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Transglutaminases (TGases) are a group of enzymes that catalyze the formation
of an amide bond between the y-carboxamide group of a glutamine residue and an
amine donor, usually an e-amino group of the lysine residue, leading to the formation of
€-(y-glutamyl)lysine crosslinks. Owing to the roles that transglutaminases such as
tissue transglutaminase (TG2) and Factor XIlIla (FXIIla) have been found to play in a
wide range of disease states, efforts have been directed towards the study of these
proteins. The study of enzymes to better understand their function and mode of action
is facilitated through the use of tools such as protein labelling, enzyme inhibition, and
substrate analogue kinetic studies among others.

Transition state analogues have been effective inhibitors in the study of enzyme
activity. Sulfoxide inhibitors can efficiently mimic transition states leading to the
tetrahedral intermediate of an acyl transfer reaction and we discuss the synthesis
towards sulfoxide transition state analogue inhibitors of TG2 in chapter 2. Novel
sulfoxide compounds were synthesized, though the desired target compounds proved
difficult to isolate due to their instability.

Fluorescent probes are effective in protein labelling as a means of discerning
activity. This technique was applied in order to elucidate intracellular TG2 activity,
which is a topic of controversy. To that end, the synthesis of a fluorescent, TG2-specific,
cell permeable probe is discussed in chapter 3. However, preliminary in vivo results
show that while the probe is cell permeable and fluorescent, it was not TG2-specific.
Molecular modelling suggests that the hexa-arginine tag, designed to improve cell

permeability, decreases the affinity of the probe for its intended target.
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Finally, FXIIla has become a new addition to the study of transglutaminases in the
Keillor group. Given our interest in this enzyme, we had three goals for this work as
explained in chapter 4. Firstly, owing to the anticipated high demand for FXIIIa
required for later experiments, our primary aim was the development of an optimized
method for the expression and purification of recombinant FXIIIA. After evaluating
different conditions for FXIIIA expression, the Studier auto-induction ZYP media?® at 20
°C for 24 h was found to provide the optimal conditions for the expression of
recombinant GST-tagged FXIIIA, typically giving a total of 1.5 mg of protein/L of
culture.

Secondly, a variety of different peptides were synthesized and tested using a
glutamate dehydrogenase (GDH)-based assay to identify a high affinity sequence for a
substrate of FXIIla. The two peptides with the highest affinity for FXIIla were Ac-
DQMMMAF-OH and Ac-DQMML-OH. Testing with TG2 displayed negligible reactivity,
confirming their use as orthogonal peptides, results reinforced by modelling studies of
the peptides with both FXIlla and TG2. This discovery represents the first time
peptides orthogonal to TG2 with affinity for FXIIla have been kinetically characterized
with both transglutaminase enzymes.

Lastly, our work towards a fluorogenic activity assay by incorporating a
coumarin ester through attachment to a glutamic acid residue into a peptide sequence

recognized by FXIlla, will be discussed.

Key words: Enzymes, Transglutaminase, Inhibition, Transition state analogues,

Fluorescent probes, High-affinity peptides
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CHAPTER 1

Introduction



1.1 Enzymes and catalysis

Enzymes are proteins that are specific catalysts, increasing the rate of a reaction
without being consumed in the process. They function by lowering the activation
energy for a target reaction and generally proceed with a high degree of stereo- and
substrate specificities. Many enzymatic reaction rates are millions of times faster than
their un-catalyzed reactions.? One example is human carbonic anhydrase, whose
reaction rate is typically limited by the diffusion rate of its substrates.3 Enzymes are
responsible for the thousands of metabolic processes that sustain life and any
malfunction can lead to the development of a number of disease states, highlighting the
importance of these biomolecules. The study of enzymes to better understand their
function is facilitated through the use of tools such as protein labelling, enzyme
inhibition, and substrate analogue kinetic studies among others. An enzyme family of
interest in the Keillor group is the transglutaminases, protein cross-linking enzymes

that will be discussed in detail below.

1.2 Transglutaminases

Transglutaminases (TGases) are a group of enzymes that catalyze the formation
of an amide bond between the y-carboxamide group of a glutamine residue and an
amine donor, usually the e-amino group of a lysine residue, leading to the formation of

€-(y-glutamyl)lysine crosslinks (Figure 1.1).
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Figure 1.1: TGase-catalyzed formation of amide bond.

The formation of the isopeptide bond is accompanied by the release of ammonia.
The mechanism of bond formation is conserved for all transglutaminases, whereby the
catalytic acyl-transfer reaction proceeds though a modified ping-pong mechanism

(Figure 1.2).4°
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Figure 1.2: Ping-pong catalytic cycle of TGase.



In the first step of the catalytic cycle, the acyl-donor substrate undergoes
nucleophilic attack by the active site thiolate, followed by the release of an equivalent of
ammonia. The thioester acyl-enzyme intermediate obtained is then subjected to a
second nucleophilic attack by the acyl-acceptor substrate, in the rate-determining step.
Incorporation of the acyl-acceptor substrate leads to the formation of an amide bond
and the regeneration of free enzyme. It is described as a modified ping-pong
mechanism because in the absence of an amine donor, the thioester intermediate will
be hydrolyzed by water to give the carboxylic acid.

Numerous studies have shown that the active site residues, cysteine, histidine
and aspartic acid, form the catalytic triad for TGases and are conserved throughout the
enzyme family. The occurrence of amino acids around the catalytic cysteine is also
mostly conserved, suggesting the same mechanism. The conserved histidine in
proximity to the catalytic cysteine residue suggests its interaction as a general acid
and/or base. Additionally, the presence of a tyrosine in proximity to the catalytic
cysteine has been proposed to be associated with a stabilization of the charge formed
on the tetrahedral intermediate formed during the acylation and de-acylation steps
through ion-dipole interactions. This is a hypothesis put forward by the Keillor group,
based on modelling experiments as the role of the tyrosine has not been clearly
determined.® Khosla and coworkers have also postulated the importance of conserved
tryptophan residues in catalysis. They suggest the tryptophan residues form a
structure akin to a drawbridge, which can release the transamidated product, once
formed.” A detailed mechanism, implicating certain residues, has been proposed by the

Keillor group (Figure 1.3).
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Figure 1.3: Detailed mechanism of transglutaminases.

Despite their similar mechanism, the different transglutaminases have distinct

physiological roles and are classified by number. There exist 8 different types of

transglutaminases though not all are well characterized. Of TG5 and TG7, little

information is known and so they will not be elaborated upon.

1.2.1 Keratinocyte transglutaminase (Type 1)

Keratinocyte TGase is responsible for the cornification of cellular envelopes in

hair and nail tissue and is primarily membrane bound.? This monomeric protein

contains esterified or thioesterified palmitate and myristate that are responsible for

membrane anchorage.?



1.2.2 Tissue transglutaminase (Type 2)

Tissue transglutaminase (TG2), also known as cytosolic TGase, is different from
other TGases (apart from TG6) in that this protein also binds guanosine-5’-
trisphosphate (GTP) in addition to acting as a transglutaminase enzyme.? TG2 is
expressed in all tissue, notably endothelial cells and the smooth muscle cells in arteries,
veins and capillaries.l® TGZ will be discussed in further detail, as one of the target

enzymes of the work presented.

1.2.3 Epidermal transglutaminase (Type 3)
Epidermal TGase is responsible for the cornification of cellular envelopes in the
epidermis.? This monomeric protein requires activation by treatment with certain

proteases or chaotropic agents and is a characteristic it shares with plasma TGase.8

1.2.4 Plasma transglutaminase (FXIII in humans)

Human plasma Factor XIII is one of the best-characterized transglutaminases
and is a tetramer composed of two A-chains and two B-chains that are not covalently
associated.!! It exists as a proenzyme and requires activation by thrombin before
dissociating into active FXIIla, which has an active role in the stability of blood clots to
plasmin degradation. FXIII will be discussed in further detail, as the second target

enzyme of this dissertation.



1.2.5 Prostate transglutaminase (Type 4)
Prostate TGase is a dimeric protein implicated in the formation of the

postejaculatory vaginal plug in rodents and is also secreted in humans. 12

1.2.6 Transglutaminase 6 (Type 6)

TG6 has been recently characterized and much like TG2, is allosterically
regulated by Ca?* and GTP.13 It is abundantly expressed in the central nervous system
and is associated with neurogenesis. TG6 is proposed to play a critical role in cortical

and cerebellar neurons.13

Our topics of study will be focused on TG2 and FXIII. A more exhaustive
discussion will be presented for these two enzymes to better understand our interest.
Their structure and physiological roles will be described, along with the disease states

associated with these enzymes.

1.3 Tissue transglutaminase

TG2 is a monomeric protein of 685-691 amino acids, with a molecular mass of
76 to 85 kDa. The human gene is composed of 13 exons and 12 introns and is found on
chromosome 20 (q12).141> Despite the presence of 17 cysteine residues and 6 potential

glycosylation sites, the enzyme is not glycosylated and no disulfide bonds are formed.!!



1.3.1 Effect of GDP and calcium

TG2 was originally reported as a GTP-binding protein named the Gh protein,!®
with a molecular weight of 70-80 kDa and implicated in the activation of phospholipase
C. It was demonstrated that the Gh protein and TG2 were, in fact, one and the same
protein.l” The ability to bind and hydrolyze GTP with an affinity and rate similar to
traditional G proteins distinguishes TG2 from other transglutaminases and suggests
that this enzyme participates in signalling pathways.17-1° Kinetic studies demonstrated
that GTP acted as a reversible, noncompetitive inhibitor whose effects could be
overcome by high concentrations of Ca?*. It was determined that both GTP and Ca?*
function in concert to regulate the transglutaminase function of TG2.18

From the crystal structure of TG2 complexed with GDP (Figure 1.4 [A]), it was
shown that though the transamidation site was similar to other TGases, the guanine
nucleotide binding site of TG2 was different from other G proteins. Analysis of the
crystal structure suggested negative regulation of transamidation activity by the bound
nucleotide. This occurs through blocking of the transamidation active site by loops of
the first B-barrel domain.2? Positive regulation of the transamidating activity is
achieved through a conformational change triggered allosterically by calcium binding at
multiple sites in TG2. Once calcium is bound, the active site is exposed for interaction

with glutamyl-containing substrates.21.22



1.3.2 Structure of TG2

Human TG2 consists of 4 domains; an N-terminal 3-sandwich, the catalytic a/3-
domain containing the catalytic triad and two C-terminal (3-barrels. An earlier structure
showed TGase bound with GDP?? in a “closed” conformation with the active site
inaccessible (Figure 1.4 [A]). More recently, Khosla and coworkers resolved a structure
of TG2 in an alternate, extended conformational form termed the “open” form. In this
conformation, TG2 is bound with the irreversible inhibitor Ac-P(DON)LPF-NH; (Figure
1.4 [B]).” DON is the electrophilic amino acid 6-diazo-5-oxo-L-leucine that mimics an
inflammatory gluten peptide. In this structure, the active site is exposed, revealing
catalysis takes place in a tunnel, bridged by two tryptophan residues that separate the
acyl donor from the acyl-acceptor substrate and stabilize the tetrahedral reaction
intermediates.” The two (3-barrels have shifted and appear to act as a lid shielding the

active site.
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active site

o/B-catalytic core

B-sandwich

(A]

Figure 1.4: [A] Crystal structure of TG2 in a closed conformation (PDB: 1KV3).20
[B] TG2 in an open conformation (PDB: 2Q3Z).” Green = -sandwich, red = a/f3-

catalytic core, blue = 3-barrel 1, purple = 3-barrel 2

1.3.3 Physiological Roles of TG2
TG2 is largely a cytosolic protein where the majority of the protein,
approximately 70-80%, is present in the cytoplasm.?# Inside the cell, where

concentrations of Ca* are normally low, the transamidating activity of TG2 remains
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dormant and the protein functions as a GTP-binding protein.2> However, TG2 was found
to localize on the surface of various cell types as well as in the extracellular matrix,26.27
where it displays significant transamidation activity due to the high extracellular Ca%*
concentration.?>

TG2 has been implicated in a variety of physiological processes including
cellular differentiation, cell adhesion, matrix assembly and apoptosis. It was shown
that overexpression of TG2 in the human neuroblastoma cell line SK-N-BE(2) exhibited
a large increase in the cell death rate, indicating a direct effect of TG2 in phenotypic
maturation towards apoptosis.?® Additionally, TG2 has been associated with the
formation of protein crosslinks in the apoptotic envelope that prevents leakage of
intracellular material, reducing inflammation and autoimmunity. 2°

It was suggested that the main role of TG2 in vivo, in regards to apoptosis, is to
ensure that once apoptosis is initiated, it is completed without causing inflammation or
apparent tissue injury.3? This is carried out through aiding apoptosis in certain
apoptotic cells, 283132 or promoting the activation of TGFf released by macrophages
that promote the death of various cells.2>

TG2 was first implicated in cell adhesion and matrix stabilization through the
observation that TG2 overexpression on spreading of fibroblast cells led to an
increased resistance to their detachment with trypsin.33 It was later shown that TG2
serves as an adhesion receptor for fibronectin on the cell surface, as well as other
extracellular proteins found at the cell surface and in the surrounding extracellular
matrix.34 Examples of such proteins would include collagen, laminin and vitronectin,

among others.35-37



12

TG2 has been shown to stimulate cell differentiation of various cell types,
including neurons, astrocytes and fibroblasts. Through inhibition of TG2 cross-linking
activity with monodansylcadaverine, it was found that the decreased amount of protein
cross-links affected the differentiation process of NB4 cells to neutrophil
granulocytes.38 TG2 activity was also assayed through serial passages in rat glial cells.
The decrease of TG2 activity from the 3rd to the 5t passage resulted in cell death and a
loss of growth control.3? Finally, Johnson and coworkers demonstrated that TG2 is
necessary for neuronal differentiation of human neuroblastoma SH-SY5Y cells.#0 SH-
SY5Y cells overexpressing wild-type tissue transglutaminase spontaneously
differentiated into a neuronal phenotype whereas cells that overexpressed inactive TG2

continued to proliferate and exhibit flat polygenic morphology.#?

1.3.4 Pathological associations of TG2

Since TG2 is important in the stabilization of the extracellular matrix,
perturbation of its function has been associated with conditions such as fibrosis and
atherosclerosis.!! It has been suggested that TG2 could contribute to the formation of
atherosclerotic plaque by catalyzing the incorporation of lipoprotein(a) into plaque
through a mechanism which has yet to be determined.*! TG2 has also been implicated
in a variety of diseases, including Celiac disease, as well as neurodegenerative diseases

such as Alzheimer’s and Huntington’s.



13

1.3.4.1 TG2 in Celiac disease

Celiac disease is counted among the gluten sensitivity diseases; it is an
autoimmune disorder triggered by dietary exposure to gliadin, the proteinaceous
component of gluten present in wheat, barley and rye. Symptoms will resolve with a
gluten-free diet and reoccur upon the resumption of gluten ingestion. Gluten proteins
are largely resistant to gastrointestinal proteases, whereby the immunotoxic peptides
will accumulate and initiate a deleterious, adaptive and innate immune response in
genetically susceptible individuals.*? Schuppan and coworkers discovered that TG2 was
an autoimmune antigen of celiac disease and gliadin was its preferred substrate.*3
Based on in vivo experiments, TG2 was thought to be responsible for generating
neoepitopes of gliadin through deamidation of its glutamine residues.** The effect of
deamidation was shown through a series of mass spectrometry experiments, whereby
itled to an increase in antigenicity by stimulating the proliferation of gliadin-specific T-
cells.*> Currently, a diagnostic method of Celiac’s disease involves serological testing for

anti-TG2 autoantibodies.*®

1.3.4.2 TG2 in Alzheimer’s disease

Alzheimer’s involves progressive neurodegeneration and a decline of cognitive
function, associated with the accumulation of fibrillar -amyloid in extracellular plaque
which is also a substrate for TG2.4” The hypothesis that amyloid contributes to
Alzheimer’s was based on observations that the inheritance of mutated amyloid was
associated with early onset Alzheimer’s along with the report that aggregated 3-

amyloid was neurotoxic in vitro.*84° Through comparisons of normal and Alzheimer’s
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diseased brains, it was found that TG2 activity was increased in the diseased brain.>°
This finding suggests that TG2 was a contributing factor in protein aggregate
formation.>? The crosslinking of -amyloid protein by TG2 results in the formation of
high molecular weight oligomers that resemble proteins isolated from the brains of
Alzheimer’s patients, indicating the enzyme may be involved, in part, in the formation
of these plaque deposits.51 Lastly, the tau protein, which is a major component in the
paired helical filaments that make up neurofibrillary tangles associated with

Alzheimer’s, is an excellent in vitro substrate for TG2.52

1.3.4.3 TG2 in Huntington's disease

Huntington’s disease is an autosomal dominant neurodegenerative disorder that
is characterized by extensive neuronal cell apoptosis, leading to progressive motor
dysfunction and psychiatric disturbances with gradual dementia. It is caused by the
expansion of 40 or more cytosine-adenosine-guanine (CAG) repeats in the gene
encoding the cytosolic protein, huntingtin (htt).53 Increased length of the CAG repeats
correlates with an earlier age at which disease onset occurs.>3 Evidence for the
involvement of TGase in Huntington’s is based on the demonstration of elevated levels
of TG2 activity in affected regions of diseased brains.>* It was shown that htt was a
substrate for TG2 and that htt was found in the aggregates characteristic of
Huntington’s.>* Through comparisons of normal and diseased Huntington’s brains, it
was shown that TGase-mediated crosslinking of htt was elevated in the diseased brain
with significant increases in the cell nuclei.>> Additionally, it was found that the ability

of polyglutamine peptide sequences to act as TG2 substrates improved with increasing
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polyglutamine length and htt containing a pathological length of polyglutamine
residues was a better substrate for TG2-mediated polymerization than htt with a
shorter, non-pathological glutamine stretch. 5657

Thus, it is the transamidation activity of TG2 that leads to its involvement in
diseased states and warrants investigation into the catalytic transglutaminase abilities

of this enzyme.

