pioneering study,
we chose to examine initial rates to obtain an inhibition constant for the competitive reversible
reaction. Given the cost of the enzyme and assay, this approach was a better use of our resources.

Our approach used a fluorescent assay that utilizes a peptidic FRET-quenched substrate

called A10143162, the same one used for the isozyme selectivity assay in our hTG2 SAR study
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(see Scheme 3.3 in Chapter 3). Moreover, our hFXIlla inhibitors are competitive with respect to
the substrate (A101) of hFXIlla. With increased A101 concentration, the initial rate of the
enzymatic reaction at a constant inhibitor concentration increases, demonstrating that the binding
of both substrate and inhibitor is competing at the active site of the free enzyme. With that, we
can measure the initial rate of hFXIIIa’s isopeptidase activity in the presence of various inhibitor
concentration (see Figure 4.3 A) and use a Dixon plotiss to measure the equilibrium constant for
inhibitor’s binding affinity (Ki). The relationship between Ki, inhibitor concentration and initial

rate of enzymatic reaction is represented in the linear equation below:

Kp+[S]

@_K_M[1]+V S

Vi Vinax[S1Ki

By plotting the inverse value of the initial rate versus inhibitor concentration, we obtain a slope
containing the Ki value. With the linear equation 3.1, we can isolate for the x-intercept, which

equals to the following:

_ Ky +[5]
Vinax[S
x — intercept = %[]
M

Vmax [S] Ki

With further algebraic manipulation, we obtain the following:

S
x — intercept = —K;(1 + u = —K;a
Ku
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Through this manipulation, we see that the x-intercept provides an equilibrium constant for the
dissociation of the enzyme-inhibitor complex multiplied by the equation that accounts for
substrate competition or a parameter (Equation 3.3 in Chapter 3). Thus, obtaining the x-intercept
of a Dixon plot and dividing by o, we obtain the Ki value. A graphical example is shown for the
inhibition of hFXIIla with compound 16 in Figure 4.3. Our Dixon plot is normalized for two
variables; the substrate competition is accounted for by dividing our inhibitor concentrations by
o and all our initial rates are divided by the initial rate of our enzymatic reaction in the absence
of inhibitor. The former gives us an x-intercept value corresponding to Ki and the latter gives us
a y-intercept of 1 for all inhibitors and allows for simultaneous comparison between inhibitors
throughout our SAR study. Moreover, the normalization of the initial rates and substrate
competition account for variations in enzyme concentration and substrate affinity between
assays, more importantly between enzymes. With that, we decided to compare only the affinity

of our hFEXIlla inhibitors by comparing Ki values between hTG2 and hFXllla.
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Figure 4.3. Determination of inhibitor affinity constant (Ki) using a previously reported
continuous fluorescent assay. (A) Initial rates of the enzymatic reaction were measured by
monitoring the relative fluorescent units (RFU) versus time in the absence (green line, vo)
and presence of increasing inhibitor concentrations (black line, v). (B) A Dixon plot fitted

to a linear regression for various concentration of inhibitor 16 with hFXIlla (green line)

and hTG2 (blue line). The plot was normalized for substrate competition and the initial

rates between two enzymes.
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4.3.1 Kinetic evaluation of spacer derivatives

Our Kinetic evaluation started with compound 16, which connected both the East and
West ends of the molecule via a piperazine spacer. We found that compound 16 had a Ki value of
approximately 37 uM for hFXIlla and 250 uM for hTG2, with a 7-fold selectivity preferring
hEXIlla (Table 4.1). Although a rigid piperazine spacer provides our inhibitor with a higher
probability for greater bioavailability, we decided to explore the affinity of inhibitors towards
hTG2 and hFXIlla with a more extended spacer. Moreover, we wanted to steer away from the
piperazine spacer, as it had favourable interaction with hTG2. Increasing the methylene units in
the spacer to four (25) and three (26) did not show higher affinity towards hFXIlla. However, as
seen previous with hTG2, having four or three methylene unit spacers reduced inhibitor’s affinity
to hTG2. A more conformationally restricted compound 27 with a two-methylene diamine
spacer, we observed a slight increase in the affinity for hFXIlla and about 20-fold selectivity
towards hFXllla over hTG2. With all this, we decided to continue our SAR study with
compound 27, also known as AA27, since it showed the highest affinity for hFXIlla with a

sufficient selectivity from binding to hTG2.
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Table 4.1. Kinetic Parameters of Substituted Cbz-Dap(Acr)-R.

O oo
o N_J ¥
Y v
o i |

NH
| 0
Inhibitor X group Ki (UM)
hFXIlla hTG2
16 piperazine 36.5+21 248 £ 60.7
25 HN-(CH2)s-NH 444 +22 1197 £192
26 HN-(CHz)s-NH 63.6 +5.7 n.d.
27 (AA27) HN-(CHz)2-NH 255+1.2 514 + 96.6

n.d = not detected

4.3.2 Kinetic evaluation of ‘East end’ derivatives

Having established an appropriate length with the spacer, we relocated our attention to
the modification of the dansyl group found on the ‘East end’ of AA27. With a pioneering
approach, we investigated two linkages for the attachment of our ‘East end’ via a sulfonamide
(28) and a carboxamide (29) bond. Both bonds maintained a 1-napthalene ‘East end’ derivative,
allowing us to analyse the influence of the two different connections on enzyme affinity (see
Table 4.2). With respect to hFXIlla, sulfonamide linked inhibitor 28 had a Ki value of 103 uM
and amide linked inhibitor 29 had a Ki value of 75 uM. The removal of the dimethyl amino

group from the dansyl moiety decreased the affinity of the inhibitor to hFXIlla by about 4-fold,
88



while sustaining the selectivity away from hTG2. We also noticed that with the amide linkage

there was an increase in affinity for hTG2 by about 4-fold. From these results, we demonstrated

that an amide linkage for the ‘East end’ of our inhibitors does not provide favourable selectivity

towards hFXIlla over hTG2.

Table 4.2. Kinetic parameters of ‘East end’ derivatives

0
H H
@\/OTN%H/\/N\R
o
NH
(o
Inhibitor X group Ki (LM)
hFXllla hTG2
e
27 (AA27) \{S O N 255+1.2 514 + 96.6
|
o0 )
28 (AA21) S O 102.6 + 3.3 438 +81.8
L0
29 (AA20) O 74.4+6.3 144 +31.1
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4.3.3 Kinetic evaluation of ‘West end’ derivative

Continuing this preliminary SAR study on hFXIlla, we placed a negatively charged N-
Acyl-L-aspartic acid residue on the ‘West end” of AA27. As discussed in our inhibitor design
section, we hoped that placement of a negative charge on the “West end’ of our inhibitor would
increase the affinity with hFXIlla by interacting with nearby positively charged arginine residue.
Unfortunately, replacing the N-terminal Cbz group with a N-Acyl-L-aspartic acid residue
resulted in a lower affinity to hFXIllla relative to compound AA27. However, the affinity for
hTG2 was still poor with a Ki value of 371 uM maintaining that sought after selectivity for
hFXIIIa. Prospective derivatives for the ‘West end’ will be further discussed in chapter 5.
Overall, these results showed that AA27 is superior to all inhibitors in this work’s SAR study

through its affinity and selectivity for hFXIlla.

Table 4.3. Kinetic parameters of ‘West end’ derivatives

R™ > N oSC
; H o o
_\NH
| O
Inhibitor R group Ki (LM)
hFXIlla hTG2
o
30 ? o 725+18 371+ 57.7
A
H
o
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Chapter Five: Conclusion and perspectives
5.1 Human tissue transglutaminase inhibitors
5.1.1 Goal of the project

The main project for this thesis was to develop a potent and selective covalent inhibitor
of hTG2 based on our previously reported Chz-Lys(Acr) scaffold. Starting with our lead
inhibitor NC9, an inhibitor bearing an acrylamide warhead, we decided to develop a library of
inhibitors. Our SAR study maintained the Cbz group for affinity reasons and the ‘select’
acrylamide warhead for its balance between stability and reactivity. We systematically varied the
length of the side chain, the peptide backbone spacer, and the C-terminal ‘East end’ group (see
Figure 5.1) on NC9. The goal was to develop an efficient covalent inhibitor that blocks the acyl
transferase activity of hTG2. Additionally, we wanted to investigate how our covalent inhibitors
can affect the GTP binding ability of hTG2. Inhibitors that provided high potency and selectivity
were carried forward as potential drug candidates that can inactivate overexpressed and
unregulated hTG2 activity that has been associated with numerous human diseases, including

cancer stem cell survival and metastatic phenotype.
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Figure 5.1. Strategic SAR approach on previously reported acrylamide based

peptidomimetic irreversible inhibitor, NCO9.

5.1.2 Results

From the spacer derivatives within our SAR study, we found that the piperazine spacers gave
the highest inhibitor efficiency within the series. In addition, the piperazine spacer allowed us to
reduce the spacer length from eight atoms in NC9 to two atoms in compound 15 (VAA4), resulting in
a dramatic reduction in the number of rotatable bonds. On the contrary, reducing the length of the
side chain reduced the number of rotatable bonds in inhibitors 17-19, but drastically reduced the
efficiency of the inhibitors in return. Thus, reducing the number of methylene units of the side chain
below 4 resulted in a loss of inhibitor activity. Upon consideration of affinity and reactivity, we
judged inhibitors 15 (aka VA4) and 22 (aka AA9) (Figure 5.2) to be the best lead compounds from
the sulfonamide and amide piperazinyl linked derivatives. Both compounds are highly efficient
irreversible inhibitors with an efficiency (kinact/Ki) of approximately 10s M-1 min-i. Furthermore,
these two lead compounds (VA4 and AA9) were tested further for their ability to abolish GTP
binding. This evaluation showed that hTG2 significantly lost its GTP binding ability after incubation

with our VA4 and AA9. Finally, we assessed the selectivity of NC9 and VA4 for their reaction with
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hTG2 over four therapeutically relevant isoforms of human transglutaminase: FXllla, hTG3a, hTG1,
and hTG6. In general, our potent covalent inhibitors showed excellent selectivity toward hTG2 over

the other isozymes.

o o ; 5
HN o] HN (o]
T T
VA4 AA9
K;=8.9 uM K, =13 uM
Kinact/Ki = 1.0 x 105 M" min’"! Kinact/K) = 1.1 X 105 M-1 min!

Figure 5.2. Structures and Kinetic inhibition parameters of VA4 and AA9 towards hTG2.