1.3.5 Transglutaminase 2 substrates

Natural substrates of TG2 include fibrin,58 actin,>® and asi1-casein.®® As TG2 is a
ubiquitously expressed enzyme, found almost everywhere in tissue, this protein can
accept a variety of substrates as the acyl donor. One example is the breakpoint cluster
region protein; a multi-domain protein that contains a GTPase activating protein
domain for Rac.®! Activation of TG2 by calcium caused the formation of covalently-
linked Bcr, and this protein thus represents a target of TGase activity during extreme
stress.61

Among the non-natural donor substrates of TG2, the most frequently used is
Cbz-glutaminyl-glycine.®? Structural variations of this compound have identified certain
characteristics that influence its affinity for TG2.93 It was demonstrated that having a
free amine on the glutamine was deleterious to affinity while it was preferable to have
an amide bond as opposed to a carboxylic acid on the glutamine. It has previously been
observed in our group that protecting the amine with a non-aromatic protecting group
(such as Boc) decreased the affinity®* and though TG2 will accept an increase in length

of the carboxamide side-chain, asparagine is not recognized.®>
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Other peptidic substrates include EAQQIVM, derived from the N-terminal
sequence of fibronectin.®® It was found that it is primarily the first glutamine residue
that is modified by TG26¢ and this sequence has also been found in other natural TG2
substrates such as fibronectin,®’ the fibrinogen y-chain,®® plasminogen,®® A3
crystalline chains’? and osteonectine.”?

Through screening of known immunogenic peptide substrates, Khosla and
coworkers have identified a 33-mer peptide from gliadin peptides consisting of
repeating units of PQPQLPY.”2 The specificity of TG2 towards PQPQLY was found to be
appreciably higher than the specificity for its natural substrate.”? Based on this
backbone, gluten peptide analogs as inhibitors were designed for TG2 with the
sequence Ac-PQP(DON)LPF-OH, with a K; value of 5 uM.”3

Different peptides taken from the TGase substrate domains of pro-elafin, the
most abundant component in cornified cell envelopes, were investigated for their
competitive inhibitory effect.”# A secondary study identified truncated sequences and
found that of the various recombinant peptides tested, KVLDGQDP was found to have
the best inhibitor effect.”>

In the Keillor group, Ac-PNPQLPF-OH was envisioned as a TG2 substrate as it
conformed to patterns predicted by Fesus and Hitomi.”®77 Both scientists had
suggested that the asparagine and proline residues around the reactive glutamine were
important in TG2 recognition.”®”” With a Ki, of 6 uM (Pardin and Keillor, unpublished
results), this peptide was validated for in vivo reactivity through its use as a donor-
substrate sequence in a TG2-mediated cell surface labelling reaction.”® The sequence

was also modified to include a fluorophore and was used as fluorescent probe for TG2
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by replacing the glutamine with a modified lysine.”® In place of the e-amino group, an
electrophilic acryl amide was incorporated to react irreversibly with the active site
cysteine. The sequence was truncated to allow the addition of a spacer attached to a
rhodamine molecule and the probe was used to monitor the role of TG2 in arterial
rigidification.”®

In regards to the acceptor substrate, TG2 has been found to be highly
promiscuous, generally accepting a wide range of primary alkylamines. This has been
demonstrated with multiple amine incorporation assays into proteins using diamines
such as putrescine, spermidine and cadaverine as the acyl acceptor. In order to
monitor the labelling reaction, the amine is usually bound to a fluorophore, such as in
the case of monodansyl cadaverine.”080 Recently in the Keillor group, propargyl amine
was shown to be an excellent amine substrate for TG2 and opens the door to site-

specific protein modifications.8!

1.4 Factor XIII

FXIII is also known as the blood plasma transglutaminase, owing to its
widespread abundance in blood. Additionally, its primary function is involved in blood
coagulation. Itis a tetrameric molecule composed of two 83 kDa (731 amino acids) A-
subunits and two 80 kDa (641 amino acids) B-subunits. 5882 The gene coding for the A
subunit has been localized to chromosome 6p24-25 and consists of 15 exons separated
by 14 introns.83 The gene coding for FXIIIB has been localized to chromosome 1q31-32
with 12 exons separated by 11 introns.8* The entire protein is held together

noncovalently in a heterologous tetramer of 326 kDa.8>
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Two forms of FXIII exist; blood plasma FXIII, a tetrameric species found in
plasma, and cellular FXIII. Secondly, a dimer of the A-subunits in physiological form is
present in the cytoplasm of certain cells, particularly platelets, monocytes and
macrophages.86

The A subunit contains the active site of the enzyme and has 6 potential
asparagine-linked glycosylation sites though none have carbohydrate attachments.8>87
However, carbohydrates contribute 8.5% of the total molecular weight to the B-
subunit.88 The B-subunit is a modular protein made up of 10 repeated
sushi/glycoprotein-1 domains.>8 Each sushi domain contains 2 disulfide bridges that
sustain its tertiary structure, amounting to a total of 40 cysteine residues, of which 20%
are disulfide bridges in the mature B-subunit. The main function of the B-subunit is the
stabilization and transport of the hydrophobic A-subunit in the aqueous environment

of human plasma.89.90

1.4.1 Activation of FXIIIA

One characteristic that sets FXIIIA apart from the rest of the mammalian
transglutaminase family (excluding TG3) is the fact that it exists as a proenzyme. The
A-subunit of FXIII contains an activation peptide of 37 amino acids that limits access of
the substrate to the active site cysteine and is cleaved by thrombin using fibrin as a
cofactor in biological systems (Figure 1.5 [A]).°192 However, cleavage of the arginine
37-glycine 38 peptide bond may occur by other serine proteases, including endogenous
platelet acid protease and calpain, which were both reported to activate FXIII.93.94

Under physiological conditions, a lag phase is observed between thrombin cleavage and
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expression of the active site of plasma factor FXIII which represents the time it takes for
the B-subunit to dissociate from FXIIIA.%> This dissociation of the B-unit is critical to
expose the active site cysteine. X-ray crystallographic studies of thrombin-treated
FXIIIA have suggested that the activation peptide does not dissociate upon cleavage,
but remains associated with the protein.?®

Similar to TG2, calcium is also necessary for FXIlIa activity. Alkylation
experiments of the active site cysteine residue showed that the cysteine remained
buried after thrombin cleavage of the propeptide and was only alkylated by
iodoacetamide after exposure of the protein to calcium.?? In fact at high (100 mM)
calcium concentrations, it has been demonstrated that the A;B; tetramer of FXIII will
dissociate, without prior proteolytic cleavage of the activation peptide, and the non-

truncated FXIIIA; will transform into the active form (Figure 1.5 [B]).%7
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Figure 1.5: [A] Activation of FXIIIA in the presence of thrombin, fibrin and Ca?+*. [B] Activation of FXIII without

cleavage of activation peptide at high Ca?* concentration.’®
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1.4.2 Structure of FXIIIA

There has been much debate about the structure of FXIII in the literature owing
to the presence of the propeptide. Like all TGases, FXIIIA is divided into four domains,
including the -sandwich, the a/-catalytic core and 2 3-barrels.?® Initial structural
studies of FXIIIA suggested that significant changes did not occur between the non-
activated and thrombin and Ca?* activated FXIIIA; (Figure 1.6 [A]).°®¢ However, chemical
modifications of the amino acid side chains suggested that a conformational change did
occur. Through alkylation of cysteine and lysine residues followed by mass
spectrometry analysis, it was found that additional cysteines were alkylated when the
enzyme was activated while a decrease in alkylation of lysine residues was
observed.??190 More recently, Muzbek and coworkers postulated that FXIIIA undergoes
a conformational change similar to TGZ2 and confirmed their hypothesis through
modelling experiments with homology models of FXIIIA and TG2.101

This supposition was recently reinforced in late 2013 by Glebe and coworkers
who reported the first high-resolution structure of FXIIIA in its active state bound to an
inhibitor (Figure 1.6 [B]).192 The enzyme was activated with high concentrations of Ca%*
and crystallized in the presence of a Michael acceptor-based inhibitor to mimic the
glutamine residue. The combination of the inhibitor and calcium induce a
conformational transition in which the two 3-barrels swing aside to expose the catalytic
center. However, structural rearrangements upon activation were limited to the
catalytic core while the 3-sandwich and the two 3-barrels domains retained their
overall fold. From this crystal structure, three calcium binding sites were observed

which the authors proposed were necessary to drive the enzyme into the active
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state.102 The close proximity of the catalytic triad to regions of calcium binding had
prompted Yee to suggest that calcium ions are part of the regulation of the
conformational changes that accelerate catalysis.?® This hypothesis was confirmed by
Stieler who observed that the catalytic mechanism uses the calcium ions as cofactors to
hold the active site in the proper conformation to trigger the formation of the thioester

intermediate with glutamine.102
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Figure 1.6: [A] Crystal structure of FXIIIA in an inactive state (PDB: 1GGU).1°3 [B] FXIIIa® in an active conformation

(PDB: 4KTY).1°2 Green = 3-sandwich, red = a/f-catalytic core, blue = 3-barrel 1, purple = 3-barrel 2
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1.4.3 Physiological roles of FXIII

The primary physiological role of FXIII is maintaining homeostasis by stabilizing
the fibrin blood clot, protecting it from fibrinolytic degradation.1%4 By catalyzing the
formation of e-(y-glutamyl)lysyl peptide crosslinks in fibrin, the chemical stability and
mechanical strength of the blood clot is increased.?? FXlIla is the last enzyme in the
blood coagulation cascade and as such, it catalyzes the cross-linking of az-antiplasmin;
a highly potent inactivator of plasmin, to the a-chain of fibrin and fibrinogen.105106 [n
addition to its hemostatic role, FXIII has also been associated with wound healing,
angiogenesis, as well as matrix stabilization.

FXIII was implicated to be essential in pregnancy through experiments with
FXIIIA-knockout mice. Once pregnant, many mice died and their death was attributed
to massive placental hemorrhage and subsequent necrosis that developed in the
knockout mice.1%7 This observation was similar to reports of spontaneous miscarriage
in pregnant humans with FXIII deficiency. These findings led to the implication that
maternal FXIII plays a critical role in uterine hemostasis and placenta attachment.1%8

FXIII also participates in wound healing, which was inferred from the delay in
wound repair in some patients with inherited FXIII deficiency.1%° This participation by
FXIII was confirmed through a study on the effect of FXIII deficiency on wound healing
in FXIII-deficient mice. FXIII-deficient mice exhibited impaired wound healing
demonstrated by a decrease in the percentage of wound closure; effects that were
reversed with the addition of FXIII.110 These observations provide evidence for the

association of FXIII with wound repair.
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As the process of angiogenesis is closely related with hemostasis, it is logical that
FXIII would be implicated in this process. Angiogenesis is the process involving
remodeling and sprouting of new capillaries from pre-existing blood vessels. Once clot
stabilization is achieved, angiogenesis is modulated by proteins and peptide fragments
generated from the coagulation and fibronectin system.111 FXIII mediates the
incorporation of fibronectin and other extracellular matrix proteins into the fibrin clot
to prevent further bleeding. Once the clot is anchored to the vessel wall, FXIII facilitates
new vessel formation by direct stimulation of endothelial cell proliferation, migration
and survival through upregulation of the transcription factors, Egr-1 and c-Jun.112

Additionally and similar to TG2, FXIII has been implicated in the stabilization
and mineralization of the extracellular matrix in bone and cartilage.113 This observation
is supported by the fact that adhesive extracellular glycoproteins such as collagen,

vitronectin and the von Willebrand factor are all in vitro substrates for FXII1.36.114115

1.4.4 FXIII in disease states

The earliest reported pathological association of FXIII was made in 1960, where
it was noted that the plasma clot of a patient with severe bleeding diathesis was
missing FXIII.116 This led to the characterization of FXIII deficiency as a rare autosomal
recessive disorder. Later experiments showed that the lack of FXIII results in serious
bleeding diathesis, defective wound healing and a high risk of miscarriage in deficient
females.8

FXIII has also been implicated in atherothrombotic disorders such as myocardial

infarction and venous thrombosis. Myocardial infarction arises from the development
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of cross-linked, fibrinolysis-resistant, platelet-rich fibrin clots in the arteries while a
thrombotic occlusion occurs in the venous system that is low on platelets and is known
as venous thrombosis.11”

The first evidence of FXIII in myocardial infarction was through analysis of
plasma from patients with the disease. It was found that FXIlIa cross-linked fibrin
polymers were increased in the plasma and indicated the presence of increased activity
of FXIlIa in patients with myocardial infarction.!1® Contrastingly, it was also found that
FXIII played a role in cardiac remodelling after myocardial infarction. FXIII-deficient
mice died within 5 days after myocardial infarction from a ventricular rupture,
attributed to the observed cardiac rupture.!1® The FXIII-deficient mice exhibited an
attenuated inflammatory response, enhanced degradation of the extracellular matrix,
impaired collagen synthesis and aggravated cardiac remodelling. These observations
led the authors to conclude that FXIII plays a key role in wound healing after
myocardial infarction.

The relationship between FXIII and atherothrombotic diseases such as
myocardial infarction and venous thrombosis has also been investigated through
comparisons of FXIII and a polymorphism of FXIIIA, namely FXIIIVal34Leu.
FXIIIVal34Leu is fairly common with an allelle frequency of 0.25-0.3 in the white
population.?3.120121 The activation of this variant by thrombin occurs more rapidly than
that of normal FXIII, and is independent of the interaction between the A and B
subunits as both plasma and platelet Leu34 FXIII are activated more rapidly than their
Val counterparts.1?22-124 Several studies were undertaken that suggested that the Leu

allele was protective against myocardial infarction, and this was confirmed by other
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groups, who noted that where the prevalence of the Leu allele is the lowest, the highest
risk of myocardial infarction was observed.?3120.125126 However, conflicting reports
suggested no association between the possession of Leu 34 and a decreased risk of
myocardial infarction. 123-126 Ariens suggested that a possible explanation for the
discrepancy was the linkage disequilibrium (non-random association of alleles at two
or more loci) between Val34Leu and other polymorphisms in the FXIIIA subunit gene.84

Similar contradictory results were reported for the FXIIIVal34Leu
polymorphism in the incidence of venous thrombosis,124125127-130 jndicating that the
relationship between FXIIIA and atherosclerosis is neither clear-cut nor simple but
requires further investigation and inquiry.

The discovery that cellular FXIII is present in monocytes and macrophages,
including tissue macrophages has revealed that FXIII is present in most organs and
tissues of the body.?8 Thus, it is understandable that the ubiquitous nature of this
enzyme explains how it could be implicated in both the cause and recovery of
atherosclerosis when FXIII has been implicated in both clot formation and wound
repair.

The widespread localization of FXIII makes it likely to suppose that this enzyme
could be implicated in other physiological processes unrelated to homeostasis or
wound repair. Recently, it has been shown that FXIlIa activity was increased in obese
twins and strongly correlated with measures of adiposity, inflammation and insulin
resistance.!3! This finding demonstrates that there is still much to discover about this

enzyme.
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1.4.5 Substrates of FXIII

FXIII has a wide variety of physiological substrates, including vinculin,
osteopontin and plasminogen.132-134 [t has been shown that both zymogen and activated
forms of Factor V can form high molecular mass polymers in the presence of FXIlIa,
suggesting it contributes both glutamine and lysine residues in the cross-linking
reaction, much like fibrin.135 Casein was also shown to be a good substrate for FXIII,
specifically B-casein was an excellent substrate for FXIIla while a relatively poor
substrate for TG2.13¢

Unnatural substrates for FXIII include peptide substrates, usually derived from
protein substrates. One example is the K9-glutamine substrate derived from 3-casein
with the sequence LGPGQSKVIG.137 K9 was commercialized by the Berichrom
Corporation, now taken over by Dade Behring in Germany. This sequence was used as
the glutamine donor substrate in a photometric assay for FXIIla activity in blood
samples. From the az-antiplasmin inhibitor, the sequence NQEQVSPLTLLK was
identified as the site of crosslinking to fibrinogen by FXIIIa.138 This peptide was later
modified to produce a fluorometric assay for FXIIla, which is also recognized by TG2,
TG3 and TG6 and sold by the German company, Zedira.13°

In 2006, Hitomi and coworkers identified the first peptidic sequences specific to
FXIIla alone.”” Using a phage display peptide library, they identified the primary
sequences around the reactive glutamine residue preferred by either TG2 or FXIIIa.
The library was screened through avidin affinity purification of phage clones that
incorporated a biotin-labeled primary amine in catalytic reactions with TG2 or FXIIla.

The chosen peptides were then expressed as recombinant GST fusion proteins and their
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reactivity with TGase was confirmed through incorporation of monodansylcadaverine.
The highest affinity peptide for FXIII was identified and consisted of DQMMLPWPAVKL
(F11) and is currently available for purchase as a FXIIla-specific peptide substrate by
Zedira.

Similar to TG2, FXIIla accepts a wide variety of amine donors. This includes
lysine-containing proteins such as thrombospondin or myosin.140.141 FX][Ia accepts a
range of alkyl primary amines as well, including putrescine, monodansylcadaverine and
5-(biotinamido)pentylamine. 142-144

A study has also been carried out on the acyl acceptor substrate peptides from
the FXIII recognition sequence in the y-fibrin chain. A truncated peptide was identified
as GQQHHLGGAKQAGVD and the amino acids around the lysine were exchanged to
determine their effect.14> It was found that FXIII would accept a broad range of
substrate peptides, with a proline neighbouring the requisite lysine having the most

detrimental effect.145

1.5 Research objectives

As both TG2 and FXIII have important physiological and pathological roles, their
function and activity are a source of interest to the Keillor group. Currently, the
mammalian transglutaminase research program involves: 1) mechanistic investigation
through capillary electrophoresis of TG214¢ 2) development of potential inhibitors for
therapeutic ends or protein labelling for both TG2 and FXIII147.148 3) expression and

purification of TG214° and FXIII 4) FXIIla-specific peptides.
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1.5.1 Transition state analogue inhibitors for TG2

Various reversible inhibitors have been described for tissue transglutaminase,
notably cinnamoyl derivatives from the Keillor group.1>® However, a new class of
reversible inhibitors, namely transition state analogues was envisioned as a new
generation of high-affinity competitive inhibitors.

Transition state analogue inhibitors are designed from the hypothesis that
chemically stable compounds that simulate the geometric and molecular electrostatic
characteristics of the transition state will bind to the enzyme tighter than the substrate

by a factor approaching the catalytic rate acceleration imposed by the enzyme.

H H\)?\
R1/’\1\5)J\|:12 R1/N ~ R

R,=Ac-PNP o L o L NH R,=LPF-OH
1 O//6+ NH2 O//6+v 2 2

(1.1) (1.2)

Figure 1.7: Target sulfinamide inhibitors for TG2.

[t was hypothesized that the structure of a sulfinamide molecule would resemble the
transition state adopted during the acylation step. Thus compounds 1.1 and 1.2 (Figure
1.7) were proposed as analogues of the first and second transition state towards the

acylation step of the cross-linking reaction catalyzed by TG2.
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The sulfinamide moiety would be incorporated into the Ac-PNPQLPF-OH sequence, in
order to take advantage of this peptide’s high binding affinity and specificity for TG2.

The synthesis towards these target compounds will be discussed in chapter 2.

1.5.2 Fluorescent, cell permeable probe of TG2

As mentioned previously, intracellular TG2 activity consists mainly of GTP
binding as the physiological, intracellular concentrations of calcium are low. However,
evidence has been presented that TG2 transamidation activity is not limited to the
extracellular matrix but also occurs within cells.>7.151 In order to delineate the activity
of intracellular GTP, a cell permeable, TG2-specific, fluorescent probe was synthesized.
The synthesis, kinetic characterization and preliminary in vivo results of this probe will

be discussed in chapter 3.

1.5.3 Studies with FXIIla

FXIII has recently become a part of the research program of the Keillor group.
Through investigation of collagen and fibronectin matrix deposition with one of our
inhibitors, it was found that transglutaminase activity was related to osteoblast
differentiation, attributed to either TG2 or FXIIla.148 However, while current TG2-
specific probes exist, there have not been kinetically characterized substrates that are
specific to FXIII. Our efforts in identifying a high affinity peptidic sequence for FXIII and
applying it towards an activity assay will be discussed in chapter 4. As this goal
necessitates the use of large quantities of FXIII, the optimization of expression of a

recombinant FXIIIA fusion protein will also be reviewed.
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Introduction
2.1 Enzymatic transition states
Enzymes increase reaction rates, usually at rates of 1010to 1015 times faster
relative to the same conditions without a catalyst (Figure 2.1).! One of the important
mechanisms of enzyme catalysis is the differential binding of the transition state! (TS)

of the reaction to the enzyme with greater affinity than the corresponding substrates or

products.
I [Uncatalyzed TS]
>
=
Q [Enzyme catalyzed TS]
)
o
o
(I
EeS
Substrate EeP
Product

Reaction coordinate

Figure 2.1: Energy profile of catalysis.

The more tightly an enzyme binds its reaction’s TS relative to the substrate, the
greater the rate of the catalyzed reaction relative to that of the uncatalyzed reaction. So
it can be said that catalysis results from preferential binding and thus stabilization of
the TS relative to the substrate. In other words, a good substrate won’t necessarily be

bound with high affinity but may be bound more tightly upon activation to the TS.

I Transition state will be used herein as a term to refer to the activated complex
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Pauling, Wolfenden and Lienhard have all suggested that interactions that
preferentially bind the TS will increase its concentration and thus, proportionally
increase the reaction rate.2* If an enzyme preferentially binds the TS, then TS
analogues - stable molecules that resemble the TS or one of its components - should be
potent, competitive inhibitors of the enzyme.

The transition state can be described as the state at which in a reaction, there is
equal probability that either the reaction will occur and products will be formed or the
species will decompose back into the reactants. The transformation of bond vibrational
modes (the stretching and restoring forces) to bond-dissociating translational modes is
another way to define the transition state. It occurs within the time span of bond
vibration, usually on the order of 10-13 s whereas the typical enzyme catalysis rate
constantis 1 x 103 s'1, with the delay owing to conformational adjustments to align the
reactants in the catalytic site.

It is a fluid balance, whereby the substrate is diffusing in and out of the active
site, bond formation is reversible and at the moment when the non-bonding
interactions have productively aligned, the angles are correct and there is just enough
tension/stretching in the enzyme-substrate complex, the transition state is attained.
The fleeting lifetime of the enzymatic TS prevents a thermodynamic equilibrium from
forming a tightly bound TS-enzyme complex. Thermodynamic descriptions of the TS
complex require bond equilibrium to propagate through both the enzyme and the
reactants during the lifetime of the TS; however, since protein conformations are slow,

this is impossible during the TS lifetime.>
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Movement of the enzyme with the substrate is dynamic, constantly sampling
different interactions, some of which may lead to the formation of the TS. These
continual fluctuations, along with the movements of the enzyme sidechains, loops and
domains, all change the enzyme-reactant distances and dynamic interaction energies.
Rotation about covalent bonds and flap and domain motions on the order of 10-8 to 10-3
s form the alignment which is on the cusp to attain the TS.6

The TS is obtained when each of the bonds essential to catalysis moves in a
coordinated fashion and forms the appropriate contacts necessary to achieve the TS.
Computational experiments studying enzyme function have shown that superfamilies
of enzymes have conserved functional residues acting as coupled networks that favour
catalytic motions more frequently than random (non-catalytic) motions.” However, the
momentary geometry that forms the TS does not produce a large-scale conformational
change throughout the protein as a tightly bound TS does not exist except in the
dynamic sense of a fraction of picosecond in which it actually occurs. In order to
capture the rare conformational events that lead to the formation of the TS, transition

state analogues have been proposed.

2.2 Transition state analogues

Transition state analogues are competitive inhibitors that take advantage of the
bonding interactions present to stabilize the transition state complex during the
catalyzed reaction. Although transition state analogues are frequently found to be
tight-binding inhibitors, in this chapter we do not use the potency of inhibition as a

criterion for being a “transition state analogue”, but rather use this description based
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on the way an inhibitor was designed - namely, to resemble the transition state of a

given reaction step.

Compared to the forces that bind the TS, the reactants are bound weakly. This is
illustrated by bovine purine nucleoside phosphorylase (PNP). The substrate for bovine
PNP, inosine, binds fairly weakly to the catalytic site, with a Michaelis constant of 28
uM. The weak binding is reflected in the long hydrogen bond distances observed in the
crystal structure of the Michaelis complex.8 However, when immucillin-H, a TS
analogue was crystallized in the PNP catalytic site, six new hydrogen bonds were
observed. This is accompanied by an initial K; of 41 nM that drops to 23 pM, upon the
slow isomerization of the enzyme that causes increased inhibitor binding affinity.° The
improved binding of the TS analogue compared to the substrate can be attributed to the
reciprocity between the interaction sites on the inhibitor and the reorganization of the
protein to keep the configuration that is acquired instantaneously and dynamically in

the actual TS.
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Figure 2.2: Molecular electrostatic potential surfaces for inosine, the transition

state of PNP and immucillin-H, respectively. (Schramm, V. L., Biochimica et

Biophysica Acta, 2002, 1587, 107-117.) Reproduced with permission.

From Figure 2.2, the similarity of immucillin-H to the transition state can be
seen by the molecular electrostatic potential surfaces which compare the substrate, the
TS and immucillin-H, respectively.® The similarity of the electrostatic potential of
immucillin-H to that of the TS capitalizes on the existing forces used to stabilize the TS
whereas the weak binding of inosine can be explained by its inability to make such
contacts.

The presence of the TS analogue will induce the protein to adopt a static,
thermodynamically equilibrated conformation whereby the release of the analogue
would result in a slow and energetically unfavourable expansion of the protein. Owing

to this phenomenon, the release rate of TS analogue inhibitors is very slow, ranging
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from minutes to days, and this causes tight binding. Dissociation constants in the
picomolar range are not uncommon and there have even been analogues with

dissociation constants in the femtomolar range described in the literature.1?

2.2.1 Examples of TS analogues

There are a wide variety of transition state analogues that can be found in the
literature and examples include immucillin derivatives from the group of Schramm that
effectively inhibit 5’-methylthioadenosine/S-adenosylhomocysteine nucleosidase
(MTAN). This enzyme is responsible for hydrolyzing its substrates to form adenine and
5-methylthioribose or S-ribosylhomocysteine. One of the most powerful transition
state analogues to date includes 5’-p-Cl-phenylthio-DADMe-Immucillin-A (2.1) with a K;
value of 47 fM (Figure 2.3).10 [t incorporates features of the substrate, 5’-
methylthioadenosine while mimicking the highly dissociated N-ribosyltransferases

transition states.

B H NH, | i cl

Figure 2.3: TS analogue for MTAN.

Previously, in our group!! we have also experimented with transition state
analogues as inhibitors for y-glutamyl transpeptidase (GGT), an enzyme found in

mammals, bacteria and plants, having a key role in the metabolism of glutathione.
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Figure 2.4: TS analogue for y-glutamyl transpeptidase.

The sulfoxide inhibitor shown here (Figure 2.4) has a K; value of 53 uM, which is 10-
fold lower than the Ky, value for its native substrate, glutathione.!! The sulfoxide
resembles the transition state in both its geometry and its charge distribution, which

would account for its high affinity.12

2.3 Tissue tranglutaminase

Tissue transglutaminase (TG2) has been identified as an important, therapeutic
target due to its role in a number of human disease states including, but not limited to
Celiac diseasel3 as well as neurodegenerative diseases such as Alzheimer’s,1* and
Huntington’s.1> As a result, a variety of TG2 inhibitors have been synthesized that could
serve, not only as useful therapeutics, but also as chemical probes to better understand

the function and role of TG2 in the aforementioned disease states.

2.3.1 Irreversible inhibitors of TG2
To date, a number of potential TGase inactivators have been developed based on
the possibility of reaction with the active site cysteine, including 1,2,4-thiadiazoles

(2.2),16 dihydroisoxazole derivatives (2.3),17 dipeptide-bound o,-unsaturated amides
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(2.4),18 and epoxides (2.5),18 (Figure 2.5). The majority of these TG2 inhibitors act by
targeting the nucleophilic cysteine residue in the TG2 active site, which can be alkylated
or acylated by a requisite electrophilic intermediary. While highly effective, many
irreversible TG2 inhibitors suffer from a general lack of specificity owing to the reactive
nature of the electrophilic warhead groups. As all members of the transglutaminase
family of enzymes contain a nucleophilic cysteine residue, these irreversible inhibitors

are not specific to a targeted transglutaminase.

<N o] b oN
: B

FRE T A i
2 |/ H o)

(2.2) K, =14 mM

0 0
©VOTH:QLN/\[(OH @VOTH%OH
0 0 o

(2.3) K, = 0.74 mM

: H
“NH “NH
(2.4) K= 1.17 mM (2.5) K, = 2.13 mM

Figure 2.5: Irreversible inhibitors of TG2.
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2.3.2 Reversible inhibitors of TG2

Various reversible inhibitors for TG2 have also been synthesized including
acylideneoxodindole derivatives (2.6),1° cinnamoyl inhibitors?9 (such as 2.7) and a
drug-like compound LDN-27219 (2.8) which was found to bind at TG2’s GTP-binding

site rather at the active site of the enzyme?! (Figure 2.6).

© O2N N=N
T O G
g b L T
N NO, STON s/}o( “NH,
(2.6) IC5o = 1.5 MM (2.7) ICsp = 2.1 £ 0.3 MM (2.8) IC50 = 0.6 £ 0.1 mM

Figure 2.6: Reversible inhibitors of TG2.

Apart from the acylideneoxoindole derivatives, the reversible inhibitors 2.7 and
2.8 in Figure 2.6 are specific for TG2 as opposed to other transglutaminases such as
Factor XIII. Unfortunately, since the high specificity of these compounds has been
linked to their unique conformation, efforts to transfer this specificity to other

molecules have proven difficult.

2.3.3 PNPQLPF as affinity-conferring peptidic sequence for TG2

In an effort to improve the specificity of irreversible inhibitors for TG2, research
has centred on imbedding electrophilic warhead groups within a peptidic chain that has
shown specificity for TG2. Khosla and coworkers identified a truncated peptidic
sequence derived from the gluten protein, composed of PQPQLPY,?? that can serve as an

excellent substrate for TG2. Kim and coworkers, inspired by sequences from pro-elafin,
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a known TG2 substrate for anchoring pro-elafin onto matrix proteins, identified the
peptide KVLDGQDP as a good substrate for TG2.23 Recently, Hitomi and coworkers,
using a phage displayed random peptide library to investigate the primary structures
surrounding reactive glutamine residues for TG2, found that specificity for TG2 was
based more on peptide conformation rather than sequence.?* Thus, it is not the specific
amino acids themselves that confer affinity to TG2 but rather, their overall
characteristics.

Inspired by these observations, solid phase synthesis was undertaken to
synthesize a variety of peptidic sequences in an effort to find an affinity-conferring
peptide. It was determined that the sequence PNPQLPF had excellent affinity for TG2
with a Ki, of 6 uM (Pardin and Keillor, unpublished results). Incorporating an
electrophilic moiety in the place of the glutamine residue should produce an
irreversible inhibitor specific to TG2. Using this motif, a fluorescent irreversible
inhibitor was synthesized for TG2 (RhodB-PGG-K(acryl)LPF-OH) with a K; of 79 uM and

used as a probe to investigate the role of TG2 in arterial rigidification.2>

2.3.4 Transition state analogue design for TG2

Transition state analogue inhibitors are designed from the hypothesis that
chemically stable compounds that simulate the geometric and molecular electrostatic
characteristics of the transition state will bind to the enzyme tighter than the substrate
by a factor approaching the catalytic rate acceleration imposed by the enzyme. From
Figure 2.7, it can be seen that there are two transition states leading to and from a

tetrahedral intermediate prior to the formation of the acyl-enzyme intermediate. Thus
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inhibitors based on the transition states leading to this acyl-enzyme intermediate of
TG2 should be effective, by taking advantage of the interactions that occur to stabilize

the transition states.

YV \/\/\I— i\N\/—\/\I DAY i\N\/:J\I
Gln_j\ Gl & Gl GIn S+ R
S TGase 1 9 1 9 j 1
S-jTGase| 8§ TGase - A
\ T S TTOHE s 075 TGase

i "NH,---H

Michaelis Transition Tetrahedral Transition Acyl-enzyme

complex state 1 intermediate state 2 intermediate

Figure 2.7: Mechanism of TGase acylation.

[t was hypothesized that the structure of a sulfinamide molecule would
resemble the transition state adopted during the acylation step. Structural studies of
aryl sulfinamides have demonstrated that the sulfur atom adopts a tetrahedral-like (as
opposed to planar) configuration and the nitrogen atom is flattened slightly to form the
trigonal sp? structure found in the ground state amide atom.2¢ Thus, we proposed
compounds 2.9 and 2.10 as analogues of the first and second transition states towards

the acylation step of the cross-linking catalyzed by TG2.

H Q H O
R1/N\;)]\R2 R(N%Rz

Ry=Ac-PNP ~ R,=LPF-OH
o- o 2 NH
075+ NH, 0% ¢
(2.9) (2.10)

Figure 2.8: Transition state analogues for TG
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The R1 group would be Ac-PNP while the Rz group would be LPF-OH, which is
the amino acid sequence shown to have high affinity and specificity for TG2 relative to

other transglutaminases.

These targeted inhibitors should have high affinity and efficacy as competitive
inhibitors, since they are based on the transition states leading to the acyl-enzyme
intermediate of TG2 and will take advantage of the interactions that stabilize and

favour the transition states of the acylation reaction.

2.4 S-N bond-containing compounds
There exist three different types of compounds containing a sulfur-nitrogen

bond, namely sulfenamides (2.11), sulfinamides (2.12) and sulfonamides (2.13) (Figure

2.9).
1 0.0
B{S\N}Q %{S\N}?‘ %S\N/‘a
e e
(2.11) (2.12) (2.13)

Figure 2.9: Sulfenamides (2.11), sulfinamides (2.12) and sulfonamides (2.13),

respectively.

Sulfenamides are organic compounds containing a trivalent nitrogen bonded to a
divalent sulfur. They are fairly unstable compounds, owing to the lability of the sulfur-

nitrogen bond. It has been noted that the thermal stability of sulfenamides decrease as
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the basicity of the sulfenamide nitrogen increases, as the electron-donating ability of
the group attached to sulfur increases and when the number of groups attached to the
sulfenamide nitrogen decreases.?” This would probably also hold true for sulfinamides
(2.12), attached to an inductive electron-donating electronegative atom such as oxygen
and a primary amine. Field and coworkers also demonstrated that aromatic
sulfenamides prepared from primary aliphatic amines were more reactive than those

from dialkylamines, and all attempts to make alkyl sulfenamides were unsuccessful.?”