5.1.3 Perspectives

Looking forward, our first step will be to continue our hTG2 SAR study. We will add various
derivatives on the ‘West end’ of our lead inhibitors and determine their efficiency towards
inactivation of hTG2. Another potential SAR project will focus on rigidifying the Lys side chain
carrying the acrylamide warhead. Once a suitable inhibitor efficiency is determined, the focus of this
project will be redirected towards pharmacokinetics. We would study common pharmacological
factors such as absorption, distribution, biotransformation and elimination of lead inhibitors. These
pharmacokinetic studies will be conducted on an in vitro level to start, then moving to in vivo mouse
models and eventually concluding at the clinical level. Simultaneously, we must always ensure our
potent inhibitors are selective to hTG2 rather than being promiscuous to similar protein pockets.

Beyond an in vitro evaluation, we will design a clickable probe to test the selectivity of our potent
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inhibitors in a cellular context. We will hope to create a selective and efficient inhibitor, with

therapeutically benefical pharmacokinetic properties.
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5.2 Human factor Xllla inhibitors
5.2.1 Goal of the project

The secondary project for this work was a pioneering study aimed towards developing a
high affinity hFXIlla small molecule inhibitor that will possess selectivity against hTG2. The
inhibitor design was based on a Dap(Acr) scaffold that was shown to be poorly reactive towards
hTG2. Starting with our lead inhibitor 16, we rationally developed a library of inhibitors. Our
SAR study maintained the acrylamide warhead, as it previously demonstrated a beneficial
balance of stability and reactivity with hTG2. We also decided to maintain the one methylene
unit side chain, as we believe it is a key structural basis for selectivity for hFXIlla over hTG2.
Like our hTG2 SAR study, we explored the spacer length on compound 16 (see Figure 5.3) and
systematically increased the number of methylene units to study both its effect on affinity and its
selectivity between hTG2 and hFXIIIA. Additionally, we evaluated a few simple variations on
the ‘East end” and ‘West end’ of inhibitor 16, as illustrated in Figure 5.3. With this small
inhibitor SAR study, our goal was to provide preliminary data to allow for the development of an

efficient and selective inhibitor that blocks the acyl transferase activity of hFXIlla.
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Figure 5.3. Strategic SAR approach on acrylamide based covalent inhibitor 16.

5.2.2 Results

After kinetic evaluation of our spacer derivatives, we found that the two methylene unit
diamine spacer, AA27, had the highest affinity for hFXIllla and sufficient selectivity over hTG2.
The piperazine spacer was comparable in its affinity; however, it showed lower selectivity over
from hTG2. The two methylene unit spacer was 20-fold more selective for hFXIlla, while the
piperazine spacer was only 6-fold selective. Further investigation into our SAR study showed
that removal of the dimethyl amine on the dansyl group of AA27 decreases the affinity towards
hFXllla by 4-fold. Additionally, an amide linked 1-naphthalene on the ‘East end’ of our
Dap(Acr) scaffold displayed a drop in selectivity for hFXIlla relative to hTG2. Modification of
the “West end’ of compound AA27 with a negatively charged aspartate residue reduced the
affinity towards hFXIllla and kept a comparable selectivity for hTG2. This preliminary SAR
study allowed us to discover a reasonably potent inhibitor, AA27, with a Ki value of 26 uM
towards hFXIlla and a 20-fold selectivity away from hTG2. This serves as an excellent starting

point for further development of an inhibitor that is specific for hFXIlla.
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Figure 5.4. Structure and inhibitor dissociation constants for compound 26 (AA27)

interacting with hTG2 and hFXllla.

5.2.3 Perspectives

Our novel findings during our SAR study with hFXIlla provided us with a structural
framework to use for future inhibitor designs. With the knowledge that a Dap(Acr) scaffold
provides selectivity for hFXIlla over hTG2, we can further elaborate both the N- and C-termini
with appropriate derivatives. We would start at the N-terminal or ‘West end’ of the inhibitor and
try other negatively charged residues, such as one to three methylene unit extensions with a
carboxylic acid group. By testing these flexible carboxylate groups, we can explore the space
needed to create a sought-after favourable electrostatic interaction in the pocket of hFXIlla.
Another potential plan can focus on the acrylamide warhead, as it did not show much covalent
reactivity with hFXIlIla. One option can be to reduce the alkene in the acrylamide warhead and
conceivably test a new generation of reversible hFXIlla inhibitors. Alternatively, we can test the

reactivity of different warheads towards hFXIlla, while trying to retain inhibitor selectivity. Our
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near-future focus will be maintained on the SAR study, with hopes of discovering the first

selective and potent small molecule hFXIllla inhibitor.

Chapter Six: General comments and procedures
6.1 General comments

Chemicals and solvents were obtained from Sigma-Aldrich or Fisher Scientific and used
without further purification, as were deuterated solvents obtained from Cambridge Isotope
Laboratories. NMR spectra were recorded on Bruker AVANCE 300, 400 and 500 MHz
instruments, and chemical shifts were reported in ppm referenced to the deuterated solvent peak.
High resolution mass spectra results were obtained from the John Holmes Mass Spectrometry
facility of the University of Ottawa, using a quadrupole time-of-flight (QTOF) analyzer and
electrospray ionization (ESI). Melting points were recorded for solid compounds on a Stanford
Research Systems EZ. Final compounds used for in vitro analysis were of > 95% purity as
judged by the HPLC chromatogram obtained using a Phenomenex C18 reversed phase column,
4.6 mm x 150 mm; solvent, acetonitrile/water. An isocratic elution of 40:60 acetonitrile/water or
a gradient elution of 75:25 to 30:70 acetonitrile/water over 20 min or 80:20 to 30:70
acetonitrile/water with 0.1% TFA over 15 min was used depending on compound. All
compounds were eluted with a flow rate of 1.0 mL/min and monitored with a UV detector at 260

nm.

6.1.1 General procedures
6.1.1.1 Addition of acrylamide

The commercially available N-terminal Cbz protected amino acid (1 equiv) was dissolved

in THF/1.0 M NaOH (1.2 equiv) (1:1 v/v) and cooled to 0 °C. Acryloyl chloride (1.2 equiv),
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dissolved in THF, was slowly added concurrently. The solution was stirred for 10 min and
quenched by the addition of saturated NaCl solution. The mixture was acidified to pH 1 with 1.0
M HCI and extracted three times with dichloromethane. The organic extracts were combined and
washed with water, brine, dried with MgSOs4, filtered, and concentrated to afford clear,

colourless oils.

6.1.1.2 Synthesis of monodansylated amine intermediates

The commercially available diamine (6 equiv) was dissolved in cooled DCM followed by
the addition of dansyl chloride (1 equiv). The yellow solution was allowed to warm to room
temperature and left stirring for 30 min. The solution was washed three times with saturated
NaHCO:s solution, and the organic phase was washed with brine, dried with MgSO4, filtered, and
evaporated under reduced pressure to provide a green/yellow oil. The crude product was purified
by flash chromatography over silica gel (elution with gradient of 1-4% MeOH in CH2Cl2) to

afford the desired products as yellow/green oils.

6.1.1.3 Synthesis of sulfonamide intermediates (using unprotected amines)

Commercially available diamine (6 equiv) was dissolved in DCM and cooled to 0 °C.
The sulfonyl chloride (1 equiv) was dissolved in dichloromethane and added slowly via dropping
funnel, typically resulting in an opaque solution. The yellow solution was allowed to warm to
room temperature and left stirring for 1.5 hours. Dilution in DCM followed by addition of
saturated NaHCO3 solution gave a clear, colourless solution. The DCM was separated, washed
with brine, dried with MgSOas, filtered, and concentrated under reduced pressure to afford

typically white or yellow solids. The crude product was purified by flash chromatography over
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silica gel (elution with gradient of 1-4% MeOH in CH2Cl2) to afford the desired products as
white solids.
6.1.1.4 Synthesis of amide intermediates (using protected amines)

Commercially available Boc protected diamines (1 equiv) were dissolved in DCM.
Triethylamine (2.5 equiv) and the acid chloride (3 equiv) were added slowly via dropping funnel.
The solution was stirred at room temperature for either 1 h or overnight. The solution was
concentrated under reduced pressure and the residue was dissolved in DCM. The solution was
washed with water, saturated NaHCOs solution and brine, dried with MgSOa, filtered, and

concentrated under reduced pressure to afford a white sticky foam.

6.1.1.5 Boc-deprotection of intermediates

Boc protected amine intermediates (1 equiv) were dissolved in CHCIs with 10% v/v
trifluoroacetic acid. The solution was stirred at room temperature and monitored via TLC
(Solvent system: 5% CH3OH/DCM with 0.5% triethylamine). Starting material was no longer
detected after approximately 2 h, and the CHCIs was concentrated under reduced pressure. The
residue was triturated with diethyl ether and the TFA salt was dissolved in 5 mL of ACN

containing 1 equiv of trimethylamine and carried forward without further purification.

6.1.1.6 Coupling using EDC/NHS

The carboxylic acid (1 equiv) was dissolved in ACN, and EDC-HCI (1 equiv) and NHS
(1 equiv) were added. The solution was stirred at room temperature for 16 h. The solution was
diluted with ethyl acetate and washed with water, saturated NaHCO3 solution, and brine. The

ethyl acetate solution was dried with MgSOa, filtered, and concentrated to afford the crude NHS
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ester typically as a white solid. The NHS ester was carried forward without further purification.
Crude NHS ester (1.1 equiv) was dissolved in 10 mL of ACN. Triethylamine (1 equiv) and the
desired amine intermediate (1 equiv) were added, and the reaction was left to stir at room
temperature for 3 h or kept overnight. The solution was diluted with ethyl acetate, washed with
saturated NaHCOs solution and brine, dried with MgSOa, filtered, and concentrated to afford

white sticky foams or oil (dansylated final compounds were yellow/green).

6.1.1.7 Coupling using EDC/HOBt

The carboxylic acid (1 equiv) was added to a solution of EDC-HCI (1.2 equiv), HOBt
(1.2 equiv), and N,N-diisopropylethylamine (1.2 equiv) in ACN and stirred at room temperature
for 30 min. The amine intermediate (1.2 equiv) was added, and the solution was left stirring at
room temperature for 20 h. The ACN was evaporated under reduced pressure, and the residue
was dissolved in CHCIs. The CHCIs was washed with water, saturated NaHCO3 solution, 1 M
HCI, and brine. The organic phase was dried with MgSOa, filtered, and concentrated under
reduced pressure to afford the crude product, typically as an oil. The crude products were
purified by flash chromatography over silica gel (elution with a gradient of 0—3% MeOH in
CH2Clz) to afford the desired products mostly as sticky foams (dansylated final compounds were

yellow/green).