Aryl sulfenamides have also been known to undergo exchange reactions on
exposure to light and with gentle heating.?8 Cole and coworkers showed that
sulfinamides can also undergo exchange reactions at room temperature, suggesting
that intermolecular protonation of the sulfinyl group leads to polarization of the sulfur
atom and a more basic amine can then displace the original nitrogen.2°

Sulfonamides are oxidized sulfur molecules and have been used extensively as
antibacterial drugs but have also shown some utility as transition state isosteres for
enzyme proteases.3? They contain the requisite tetrahedral geometry but have been
found to perform poorly as inhibitors due to their electrostatic effects.3! Another

drawback is the known tendency of peptidic sulfonamides to fragment, (Figure 2.10).32
\\S//
f\(« 4 NRE JYN\\ + S0, + HZN}%
O R

Figure 2.10: Fragmentation of peptidic sulfonamides.
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Thus, both sulfenamides and peptidic sulfonamides are labile compounds, owing
to their propensity towards S-N bond fissures. In addition to their instability, neither
would be appropriate as TS analogues. While sulfenamides and sulfonamides may have
tetrahedral geometry, their electrostatic potential is different enough that they do not

bear a strong resemblance to the transition state and thus, would not be effective.

2.4.1 Synthesis of sulfinamides

The strong resemblance between our proposed sulfinamide molecules 2.9 and
2.10, and the transition states of TG2 induced us to attempt the synthesis of these
potentially unstable molecules. There are a variety of ways to synthesize sulfinamide
molecules, including the reaction of sulfinyl chlorides with ammonia,33 and
Brownbridge’s method of synthesizing methyl sulfinates combined with the Davis
protocol of treatment with LIHMDS and an amine (Figure 2.11).3435 Ellman has reacted
sulfinates with a mixture of sodium and ammonia,3¢ and there is also metal assisted
synthesis by Davis whereby metal salts (AgNOs, AgOAc, HgCl) are dissolved in
methanol or ethyl acetate followed by the addition of disulfide and an excess of amine
followed by removal of precipitated mercaptide which yields the sulfinamide (Figure

2.11).37
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Figure 2.11: Retrosynthetic schemes of sulfinamide synthesis.

Almost all of the examples of sulfinamides in the literature are either aromatic
sulfinamides or tert-butyl sulfinamides, due to the presumed instability of alkyl
sulfinamides. Itis very rare to see a compound with a saturated carbon atom adjacent
to the sulfinamide moiety. However, a protocol was found by Ruano and coworkers,38
using the Davis method to produce alkyl sulfinamides in adequate yield (40%) as

shown in Scheme 2.1.

0
A~ Sig - INBSMeOH /\/é\NH
2) LIHMDS, NH,CI 2

(2.14)

Scheme 2.1: Synthesis of propyl sulfinamide.

With this synthesis in mind, and knowing that transition state analogues often
make highly effective inhibitors, we decided to tackle the synthesis of our proposed

sulfinamide compounds 2.9 and 2.10.
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Results and Discussion

2.5 Modelling of the TG2 active site

Modelling studies were undertaken previously in collaboration with the
Pelletier group using the Insight 2 package, whereby the initial coordinates were taken
from a structure of red sea bream tissue TGase.3° The percentage of identity of the
catalytic domains of red sea bream TGase with guinea pig liver TGase is greater than
55% while the percentage of homology is ~70%. Guinea pig liver TGase has an identity
of 82% with human tissue TGase while the percentage of similarity is 95%.
Additionally, all the active site residues of red sea bream tissue TGase are conserved in
all sequenced tissue TGases, validating the use of these coordinates for the modelling
studies. The donor substrate used in the modelling studies was a Cbz-glutaminyl-
glycine molecule, which was manually positioned into the active site. The model was
constructed, minimized, molecular dynamics completed for 10 ps and the structure
then reminimized. These modelling studies showed that during the catalytic steps, the
tetrahedral intermediate of the acyl enzyme intermediate is stabilized through

hydrogen bonding.
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Figure 2.12: Active site of TG2 with Cbz-GIn-Gly.

Since the tetrahedral intermediate is a high-energy species, the transition states
leading to its formation and from its decomposition must be similar to it in geometry as
well as energy, according to the Hammond postulate.4?

Thus, using the results of the aforementioned modelling studies, semi-empirical
modelling was undertaken using Parameterized Model 3 (PM3) of the anionic
tetrahedral intermediate of the acyl-enzyme with the glutamine side chain whereby the
sulfur-methyl group is representative of the cysteine bond of transglutaminase to its

substrate.

'NH,

Figure 2.13: Charge distribution of the tetrahedral intermediate of acyl-enzyme.
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Modelling resulted in the charge distributions and geometry shown in Figure
2.13 whereby there is a negative charge density around the oxygen atom and a partial
positive charge on the carbon atom. If the covalent sulfur-carbon bond is then cleaved
and the resulting neutral hypothetical molecule is modelled, fixing the geometry and
recalculating the charge distributions, the fictitious molecule is shown to have a high
complementarity to the enzyme active site (Figure 2.14). This then serves as a target

for mimics that should have high complementarity and affinity for the active site.

“"NH,

Figure 2.14: Charge distribution around hypothetical molecule resembling TS

intermediate.

A sulfinamide derivative was then modelled as an analogue of the tetrahedral
intermediate since the central sulfur atom is tetrahedral and retains a partial positive

charge (Figure 2.15).

0.684
O@
' = = sas
\/g) '‘NH, 0.259

Figure 2.15: Charge distribution around sulfinamide molecule.
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It can be seen that the sulfinamide molecule has a similar charge distribution and
geometry as the hypothetical molecule that was designed to have a high affinity for the
enzyme active site, thus it should be an effective inhibitor. These calculations validate
the choice of our target molecules that include a sulfinamide compound, (2.9) as well as
an aminomethyl sulfoxide, (2.10) as analogues of the first and second transition states,

respectively, in the acylation step of the cross-linking process.

2.6 Synthesis of sulfinamide inhibitors

Having confirmed the viability of sulfinamide molecules as transition state
analogues for TG2, we turned our attention to the difficult synthesis of these unknown
compounds. Sulfinamides are not well characterized in the literature, perhaps owing to
the instability of this class of compounds and as already mentioned, and are usually

found as aromatic or tert-butyl sulfinamides.

2.6.1 Synthesis of sulfinamide (2.9) via a methyl sulfinate

As we were planning to incorporate the transition state mimic into a peptidic
chain having affinity for TGZ, Boc and tert-butyl esters were chosen as protecting
groups for the synthesis of compound 2.9 since they could be removed easily under the
same acidic conditions. The amino group could then be selectively protected with an

Fmoc-protecting group as per standard Fmoc-based solid phase coupling procedures.25



HoN___CO.H BocHN.__CO.H BocHN.__CO,Bu
: 10% Na,CO3, dioxane H CuCl, DIC ‘ :
( Boc,O, 91% ¢~ BuOH,DCM, 71% (
S S S
(2.15) (2.16)
NBS
MeOH
73%
BocHN.___ CO,Bu BocHN.___ CO,Bu
: 1) LIHMDS, -78°C :
2) NH,CI
/S\ /S\
O”"“NH, 0" "OMe
(2.17)

Scheme 2.2: Synthesis of compound 2.8 via methyl sulfinate

Thus, L-homocystine, prepared as per literature sources,*! was first protected
using Boc anhydride, followed by carboxylic acid protection as a tert-butyl ester
(Scheme 2.2). Once both functional groups were protected, N-bromosuccinimide in
MeOH was used to convert the disulfide into sulfinic esters as per the Brownbridge
protocol.3* This was convenient because it eliminated the oxidation of sulfur as an
additional step. The last step of the synthesis was to displace the methanol with an
amine group. The literature procedure was confirmed to work in the case of propyl
disulfide (Scheme 2.1) but was unsuccessful with the homocystine derivative (Table

2.1).
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BocHNvCogBu BOCHNYCO2BU
e
0">>oMe O//S\NHZ
(2.17)
Attempt Condition Result

1 1))LiHMDS, -78°C 2) NH4Cl sat. product decomposition
2 excess NHz in MeOH/THF, reflux product decomposition
3 3 eq. NaH, THF, excess NHz product decomposition
4 nBuli, excess NH3 product decomposition
5 Fe(NO3)3°9H20, Na, NH3, NH4Cl product decomposition

Table 2.1: Conditions attempted in synthesis of sulfinamide.

While treatment with the LIHMDS conditions had been employed successfully on
a variety of compounds in the literature,3® they were all less functionalized, either with
unsubstituted carbon chains (ex. propyl disulfide) or if functionalized, the heteroatoms
were substituents on an aromatic ring. Numerous variations were attempted that
involved inciting the nucleophilic substitution of the methanolate by ammonia (with
and without heating) (Table 2.1). When that proved unsuccessful, we tried to improve
the nucleophilicity of ammonia by deprotonating it with either (1) sodium hydride, (2)
n-butyl lithium or (3) pellets of sodium (Table 2.1).3¢ However, only product

decomposition was ever observed. This was confirmed through analysis of the NMR
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spectra whereby neither starting material nor product could be conclusively identified.
Various attempts to purify the reaction mixtures were unsuccessful as purification

conditions could not be determined.

2.6.2 Synthesis of sulfinamide employing sulfinyl chloride

H 10% Na,COg3, dioxane H CuCl, DIC _ :
K BOCzo, 91% g tBUOH, DCM, 71% K
S S 3
% / .
(2.15) (2.16)
SO,Cl,
CH3;COOH
/ET/COZtBu BocHN\/COQtBu
0=S : :
N NH; (
o">al

Scheme 2.3: Sulfinamide synthesis via sulfinyl chloride

In another attempt to afford compound 2.9, the same protection scheme was
used as previously; however, instead of making a methyl sulfinate, the sulfinyl chloride
was made directly (Scheme 2.3). As chlorine is more electrophilic than the methanolate
ion, displacement by ammonia should be easier. Given that it was a one-pot reaction
and the sulfinyl chloride was not isolated, IR analysis was used to confirm its presence
before an excess of ammonia was added. Unfortunately, the compound cyclized to form

an isothiazolidine, which was identified through MS-ESI* analysis.



68

2.6.3 Synthesis of sulfinamide using oxazolidinone

o)
HoN,_ COH CbzHN,__CO,H Csz\/&o
H Cbz-Cl ~ = AcOH, SOCl, Ac,0 :
" 0% Na,CO, 75% © THLCO, reflux, 71% d
S>[ S>[ S)Z
2 2 o
(2.18) (2.19)
SO,Cl,
CHzCO,H
/—o
CbzHN,_CONH Csz\/& o
: NH; :
e
ZSNH AN
0 2 o~ ~Cl

Scheme 2.4: Synthesis of sulfinamide using oxazolidinone.

In a third attempt, the protection scheme was changed to have a Cbz protecting
group on the amino moiety (Scheme 2.4). This was done since it has been shown that
TG2 has no affinity for a Boc protecting group but will still recognize a Cbz moiety.3° In
this way, once we had the sulfinamide, we would be able to test its efficacy immediately
without having to undergo any deprotection/reprotection reactions nor solid phase
peptide synthesis prior to a preliminary test.

The carboxylic acid was protected using an oxazolidinone that should avoid the
formation of the isothiazolidine by-product since the nucleophilic amino group would
be embedded in the oxazolidinone ring. Once again, the presence of the sulfinyl chloride
was confirmed by IR analysis prior to ammonia addition. It was expected that the basic

conditions would cleave the oxazolidinone and afford the C-terminal amide while
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simultaneously forming the sulfinamide, as ammonia was added in excess.
Unfortunately, the desired product was not observed; it is unclear if the desired
sulfinamide was formed but was unstable and decomposed after formation. Literature
precedence points to the sulfinamide moiety being unstable and unable to be isolated,
which will be discussed below.2642 [t was hypothesized that our amino acid
sulfinamides, once formed, were not stable due to the high degree of functionalization

of the molecule and immediately broke down.

2.6.4 Synthesis of aminomethyl sulfoxide (2.10)
Our second target molecule was an aminomethyl sulfoxide inhibitor (2.10) that
would mimic the second transition state of the acylation step, as the ammonia is ejected

from the acyl-enzyme intermediate.

H,N,_CO,H CbzHN, _CO,H  CbzHN,_CO,Me CbzHN,__CO,Me
: Cbz-Cl i soch :  P(nBu)s, DMF :

S( 10% N8.2CO3, 75°/: S MeOH, 82% S( HQO, 73% (
(2.18) (2.20) (2.21)

1) BocHN” ~OH
TsOH, TBME
2) NaQCO3, MgSO4, 80%

CbzHN,_CO,Me CbzHN,_CO,Me CbzHN_CO,Me
= TFA : mCPBA :
< MCPBA
K Hﬁcm ( DCM, 90% K
oS~ NHz o7 S~NHBoc S._NHBoc
(2.23) (2.22)

Scheme 2.5: Synthesis of aminomethyl sulfoxide
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The first step of the synthesis involved a Cbz protection for the amino group, and
carboxylic acid protection using a methyl ester. Homocystine was reduced to
homocysteine using 2 eq. of tributyl phosphine. The free thiol was reacted with Boc-
aminomethanol (prepared according to a literature procedure),*344 using p-
toluenesulfonic acid as a catalyst to afford the Boc-protected aminomethyl sulfinyl
compound 2.22. This was then oxidized with mCPBA to yield the Boc-aminomethyl
sulfoxide compound. The last step to obtain the inhibitor was a Boc deprotection;
however, standard deprotection conditions, namely a 50:50 mixture of TFA:DCM, led to

product degradation.

Cszchone CszNvCOZMe
| T
O//S\/NHBoc O//S\/NHz
(2.23)
Attempt Conditions Result
1 TFA, CH:CI, product degradation
2 H3PO4, THF product degradation
3 NEt;, TMSOTf, DCM product degradation
4 TBAF, THF product degradation

Table 2.2: Deprotection conditions for Boc removal.

Milder deprotection conditions were attempted (Table 2.2), including

phosphoric acid in THF#5> and TBAF in THF.#6 TMSOT( in conjunction with triethylamine
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is used in solid phase synthesis to deprotect the Boc group from lysine without
affecting the linkage of the peptide chain to resin;*” however, all of these conditions led
to product degradation, as identified through the NMR spectrums of the reaction

mixtures.

2.6.5 Synthesis of aminomethyl sulfoxide via thiol formate
In a second attempt to synthesize aminomethyl sulfoxide 2.10, we decided to

take a different route while using the same protection scheme (Scheme 2.6).

H,N,_COzH CbzHN,_CO,H  CbzHN,_CO,Me CbzHN,__CO,Me
: Cbz-Cl i socl, P(nBu)s, DMF :
> —_—— e ———
( 10% NazCO3, 75% MeOH, 82% ( HQO, 73% (
S S S SH
2 2 2
(2.18) (2.20) (2.21)
DCC
HCO,H
EtOAc, 53%
CbzHN,__CO,Me CszNvCOQMe CszNvCOZMe
2 1) NH3 - mCPBA :
* _____________
s( NH ) NaBrer sK h DCM S( H
o> o b
o) o)
(2.24)

Scheme 2.6: Synthesis of aminomethyl sulfoxide via thiol formate.

After obtaining the homocysteine thiol, it was coupled with formic acid using
DCC to make a formate thiolester.*8 We then attempted to oxidize the sulfur to form a
sulfoxide at which point the formate could be subjected to reductive amination

conditions to yield the desired amino group, but the oxidation was unsuccessful.
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2.7 Protolytic cleavage and instability of sulfinamides

In summary, despite the variety of methods and syntheses attempted, we were
unable to synthesize either the sulfinamide (2.9) or the aminomethyl sulfoxide (2.10)
transition state analogues. Unfortunately, the desired compounds proved unamenable
to isolation due to their instability as highly functionalized molecules. The instability of
sulfinamide compounds has been remarked upon in the literature and supports our
hypothesis.

Previously in 2007, Karuso and coworkers reported that sulfinamides are
susceptible to protolytic cleavage. The acid-catalyzed hydrolysis of sulfinamides results

in the cleavage of the S-N bond and loss of the amine residue as a leaving group (Figure

2.16).49
©)

/>H_OH2

o © OH. R R h

§ =05 =& 5oy — noso

R™7 NHR' R™CYNHR' 2= S >
RHN  * RH,N H,0
®
o)
RNHp + HO* + &

R~ OH

Figure 2.16: Two-step addition-elimination mechanism of sulfinamide hydrolysis

The authors found that sulfinamides containing a secondary as opposed to a
tertiary nitrogen atom had a slower rate of hydrolysis and this was hypothesized to be
a result of stabilization of intermolecular hydrogen bonding. The large dipole moment
of the S-0O group leads to the formation of strong hydrogen bonds that could stabilize

the molecule and thus lead to a slower hydrolysis rate. The acid-catalyzed hydrolysis of
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sulfinamides is said to occur through a two-step addition elimination mechanism
(Figure 2.16) though the initial site of protonation and the rate limiting step of the
reaction are still unclear and are the subject of contention.*® While sulfinamides with
primary nitrogen atoms were not expressly studied in this paper, the results can be
extrapolated to our primary amine sulfinamide compounds, supporting the facile
decomposition of our sulfinamide molecules.