6.1.1.8 Cbz deprotection (hydrogenation)
Cbz protected compounds were dissolved in dry MeOH under nitrogen atmosphere. Pd/C
(20 mol %) was added and the flask was evacuated and flushed with nitrogen three times. The

flask was subsequently evacuated and flushed with hydrogen three times with vigorous stirring.
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After 2 h, starting material was still present and fresh Pd/C was added to ensure reaction
completion. After 8 h, the solution was filtered over celite and the collected MeOH was put
under nitrogen atmosphere and Pd/C (20 mol %) was added. The mixture was left stirring
vigorously overnight. Starting material was not observed via TLC (Solvent system: 5%
CH3OH/DCM). The solution was filtered over celite and washed with methanol. The methanol

solution was concentrated to afford the deprotected product as a sticky foam.

6.2 Experimental section for Chapter 2
Syntheses and characterization data for intermediate/final compounds used in Chapter 2
are described below. General procedures used for syntheses are denoted for each compound,

modifications will be described.
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6.2.1 Intermediate synthesis

6.2.1.1 N-(4-aminobutyl)-5-(dimethylamino)naphthalene-1-sulfonamide (1)

/7 \\

A O‘ A
00

Compound 1 was synthesized using general procedure 6.1.1.2. Yielded 71 % of
compound as a green oil. tH NMR (400 MHz, CDClIs) 6 8.46 (d, J = 8.5 Hz, 1H), 8.33 (d, J = 8.6
Hz, 1H), 8.17 (d, J = 7.2 Hz, 1H), 7.45 (m, 2H), 7.10 (d, J = 7.5 Hz, 1H), 2.81 (br s, 8H), 2.64
(m, 2H), 1.43 (m, 4H), 13C NMR (100 MHz, CDCls) § 151.9, 135.2, 130.1, 129.9, 129.7, 129.3,
128.2,123.3, 119.2, 115.2, 45.5, 42.9, 40.8, 28.8, 27.2; HRMS (ESI-QTOF) m/z [M + H]+ calcd

for C16H24N302S 322.1576; found 322.1576.
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6.2.1.2 N-(3-aminopropyl)-5-(dimethylamino)naphthalene-1-sulfonamide (2)

| ‘ H
N S/N\/\/NHZ
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Compound 2 was synthesized using general procedure 6.1.1.2. Yielded 78 % of
compound as a green oil. tH NMR (400 MHz, CDClIs) 6 8.50 (d, J = 8.5 Hz, 1H), 8.30 (d, J = 8.6
Hz, 1 H), 8.21 (d, J = 7.3 Hz, 1H), 7.50-7.48 (m, 2H), 7.15 (d, J = 7.0 Hz, 1H), 2.99 (m, 2H),
2.85 (s, 6H), 2.69 (m, 2 H), 1.49 (m, 2H) , 13C NMR (100 MHz, CDCl3) & 152.1, 135.0, 130.3,
130.1, 129.8, 129.7, 128.2, 123.4, 119.2, 115.3, 45.6, 43.1, 40.7, 30.7; HRMS (ESI-QTOF) m/z

[M + H]+ calcd for C1sH21N302S 308.1433; found 308.1407.
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6.2.1.3 N-(2-aminoethyl)-5-(dimethylamino)naphthalene-1-sulfonamide (3)
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Compound 3 was synthesized using general procedure 6.1.1.2. Yielded 70 % of
compound as a green oil. iH NMR (400 MHz, CDClzs) 6 8.49 (d, J = 8.4 Hz, 1H), 8.30 (d, ] = 8.6
Hz, 1 H), 8.20 (d, J = 7.2 Hz, 1H), 7.51-7.45 (m, 2H), 7.12 (d, J = 7.5 Hz, 1H), 2.93 (m, 2H),
2.84 (s, 6H), 2.77 (m, 2H)., 13C NMR (100 MHz, CDCls) § 152.1, 134.8, 130.5, 130.0, 129.8,
129.7, 128.6, 123.3, 119.0, 115.4, 45.6, 44.9, 40.9; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C14H20N302SNa 316.1096; found 316.1095.
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6.2.1.4 N,N-dimethyl-5-(piperazin-1-ylsulfonyl)naphthalen-1-amine (4)
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Compound 4 was synthesized using general procedure 6.1.1.2. Yielded 76 % of
compound as a green solid. 1H NMR (400 MHz, CDCIs) 6 8.57 (d, J = 8.5 Hz, 1H), 8.45 (d, J =
8.7 Hz, 1H), 8.20 (d, J = 7.4 Hz, 1H), 7.54-7.51 (m, 2H), 7.19 (d, J = 7.4 Hz, 1H), 3.15 (m, 4H),
2.88 (s, 6H), 2.87 (m, 4H), 13C NMR (100 MHz, CDCls) § 151.9, 132.8, 130.8, 130.8, 130.7,
130.3, 128.1, 123.3, 120.0, 115.4, 46.7, 45.7, 45.6; HRMS (ESI-QTOF) m/z [M + H]+ calcd for

C16H22N302S 320.1433; found 320.1373.
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6.2.1.5 tert-butyl 4-benzoylpiperazine-1-carboxylate (4.1)
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Compound 4.1 was synthesized using general procedure 6.1.1.4. Yielded 63 % of
compound as a white powder. 1H NMR (400 MHz, CDCls) 6 7.43 — 7.37 (m, 5H), 3.82 — 3.64
(m, 2H), 3.57 — 3.32 (m, 6H), 1.46 (s, 9H); 13C NMR (100 MHz, CDCl3) 5 170.6, 154.6, 135.5,
129.9, 128.6, 127.0, 80.4, 47.5, 44.1, 43.7, 28.4; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C16H22N203Na 313.1528; found 313.1508.

107



6.2.1.6 tert-butyl 4-(1-naphthoyl)piperazine-1-carboxylate (4.2)
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Compound 4.2 was synthesized using general procedure 6.1.1.4. Yielded 82 % of
compound as a clear, colourless oil. 1H NMR (400 MHz, CDCls) 6 7.87-7.78 (m, 3H), 7.51-7.38
(m, 4H), 3.96-3.81 (M, 2H), 3.56 (M, 2H), 3.29-3.14 (m, 4H), 1.43 (s, 9H), 13C NMR (100 MHz,
CDCI3) 6 169.7, 154.6, 133.9, 133.6, 129.6, 129.5, 128.6, 127.3, 126.7, 125.3, 124.7, 123.9, 80.5,
47.1, 41.8, 28.5; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C20H22N203Na 363.1685; found

363.1696.
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6.2.1.7 tert-butyl 4-(2-naphthoyl)piperazine-1-carboxylate (4.3)

N@Jtok

0
Compound 4.3 was synthesized using general procedure 6.1.1.4. Yielded 78 % of
compound as a clear, colourless oil. tH NMR (400 MHz, CDClIs) ¢ 7.88-7.82 (m, 4H), 7.52-7.44
(m, 3H), 3.75 (m, 2H), 3.45 (m, 6H), 1.44 (s, 9H), 13C NMR (100 MHz, CDCls) & 170.8, 154.7,
133.9, 132.9, 132.8, 128.6, 128.5, 127.9, 127.4, 127.1, 126.9, 124.3, 80.5, 28.5; HRMS (ESI-

QTOF) m/z [M + Na]-+ calcd for C20H24N203 363.1685; found 363.1678.
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6.2.1.8 (S)-3-acrylamido-2-(((benzyloxy)carbonyl)amino)propanoic acid (5)

Compound 5 was synthesized using general procedure 6.1.1.1. Yielded 62 % of
compound as a clear, colourless oil. :H NMR (400 MHz, CD3OD) & 7.37-7.27 (m, 5H), 6.22-
6.20 (M, 2H), 5.67-5.64 (m, 1H), 5.09-5.08 (M, 2H), 4.38-4.35 (m, 1H), 3.77-3.73 (m, 1H), 3.59-
3.54 (m, 1H), 13C NMR (100 MHz, CDz0D) & 173.4, 168.8, 158.5, 138.1, 131.7, 129.4, 129.0,
128.8, 127.1, 67.7, 55.5, 41.7; HRMS (ESI-TOF) m/z [M + Na]+ calcd for Ci4sH16N20sNa

315.0957; found 315.0945.
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6.2.1.9 (S)-4-acrylamido-2-(((benzyloxy)carbonyl)amino)butanoic acid (6)

Compound 6 was synthesized using general procedure 6.1.1.1. Yielded 64 % of
compound as a clear, colourless oil. 1H NMR (400 MHz, CDClIzs) 6 9.44 (br s, 1H), 7.26-7.19
(m, 5H), 7.08-7.03 (m, 1H), 6.18-6.13 (d, J = 16.9 Hz, 1H), 6.06-6.00 (dd, J = 16.9 Hz, J = 10.4
Hz, 1H), 5.98-5.95 (m, 1H), 5.54-5.52 (d, J = 10.4 Hz, 1H), 4.99 (s, 2H), 4.28-4.24 (m, 1H),
3.57-3.51 (m, 1H), 3.07-3.02 (m, 1H), 2.05-1.97 (m, 1H), 1.80-1.71 (m, 1H), 13C NMR (100
MHz, CDCl3) 6 174.2, 167.2, 156.8, 136.1, 130.4, 128.7, 128.3, 128.1, 127.5, 67.3, 51.7, 36.2,
32.7, 29.3; HRMS (ESI-TOF) m/z [M + Na]+ calcd for C1sH1sN20sNa 329.1113; found

329.1103.
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6.2.1.10 (S)-5-acrylamido-2-(((benzyloxy)carbonyl)amino)pentanoic acid (7)

Compound 7 was synthesized using general procedure 6.1.1.1. Yielded 70 % of
compound as a clear colourless oil. tH NMR (400 MHz, CD30D) 6 7.34-7.27 (m, 5H), 6.22-6.19
(m, 2H), 5.64-5.61 (m, 1H), 2.08 (s, 2H), 4.19-4.15 (m, 1H), 3.28-3.24 (t, J = 6.8 Hz, 2H), 1.93-
1.83 (m, 1H), 1.74-1.57 (m, 3H), 13C NMR (100 MHz, CDsOD) & 175.6, 168.1, 158.6, 138.1,
131.9, 129.4, 128.9, 128.7, 126.6, 67.6, 55.1, 39.9, 30.1, 26.8; HRMS (ESI-TOF) m/z [M + Na]+

calcd for Ci6H20N20s5Na 343.1270; found 343.1272.
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6.2.1.11 (S)-6-acrylamido-2-(((benzyloxy)carbonyl)amino)hexanoic acid (8)

Compound 8 was synthesized using general procedure 6.1.1.1. Yielded 82 % of
compound as a clear, colourless oil. Spectral data matched those from previously reported
synthesisi4s. 1H NMR (400 MHz, CDCl3) § 7.40 — 7.27 (m, 5H), 6.27 (dd, J = 17.0, J = 1.5 Hz,
1H), 6.07 (dd, J = 17.0, 10.3 Hz, 1H), 5.92 (s, 1H), 5.65 — 5.54 (m, 1H), 5.10 (d, J = 2.4 Hz, 2H),
4.36 (t, J = 7.0 Hz, 1H), 3.42 — 3.17 (m, 2H), 1.95 — 1.68 (m, 2H), 1.56 (q, J = 7.5 Hz, 2H), 1.48

~1.33 (m, 2H).
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6.2.2 Inhibitor synthesis

6.2.2.1 (S)-benzyl-(6-acrylamido-1-amino-1-oxohexan-2-yl)carbamate (10)

Compound 10 was prepared from ammonium chloride and compound 8 using general
procedure 6.1.1.6. In this case, 2 equiv of DABCO was used in place of trimethylamine. Yielded
54% of desired compound as a white fluffy powder. mp 156-158 °C; 1H NMR (400 MHz,
CD30D) § 7.35-7.28 (m, 5H), 6.21-6.19 (m, 2H), 5.63-5.60 (m, 1H), 5.12-5.04 (m, 2H), 4.09-
4.06 (m, 1H), 3.23 (t, J = 6.9 Hz, 1H), 1.83-1.78 (m, 1H), 1.69-1.61 (m, 1H), 1.56-1.53 (m, 2H),
1.42-1.40 (m, 2H), 13C NMR (100 MHz, CD30OD) ¢ 177.7, 168.1, 158.5, 138.1, 132.0, 129.5,
129.0, 128.9, 126.5, 67.7, 56.1, 40.1, 32.9, 29.9, 24.2; HRMS (ESI-QTOF) m/z [M + Na]+ calcd

for C17H23N304Na 356.1586; found 356.1554.
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6.2.2.2 (S)-benzyl(6-acrylamido-1-((4-(5-(dimethylamino)naphthalene-1 -sulfonamido)
butyl)amino)-1-oxohexan-2-yl)carbamate (12)

Compound 12 was prepared from N-(4-aminobutyl)-5-(dimethylamino)naphthalene-1-
sulfonamide (1) and compound 8 using general procedure 6.1.1.7. This reaction yielded 56% of
product as light green crystals. mp 54-56 °C; 1H NMR (400 MHz, CDCls) 6 8.51 (d, J = 8.4 Hz,
1H), 8.31 (d, J = 8.6 Hz, 1H), 8.18 (d, J = 7.3 Hz, 1H), 7.49-7.45 (m, 2H), 7.27 (m, 5H), 7.14 (d,
J=7.5Hz, 1H), 6.68 (br s, 1H), 6.28 (br s, 1H), 6.23 (d, J = 16.8 Hz, 1H), 6.07 (m, 1H), 5.98 (br
s, 1H), 5.88 (br s, 1H), 5.52 (d, J = 10.3 Hz, 1H), 5.03 (s, 2H), 4.10 (m, 1H), 3.25 (m, 2H), 3.10
(m, 2H), 2.85 (s, 6H), 2.81 (m, 2H), 1.78 (m, 1H), 1.64 (m, 1H), 1.50 (m, 2H), 1.40 (m, 6H),
1.23 (m, 1H), 13C NMR (100 MHz, CDCl3) § 172.3, 166.3, 156.6, 152.0, 136.4, 135.1, 131.0,
130.5, 130.0, 129.8, 129.6, 128.5, 126.7, 123.4, 119.2, 115.4, 67.2, 55.1, 45.6, 43.0, 39.0, 32.2,
29.0, 26.9, 26.6, 22.6; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CasH43NsOsSNa 660.2833,;

found 660.2842.
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6.2.2.3 (S)-benzyl-(6-acrylamido-1-((3-(5-(dimethylamino)naphthalene-1-sulfonamido)
propyl)amino)-1-oxohexan-2-yl)carbamate (13)

Compound 13 was prepared from N-(3-aminopropyl)-5-(dimethylamino)naphthalene-1-
sulfonamide (2) and compound 8 using general procedure 6.1.1.7. This reaction yielded 49% of
the product as light green crystals. mp 65-67 °C; 1tH NMR (400 MHz, CDClzs) 6 8.46-8.43 (d J =
8.5 Hz, 1H), 8.26-8.24 (d, J = 8.6 Hz, 1H), 8.14-8.12 (dd, J = 7.3 Hz, J = 1.2 Hz, 1H), 7.49-7.41
(m, 2H), 7.27-7.21 (m, 5H), 7.10-7.08 (d, J = 7.5 Hz, 1H), 6.61-6.59 (m, 1H), 6.18-6.13 (d, J =
16.9 Hz, 1H), 6.02-5.95 (dd, J = 16.9 Hz, 10.z Hz, 1H), 5.94-5.89 (m, 1H), 5.58-5.56 (d, J = 7.5
Hz, 1H), 5.49-5.46 (d, J = 10.2 Hz, 1H), 5.04-4.95 (m, 2H), 4.03-3.98 (m, 1H), 3.29-3.13 (m,
4H), 2.86-2.77 (m, 8H), 1.75-1.65 (m, 1H), 1.57-1.39 (m, 5H), 1.32-1.21 (m, 2H), 13C NMR (100
MHz, CDCls) & 172.5, 166.0, 151.9, 136.2, 135.2, 130.7, 130.3, 129.9, 129.6, 129.2, 128.5,
128.3, 128.2, 128.1, 128.0, 126.6, 123.2, 119.0, 115.2, 67.0, 54.9, 45.4, 40.3, 38.6, 36.3, 31.7,
29.6, 28.9, 22.3; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Cs2H41N506SNa 646.2675; found

646.2657.
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6.2.2.4 (S)-benzyl-(6-acrylamido-1-((2-(5-(dimethylamino)naphthalene-1-sulfonamido)
ethyl)amino)-1-oxohexan-2-yl)carbamate (14)

Compound 14 was prepared from N-(2-aminoethyl)-5-(dimethylamino)naphthalene-1-
sulfonamide (3) and compound 8 using general procedure 6.1.1.7. This reaction yielded 51% of
the product as a yellow/green sticky foam. 1H NMR (400 MHz, CDClzs) 6 8.50 (d, J = 8.5 Hz,
1H), 8.27 (d, J = 8.6 Hz, 1H), 8.15 (d, J = 7.1 Hz, 1H), 7.46 (m, 2H), 7.26 (m, 5H), 7.11 (d, J =
7.4 Hz, 1H), 6.55 (m, 1H), 6.50 (m, 1H), 6.21-6.16 (dd, J = 16.9 Hz, 1.5 Hz, 1H), 6.10-6.03 (dd,
J =10.0 Hz, 16.9 Hz, 1H), 5.95 (d, J = 7.4 Hz, 1H), 5.49-5.46 (dd, J = 10.0 Hz, 1.5 Hz, 1H),
5.04-5.01 (m, 2H), 4.09 (m, 1H), 3.25 (m, 4H), 2.96 (m, 2H), 2.83 (s, 6H), 1.75 (m, 1H), 1.64
(m, 1H), 1.47 (m, 2H), 1.34 (m, 2H), 13C NMR (100 MHz, CDCl3) § 172.9, 166.3, 156.6, 136.3,
135.0, 130.9, 130.6, 129.7, 129.5, 128.7, 128.5, 128.4, 128.3, 126.7, 123.5, 119.2, 115.6, 67.3,
55.1, 45.6, 42.9, 39.5, 38.9, 32.0, 29.0, 22.6; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

Cs1H39N506SNa 632.2519; found 632.2526.
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6.2.2.5 (S)-benzyl-(6-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-
yl)-1-oxohexan-2-yl)carbamate (15, VA4).

HN.__O
|

Compound 15 was prepared from N,N-dimethyl-5-(piperazin-1-ylsulfonyl)naphthalen-1-amine
(4) and compound 8 using general procedure 6.1.1.7. This reaction yielded 38% of the product as
a yellow/green sticky foam. mp 75-78 °C; 1H NMR (400 MHz, CDClIs) ¢ 8.57 (d, J = 8.5 Hz,
1H), 8.32 (d, J = 8.7 Hz, 1H), 7.55-7.49 (m, 2H), 7.32-7.25 (m, 5H), 7.17 (d, J = 7.1 Hz, 1H),
6.23-6.19 (dd, J = 16.9 Hz, J = 1.5 Hz, 1H), 6.05-5.98 (dd, J = 16.9 Hz, J = 10.2 Hz, 1H), 5.70
(brs, 1H), 5.61-5.55 (m, 2H), 5.00 (s, 2H), 4.52-4.47 (m, 1H), 3.81-3.76 (m, 1H), 3.58-3.54 (m,
1H), 3.45-3.43 (m, 2H), 3.36-3.27 (m, 2H), 3.25-3.22 (m, 2H), 3.10-3.00 (m, 2H), 2.86 (s, 6H),
1.59-1.54 (m, 2H), 1.48-1.45 (m, 2H), 1.34-1.27 (m, 2H), 13C NMR (101 MHz, CDCls) § 170.4,
165.7, 156.3, 152.0, 136.3, 132.3, 131.3, 131.0, 130.9, 130.4, 130.2, 128.7, 128.5, 128.3, 128.1,
126.5, 123.3, 119.4, 115.5, 67.1, 50.3, 45.7, 45.6, 45.4, 41.8, 39.1, 32.9, 29.9, 22.3; HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for CzsH41NsOsSNa 658.2675; found 658.2657.
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6.2.2.6 (S)-benzyl (3-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-
yl)-1-oxopropan-2-yl)carbamate (16)

Compound 16 was prepared from N,N-dimethyl-5-(piperazin-1-ylsulfonyl)naphthalen-1-amine
(4) and 5 using general procedure 6.1.1.7. This reaction yielded 32% of the final compound as a
yellow/green sticky foam. mp 55-58 °C; 1tH NMR (400 MHz, CDCl3) 6 8.83-8.71 (m, 1H), 8.49-
8.41 (m, 1H), 8.24-8.23 (d, J = 7.2 Hz, 1H), 7.66-7.54 (m, 2H), 7.36-7.26 (m, 6H), 6.27-6.15 (m,
2H), 6.04-5.95 (m, 1H), 5.88-5.84 (m, 1H), 5.61-5.59 (d, J = 10.2 Hz, 1H), 5.04 (s, 2H) , 4.76-
4.70 (m, 1H), 3.73-3.56 (m, 5H), 3.38-3.15 (m, 5H), 2.99 (s, 6H), 13C NMR (100 MHz, CDCls) &
168.3, 166.30, 156.3, 152.0, 136.1, 132.4, 131.2, 130.9, 130.3, 130.2, 128.6, 128.5, 128.4, 128.2,
127.2, 123.3, 119.4, 115.5, 67.3, 50.8, 45.6, 45.5, 45.3, 45.1, 42.6, 41.9 ; HRMS (ESI-QTOF)

m/z [M + Na]+ calcd for CaoH3sNs0eSNa 616.2206; found 616.2194.
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6.2.2.7 (S)-benzyl-(4-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-
yl)-1-oxobutan-2-yl)carbamate (17)