The susceptibility of sulfinamides to acidolytic cleavage would explain the
degradation of the aminomethyl sulfoxide analogue during the Boc deprotection.
Though it is not a sulfinamide, the protonation of the sulfinyl group would make it more
susceptible to nucleophilic attack, possibly by a liberated amine that could then lead to
decomposition.

The instability of these sulfinamide molecules and thus the difficulty of isolation
have been mentioned in the literature. In their attempt at synthesizing peptide
sulfinamide analogues, Merricks and coworkers had synthesized tert-butyl
phenylalaninate sulfinamide compound (Figure 2.17) whereby the amino group was

protected using a phthalimide protecting group.26
O O

W O
S—PheOtBu - 'S—PheOtBu

N H,N

o)
(2.25)

Figure 2.17: Attempted deprotection of tert-butyl phenylalaninate sulfinamide

They were unsuccessful in their attempt to remove the phthalimide group and

postulated that the desired a-aminosulfinamide was unstable in the mildly acidic
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conditions and thus, unable to be isolated. Similarly, Moree and coworkers attempted
the synthesis of sulfinamide-containing peptides but were unable to extend the length
of the peptide chain, and attributed this to the limited stability of the sulfinamide
moiety.#? These outcomes parallel our experiences, underlining the difficulty in
isolating functionalized, alkyl, primary amine sulfinamide compounds.

Lastly, a recent publication has put forth a mechanism for peptidic sulfinamide

reduction through a cyclic intermediate (Figure 2.18).50

O O R R
R1%N&(R2 R1\€\N Ro +H,0 R1\fJ\NJ\f(R2
SN|:| : g 0 Hz0 SOHH
2 1]
I NHg o] )
O o
WDTT
O R
WY L ™
H H +ox. DTT
(@] —
S OH — > OSH
o
HO SH

Figure 2.18: Peptidic sulfinamide reduction via a cyclic intermediate.

In the presence of a reducing agent, a disulfide was formed but in the absence of
reducing agent, the sulfinamide was hydrolysed to a sulfinic acid, through the
involvement of the peptide backbone amide group. This highlights the instability of
these molecules, especially peptidic sulfinamides. As our target molecules were highly
functionalized peptidic sulfinamides, containing amide bonds, this probably
contributed to their intrinsic instability and tendency to decomposition. It can be

hypothesized that the peptide backbone of compounds 2.9 and 2.10 participated in
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destabilizing the sulfoxide/sulfinamide moiety leading to the degradation of the

molecule, especially in the acidic and basic conditions used in the deprotection steps.

2.8 Conclusions and Perspectives

The electronic and spatial similarities between the transition states of the TG2
acylation reactions and compounds 2.9 and 2.10 suggest they would be effective
transition state analogues. However, their synthesis proved too difficult and ultimately,
we were not able to isolate the desired compounds due to their aforementioned
instability. While novel intermediate peptidic sulfoxide compounds were synthesized,
our overall targets were not obtained. Though we did expect the synthesis to be
difficult, the degree of instability of these sulfinamide compounds was unanticipated.

However, an alternative isostere for the amine group is an alcohol and so it
would be interesting to synthesize and test sulfinic acid derivatives 2.26 and 2.27

(Figure 2.19) in terms of their potential to inhibit TG2.

0 0
CbzHN _JKOH CszN\_)J\OH
N

d- - Sﬁ OH
O//E) YOH O//E) +\/
(2.26) (2.27)

Figure 2.19: Sulfinic acid derivatives as TS analogues

While not as similar to the transition state as a sulfinamide, these compounds

should be more stable and less susceptible to hydrolysis or degradation. Thus, this
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remains an intriguing avenue to explore, given the utility and efficacy of transition state

analogues.
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CHAPTER 3

Cell Permeable, Fluorescent TG2 Probe
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Introduction
3.1 The role of TG2 inside cells

The transamidating activity of tissue transglutaminase has been widely studied
as a function of its extracellular role. TGZ2 has been implicated in cell adhesion and
matrix assembly, cellular differentiation and matrix stabilization.!? In all of these
functions, the primary role of TG2 is in the formation of protein crosslinks, supported
by the high extracellular Ca?* concentration.

However, the majority of TG2 is found inside the cell, in the cytoplasm.3 It is
presumed that inside the cell, where the concentrations of Ca?* are normally low, the
transamidating activity of TG2 remains dormant and the protein functions as a GTP-
binding protein.# GTP is a potent inhibitor of TG2 transamidating activity at low Ca?*
concentrations.> The combination of effective GTP inhibition at suboptimal (and
physiological) Ca?* concentrations is presumed to limit the intracellular transamidating
activity of TG2, in so far as in vitro data can be extrapolated to in vivo conditions.®

Evidence has been presented to indicate that TG2 plays a role in signalling
events inside the cell as a GTP-binding protein. It has been suggested that TG2 acts as a
scaffolding protein in EGF-stimulated cancer cell migration whereby it binds to actin
and acts as a scaffold for the recruitment of proteins that influence actin
polymerization.” This association is not dependent on transamidating activity.
Similarly, transamidating activity is not required for the interaction of TG2 with the
hypoxia-inducible factor 1B (HIF 1B), leading to the attenuation of the HIF1 hypoxic
response signalling pathway.8 Thus, the principal role of intracellular TG2 would imply

that its transamidating function is latent and it functions primarily as a scaffold protein.
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However, recent publications have reported that intracellular TG2
transamidating activity occurs and is associated to a protective survival function,
especially in regards to drug-resistant, metastatic cells. A fairly recent review
underlining the transamidating activity of TG2 in cancer cells has demonstrated that
cancer cells and cancer cell lines selected for resistance against chemotherapeutic
drugs express elevated levels of TG2.° TG2 expression in cancer cells leads to
constitutive activation of the focal adhesion kinase, a key mediator in cell-survival
signalling pathways.10 [t has also been shown that TG2 is overexpressed in epithelial
ovarian cancer and promotes intraperitoneal metastasis.!! However, the exact
mechanisms of these associations with TG2 are unclear. TG2 transamidating activity
has also been implicated in cystic fibrosis.1? It is involved in modulating inflammation
through functional sequestration of the anti-inflammatory peroxisome proliferator-
activated receptor y in cystic fibrosis.1? Lastly, Johnson and coworkers have also shown
that cytosolic TG2 promotes cell death as a result of its transamidation activity under
extreme stress conditions.!3

Thus, conflicting roles have been presented in regards to the intracellular role of
TG2. Physiologically, it would suggest that the cross-linking activity of TG2 would be
inhibited by the low concentrations of intracellular calcium but this has not been
conclusively proven. It cannot be ruled out that TG2 might interact with other cellular
proteins that would result in it acting as a transglutaminase as opposed to a G protein.
To address this lack of knowledge about the intracellular role of TG2, it is imperative to
develop a cell permeable probe that will detect TG2 transamidating activity, through a

reaction with its active site cysteine residue. Therefore, in the hopes of investigating
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the intracellular cross-linking activity of TG2 to shed light on its varied roles, our group

is interested in synthesizing fluorescent, cell permeable, TG2-specific probes.

3.2 Design of TG2 Probes

The design of our probe to investigate the role of TG2 activity inside the cell will
focus on four aspects. Firstly, the probe will need to incorporate a fluorophore for ease
of detection. Secondly, the probe should contain an electrophilic warhead so that the
reaction with TG2 will lead to covalent labelling. Thirdly, the probe needs to be specific
for TG2 to avoid non-specific labelling or reactivity. Fourthly, cell permeability of the

probe is necessary to have an accurate measure of intracellular TG2 activity.

3.2.1 Fluorophore choice

By attaching a fluorescent molecule to our probe, this will allow us to visually
track the molecule using confocal microscopy. Previous fluorophores used in the group
attached to TG2 inhibitors included coumarin, rhodamine, and the dansyl
fluorophore.1#16 Dansyl was chosen for this application both for its ease of coupling
along with the fact that it is possible to have indirect detection of the dansyl group with
anti-dansyl antibodies. This dual feature of the dansyl fluorophore has been used by
the group of Mari Kaartinen to study the role of TG2 and FXIII in osteoblast

differentiation.l’
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3.2.2 Electrophilic warhead

A covalent linkage between the probe and TG2 is necessary to ensure site
specific labelling of the enzyme by the inhibitor and to ensure the inhibitor is not
washed out. Previously in the Keillor group, inhibitors bearing various electrophilic
warheads were tested against guinea pig liver TGase, chosen for its high homology
(80%) with human TGase, validating its use as an animal model. The electrophilic
pharmacophores tested for reactivity with the active site cysteine thiol of TG2 included
a,B-unsaturated amides (3.1), epoxides (3.2), chloromethyl ketones (3.3) and
maleimides (3.4) (Figure 3.1).1819 These were attached to the side chain of Cbz-Gln-Gly,

a known substrate of TG2, or a Cbz-Phe scaffold, as shown in Figure 3.1.

o)
H
o. N OH
(\)\ H/\g/ 0 i H H 0
_ N, . N. =

NH R “‘g)\/ (j/\o N R, R iﬁ)l\/

R (3.1) = o (3.1)
o) 0

%,"L)J\? E)I\/CI

o (3.3)
; O
: H \
O (\ o0© J N D
(0] N
N n=i-4 ©/\ H 5 \Mn/ Y n

4,6
Figure 3.1: Various electrophilic warheads of TG2.

The side chain or spacer length of the analogues was varied between one to six
methylene units in order to study the effect of chain length. It was found that the acrylic
amide warhead bearing four methylene units in the side chain was the most efficient

irreversible inhibitor, with a K; value of 150 nM.
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The greater reactivity of the longer methylene chain could be explained by the
hypothesis that longer acyl donor substrates possess the conformational flexibility
required to properly position the pendant reactive groups near the active site thiol. It
has been noted that TGases are designed to exclude asparagine residues as acyl-donor
substrates, reacting specifically with glutamine. This specificity could involve binding
of the peptide backbone of the potential acyl-donor substrate at a site sufficiently
distant from the site of acylation such that the asparagine [3-carboxamide group is
unable to acylate the active site thiol residue.l®* However, from these studies, it appears
that guinea pig liver tissue TGase is not designed to exclude the longer acyl donor that
has more conformational flexibility.

The finding that the acrylic amide with four methylene chains was an effective
warhead simplified the synthesis of our probe in that the commercially available lysine
amino acid could be modified to contain an acrylic amide. This electrophilic warhead
reacts with the active site cysteine through a Michael addition and ensures covalent

labelling of TG2(Figure 3.2).

o 3 .
%R/\NJ{\/ HS._TG2 L%%/\N)\/\S/\ TG2 —>R".k/\NJ\/\S/\ TG2
g AN N

Figure 3.2: Michael addition of acrylic amide to TG2.

3.2.3 TG2 affinity
By including a reactive electrophile, we must assure that the probe is selective
for TG2. Embedding the electrophilic acrylic amide in a peptide sequence specific to

TG2, as discussed in the previous chapter, will confer TG2 affinity. Ac-PNPQLPF is a
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high-affinity sequence for TG2 but the truncated sequence consisting of LPF-OH has

also demonstrated selective affinity for TG2 and was used in this study.1>

3.2.4 Cell permeable peptides

Lastly, the probe must be able to enter the cell and this will be realized by
linking the acrylic amide warhead in the TG2 affinity sequence to a cell permeable
peptide. As the name implies, cell permeable peptides are amino acid chains of varying
length that are capable of traversing the cell membrane. This category of peptides
includes the HIV-Tat peptide, penetratin, as well as polyarginine sequences, all of which
will be discussed below. A wide range of biomolecules such as antigenic peptides,?°
peptide nucleic acids,?! antisense oligonucleotides,?? full-length proteins,?3 even
nanoparticles?4 and liposomes?2> have been delivered through conjugation with a cell
permeable peptide. Otherwise, these biomolecules would have been poorly taken up in

cells, if at all, demonstrating the widespread interest in this class of peptides.

3.2.4.1 HIV-Tat Peptide

It was first discovered in 1988 by Frankel and Pabo that the transcription-
transactivating (Tat) protein, involved in the replication of human immunodeficiency
virus type 1 (HIV-1), could enter cells and translocate into the nucleus.?¢ By
synthesizing and testing various peptidic sequences of the Tat domain from residues 37
to 60 (Figure 3.3), the basic domain of the protein that is responsible for translocation,
it was found that the sequence Tat(48-60) was the essential component of the protein

for translocation.2”
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Tat48_60 C(Acm)GRKKRRQRRRPPQC
Tats3.60 C(Acm)LGISYGRKKRRQRRRPPQC
C(Acm) = Cys-acetimidomethyl
Tatz7.60 C(Acm)FITKALGISYGRKKRRQRRRPPQC
Tata7.53 C(Acm)FITKALHISYGRKKRC

Figure 3.3: Tat peptide sequences evaluated for permeability

The optimal sequence was thus found to be GRKKRRQRRRPP and deletion or
substitution of any of the basic charges led to reduced permeability, highlighting the

importance of these amino acids.

3.2.4.2 Penetratin

Through experiments conducted with homeoproteins, belonging to the class of
transactivating factors first discovered in Drosophila, it was observed that the
homeodomain Antennapedia was capable of translocating across neuronal membranes
and was transported to the nucleus.?8 By investigating various peptides taken from the
C-terminal third helix of the Antennapedia homeodomain, identified through
mutagenesis as crucial to translocation, a 16 amino acid sequence was shown to
reproduce the cell permeable behaviour of the entire homeodomain.?? Shorter and/or
modified versions were poorly or not at all internalized and this sequence was named
penetratin consisting of RQIKIYFQNRRMKWKK. As noted for the Tat peptide,
penetratin also contains multiple basic amino acids and interestingly the tryptophan

residue was reported to be essential for carrier ability. 2°
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3.2.4.3 Polyarginine sequences

Rothbard et al. suggested the importance of the arginine/guanidino moiety, as
they found that charge alone was insufficient for cellular uptake.3° They examined the
translocation ability of nonamers of arginine, histidine, lysine and ornithine peptides in
Jurkat cells and found that after 5 min, all were less effective than the Tat peptide,
excluding the nonamer of the arginine peptide that was 20-fold more efficient. This
observation led to the implication that guanidinium plays a greater role in facilitating
cellular uptake than the charge or backbone structure.

Futaki and coworkers conducted an investigation of linear arginine chains, and
found that while a tetramer of arginine residues showed extremely low translocation
activity, hexa-arginine and octa-arginine polymers exhibited the maximum
internalization and accumulation in the nucleus. 31 As the chain length further
increased, the degree of internalization decreased, suggesting the optimal number of
arginine residues is between 6-8. In terms of toxicity, when using a peptide with less
than nine arginine residues, HeLa cells had a greater than 95% viability, comparable to
the viability observed in similar tests with the Tat peptide.

Branched chains were equally effective, whereby (Rz)4 (3.5), had a charge-
dependent manner of internalization similar to the linear Rg (3.6) peptide (Figure
3.4).32 Though a subtle difference was observed in internalization at 4 °C, the peptides
were thought to share a significant part of the internalization pathways and cellular
localization sites. A different branched peptide (RG3R)4 (3.7) (Figure 3.4), did not have
a continuous array of arginine resides and so the “positive” patch formed by the

residues would be larger and the density of positive charges would be lower than in the



89

case of the linear (3.7) or (Rz)4 peptide (3.5) but it was also efficiently delivered. This is
suggestive of flexibility in the location of arginine residues in carrier molecules, and
leads to the implication that for translocation, linear or continuous arrangement of the

arginine residues is not necessary.

NH2-(Arg)2—| NH5-Arg(Gly)s-Arg
NHa-(Arg)a-Lys— NH,-Arg(Gly)s-Arg-Lys
NH,-(Arg),-Lys-Lys-Gly-Cys-CONH, NH,-Arg(Gly)s-Arg-Lys-Lys-Gly-Cys-CONH,
NH-(Arg),—! NH,-Arg(Gly)g-Arg

(3.5) (3.6)

NH,-RRRRRRRR-GC-CONH,
(3.7)

Figure 3.4: Linear vs. branched chains of octa-arginine peptides.

3.2.4.4 Mode of entry

The mechanism of internalization of cell permeable peptides and their cargo has
been the subject of controversy. Historically, the Tat peptide had rapid internalization
within several minutes and a high extent of nuclear accumulation. Through direct
labelling of the peptide with fluorescein or indirect immunofluorescence using a
monoclonal antibody against the Tat cluster, it was shown that the Tat peptide was
taken up by cells in less than 5 min at concentrations as low as 100 nM.27 [t had been
found that entry into the cells at 4 °C had almost the same efficiency as at 37 °C and
there was low sensitivity to typical clathrin endocytosis inhibitors. Endocytosis is
inhibited at low temperatures and so these dual observations led to the assumption
that the internalization mechanism of the Tat peptide was separate from endocytosis.?”

In addition, structure-activity studies have shown that permeability does not depend



90

on a specific primary sequence, which implies an independence of receptor
recognition.33 As the polyarginine sequences had the same responses as the Tat
peptide, they were also assumed to have an internalization mechanism separate from
endocytosis or receptor binding.31

More recently, it has been found that the fixation process prior to microscopic
observations affects the cellular localization of internalized peptides.33 When unfixed
Jurkat and HeLa cells were observed after incubation with fluorescein-labelled Tat
peptide or a nona-arginine sequence, the majority of peptide-derived fluorescence was
seen in punctate structures in the cytosol and the internalization was almost
completely suppressed at 4 °C. Contrastingly, when the cells were fixed, the punctate
structures were lost and the peptides were observed to be diffusely located throughout
the cytosol with accumulation in the nucleus. After further deduction and analysis of
cells treated at 4 °C, the researchers reasoned that the internalization of peptides
observed for cells treated at 4 °C was caused by the cell surface-adsorbed peptide
permeating into cells by fixation. To that end, endocytosis could not be ruled out as a
mode of entry for the Tat and polyarginine sequences.