Compound 17 was prepared from N,N-dimethyl-5-(piperazin-1-ylsulfonyl)naphthalen-1-amine
(4) and acrylamide 6 using general procedure 6.1.1.7. This reaction yielded 36% of the final
compound as a yellow/green sticky foam. mp 65-67 °C; 1H NMR (400 MHz, CDCls) & 8.59-
8.57 (d, J = 8.5 Hz, 1H), 8.32-8.29 (d, J = 8.7 Hz, 1H), 8.20-8.18 (d, J = 7.2 Hz, 1H), 7.56-7.52
(m, 2H), 7.19-7.18 (d, J = 7.5 Hz, 1H), 6.62-6.57 (m, 1H), 6.25-6.21 (d, J = 16.5 Hz, 1H), 6.11-
6.05 (dd, J = 16.5 Hz, 10.2 Hz, 1 H), 5.90-5.88 (d, J = 7.8 Hz, 1H), 5.63-5.61 (d, J = 10.2 Hz,
1H), 5.06 (s, 2H), 4.59-4.49 (m, 1H), 3.75-3.67 (m, 2H), 3.58-3.50 (m, 1H), 3.41-3.33 (m, 2H),
3.28-3.10 (m, 4H), 3.01-2.92 (m, 1H), 2.88 (s, 6H), 1.97-1.87 (m, 1H), 1.56-1.45 (m, 1H), 13C
NMR (100 MHz, CDCls) & 170.0, 165.8, 156.9, 152.0, 136.1, 132.3, 131.3, 130.9, 130.3, 130.2,
128.7, 128.5, 128.4, 128.1, 126.7, 123.3, 119.3, 115.6, 67.3, 48.5, 45.6, 45.5, 45.2, 45.1, 41.8,

35.6, 33.2; HRMS (ESI-QTOF) m/z [M + H]+ calcd for C31H3sNs0eS 608.2543; found 608.2549.
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6.2.2.8 (S)-benzyl-(5-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-
yl)-1-oxopentan-2-yl)carbamate (18)

Compound 18 was prepared from N,N-dimethyl-5-(piperazin-1-ylsulfonyl)naphthalen-1-amine
(4) and acrylamide 7 using general procedure 6.1.1.7. This reaction yielded 33% of the final
compound as a yellow/green solid. mp 69-70 °C; 1H NMR (400 MHz, CDCI3) ¢ 8.53-8.51 (d, J
= 8.5 Hz, 1H), 8.27-8.24 (d, J = 8.5 Hz, 1H), 8.14-8.12 (dd, J = 7.3, 1.0 Hz, 1H), 7.49-7.45 (m,
2H), 7.28-7.21 (m, 5H), 7.13-7.11 (d, J = 7.2 Hz, 1H), 6.19-6.15 (dd, J = 17.0, 1.3 Hz, 1H), 6.01-
5.94 (dd, J = 17.0, 10.2 Hz, 1H), 5.89-5.84 (m, 1H), 5.60-5.57 (d, J = 8.4 Hz, 1H). 5.55-5.52 (dd,
J =10.2, 1.3 Hz, 1H), 4.97 (s, 2H), 4.55-4.50 (m, 1H), 3.51-3.37 (m, 3H), 3.32-3.18 (m, 4H),
3.11-2.98 (m, 3H), 2.82 (s, 6H), 1.58-1.42 (m, 4H), 13C NMR (100 MHz, CDCls) § 170.3, 165.7,
156.3, 152.0, 136.2, 132.4, 131.3, 131.0, 130.9, 130.4, 130.2, 128.7, 128.5, 128.3, 128.2, 126.7,
123.3, 119.4, 115.5, 67.2, 50.2, 45.7, 45.5, 45.3, 41.9, 39.0, 31.2, 24.9; HRMS (ESI-QTOF) m/z

[M + Na]+ calcd for Ca2H41Ns06SNa 646.2675; found 646.2657.
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6.2.2.9 (S)-benzyl-(1-(4-(1-naphthoyl)piperazin-1-yl)-6-acrylamido-1-oxohexan-2-yl)carbamate
(22, AA9)

Compound 22 was prepared from Boc-deprotected 4.2 and compound 8 using general procedure
6.1.1.6. and 6.1.1.7. This reaction yielded 41% of the final compound as a white sticky foam. mp
59-62 °C; 1H NMR (500 MHz, (CD3)2S0) at 120 °C) & 7.99-7.96 (m, 2H), 7.84-7.81 (m, 2H),
7.59-7.54 (m, 3H), 7.46-7.44 (m, 2H), 7.35-7.26 (M, 4H), 6.74-6.72 (d, J = 7.5 Hz, 1H), 6.21-
6.16 (dd, J = 17.1, 10.3 Hz, 1H), 6.05-6.01 (dd, J = 17.1, 2.1 Hz, 1H), 5.51-5.48 (dd, J = 10.3,
2.1 Hz, 1H), 5.04 (s, 1H), 4.46-4.41 (m, 1H), 3.63-3.38 (m, 8H), 3.16-3.12 (q, J = 6.85 Hz, 2
Hz), 1.71-1.56 (m, 2H), 1.51-1.44 (m, 2H), 1.39-1.29 (m, 2H), 13C NMR (100 MHz, (CD3)2S0)
0169.9, 167.8, 164.1, 155.0, 136.5, 133.5, 132.6, 131.7, 128.7, 128.2, 127.6, 127.5, 126.9, 126.8,
126.2, 125.6, 124.5, 123.9, 123.2, 123.1, 65.0, 50.3, 42.7, 37.8, 30.8, 28.2, 21.9; HRMS (ESI-

QTOF) m/z [M + Na]+ calcd for C32H3sN4OsNa 579.2584; found 579.2574.
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6.2.2.10 (S)-benzyl(1-(4-(2-naphthoyl)piperazin-1-yl)-6-acrylamido-1-oxohexan-2-yl)carbamate
(23, AA10).

o

o

T

Compound 23 was prepared from Boc-deprotected 4.3 and compound 8 using general procedure

HN

6.1.1.7. This reaction yielded 39% of the desired product as a white sticky foam. mp 60-63 °C;
1H NMR (300 MHz, (CD3)2S0 at 120 °C) & 7.99-7.92 (m, 4H), 7.74 (br s, 1H), 7.60-7.48 (m,
3H), 7.33-7.23 (m, 5H), 7.06 (br s, 1H), 6.22-6.13 (dd, J = 17.2, 10.1 Hz, 1H), 6.06-5.99 (dd, J =
17.2, 2.4 Hz, 1H), 5.67 (s, 1H), 5.52-5.47 (dd, J = 10.1, 2.4 Hz, 1H), 5.02 (s, 2H), 4.46-4.38 (m,
1H), 3.63-3.46 (m, 8H), 3.14-3.07 (m, 2H), 1.65-1.53 (m, 2H), 1.49-1.39 (m, 2H), 1.36-1.25 (m,
2H), § 13C NMR (75 MHz, (CD3)2S0) 170.9, 169.8, 165.1, 137.6, 133.7, 133.6, 132.8, 132.6,
128.7, 128.6, 128.5, 128.1, 128.0, 127.5, 127.1, 126.9, 124.8, 124.6, 66.0, 55.1, 51.2, 38.8, 31.7,
29.3, 23.1; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Cs2H3sN4OsNa 579.2584; found

579.2557.
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6.2.2.11 (S)-benzyl-(5-acrylamido-1-(4-benzoylpiperazin-1-yl)-1-oxopentan-2-yl)carbamate (24)

HN.__O

T

Compound 24 was prepared from Boc-deprotected 4.1 and compound 8 using general procedure
6.1.1.7. This reaction yielded 41% of the desired product as a white, sticky foam. mp 74-76 °C;
1H NMR (300 MHz, (CD3)2SO0 at 80 °C) & 7.73-7.65 (br s, 1H), 7.44-7.22 (m, 10 H), 7.05-6.98
(brs, 1H), 6.17-6.09 (dd, J = 17.1, 10.0 Hz, 1H), 6.01-5.95 (dd, J = 17.1, 2.3 Hz, 1H), 5.47-5.44
(dd, J = 10.0, 2.3 Hz, 1H), 4.97 (s, 2H), 4.41-4.36 (m, 1H), 3.55-3.36 (M, 8H), 3.09-3.02 (m,
2H), 1.61-1.49 (m, 2H), 1.44-1.33 (m, 2H), 1.32-1.20 (m, 2H), 13C NMR (75 MHz, (CD3)2SO at
80 °C) 6 170.1, 168.9, 164.2, 136.7, 135.4, 131.7, 129.1, 127.9, 127.8, 127.2, 127.1, 126.4,
123.7, 65.1, 50.3, 37.9, 30.8, 28.3, 22.2; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C28H34N4OsNa 529.2427; found 529.2433.
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6.3 Experimental section for Chapter 3
6.3.1 Enzyme activity assays (in vitro) for determining Ki and Kinact
6.3.1.1 Colorimetric transamidase activity assay

The activities of hTG1, hTG2, and hTG6 (recombinant proteins purchased from Zedira)
were measured via a colorimetric assay using the chromogenic substrate Chbz-Glu(y-p-
nitrophenyl ester)Gly (AL5)167. The assay was conducted at 25 °C in 200 mM MOPS buffer (pH
6.5) containing 3.0 mM CaCl2 and 50 uM EDTA. Enzymatic inhibition assays were run under
Kitz and Wilson conditionsis1 established for each transglutaminase isoform by varying the
concentration of substrate to be 112 uM, 112 uM, and 436 uM ALS5 for hTG1, hTG2, and hTG6,
respectively. A stock solution of AL5 was prepared in DMSO such that the final concentration of
this cosolvent was constant at 2.5% v/v. Stock solutions of the inhibitors were made in the buffer
system described above. The reaction was initiated with the addition of 40—60 mU/mL of the
respective enzyme (0.10 uM hTGl1, 0.25 pM hTG2, or 0.32 uM hTG6). Product formation was
monitored at 405 nm in a polystyrene 96-well microplate using a BioTek Synergy 4 plate reader.
Monoexponential time-dependent inactivation was observed for all the inhibitors studied.
Observed first-order rate constants of inactivation (kobs) were determined from nonlinear
regression fit to a monoexponential model (eq. 6.1) of the observed absorbance of the enzymatic
hydrolysis product, p-nitrophenolate (pNP). These rate constants (kobs) were in turn fit to a
saturation kinetics model (eq. 6.2) by nonlinear regression, providing the kinetic parameters Kinact
and K, as previously described by Stone and Hofsteengeies. A double reciprocal plot of eq 2 was
applied when the observed rate constant of inactivation (kebs) did not demonstrate saturation at
high inhibitor concentrations or when solubility issues were encountered. Experiments were done

in triplicate, and variation between repeats was less than 30%.
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f(pNP) = [pNP], + (plateau — [pNP],) (1 — e¥obst) eq. 6.1

Kinact [1]

—ingetll] eq. 6.2
[1]+K1(1+%)

kobs =

6.3.1.2 Fluorescence isopeptidase activity assay

The isopeptidase activities of preactivated hTG3a and hFXIlla (recombinant proteins
purchased from Zedira) were measured via a fluorescence-based assayssie2 using the
commercially available peptidic FRET quenched probe A101 from Zedira. Briefly, the final
concentration in the reaction mixture contained 50 mM Tris (pH 7.0), 10mM CaCl2, 100 mM
NaCl, 2.8mM TCEP, 50 uM A101, and 14 mM H-Gly-OMe. The reaction was monitored at 25
°C using a BioTek Synergy 4 plate reader (ExX/Em: 318/413 nm). Enzymatic inhibition assays
were run under Kitz and Wilson conditionsis1, which were established for TG3a and FXlla at a
substrate (A101) concentration of 50 uM using enzyme concentrations of 0.17 uM and 0.11 uM

for hTG3a and hFXIllla, respectively.

6.3.2 GTP binding
6.3.2.1 In vitro GTP binding assay

GTP binding was measured using a method similar to that reported previouslyiss. For all
experiments, GTP binding was measured using 3 uM of the fluorescent, nonhydrolyzable GTP

analogue BODIPY GTP-y-S (Invitrogen), whose fluorescence increases when bound by protein.
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hTG2 (8—10 pg) was incubated at 25 °C for 30 min with or without irreversible inhibitor (2 x Ki)
with 3.0 mM CaCl2 in 100 mM MOPS (pH = 6.54). The buffer was then exchanged at 4 °C to
100 mM MOPS (pH = 7.0), 1 mM EGTA, and 5 mM MgCl2 to remove calcium and inhibitor
using a 10 kDa molecular weight cut off membrane. The fluorescent GTP analog was then added
to give a final concentration of 3.0 uM, and fluorescence was then measured on a microplate

reader after 10 min of incubation (Ex/Em: 490/520 nm).
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6.4 Experimental section for Chapter 4

Characterization data for intermediate/final compounds synthesized and used in Chapter 4
are described below. General procedures used for synthesis are denoted for each compound and
any modifications will be described. Please note that some intermediates used in Chapter 4 are

already described above for Chapter 3

6.4.1 Intermediate synthesis

6.4.1.1 tert-butyl (2-(1-naphthamido)ethyl)carbamate (3.1)

Compound 3.1 was prepared from commercially available N-Boc-ethylenediamine and 1-
naphthoyl chloride using general procedure 6.1.1.4. This reaction yielded 76% of white solid
product. 1H NMR (400 MHz, CDCls) & 8.26 — 8.20 (m, 1H), 7.84 — 7.75 (m, 2H), 7.51 — 7.43 (m,
3H), 7.33 — 7.25 (m, 1H), 7.04 — 6.92 (br s, 1H), 5.33 - 5.22 (br s, 1H), 3.55 — 3.45 (m, 2H), 3.34
—3.25 (m, 2H), 1.36 (s, 9H), 13C NMR (100 MHz, CDCls) & 170.3, 156.9, 134.1, 133.6, 130.6,
128.2, 127.0, 126.3, 125.5, 125.1, 124.6, 79.6, 40.7, 40.4, 28.4; HRMS (ESI-QTOF) m/z [M +

Na]+ calcd for Ci1sH22N203Na 337.1528; found 337.1523.
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6.4.1.2 tert-butyl (2-(naphthalene-1-sulfonamido)ethyl)carbamate (3.2)

Compound 3.2 was prepared from commercially available N-Boc-ethylenediamine and 1-
naphthalenesulfonyl chloride using general procedure 6.1.1.4. This reaction yielded 71% of
white solid product. 1H NMR (400 MHz, CDClzs) 6 8.64-8.62 (d, J = 8.6 Hz, 1H), 8.23-8.21 (dd,
J=17.3, 1.2 Hz, 2H), 8.05-8.02 (d, J = 8.2 Hz, 1H), 7.92-7.90 (d, J = 7.6 Hz, 1H), 7.64-7.48 (m,
3H), 5.91-5.86 (m, 1H), 4.98-4.92 (m, 1H), 3.18-3.12 (m, 2H), 3.03-2.97 (m, 2H), 1.35 (s, 9H),
13C NMR (100 MHz, CDClIs) & 156.5, 134.5, 134.4, 134.3, 129.6, 129.2, 128.5, 128.1, 127.0,
124.4, 124.2, 79.8, 43.7, 40.4, 28.4; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C17H22N204SNa 373.1198; found 373.1180.
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6.4.1.3 tert-butyl-(2-((5-(dimethylamino)naphthalene)-1-sulfonamido)ethyl)carbamate (3.3)

Compound 3.3 was prepared from commercially available N-Boc-ethylenediamine and dansyl
chloride using general procedure 6.1.1.4. This reaction yielded 74% of yellow/green solid
product. 1H NMR (400 MHz, CDCls) & 8.48-8.45 (d, J = 8.5 Hz, 1H), 8.27-8.24 (d, J = 8.6 Hz,
1H), 8.17-8.15 (dd, J = 7.3, 1.2 Hz, 1H), 7.48-7.41 (m, 2H), 7.10-7.08 (d, J = 7.5 Hz, 1H), 6.04
(br s, 1H), 5.10 (br s, 1H), 3.15-3.07 (m, 2H), 2.96-2.94 (m, 2H), 2.81 (s, 6H), 1.30 (s, 9H), 13C
NMR (100 MHz, CDCls) 6 156.3, 151.8, 134.6, 130.4, 129.8, 129.5, 129.3, 128.4, 123.1, 118.7,
115.2,79.4, 45.3, 43.4, 40.2, 28.2; HRMS (ESI-QTOF) m/z [M + Na]-+ calcd for C19H27N304SNa

416.1620; found 416.1617.
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6.4.1.4 Benzyltert-butyl(3-((2-((5-(dimethylamino)naphthalene)-1-sulfonamido)ethyl)amino)-3-
oxopropane-1,2-diyl)(S)-dicarbamate (30.1)

Compound 30.1 was prepared from Boc deprotected tert-butyl-(2-((5-
(dimethylamino)naphthalene)-1-sulfonamido)ethyl)carbamate (3.3) and commercially available
L-2,3-diaminopropionic acid (dicyclohexylammonium) salt using general amide coupling
procedure 6.1.1.7, with 1 extra equivalence of EtsN. Compound 3.3 was deprotected using
general procedure 6.1.1.5. This reaction yielded 52 % of yellow-green sticky solid. 1H NMR
(400 MHz, CDCls) 6 8.51-8.48 (d, J = 8.5 Hz, 1H), 8.31-8.28 (d, J = 8.6 Hz, 1H), 8.18-8.16 (d, J
= 7.1 Hz, 1H), 7.51-7.43 (m, 2H), 7.26-7.19 (m, 5H), 7.13-7.11 (d, J = 7.5 Hz, 1H), 6.40-6.36 (br
s, 1H), 5.01 (s, 2H), 4.24-4.20 (bs s, 1H), 3.58-3.45 (m, 2H), 3.35-3.27 (m, 1H), 3.24-3.18 (m,
1H), 2.99-2.89 (m, 2H), 2.84 (s, 6H), 1.41 (s, 9H), 13C NMR (100 MHz, CDCls) § 171.0, 157.7,
152.1, 136.3, 130.6, 130.0, 129., 129.5, 128.6, 128.5, 18.3, 128.1, 123.3, 118.9, 115.4, 80.7, 67.3,
455, 43.1, 42.7, 39.9, 28.4; HRMS (ESI-QTOF) m/z [M + HJ+ calcd for CaoH3sNsO7S 614.2648;

found 614.2660.
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6.4.1.5 tert-butyl-(S)-(3-amino-1-((2-(naphthalene-1-sulfonamido)ethyl)amino)-1-oxopropan-2-
yl)carbamate (30.2)

*N\
i g
H H
\i/o\n/N\i)L”/\/N\s

g

N

o)
“NH,

Compound 30.2 was prepared from compound 30.1 using general procedure 6.1.1.8. This
reaction yielded 84% of yellow/green sticky solid. 1tH NMR (400 MHz, CDClIs) 6 8.49-8.47 (d, J
= 8.5 Hz, 1H), 8.27-8.25 (d, J = 8.6 Hz, 1H), 8.16-8.14 (d, J = 7.3 Hz, 1H), 7.71-7.64 (br s, 1H),
7.50-7.42 (m, 2H), 7.12-7.10 (d, J = 7.4 Hz, 1H), 5.89-5.88 (br s, 1H), 4.09-4.08 (br s, 1H), 3.38-
3.31 (m, 1H), 3.29-3.21 (m, 1H), 3.12-2.96 (m, 3H), 2.88-2.81 (m, 1H), 2.83 (s, 6H), 1.40 (s,
9H), 13C NMR (100 MHz, CDCls) ¢ 172.1, 155.9, 151.9, 135.0, 130.4, 129.9, 129.6, 129.2,
128.3, 123.2, 118.9, 115.3, 80.1, 55.6, 45.4, 43.9, 42.6, 39.5, 28.4; HRMS (ESI-QTOF) m/z [M

+ HJ+ calcd for C22H34NsOsS 480.2281; found 480.2274.
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6.4.1.6 tert-butyl-(S)-3-acetamido-4-(((S)-3-acrylamido-1-((2-((5-(dimethylamino)naphthalene)-
1-sulfonamido)ethyl)amino)-1-oxopropan-2-yl)amino)-4-oxobutanoate (30.3)