There are three types of endocytic pathways, namely clathrin-mediated
endocytosis, lipid raft-mediated caveolae endocytosis and macropinocytosis. It was
observed that a significant part of the Tat peptide was colocalized with transferrin,
used as a marker of endocytosis. Since transferrin is internalized by clathrin-mediated
endocytosis, the same mechanism was proposed for the Tat peptide.33 However,
Fittipaldi reported opposing data in the internalization of a fusion protein of Tat and

EGFP, an enhanced variant of the green fluorescent protein. The transduction of this
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fusion protein was inhibited by methyl-B-cyclodextrin and cytochalasin D, both of
which are clathrin-mediated endocytosis inhibitors.3* Additionally, endosomes
containing Tat-EFGP were not colocalized with those containing transferrin and so they
concluded that the fusion protein was internalized by lipid-raft mediated caveolae
endocytosis.3*

A third type of endocytosis, macropinocytosis was put forth as the manner of
internalization of the Tat-Cre fusion protein whereby acidification of the
macropinosomes was critical for cytosolic release of the fusion protein.3> Experiments
with polyarginine sequences showed that uptake of an arginine octamer by HeLa cells
was suppressed by a macropinocytosis inhibitor and it was deduced that
macropinocytosis plays a crucial role in the internalization of peptides.3¢

Finally, in 2007, Duchardt and coworkers provided evidence that the cell
permeable peptides; nona-arginine, Tat and penetratin use all three endocytic
pathways simultaneously.3” However, the peptides differ by the extent to which the
individual processes contribute to importation.3” Peptide concentration is a key
experimental condition when determining the pathway chosen while the cargo
attached to the peptide can also play a role. Thus, the mode of entry into cells is both
peptide and cargo dependent which can explain the differing results seen by different

groups.
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3.2.4.5 Various applications of cell permeable peptides

Cell permeable peptides have been used in a variety of ways to deliver
numerous compounds into the cell, ranging from proteins and aptamers to small
molecules. Some of the applications of cell permeable peptides will be outlined below.

The first example of the Tat peptide being used as a cargo transporter was
carried out through fusing the 120-kD (-galactoside (3-gal) protein to the Tat peptide.
Dowdy and coworkers demonstrated the ability to deliver a biologically active fusion
protein to all tissues in mice, including the brain.38

B-gal TAT-B-gal

125 1200

—g—
FITC - ™
poal | F oo poa
i hnered 5 . activity
levels o ’ (nmol/min/mg)
Phase (arb. units) el e Gm )
Contrast =) || A omrpeal|
o ® f-gal
time (min)

Figure 3.5: (left) Fluorescence and confocal microscopy of f3-galactoside fused
with Tat peptide and (right) concentration (left axis) and enzymatic activity
(right axis) of cells treated with Tat-f3-galactoside.38 (Schwarze, S. R.; Ho, A.; Vocero-

Akbani, A.; Dowdy, S.F.; Science 1999, 285, 1569-1572) Reproduced with permission.

The work of Dowdy and coworkers is shown in Figure 3.5 where it can be seen
that the fused Tat peptide-[3-galactosidase protein is present throughout the Jurkat
cells. The Tat fused protein was also shown to be active inside HepG2 cells by

measuring its activity as a function of concentration.
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Enzyme activity has also been modified using cell permeable peptides. Choi and
coworkers fused a T-cell antigen to an arginine rich sequence which functioned as the
protein transduction domain.3? After transduction into T-cells, it led to an inhibited
response in the development of the airway inflammatory responses in mice. Enzymatic
activity has also been monitored using a contrast agent consisting of an enzymatically
cleavable linker (galactose substrate) inserted between the Tat peptide and a Gd3+-

based MRI reporter moiety (3.8)(Figure 3.4).40

T

EQ] 0
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RKKRRQRR
(3.8)

Figure 3.6: Dual-labelled probe made permeable through incorporation of Tat

peptide.

Enzymatic activation of the contrast agent following cellular uptake would
require enzymatic cleavage of the transporting peptide and then subsequent cellular

entrapment of the MRI reporter component that would lead to signal amplification.
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3.3 TG2-Specific, fluorescent cell permeable probes

Thus, our goal was to synthesize a fluorescent, TG2-specific, cell permeable
probe. The widely used dansyl fluorophore was chosen for its ease of coupling and
indirect detection through the use of anti-dansyl antibodies. The dansyl fluorophore
will be incorporated into the peptidic sequence through its addition to a lysine e-amino
group. As the acrylic amide has previously been shown to be an effective inhibitor of
TG2, the electrophilic a,B-unsaturated amide will also be coupled to a lysine residue to
keep the flexibility required of the four methylene units. TG2 affinity will be conferred
to the probe through the addition of the TG2-specific peptide; LPF-OH. A polyarginine
sequence consisting of eight consecutive arginine residues was chosen for its cell
permeable properties. The dansyl-modified lysine residue was separated from the
acrylic amide-modified lysine residue by a glycine spacer. The polyarginine sequence
would be attached to the dansyl-modified lysine residue on the N-terminal side of the
glycine spacer while the C-terminal side would have the acrylic amide-modified lysine

and the peptidic chain conferring affinity for TG2 (3.9) (Figure 3.7).
H @) H @)
Ac-RRRRRRRR/N\;)]\GG/N\;)J\LPF-OH

O NH HN. _O
O o o K
- )
\ (3.9)

Figure 3.7: TG2-Specific, cell permeable, fluorescent probe.
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Results/Discussion
3.4 Synthesis of fluorescent, cell permeable probes
The synthesis of the TG2-specific, fluorescent, cell permeable probes were
carried out through Fmoc-based solid phase synthesis. The fluorescent dansyl-
modified lysine residue was synthesized separately, then incorporated into the peptidic

chain while the acrylic amide-modified lysine residue was synthesized on resin.

3.4.1 Synthesis of Ac-RgK(dansyl)GGK(acryl)LPF-OH

The decision to incorporate 8 arginine residues was based on the polyarginine
experiments by Futaki and coworkers.3! Standard Fmoc-based coupling conditions
employing DIC and HOBt were undertaken to couple together the peptidic TG2 affinity
sequence of LPF-OH, followed by a Boc-protected lysine and then a di-glycine spacer.
The Boc protecting group on the lysine residue was removed using TMSOTY, conditions
that were essential in that they removed the Boc protecting group without cleaving the
peptide from the resin (Scheme 3.1). Formation of the acrylic amide was undertaken
by coupling the free amine to acryloyl acid using EEDQ in the absence of base. Previous
work in the group had demonstrated that these conditions led to excellent yields
without degradation of the electrophilic acryloyl group.!> The procedure for Fmoc-
based peptide coupling did not affect the integrity of the acryloyl group, allowing the
peptide spacer sequence to be added sequentially. A di-glycine spacer was included
between the lysine-dansyl residue and the inhibitor affinity sequence to ensure that the

fluorophore would not decrease the affinity of the peptide sequence for TG2.
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1) Fmoc-Amino Acid, TMOSTt. NE
DIC, HOB, DMF , NEtg, 40
; FmocGGKLPF
O 2) 20% piperidine, DMF | MOCGGK(N BOC)LPF40 DCE moc

Wang resin 1) Acryloyl acid
EEDQ,
DCM

2) Deprotection

FmocK(dansyl)GGK(acryl)LPF —O Fmock(N-dansyD-OH__ i acr I)LPF—O
mock(dansy)GGK(acry) 8 eq. TBTU, 4 eq. DIEA, DMF y

lu

Ac-RRRRRRRRK (dansyl)GGK(acryl)LPF —O Cleavage _ 5. r.K(dansyl)GGK (acryl)LPF-OH

Scheme 3.1: Synthesis of Ac-Rg-K(N-dansyl)GGK(acryl)LPF-OH.

The dansyl-modified lysine residue was synthesized through deprotecting the
Boc protecting group of commercially available Fmoc-K(N-Boc)-OH and then reacting

the amino acid with dansyl chloride in a mixture of THF and water (Scheme 3.2).

0 © o)
Dansyl-Cl
FmocHN
FmOCHN\:JKOH TFA \:)kOH 5:2 THF:H,0 FmOCHN\;AOH
z —_— -
(5. DCM, 100% (94\ NaHCOj, ON, 67% (\L\NH
4*NHBoc NH, L
o 9@
/N\
(3.11)

Scheme 3.2: Synthesis of Fmoc-K(N-dansyl)-OH.

[t was found that the standard coupling conditions (DIC, HOBt) were
unsuccessful for the coupling of the lysine-dansyl residue to the peptide. Several

reaction conditions were tried (Table 3.1) to effect this reaction.
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GGK(AcryI)LPF—O — > FmocK(N-dansyl)GGK(Acryl)LPF —O

Coupling Reagent Fmoc-K(N-dansyl)-OH Activator Result
3 eq. DIC 3 eq. 3eq.HOBt No reaction
3 eq. EEDQ 3 eq. N/A No reaction
8 eq. TBTU 4 eq. 4 eq. HOBt + 8 eq. Coupling
DIEA successful

Table 3.1: Reaction conditions for Fmoc-K(N-dansyl)-OH coupling.

The coupling results were verified by the Kaiser test and through verifying the
fluorescence (or lack thereof) of a small aliquot of resin beads. Once fluorescence was
observed, the coupling was verified using low resolution MS-ESI*. The successful
conditions for the coupling of the Fmoc-K(N-dansyl)-OH to the rest of the peptide
included 8 eq. of TBTU, 3 eq. of HOBt and 4 eq. of DIEA base.

As polyarginine sequences are known to aggregate and minimal yields were
observed after the synthesis of the complete peptide, a variety of coupling agents were
tested for the arginine coupling reaction to see which would give the highest coupling

efficiency (Table 3.2).
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R—O ) g;:‘j:;i FmocRR-OH
Coupling Reagent Fmoc-R(Pbf)-OH HOBt Yield (%)
4 eq. TBTU 4 eq. 4 eq. + 8 eq. DIEA 20
3 eq HATU 3eq. 3eq. 13
3 eq. PyBOP 3eq. 3 eq. 18
3 eq. EEDQ 3 eq. N/A 27

Table 3.2: Evaluation of arginine coupling conditions.

The arginine residue was attached to the Wang resin after which various

conditions were evaluated to couple the second arginine residue (Table 3.2). The di-

arginine peptide was then cleaved using trifluoroacetic acid. The efficiencies of the

different coupling conditions were evaluated through comparison of their LC traces.

The optimal coupling agent was EEDQ as it had the highest yield of di-arginine product

(Table 3.2). The glycine spacer and octa-arginine cell-penetrating sequence were then

added using EEDQ as the coupling agent. Lastly, the peptide was cleaved using acidic

treatment with trifluoroacetic acid. However, identification of the final product proved

elusive, as both LC-MS ESI* and MALDI were unable to detect the peptidic sequence.
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3.4.2 Synthesis of Ac-RsK(dansyl)GGK(acryl)LPF-OH

Futaki and coworkers had demonstrated that the difference in cell permeability
and toxicity was minimal between 6-8 arginine residues,3! so we decided to reduce the
number of arginine residues in our cell-penetrating sequence in the hope of reducing
aggregation and perhaps increasing the yield. At this point in time, we had come into
possession of a CEM Liberty automated microwave peptide synthesizer machine, which
is known to increase the yields and purity of peptide synthesis. It uses microwave
irradiation (MW) to increase yields and coupling efficiency with HBTU as an activator.
Double coupling was carried out for the arginine residues, whereby the peptide was

irradiated twice for thirty minutes at 75 °C (Scheme 3.3).

1 EE?‘JABH&HS ?gig'bMW 1) 2X Fmoc-Arg(N-Pbf)-OH
D Realx > K(N-dansyl)GGK(N-Boc)LPF —() MW, HBTU, DMF, 75 °C

2) 10% Ac,0, DMF, MW 2) Capping

3) 20% piperidine, DMF, MW 3) Deprotection

Ac-RRRRRRK (dansy) GGK(N-Boc)LPF—() <3PS prRRRRK (dansy)GGK(N-Boc)LPF —(Q)

1) Boc deprotection
2) Acrylation

Ac-RRRRRRK(dansyl)GGK (acryl)LPF —O _Cleavage , ). g K(dansyl)GGK(acryl)LPF
(3.12)

Scheme 3.3 Microwave synthesis of Ac-R¢K(dansyl)GGK(acryl)LPF-OH (3.12).

Once all the arginine residues had been added and the peptide was capped, Boc

deprotection of the lysine residue was undertaken under our standard solid-phase

reactor conditions, using TMOSTf and then acrylated using acrylic acid and EEDQ.
After completion of the synthesis, we discovered that the hexamer arginine

sequence (3.12) was more soluble and also easily identifiable by ESI and MALDI. The
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peptide was purified using reversed phase HPLC and obtained in good yield with 90%

purity.

3.5 In vitro activity of Ac-R¢K(dansyl)GGK(acryl)LPF-OH (3.12) with recombinant
human TG2

The cell permeable peptide was tested as an inhibitor for TG2 using the
glutamate dehydrogenase (GDH) assay.#! Human TG2 was purified according to a
procedure published in the Keillor group.4? The assay is based on the continuous
monitoring of ammonia released during the TG2 reaction, measured by the GDH

indicator reaction (Figure 3.7).

NADH NH4*

a-ketoglutarate ‘ f

TG2

L-glutamate l

NAD+ CbZ'GIn'GIy

Figure 3.8: Schematic of the GDH assay with Cbz-GIn-Gly substrate

The ammonium produced by the TG2 enzymatic reaction is bound by GDH and is used
to effect the reductive amination of a-ketoglutarate, producing L-glutamate,
concurrently oxidizing 3-NADH to NAD*. The disappearance of NADH is followed
spectrophotometrically at 340 nm and is coupled to the activity of TG2. The donor
substrate used in the assay was Cbz-Gln-Gly, which has been widely used in the

literature while the acceptor substrate was N-acetyl lysine methyl ester.
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Initially, the inhibitor 3.12 was incubated with the enzyme and its effect on TG2
activity was monitored as a function of inhibitor concentration. However, the cell
permeable peptide behaved as a reversible inhibitor and was not showing the time-
dependent inactivation of TG2 that was expected, had the active site cysteine been
covalently bonded by the inhibitor. Thus, it seemed as if the peptide was acting more
like a competitive inhibitor and affecting catalysis by blocking substrate binding
without actually reacting with the enzyme. The data obtained was plotted as the
reciprocal of the observed rate versus inhibitor concentration (Figure 3.9) and a linear

trend line was calculated.
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Figure 3.9: Reciprocal of observed rate vs. Ac-Rs-K(dansyl)GGK(acryl)LPF-OH

concentration.

The trend line can be inputted into the Equation 3.1 where the x-intercept of the line is

the ICso value of the cell permeable peptide, where the equation assumes that the
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peptide is a competitive inhibitor with respect to the substrate. This ICso value was

then inputted into Equation 3.2 to obtain a K; for the inhibitor, which was calculated to

be 9 uM.
; L i K= ICso
Equation 3.1: — = ml[I]+ b Equation 3.2: K; D

However, the inhibitor was designed to be irreversible with a Michael-type
addition reaction (Figure 3.2) occurring between the electrophilic acrylic amide and the
nucleophilic cysteine residue in the active site of TG2. To confirm this supposition, the
inhibitor was incubated with TG2 in calcium-containing buffer in the absence of
substrate for a period of 30 min. Three successive buffer changes over a centrifugal
Amicon filter with a 30-kDa cutoff were then undertaken. After the last wash, the
activity of the enzyme was evaluated using the substrate N-Cbz-L-Glu(y-p-nitrophenyl
ester)Gly (3.13), also known as AL5.43 TG2 will cleave the activated ester to release the
chromophore, p-nitrophenolate (3.15), whose absorbance is measured at 405 nm

(Figure 3.10).

O O O@
CbzHN, N/\[(OH CbzHN, N/\WOH
H TG2 H
o) . 0 +
O OONOz O~ "OH NO,
(3.13) (3.14) (3.15)

Figure 3.10: Activity (AL5) assay measuring release of p-nitrophenolate.

After incubation for 30 min, it was observed that greater and successive

concentrations of inhibitor deactivated the enzyme faster, supporting the idea that the
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peptide is an irreversible inhibitor of TG2. Unfortunately, a Kjcould not be determined
because analysis of the kinetic data (not shown) indicated we were not able to capture
the initial rate of first order decay, but instead observed the rate plateau after enzyme
inactivation. This could be due to an overly long incubation time coupled with the
potential loss of TG2 activity due to the multiple washing steps required to prove
inhibitor irreversibility. In order to test this hypothesis, the aforementioned
experiment should be repeated using shorter incubation times in order to observe the
initial decreased rate caused by the cell permeable peptide inhibition of TGZ2.

Thus, in the presence of TG2 substrate, the peptide was an effective and
reversible inhibitor. However, in the absence of competing substrate, and with time,

the peptide did bind irreversibly to the enzyme as intended.