Compound 30.3 was prepared from compound 30.2 using general procedure 6.1.1.1. This
reaction yielded 42% of yellow-green sticky oil. 1H NMR (400 MHz, CDCls) & 8.57-8.55 (d, J =
6.6 Hz, 1H), 8.52-8.49 (d, J = 8.5 Hz, 1H), 8.30-8.28 (d, J = 8.6 Hz, 1H), 8.18-8.16 (d, J = 7.3
Hz, 1H), 7.55-7.52 (br s, 1H), 7.53-7.45 (m, 2H), 7.25-7.20 (br s, 1H), 7.16-7.14 (d, J = 7.4 Hz,
1H), 7.08-7.06 (d, J = 6.7 Hz, 1H), 6.68-6.65 (m, 1H), 6.31-6.26 (dd, J = 16.9 Hz, 2.0 Hz, 1H),
6.24-6.17 (dd, J = 16.9 Hz, 9.6 Hz, 1H), 5.66-5.63 (dd, J = 9.6 Hz, 2.0 Hz, 1H), 4.65-4.58 (m,
1H), 4.46-4.40 (m, 1H), 3.86-3.78 (m, 1H), 3.72-3.63 (m, 1H), 3.43-3.33 (M, 1H), 3.25-3.16 (m,
1H), 3.08-3.01 (m, 1H), 2.86 (s, 6H), 2.87-2.80 (m, 1H), 2.10 (s, 3H), 1.43 (s, 9H), 13C NMR
(100 MHz, CDCls) 6 172.0, 171.3, 170.9, 170.7, 168.6, 151.9, 135.4, 130.4, 130.2, 130.0, 129.6,
129.1, 128.3, 127.8, 123.3, 119.2, 115.3, 82.3, 56.5, 51.1, 45.5, 42.8, 41.4, 39.9, 36.8, 28.2, 23.3;

HRMS (ESI-QTOF) m/z [M + Na]+ calcd for Cso0H42NeOsS 669.2683; found 669.2661.
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6.4.1.7 tert-butyl-(S)-3-acetamido-4-(((S)-3-acrylamido-1-((2-((5-(dimethylamino)naphthalene)-
1-sulfonamido)ethyl)amino)-1-oxopropan-2-yl)amino)-4-oxobutanoate (30.4)

Compound 30.4 was prepared from Boc deprotected compound 30.3 and commercially available
Ac-Asp(tBu)-OH using general amide coupling procedure 6.1.1.7. Compound 30.3 was
deprotected using general procedure 1.1.1.5. This reaction yielded 45% of yellow/green sticky
sticky foam. 1tH NMR (400 MHz, CDCls) & 8.57-8.55 (d, J = 6.6 Hz, 1H), 8.52-8.49 (d, J = 8.5
Hz, 1H), 8.30-8.28 (d, J = 8.6 Hz, 1H), 8.18-8.16 (d, J = 7.3 Hz, 1H), 7.55-7.52 (br s, 1H), 7.53-
7.45 (m, 2H), 7.25-7.20 (br s, 1H), 7.16-7.14 (d, J = 7.4 Hz, 1H), 7.08-7.06 (d, J = 6.7 Hz, 1H),
6.68-6.65 (m, 1H), 6.31-6.26 (dd, J = 16.9 Hz, 2.0 Hz, 1H), 6.24-6.17 (dd, J = 16.9 Hz, 9.6 Hz,
1H), 5.66-5.63 (dd, J = 9.6 Hz, 2.0 Hz, 1H), 4.65-4.58 (m, 1H), 4.46-4.40 (m, 1H), 3.86-3.78 (m,
1H), 3.72-3.63 (m, 1H), 3.43-3.33 (m, 1H), 3.25-3.16 (m, 1H), 3.08-3.01 (m, 1H), 2.86 (s, 6H),
2.87-2.80 (m, 1H), 2.10 (s, 3H), 1.43 (s, 9H), 13C NMR (100 MHz, CDCl3) § 172.0, 171.3,
170.9, 170.7, 168.6, 151.9, 135.4, 130.4, 130.2, 130.0, 129.6, 129.1, 128.3, 127.8, 123.3, 119.2,
115.3, 82.3, 56.5, 51.1, 45.5, 42.8, 41.4, 39.9, 36.8, 28.2, 23.3; HRMS (ESI-QTOF) m/z [M +

Na]+ calcd for CaoH42NsOsS 669.2683; found 669.2661.
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6.4.2 Inhibitor synthesis

6.4.2.1 Benzyl-(S)-(3-acrylamido-1-((2-((5-(dimethylamino)naphthalene)-1-sulfonamido)
ethyl)amino)-1-oxopropan-2-yl)carbamate (27)

Compound 27 was prepared from Boc deprotected tert-butyl-(2-((5-
(dimethylamino)naphthalene)-1-sulfonamido)ethyl)carbamate (3.3) and acrylamide (5) using
general amide coupling procedure 6.1.1.7. Compound 3.3 was deprotected using general
procedure 1.1.1.5. This reaction yielded 41 % of yellow/green solid. mp 51-53 °C; 1H NMR
(400 MHz, CDCls) & 8.52 —8.49 (d, J = 8.5 Hz, 1H), 8.29 — 8.27 (d, J = 8.6 Hz, 1H), 8.17 — 8.15
(d, J = 7.3 Hz, 1H), 7.50 — 7.43 (m, 3H), 7.30 — 7.24 (m, 5H), 7.19 — 7.17 (m, 1H), 7.13 -7.12
(d, J = 7.3 Hz, 1H), 6.71 (d, J = 6.6 Hz, 1H), 6.58 — 6.53 (m, 1H), 6.27 — 6.10 (M, 2H), 5.56 —
5.53 (d, J = 9.8 Hz, H), 5.07 — 5.02 (m, 2H), 4.36 — 4.32 (m, 1H), 3.71 — 3.68 (m, 2H), 3.35 —
3.20 (m, 2H), 3.02 — 2.94 (m, 2H), 2.85 (s, 6H), 13C NMR (100 MHz, CDCl3) § 171.3, 167.6,
156.8, 151.9, 136.2, 135.1, 130.5, 130.4, 130.0, 129.6, 129.2, 128.6, 128.4, 128.3, 128.2, 127.5,
123.3, 119.0, 115.4, 67.3, 56.3, 45.5, 42.6, 41.8, 39.9; HRMS (ESI-QTOF) m/z [M + Na]+ calcd

for C28H33Ns50sSNa 590.2049; found 590.2034.
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6.4.2.2 Benzyl-(S)-(3-acrylamido-1-((3-((5-(dimethylamino)naphthalene)-1-sulfonamido)
propyl)amino)-1-oxopropan-2-yl)carbamate (26)

Compound 26 was prepared from N-(3-aminopropyl)-5-(dimethylamino)naphthalene-1-
sulfonamide (2) and acrylamide (5) using general amide coupling procedure 6.1.1.7. This reaction
yielded 45 % of yellow/green solid. mp 53-55 °C; 1tH NMR (400 MHz, CDClI3) 6 8.51 —8.48 (d, J
= 8.5 Hz, 1H), 8.31 —8.29 (d, J = 8.6 Hz, 1H), 8.19 — 8.16 (dd, J = 7.3, 1.1 Hz, 1H), 7.54 — 7.45
(m, 2H), 7.30 — 7.24 (m, 5H), 7.14 — 7.12 (d, J = 7.4 Hz, 1H), 7.09 — 7.05 (m, 1H), 6.93 — 6.89 (m,
1H), 6.86 — 6.82 (M, 1H), 6.42 — 6.38 (t, J = 6.5 Hz, 1H), 6.20 — 6.15 (dd, J = 16.9, 1.2 Hz, 1H),
6.00 - 5.93 (dd, J =16.9, 10.2 Hz, 1H), 5.54 — 5.51 (d, J = 10.2 Hz, 1H), 5.07 — 4.99 (m, 2H), 4.33
—4.27 (m, 1H), 3.70 — 3.55 (m, 2H), 3.30 — 3.16 (M, 2H), 2.87 — 2.79 (m, 8H), 1.58 — 1.48 (m,
2H), 13C NMR (100 MHz, CDCls) 6 171.0, 167.6, 156.8, 151.9, 136.0, 135.1, 130.3, 130.0, 129.8,
129.5,129.3, 128.5, 128.3, 128.2, 128.1, 127.5, 123.3, 119.1, 115.3, 67.2, 56.6, 45.4, 42.1, 40.1,
36.5, 29.6; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C29H3sNsOsSNa 604.2206; found

604.2212.
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6.4.2.3 Benzyl-(S)-(3-acrylamido-1-((4-((5-(dimethylamino)naphthalene)-1-sulfonamido)
butyl)amino)-1-oxopropan-2-yl)carbamate (25)

Compound 25 was prepared from N-(4-aminobutyl)-5-(dimethylamino)naphthalene-1-
sulfonamide (1) and acrylamide (5) using general amide coupling procedure 6.1.1.7. This
reaction yielded 42 % of yellow/green oil. 1H NMR (400 MHz, CDCls) 6 8.53 —8.51 (d, J = 8.5
Hz, 1H), 8.33 — 8.31 (d, J = 8.6 Hz, 1H), 8.19 — 8.16 (dd, J = 7.3, 1.1 Hz, 1H), 7.53 — 7.48 (m,
2H), 7.34 — 7.27 (m, 5H), 7.16 — 7.14 (d, J = 7.4 Hz, 1H), 7.01 — 6.91 (m, 2H), 6.81 — 6.75 (m,
1H), 6.28 — 6.23 (dd, J = 16.9, 1.0 Hz, 1H), 6.15 - 6.08 (dd, J = 16.8, 10.2 Hz, 1H), 5.82 — 5.78
(m, 1H), 5.62 —5.59 (d, J = 10.2 Hz, 1H), 5.09 (s, 2H), 4.33 — 4.28 (m, 1H), 3.78 — 3.71 (m, 1H),
3.66 — 3.57 (m, 1H), 3.19 — 3.08 (m, 2H), 2.87 (s, 6H), 2.86 — 2.81 (M, 2H), 1.44 — 1.38 (m, 4H),
13C NMR (100 MHz, CDCIs) & 170.5, 167.8, 157.1, 152.1, 136.2, 135.0, 130.5, 130.3, 130.1,
129.8, 129.7, 128.7, 128.5, 128.4, 128.3, 127.7, 123.4, 119.1, 115.4, 67.4, 56.8, 45.6, 42.9, 38.8,
26.7, 26.6; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for CsoHs7NsOsSNa 618.2362; found

618.2369.
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6.4.2.4 Benzyl(S)-(3-acrylamido-1-((2-(naphthalene-1-sulfonamido)ethyl)amino)-1-oxopropan-
2-yl)carbamate (28)

Compound 28 was prepared from Boc deprotected tert-butyl (2-(naphthalene-1-
sulfonamido)ethyl)carbamate (3.2) and acrylamide (5) using general amide coupling procedure
6.1.1.7. Compound 3.2 was deprotected using general procedure 6.1.1.5. This reaction yielded 52
% of white solid. mp 84-87 °C; 1H NMR (400 MHz, (CD3)2S0) & 8.69-8.66 (d, J = 8.6 Hz, 1H),
8.25-8.22 (d, J = 8.3 Hz, 1H), 8.18-8.12 (m, 2H), 8.12-8.02 (m, 3H), 7.76-7.64 (m, 3H), 7.37-
7.27 (m, 5H), 7.24-7.18 (br s, 1H), 6.22-6.15 (dd, J = 17.1, 10.0 Hz, 1H), 6.07-6.03 (dd, J = 17.1,
1.9 Hz, 1H), 5.57-5.53 (dd, J = 10.1, 1.9 Hz, 1H), 5.08-4.98 (m, 2H), 4.11-4.04 (m, 1H), 3.44-
3.38 (m, 2H), 3.17-3.02 (m, 2H), 2.88-2.76 (m, 2H), 13C NMR (100 MHz, (CD3)280) & 169.9,
165.3, 155.7, 136.8, 135.4, 133.9, 133.7, 131.4, 128.9, 128.4, 128.3, 127.8, 127.7, 127.6, 127.5,
126.8, 125.4, 124.6, 124.5, 79.1, 65.6, 54.9, 41.5, 40.5, 38.7; HRMS (ESI-QTOF) m/z [M + Na]+

calcd for C2s6H2sN4OsSNa 547.1627; found 547.1626.
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6.4.2.5 Benzyl-(S)-(1-((2-(1-naphthamido)ethyl)amino)-3-acrylamido-1-oxopropan-2-
yl)carbamate (29)

Compound 29 was prepared from Boc deprotected tert-butyl (2-(1-naphthamido)ethyl)carbamate
(3.1) and acrylamide (5) using general amide coupling procedure 6.1.1.7. Compound 3.1 was
deprotected using general procedure 6.1.1.5. This reaction yielded 51 % of white solid. mp 71-74
°C; 1H NMR (400 MHz, (CD3)2SO) & 8.49-8.44 (m, 1H), 8.24-8.13 (m, 3H), 8.02-7.95 (m, 2H),
7.67-7.63 (m, 1H), 7.58-7.50 (m, 3H), 7.37-7.28 (m, 6H), 6.22-6.15 (dd, J = 17.0, 10.1 Hz, 1H),
6.07-6.02 (dd, J = 17.1, 2.2 Hz, 1H), 5.55-5.52 (dd, J = 10.1, 2.2 Hz, 1H), 5.05-4.94 (m, 2H),
4.15-4.09 (m, 1H), 3.47-3.35 (m, 4H), 3.31-3.24 (m, 2H), 13C NMR (100 MHz, (CD3)2S0) &
169.9, 168.6, 165.2, 155.6, 136.7, 134.6, 132.9, 131.3, 129.7, 129.6, 128.2, 127.9, 127.6, 127.5,
126.5, 126.0, 125.4, 125.3, 125.1, 124.8, 65.4, 54.9, 40.5, 38.5; HRMS (ESI-QTOF) m/z [M +

Na]+ calcd for C27H28N4OsNa 511.1957; found 511.1965.
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6.4.2.6 5-(N-(2-((S)-2-((S)-2-acetamido-3-carboxypropanamido)-3-acrylamidopropanamido)
ethyl) sulfamoyl)-N,N-dimethylnaphthalen-1-aminium (30)

HO N
° ()
o 0
TP PUDS
N : H/\/ 5
o) : O O
NH
ﬁo

Compound 30 was prepared by deprotecting the tertbutyl ester of compound 30.4 using a
solution of 5% v/v of TFA in CHCIs. Reaction was complete in 3 hours and verified by TLC.
The CHCIs was removed under reduced pressure. A 40:60 solution of acetone:hexane was added
to product and solution was sonicated, then solvents removed under reduced pressure (this was
repeated 3 times). One equivalence of HCI was added using an aqueous 1 M HCI solution.
Product was dried under reduced pressure to afford a yellow/green sticky foam with a yield of
64%. 1H NMR (400 MHz, CD3OD) & 8.63-8.61 (d, J = 7.3 Hz, 1H), 8.52-8.50 (d, J = 8.7 Hz,
1H), 8.28-8.26 (d, J = 7.3 Hz, 1H), 7.77-7.67 (m, 3H), 6.23-6.20 (m, 2H), 5.68-5.62 (m, 1H),
4.61-4.54 (m, 1H), 4.31-4.25 (m, 1H), 3.76-3.66 (m, 1H), 3.51-3.41 (m, 1H), 3.32-3.29 (m, 1H),
3.24-3.16 (m, 2H), 3.20 (s, 6H), 3.02-2.94 (m, 2H), 2.88-2.71 (m, 2H), 2.03 (s, 3H), 13C NMR
(100 MHz, CD30OD) & 174.4, 174.3, 173.7, 171.9, 169.3, 146.9, 146.8, 137.9, 131.8, 130.8,
129.3, 129.1, 128.8, 127.6, 126.4, 124.8, 118.7, 56.0, 52.1, 46.9, 43.0, 41.7, 40.7, 36.3, 22.8,;

HRMS (ESI-QTOF) m/z [M + H]+ calcd for C26H35NeOsS+ 591.2232; found 591.2301.
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6.4.3 Inhibition kinetics — Ki mathematics

Experimentally, the Ki will be determined by taking the negative Xx-intercept of our
normalized Dixon plot, which associates the initial rate of enzymatic activity (vo) over initial rate
with inhibitor (vi) with the concentration of inhibitor corrected for substrate competition ([1J/a).
Mathematically, the Ki value can be isolated from the linear equation of a Dixon plot, which is

written as follows:

Vo _ KM KM + [S]
v_i B Vmax[S]Ki [ ] * Vmax[S]

Using the value of the plot’s slope and the y-intercept (which equals 1, since it is the ratio of vo/vi in
the absence of inhibitor), we can find the negative value of the x-intercept. The manipulation is as

follows:

_Ku +[5]

Vmax [S]
Ky

Vmax [S]Ki

x — intercept =

With further algebraic manipulation, we obtain the following:

S
x — intercept = —K;(1 + u) = —K;«a
Ky

The error on each individual 1Cso value, determined by a triplicate experiment, is taken by
propagating the errors from the linear regression, namely Sb and Sm as obtained from the Microsoft

Excel LINEST function.
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6.4.4 Enzyme activity assays (in vitro) for determining Ki
6.4.4.1 Colorimetric transamidase activity assay

The activity of hTG2 was measured via our colorimetric assay using the chromogenic
substrate Cbz-Glu(y-p-nitrophenyl ester)Gly (AL5)i67. The assay was conducted in the same
buffer conditions as reported in section 6.3.1.1. The hTG2 inhibition assay was run in the
presence of 112 uM substrate (AL5) taken from a stock solution prepared in DMSO such that the
final concentration of this co-solvent was constant at 2.5% v/v. Stock solutions of the inhibitors
were made using assay buffer solution. The reaction was initiated with the addition of 40—60
mU/mL of hTG2 (0.25 uM). Product formation was monitored at 405 nm in a polystyrene 96-
well microplate using a BioTek Synergy 4 plate reader. Initial slopes were measured for the
enzymatic reaction in the presence and absence of inhibitors studied. Initial slopes were fit over a
three-minute range. This range was verified to be linear after doing the fitting, to ensure that initial
rates were being measured accurately. A range of 3 concentrations of inhibitor, along with one
positive control (no inhibitor) were recorded in triplicate in order to generate our normalized Dixon
plot and extrapolate a Kivalue. Experiments were done in triplicate, and error between repeats was

less than 30%.
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6.4.4.2 Fluorescence isopeptidase activity assay

The isopeptidase activity of hFXIIla (recombinant protein purchased from Zedira) was
measured via a fluorescence-based assayassi62 using the commercially available peptidic FRET
guenched probe A101 from Zedira. The assay was conducted in the same buffer conditions as
reported in section 6.3.1.2. The reaction was monitored at 25 °C using a BioTek Synergy 4 plate
reader (Ex/Em: 318/413 nm). The hFXIlla inhibition assay was run in the presence of 50 uM
substrate (A101) taken from a stock solution prepared in DMSO such that the final concentration
of this co-solvent was constant at 2.5% v/v. Stock solutions of the inhibitors were made using
assay buffer solution. The reaction was initiated with the addition of hFXIlla (0.11 uM). Initial
slopes were measured for the enzymatic reaction in the presence and absence of inhibitors
studied. Initial slopes were fit over a three-minute range. This range was verified to be linear after
doing the fitting, to ensure that initial rates were being measured accurately. A range of 3
concentrations of inhibitor, along with one positive control (no inhibitor) were recorded in triplicate
in order to generate our normalized Dixon plot and extrapolate a Kivalue. Experiments were done in

triplicate, and error between repeats was less than 30%.
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Appendix |1

Determination of kinetic parameters for AL5 as substrate
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_ Kn (LM) = 48.6 + 10.3
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>
0.1
o Keat/Km (UM-1 min-1) = 0.08 + 0.02
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Figure S1. Michaelis-Menten analysis of AL5 with hTG1.
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Figure S2. Michaelis-Menten analysis of AL5 with hTG6.
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Figure S3. Michaelis-Menten analysis of AL5 with hTG2.
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Appendix 111

kobs vs [I] data from the colorimetric AL5 assay
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Compound 16
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Appendix IV

GTP Binding Assay Results
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Figure S4. lodoacetamide, a non-selective inhibitor of acyltransferases, does not abolish the

GTP binding ability of hTG2.
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Appendix V

TGase isoform selectivity results

I) Determination of inhibition rate constant (kebs) for inactivation of hTG1
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Figure S5. Time-dependent inactivation curves of hTG1 with substrate AL5 (112 uM). Green

line represents 0 UM of inhibitor. Black lines represent 20 uM VA4 (A) and NC9 (B).
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) Determination of inhibition rate constant (kobs) for inactivation of hTG3a
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Figure S6. Time-dependent inactivation curves of hTG3a with substrate A101 (50 uM). Green

line represents 0 UM of inhibitor. Black lines represent 39 uM VA4 (A) and NC9 (B).
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1)  Determination of inhibition rate constant (kobs) for inactivation of hTG6
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Figure S7. Time-dependent inactivation curves of hTG1 with substrate AL5 (436 uM). Green

line represents 0 uM of inhibitor. Black lines represent 12 uM VA4 (A) and NC9 (B).
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IV)  Determination of inhibition rate constant (kobs) for inactivation of FXlIlla
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Figure S8. Time-dependent inactivation curves of FXIlla with substrate A101 (50 uM). Green

line represents 0 UM of inhibitor. Black lines represent 28 uM VA4 (A) and NC9 (B).
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Normalized Dixon plots results for hTG2 and hFXIlla
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Vvo/v vs [I]/a plot
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