3.6 Preliminary in vivo results with SH-SY5Y neuroblastoma cells

Once it had been confirmed that the peptide was an irreversible inhibitor, the
cell permeability and efficiency of intracellular TG2 labelling by the inhibitor peptide
was evaluated. To that end, SH-SY5Y neuroblastoma cells were grown to 70%
confluence, after which, the cultures were split. Previous work done by the group of
Johnson and coworkers found that treatment with retinoic acid (RA) stimulated TG2
expression and cellular differentiation.#* Thus, half of the cells underwent RA treatment
whilst the other half was grown under normal conditions. After treating the cells for 8
days, the cells were incubated for 30 min at several concentrations of cell permeable
peptide (3.12) at 37 °C and under a CO; rich atmosphere. Three successive buffer

changes were undertaken after which the cells were fixed using a formaldehyde
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solution. The cells were then imaged under a confocal microscope under both blue
light and with phase contrast. Images obtained after incubation in the presence of 10

uM of the cell permeable probe showed that 10 uM was the optimal concentration for

fluorescence microscopy and so the other images will not be shown.

Figure 3.11: (left) Phase contrast of retinoic acid-treated cells with 10 uM cell

permeable peptide (3.12), (right) under blue light.

Figure 3.11 shows the cells that were treated with RA, using phase contrast on
the left and under blue light on the right. It can be seen that the cells are not robust and
in the process of dying, which can be inferred from several observations, including the
fact that the cells are clumped together. The cells that are spread out and long are
those that have differentiated and are healthy but they are outnumbered by the circular
cells, which appear shriveled and small. The inhibitor treatment could be the cause for
the apparent cell death though in the cells that are healthy and differentiating, there is a
good amount of fluorescence. The observation of fluorescence demonstrates that the
probe has entered the cells and effectively labelled what we are presuming to be TG2,

as the RA treatment has ensured that TG2 is active and functioning within the cells.
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Barring the appropriate controls, it cannot be said with certainty that the probe is
labelling TG2 though that was our assumption. Thus, from these images, our initial

interpretation was that the probe functioned well, permeated the cell and labelled TG2.

Figure 3.12: (left) Phase contrast of cells not treated with retinoic acid with 10

nM cell permeable peptide (3.12), (right) under blue light.

Figure 3.12 shows the cells that were not treated with retinoic acid but just
grown normally with phase contrast and under blue light. Again, the cells are not
robust and are clumped together. The circular shape of the cells indicate those cells
that are dead while the cells that are more spread out are the healthy cells.
Unexpectedly, there is also fluorescence seen in the healthy cells, which is surprising
since TG2 is expressed at very low levels in these cells. This observation suggests that
the inhibitor is not only labelling TGZ2 but other proteins as well. Our probe does not
seem to be as specific for TG2 as we had hoped.

From section 3.5 with our kinetic results, we did see that initially, the peptide

behaves as a reversible inhibitor and only after incubation with TG2 in the absence of
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substrate did the inhibition appear irreversible. We hypothesize that the inhibitor
binds reversibly with TG2, leaving the electrophilic acrylic amide free to react and label
other proteins, leading to the indiscriminate labelling observed in the cells without
retinoic acid treatment. Thus, it seems as if adding the cell permeable tag has affected
the affinity of the LPF sequence for TG2.

Our goal of creating a cell permeable peptide was achieved albeit at the expense
of TG2 affinity and therefore specificity of labelling. However, it must be said that the
peptide is cell permeable, as fluorescence was observed within the cells, but needs to be

modified to maintain its affinity for TG2.

3.7 Modelling of the fluorescent probe with TG2

In an attempt to understand the binding mode of the peptide, molecular
modelling of the cell permeable peptide with TG2 was undertaken using the MOE
(Molecular Environmental Program) from the Chemical Computing Group (Montréal,
Canada). A crystal structure of human TG2 crystallized in its open form with an
irreversible peptidic inhibitor (PDB: 1KV3) was used for the investigation. The peptide
was oriented and placed within the TG2 docking site. The top ranked structures
obtained after scoring were retained and evaluated. It can be seen (Figure 3.13) that
according to the top scored poses, the peptide has positioned itself with the hexa-
arginines binding in a hydrophobic pocket. This pocket will hereby be referred to as
the LPF pocket because it is the binding site on the enzyme of the LPF portion of the

affinity sequence, PNPQLPF.
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active site
tunnel

LPF pocket

Figure 3.13: Cell permeable peptide docked into active site of TG2. Yellow =
polyarginine sequence, green = dansyl fluorophore, orange = acrylic amide,

purple = LPF sequence.

This binding mode results in the electrophilic acrylic amide moiety being far from the
active site and is actually near to the surface of the protein. The peptide backbone of
the inhibitor does block the active site but does so reversibly, explaining the initial
results we obtained when we tested the peptide using the GDH assay, with Cbz-GIn-Gly
as the substrate.

It was hypothesized that the LPF sequence of the cell permeable peptide would
bind in its appropriate pocket, positioning the electrophilic acrylic amide in the active
site tunnel. The di-glycine spacer and hexa-arginine sequence would project outwards

from the protein surface. The di-glycine spacer was included to minimize interference
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of the hexa-arginine and dansyl-modified lysine with the LPF binding but the modelling
suggests that the peptide has reversed positions. Itis binding in the opposite way we
had intended, with the LPF sequence on the surface of the protein. The positively
charged arginine residues are attracted to the negatively charged LPF pocket and thus
the peptide is re-oriented, with the electrophilic warhead away from the active site
cysteine and hovering, unencumbered on the surface of TG2.

Thus, the docking results support the notion of the indiscriminate labelling
observed in the SH-SY5Y cells. When the peptide is positioned as is shown in Figure
3.13, where the acrylic amide is positioned near the surface of the protein, it will not
react with TG2. Thus, the peptide can dissociate to react with different proteins
present in the cell. This method of binding would explain the similar levels of extensive
fluorescence seen in both trials of our fixed cells. Through adding the hexa-arginine
sequence, we have rendered the probe permeable, though this has negatively affected

the specificity of the LPF sequence by influencing its binding mode.

3.8 Conclusions and perspectives

In conclusion, Ac-ReK(dansyl)GGK(acryl)LPF-OH was synthesized as a cell
permeable, TG2-specific, fluorescent probe. In vivo cell imaging using SH-SY5Y
neuroblastoma cells showed that while the probe was fluorescent and cell-permeable,
it was not TG2-specific. Molecular modelling suggests that the probe is positioned in
the opposite way intended, with the hexa-arginine sequence binding in the pocket
intended for the TG2 affinity-conferring LPF sequence, thus orienting the electrophilic

acrylic amide warhead far from the active site cysteine residue.
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A re-design of the probe will be necessary in order for it to be effective against
TG2. Futaki and coworkers have already shown that cell permeability is not affected
with branched-chain polyarginine sequences and a linear arginine sequence is not
imperative. To that end, a non-linear version of the cell permeable, TG2-specific probe

(3.16) is proposed in Figure 3.14.

0
H

Dansy-G._JL_ N_ _LPF-OH
~N
CONTYC Y

NH(Rq) HN_ _O
(3.16) <

Figure 3.14: Non-linear, cell permeable, fluorescent TG2-specific probe.

By including the hexa-arginine sequence through a flexible lysine linker, this
should minimize the interference of the LPF sequence binding to TG2. Thus, the
affinity-conferring LPF moiety should be able to bind in its hydrophobic pocket,
positioning the acrylic amide for reaction with the cysteine residue while maintaining
permeability. The hexa-arginines, as opposed to binding in the LPF pocket, should, due
to the methylene flexibility of the lysine linker, stick out from the protein and hover
around the surface.

Alternatively, another option could be to branch the arginine residues, by

attaching two groups of three arginine residues separately (3.17), as in Figure 3.15.
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(3.17)

Figure 3.15: Lysine-branched cell permeable, fluorescent TG2-specific probe.

By further increasing the branching, this should ensure the lack of affinity
between the hexa-arginine moiety and the LPF pocket. The branched, arginine
residues would be too flexible and sterically mobile to constrain itself into the LPF
pocket, thus ensuring TG2 affinity.

Hence, these modified and branched versions of the peptide should confer both
permeability and TG2 affinity in our efforts to understand TG2 activity in vivo. The
reconfiguration of peptide attachment remains an avenue to pursue in order to adjust

and improve our efforts towards a cell permeable, fluorescent TG2 probe.
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FXIIIa
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Introduction

4.1 Factor XIIIa (FXIIIa) as a protein target

FXIII, also known as blood plasma TGase, exists as an inactive heterotetramer,
composed of two A subunits and two B subunits where the active site is contained
within subunit A. Exposure to thrombin results in the cleavage of a 4-kDa prosequence
from subunit A, which also aids in dissociation of the subunits, creating the active,
monomeric form of subunit A, FXIIIa.! The enzyme catalyzes the crosslinking of a.-
antiplasmin a chains, a potent inhibitor of fibrinolysis, into high molecular weight
structures. FXIlla is also responsible for the cross-linking of fibrin to extracellular
matrix proteins, resulting in the anchoring of blood clots to the blood vessel wall.?3
Deficiency of FXIlIla results in severe bleeding diathesis and it has also been implicated

in atherothrombotic diseases and venous thromboembolism.4>

Given our interest in this enzyme, we had three goals for this work. Firstly,
owing to the anticipated high demand for FXIlla required for later experiments, our
primary aim was the development of an optimized method for the expression of the
recombinant subunit, FXIIIA. Secondly, using previously published phage display
results as a guide,® we wanted to prepare a series of truncated peptides in order to
identify a high-affinity peptidic substrate sequence for FXIIla that would be orthogonal
to the existing sequence for TG2. Lastly, once an orthogonal high affinity FXIIla
substrate sequence was identified, efforts were directed towards modifying the

sequence to develop a fluorescent, FXIlla activity assay.
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4.1.1 Methods of expression of FXIII

Several methods are known for expressing and/or purifying FXIII, using several
different organisms. Historically, FXIII was first obtained from over-stocked human
plasma. Cryoprecipitation was the first step of purification, whereby the plasma was
given time to settle at 4 °C and partially pure FXIII was then obtained by centrifugation.”
Pure aliquots of the FXIII heterotetramer were obtained by applying the supernatant to
a DEAE-cellulose column. From four litres of human plasma, the authors obtained 10
mL of pure Factor XIII with a specific activity of 4000 to 6000 evaluated through the
clot solubility test. 7 The clot solubility test is carried out by determining the least
amount of enzyme necessary to form an insoluble clot of fibrin.? Thus, the specific
activity was defined as the dilution-fold of the last assay tube containing an insoluble
clot, divided by the absorbance at 280 nm of the test solution. The absorbance at 280
nm measures the clottable protein resting in the tube, composed of fibrinogen and
synerate.?

Later, recombinant expression methods were developed that focused on the
expression of only the FXIIIA subunit containing the active site. Amman and coworkers
varied the promoters and host-vector systems of 24 different Saccharomyces cerevisiae
strains. The expression levels of FXIIIA were tested with different media
compositions.? Cells were grown in 10 mL of culture broth and after lysis and
centrifugation, FXIIIA concentration was measured by applying an enzyme-linked
immunosorbent assay to the supernatant. However, due to the limitations of the
expression conditions, this study did not attempt the expression of FXIIIA on a

production scale but conducted an optimization of expression in yeast on a small scale.
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More recently, a method for overexpression in Escherichia coli (E .coli) was
developed for the preparation of FXIIIA protein.10 E. coli is one of the most widely used
expression hosts as recombinant protein expression is simple, fast, inexpensive and
robust. Lai and coworkers incorporated the gene encoding for FXIIIA into a pGEX-3X
vector, which contains the gene for glutathione transferase (GST) at the N-terminus of
the protein, along with the ampR gene for ampicillin resistance and the Tac promoter,

creating a GST-FXIIIA fusion protein (Figure 4.1).11

pGF13A2

\Bgll 3276

Figure 4.1: GST-FXIIIA plasmid.

The GST tag provides dual advantages, acting as a protein chaperone and

expediting purification by affinity chromatography on a glutathione-agarose resin.1?

The expression of the GST-FXIIIA fusion protein was presented as part of a study aimed
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at investigating the influence of various mutants on FXIIIA. Purity of the mutant FXIIIA
variants expressed ranged from 50-80% although the yield and purity of each mutant
was not discussed. Our future work aims at developing high affinity peptide-based
probes and inhibitors for FXIlla, requiring large quantities of the protein. This led us to
optimize the expression of GST-FXIIIA in order to obtain the highest yield and purity
possible. The variables modified included expression temperature, isopropyl 3-D-1-

thiogalactopyranoside (IPTG) concentration and expression medium.

4.1.2 Existing methods to test activity of FXIIla

Along with our goal to improve the yield of FXIIla purification, an efficient and
specific method to test its activity is also required, both for in vivo and in vitro
applications. The earliest methods of detection of FXIIla activity were amine
incorporation assays, whereby fluorescent,!3 radiolabeled!* or biotinylated!> amine
substrates are covalently attached to a protein using FXIlla; protein-bound and free
amines are separated and the protein-linked fraction is measured quantitatively.
Though highly sensitive, these amine incorporation assays are cumbersome, time-
consuming and difficult to standardize. Since the reproducibility is poor, assays cannot
be adapted to clinical chemistry analyzers and the separation step excludes the
possibility of a continuous kinetic assay.

The commercially available Zedira assay, based on the reverse “isopeptidase”
activity of FXIlIa,® is widely applied. This detection method uses FRET, whereby the

increase of fluorescence results from release of the N-terminal 2-aminobenzoyl
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fluorophore, which is internally quenched by the 2,4-dinitrophenyl moiety before

transamidation of the peptide substrate (Figure 4.2).

NH, O, NH, O
N,NVEQVSPLTLLK-OH FXilla N,N\_/EQVSPLTLLK-OH
H : Gly-OMe H :
NO,
fluorophore j/\ AN /©/ fluorescent j/\ OMe
0] N N O N
oy Y
quencher

Figure 4.2: Fluorogenic FRET-based Zedira assay.

The fluorophore and quencher are incorporated into a peptidic sequence derived from
the az-antiplasmin dodecapeptide NQEQVSPLTLLK, determined to be an excellent
substrate for FXIIL.16 While the peptide has high affinity for FXIIla, the isopeptide was
also found to possess cross reactivity with TG1, TG2, TG3 and TG6, and thus is not
designed for use in a selective FXIlla activity assay.

Another assay widely applied for transglutaminases is the glutamate
dehydrogenase (GDH) assay. This assay is based on the continuous monitoring of
ammonia released during the transglutaminase reaction, measured by the GDH
indicator reaction (Figure 4.3).17 The ammonium produced by the FXIIla enzymatic
reaction is bound by GDH and is used to reductively aminate a-ketoglutarate, producing
L-glutamate, concurrently oxidizing -NADH to NAD*. The disappearance of NADH is

followed spectrophotometrically at 340 nm and is coupled to the activity of FXIIIa.
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o-ketoglutarate NADH / NH,"

L-glutamate \
9 NADY  NoN-dimethyl

casein

Figure 4.3: Glutamate Dehydrogenase (GDH) assay.

Similarly to the Zedira assay, this assay is not specific to FXIII as casein is also a

substrate of TG2.18

4.1.3 FXIlIa specific peptides

A FXIlIla-specific assay requires a FXIIla-specific substrate. Recently, Hitomi and
coworkers identified a series of FXIIla-specific peptide sequences derived from an
unbiased phage-displayed random peptide library. It was developed as a screening
system to elucidate the primary structures surrounding reactive glutamine residues
preferred by TG2 and FXIIIa.® Biotin-cadaverine was used in catalytic reactions with
either TG2 or FXIlIla and incorporated into the glutamine peptide. This allowed the
reactive peptides to be isolated by avidin affinity purification. Isolated peptide
sequences were then expressed as GST fusion proteins. Their specificity as glutamine
donors was evaluated using a monodansylcadaverine to indicate the degree of TGase-
mediated incorporation into the glutamine residue of the peptide sequence. Through
their experiments, Hitomi and coworkers identified the sequence of DQMMLPWPVKL

(F11) as having the highest reactivity and selectivity for FXIlla (Figure 4.4).
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Figure 4.4: Alignment of preferred substrate peptide sequences of phage clones
for FXIIIa.b (Sugimura, Y.; Hosono, M.; Wada, F.; Tohru, Y.; Maki, M.; Hitomi, K. Journal

of Biological Chemistry 2006, 281, 17699-17706) Reproduced with permission.

Closer inspection of the sequences reveals trends in the various peptidic sequences
shown to have affinity for FXIIla and orthogonality with respect to TG2. These include
the presence of a carboxylic acid sidechain (D/E) on the N-terminal side of the reactive
glutamine and the presence of a methionine residue on the C-terminal side of the
glutamine residue. From the results obtained by Sugimura and coworkers, the

negatively charged carboxylic acid N-terminal to the reactive glutamine residue
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contributes to the selectivity of the preferred substrates for FXIIla over TG2. Based on
their observations, we decided to incorporate these features in our design of various
peptides to test their affinity with FXIIIa.

The efficiency of these peptide substrates was then analyzed kinetically.

Vmax X [S]
(K +[SD

Rate =
In the Michaelis-Menten equation shown above, plotting the observed rate against the
substrate concentration results in a hyperbolic curve. The Ky, value corresponds to the
concentration of substrate at which the observed rate is equal to half of the maximum
velocity of the reaction and is an indication of the strength of binding of the substrate to
the enzyme. The Vimax value represents the maximum rate of product formation from
the enzyme-substrate complex. In order to compare reaction rates when different
quantities of enzyme are used, the Vimax value is divided by the concentration of enzyme
to obtain a value known as kcat, which is the rate constant of catalysis. Thus, to compare

the selectivity for different peptides, the ratio of kcar/Km was employed, as it represents

the overall catalytic efficiency of the reaction of the enzyme with a substrate.

4.1.4 FXIlla specific activity assay

Owing to the lack of a highly specific FXIIla assay, we set out to develop one,
based on the incorporation of a fluorogenic residue into a donor substrate peptide
sequence selective for FXIIla.

Previously in the Keillor group, a direct, continuous, fluorometric assay of TG2
was prepared based on 4-(N-carbobenzoxy-L-phenylalanylamino)-butyric acid

coumarin-7-yl ester (4.1) (Figure 4.5).1° The progress of the TGase-catalyzed reaction
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was monitored as an increase in fluorescence due to the release of the 7-
hydroxycoumarin (4.3) through cleavage of the ester bond by TG2 (Figure 4.5). The
incorporation of a Cbz group at the N-terminus was enough to afford affinity and
selectivity for TG2 as the substrate was unreactive with both FXIIla and microbial

TGase.

O R H (0]
@AO)LN)Y A
TG2 H
(0]
+ (42
Y=0OH

(0]
A N H0
© H © © HZNF?'r
o 2 m or NHR!
HO (6] O

(4.3)
Figure 4.5: Fluorometric assay for TG2 with 7-hydroxycoumarin.

The positive results obtained with this previously developed assay for TG2 inspired us
to use the same 7-hydroxycoumarin fluorophore, incorporated into a high affinity

peptide that would result in a specific fluorogenic activity assay for FXIlla (Figure 4.6).

g OH
(4.3)
0] O FXllla +
YH \ HQ&N OH HO_o g
: H : H
(0] = 0 \ 0] o o
p . AL LR o
(4.4) e} = 8 o) = H e}
Y \
OH S\

(4.5)

Figure 4.6: Fluorogenic activity assay for FXIIla shown incorporated into Ac-

DEMM-OH as a model peptide.
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4.2 Research goals

Since a satisfactory expression protocol had not yet been determined for FXIlIa,
our first priority was the optimization of purification of FXIlla. Once we had the
enzyme in hand, our interest turned to developing a FXIIla-specific activity assay. To
that end, various peptides were synthesized and tested for affinity for FXIIla while
concurrently working towards the synthesis of a FXIIla-specific fluorogenic substrate

through the modification of glutamic acid.

Results/Discussion
4.3 Optimization of purification
Among the three parameters of expression that we decided to test, namely expression
temperature, IPTG concentration and type of media, we decided to start with
expression temperature. The optimal temperature was then used in the later

experiments, varying IPTG concentration and then expression media (Figure 4.7).
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Figure 4.7: Optimization of Expression of FXIIIA.

[ survey of different ]

After transforming E. coli BL21 (DE3) cells with the plasmid obtained from Lai and
coworkers, we tested different expression temperatures in TB media, ranging from 17
°C to 32 °C without the addition of IPTG (Figure 4.8). The protein purified was a GST-

FXIIIA fusion protein with a molecular weight of 110 kDa.
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Figure 4.8: Different temperatures of expression in TB media for FXIIIA.

Through analysis of SDS-PAGE gels (Figure 4.9) for purity (after GST-based
purification) and the Bradford assay to quantify the amount of protein, it was
determined that 20 °C was the optimal temperature to express FXIII. At higher
temperatures, namely 28 °C and 32 °C, the amount of FXIII expressed was minimal in
comparison to other protein contaminants, such as GST, while at 17 °C little expression
was observed. Greenberg and others have reported that during the expression of
FXIIIA, E. coli produces a 30-kDa FXIII-related protein.1%20 During our optimization
studies, we tried to minimize the production of these protein contaminants while

maximizing the quantity of FXIIIA.
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Figure 4.9: SDS-PAGE gels of FXIIIA expression at different temperatures.

Using the optimal temperature of 20°C, the concentration of IPTG necessary was

investigated by testing the following IPTG concentrations; 0 uM, 2 uM, 50 uM and 1 mM

(Figure 4.10).
2.5
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Figure 4.10: Total protein obtained with different concentrations of IPTG in TB

media.
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It was found that 2 pM of IPTG was the optimal concentration for FXIIIA expression
because at higher concentrations of IPTG, the amount of FXIII in the soluble fraction
was minimal when compared to other protein contaminants as seen through SDS-PAGE

gels (Figure 4.11).

GST-FXIIIA ——> "

‘ -

E.coli protein —» g
GST—>

0 uM 2 uM 50 uM 1 mM PM

Figure 4.11: SDS-PAGE gels of FXIIIA expression at different IPTG concentrations

The results obtained to this point were similar to the expression conditions used
by Lai and coworkers, who expressed the protein at 24 °C in Terrific Broth (TB) media
without the addition of IPTG.10 This already suggested that the protein folded slowly
and needed time to express properly. Too high of a concentration of IPTG can cause
cellular stress and would probably precipitate an overabundance of FXIIIA which
would fold improperly and then be lost, leading to low yields obtained as previously
observed with TG2.21 Similarly, the higher temperatures of 28 °C and 32 °C would cause
the expression machinery to move faster, leading to FXIIIA being expressed too quickly

and improperly folding.
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The slow expression of FXIIIA with a minimal amount of IPTG led us to consider
the ZYP auto-induction medium of Studier as one of our types of expression medium, in
addition to LB.22 The principle of auto-induction medium stipulates that by controlling
the balance between glucose and lactose in cells, the glucose will prevent induction by
lactose but once depleted, auto-induction takes over with lactose. Thus, we expressed
FXIIIA in LB medium, using 0 and 2 uM IPTG along with Studier’s ZYP auto-induction

medium at 20 °C (Figure 4.12).

2.5
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Total Protein 1 5 ) A I
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Figure 4.12: Total protein obtained with different expression media.

As shown above, the condition of 2 uM of IPTG in TB media provided the most
total protein (approx. 2.1 mg/L), while with the ZYP auto-induction medium; around
1.5 mg/L of culture of protein was obtained (Figure 4.12). However, the ZYP auto-
induction medium provided the purer sample of protein, qualitatively evaluated

through SDS-PAGE gels (Figure 4.13). Though it had a lower total amount of protein,
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the quantity of FXIIIA was higher with the ZYP auto-induction medium than with 2 pM

of IPTG in TB medium.
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Figure 4.13: SDS-PAGE gel of FXIIIA expression with TB and ZYP media.

In the ZYP medium, the overexpression of FXIIIA was induced by the disappearance of
glucose that occurs when the cells have almost reached the end of the growth phase
and can now focus on protein expression. Contrastingly, induction with IPTG occurs
during the beginning of the exponential growth phase and so the cell’s resources are
divided between replication and protein expression. This difference could explain why
a greater amount of FXIIIA was produced using the ZYP medium as opposed to the TB
or LB medium. TB medium was shown to be more efficient than LB medium. This is
due to the fact that in the TB medium, additional phosphate ions are added, which
would help to buffer pH changes in the medium, while glycerol is a supplementary

carbon source in TB medium.
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Auto-induction is also more convenient than IPTG induction because auto-
inducing medium can simply be inoculated with the expressing bacterial strain and
grown to saturation without the need to follow culture growth or add inducer. It has
been shown that auto-induction and saturation often occur at a considerably higher cell
density at 20 °C rather than 37 °C, and this could perhaps be due to the higher solubility
of oxygen at the lower temperature but coincides nicely with the lower temperature
required by FXIIIA.22

Thus, the auto-induction medium at 20 °C provided the purest fraction and

greatest quantity of FXIIIA out of the expression conditions investigated.

4.4 High affinity peptide sequences for FXIIla

Using the phage display results of Hitomi and coworkers, we set out to evaluate
whether these sequences could be truncated while still maintaining their affinity for
FXIIla. The F11 peptide was chosen from the Hitomi study and truncated variants were
prepared and tested for their affinity for FXIIla through the use of the glutamate
dehydrogenase assay. Truncated peptides were also inspired by sequences from [3-
casein, a FXIIla substrate. The truncated peptide was used as the acyl-donor substrate
and glycine ethyl ester was used as the acceptor substrate, since it was previously

shown to be an effective acyl acceptor (Figure 4.14).23
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Figure 4.14: GDH assay with glycine ethyl ester as acceptor substrate

The peptides designed were chosen by looking at commonalities in the peptides

evaluated by Hitomi® while also trying to avoid sequences recognized by TG2.

4.4.1 Design of high affinity peptide sequences.
A total of 6 different peptides were prepared and tested for their affinity with
FXIIla. Table 4.1 lists the peptides designed as well as the inspiration for their

sequence.
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Peptide # Sequence Model Sequence Inspiration
4.6 Ac-SQMM-OH DQMMLPWPAVKL F11
4.7 Ac-DQMML-OH DQMMLPWPAVKL F11
4.8 Ac-DQMHV-OH DQMMLPWPAVKL F11
4.9 Ac-DQMMMAF-OH DQMMLPWPAVKL F11
4.10 Ac-SQSRV-OH SVLSLSQSKVLPVPE B-casein
411 Ac-GQSMV-OH LGPGQSKVIG K9

Table 4.1: Peptidic sequences designed for FXIIIa.

Peptides 4.6-4.8 were chosen to mimic F11, replacing the widely occurring aspartic acid
with a serine residue in peptide 4.6, whereas peptide 4.7 was a direct, truncated 5-
amino acid version of F11. In peptide 4.8, the second methionine residue was replaced
by a histidine to investigate the effect of replacing a hydrophobic residue with an
aromatic, hydrophilic amino acid. Peptide 4.9 was a longer variant, with a total of
seven amino acids to check the effect of peptide length. The third methionine was
chosen to replace the leucine in F11 since it is a commonly occurring amino acid in that
position (in addition to leucine and isoleucine). The phenylalanine in peptide 4.9 was
incorporated to keep the aspect of aromaticity but avoiding the use of a tryptophan
residue, which is less soluble and also requires a protecting group for the indole

nitrogen. Peptide 4.10 was a truncated sequence consisting of 5 amino acids taken

ii Synthesized by Abullah Akbar, PhD Candidate in the Keillor group



135

from the peptide recognition sequence of 3-casein. While casein is a substrate for both
FXIII and TG2, 3-casein has been shown to have poor recognition by TG2 but is a good
substrate for FXIIL.?4 Lastly, peptide 4.11 was inspired by the K9 sequence used in the
Berichrom assay (from the Berichrom Corporation, now taken over by Dade Behring in
Germany), that is also based on (-casein.2> However, the lysine amino acid in the K9

sequence was replaced by a methionine residue to avoid cross-linking of the peptide.

4.4.2 Synthesis of peptides
The peptides were synthesized using a CEM Liberty microwave peptide

synthesizer, as described in the previous chapter.

1) Fmoc-Amino acid, MW
HBTU, DMF, 75 °C

2) 10% Ac,0, DMF, MW 1) 10% Ac,0, DMF, MW _
O A -y O—Peptlde » Ac-Peptide-OH
- = 2) TFA/DCM

_

Wang  3) 20% piperidine, DMF, MW
resin

Scheme 4.1: Synthesis of FXIIla substrate peptides

Using the Wang resin, the commercially available amino acids were coupled using
microwave irradiation with HBTU as an activator in DMF at 75 °C (Scheme 4.1). After
coupling all the residues, the peptide was acetylated and then cleaved using a mixture

of TFA and dichloromethane.
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4.4.3 Optimization of FXIIIA activation by thrombin

FXIIIA is unique (along with epidermal transglutaminase) among mammalian
transglutaminases in that it requires activation through cleavage of a pro-peptide
before becoming active. The cleavage is carried out through the serine protease,
thrombin. However, if FXIIIA is left in the presence of too much thrombin for too long, a
secondary cleavage is mediated by thrombin that renders the enzyme inactive. The
secondary cleavage will split the protein into 25.4 kDa and 53.9 kDa fragments. Thus,
optimization of this step was carried out, wherein several different amounts of
thrombin were added and incubated with our recombinant GST-FXIIIA protein for an
hour. The thrombin cleavage site on our recombinant fusion protein is located between
the GST tag and FXIIIA protein; thus, we expected to obtain a protein with a molecular
weight of 79.2 kDa. From the SDS-PAGE gel of the different samples (Figure 4.15), it
can be seen that 5 U of thrombin is enough to cleave the activation peptide and the GST

protein under these conditions.
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Figure 4.15: SDS-PAGE gel of FXIIla with differing quantities of thrombin.
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The gel shows that 20 U of thrombin proves excessive, as the majority of FXIIIA has
been cut at the second thrombin cleavage site, leading to further fragmentation of the
protein. At this point, a further study was undertaken to quantitatively refine the
amount of thrombin necessary, wherein FXIIIA was incubated with 4, 3,2, 1 and 0.5 U
of thrombin. After one hour, the activity of FXIIla was then measured using the GDH
assay with N,N-dimethyl casein as a substrate. Through determination of FXIIla
activity, evaluated by measuring the decrease in absorbance of NADH, it was found that
there was little variation in the specific activities calculated for FXIIla (Table 4.2). Thus,

1 U of thrombin was sufficient for activation of FXIIIA.

Units of Thrombin Specific Activity (U/mg)
0.5 0.12 £ 0.0012
1 0.16 £ 0.0013
2 0.1+£0.0018
3 0.15+0.0023
4 0.1 £0.0025

Table 4.2: Units of thrombin correlated to specific activity of FXIIIa.

4.4.4 Kinetic analysis of FXIIIa substrate peptides
Once the optimal quantity of thrombin required for FXIIIA activation had been
determined, the synthesized peptides were tested for their efficiency as acyl donor

substrates with FXIIla. This was carried out using the GDH assay (Figure 4.8), whereby
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the decrease in absorbance of NADH was measured as a function of concentration of
donor peptide.

However, saturation of FXIlIla activity could not be reached within the solubility
limits of the peptides. Hence, the rate of the reaction was then plotted against peptide

concentration and a straight line was obtained (Figure 4.16).

Ac-DQMML-OH

8.0x10-8-

6.0x 108+

4.0x10-2

Rate [M/s]

2.0x10-84
y=8.892e-008x-7.019e-010

0" T T T 1
0.0 0.2 0.4 0.6 0.8
Ac-DQMML [mM]

Figure 4.16: Rate vs. concentration of Ac-DQMML-OH.

If we assume this straight line to be representative of the linear portion of a typical
Michael-Menten curve, then the slope of this line gives the ratio of Vimax/Km for the
specific peptide. This analysis was carried out for the remaining peptides, where a
Vmax/Km value was calculated from the linear fit of the data (Figure 4.17-Figure 4.21).
Some of the graphs have slightly negative intercepts and this can be attributed to

shortcomings in using a coupled assay. Low peptide concentrations result in a minimal
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amount of ammonia is being produced which then decreases the turnover of the GDH

assay and consequently, the transformation of NADH into NAD*.
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Figure 4.17: Rate vs. concentration of Ac-GQSMV-OH.
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Figure 4.18: Rate vs. concentration of Ac-SQSRV-OH.
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Figure 4.19: Rate vs. concentration of Ac-DQMHV-OH.
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Figure 4.20: Rate vs. concentration of Ac-SQMM-0OH.
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Figure 4.21: Rate vs. concentration of Ac-DQMMMAF-OH

These values were then divided by the appropriate enzyme concentration to obtain the

value of kcat/Km, a measure of catalytic efficiency (Figure 4.22).
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Figure 4.22: Ratio of Kcat/Km of peptides with FXIIla.
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From Figure 4.22, one clear conclusion can be reached. The longer the peptide,
the more effectively it is recognized by FXIIla. The longest peptide, at 7 amino acids,
had the highest reactivity of all the peptides tested. The results also lead to the
implication that the aspartic acid and methionine residues are important for FXIlla
reactivity and recognition, since the Ac-GQSMV-OH peptide is the least reactive.
Comparing peptides Ac-DQMHV-OH and Ac-DQMML-OH, with the latter having almost
four times the efficiency of the former, indicates a preference for the MM sequence as
both leucine and valine have similar properties. The combination of a hydrophilic
amino acid on the N-terminal side of the glutamine residue and a methionine residue
on the C-terminal side seem to be ideal for FXIIla recognition with that being a common
trend in peptide reactivity. At this time, it cannot be said whether it is a hydrophilic
amino acid or specifically aspartic acid that aids in recognition. Ac-DQMML-OH had
higher reactivity than the Ac-SQMM-OH peptide but it remains to be seen whether that
was due to the aspartic acid or the added leucine residue. However, it could also be
that the aspartic acid helps in providing orthogonality with TG2, by forming
unfavourable interactions with the tissue enzyme.

To that end, the two peptides with the highest affinity for FXIlla, Ac-DQMML-OH
and Ac-DQMMMAF-0H, were both tested with TG2, using the GDH assay. Analysis was
carried out as described above to obtain the ratio of keat/Km for the two peptides with

TG2.
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Figure 4.23: Comparison of affinity between FXIIla and TG2.

From Figure 4.23, it can be seen that both peptides have little recognition for TG2.
Length does not make a difference in terms of binding to TG2 as both peptides had very
similar keat/Km values with TG2 that were ~1000-fold less than their values with FXIIla.
Thus, the DQMM motif is orthogonal to TG2 and it remains to be investigated if there
exist other peptides with a higher affinity for FXIIIa than the ones identified herein.
Other peptides that should be prepared and tested include Ac-DQMMLPW-0OH, which is
the truncated version of F11, the best peptide identified by Hitomi. Testing the peptide
Ac-SQMMMAF-OH will also help distinguish the level of importance of the aspartic acid

residue, both in terms of FXIlIla reactivity along with TG2 recognition.
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4.4.5 Modelling of FXIIla peptidic sequences with FXIIla

In an attempt to understand the mode of binding of the substrate peptides to
FXIIla and to distinguish the difference between Ac-DQMML-OH and Ac-DQMMMAF-
OH, molecular modelling of the peptide structures was undertaken with a homology
model of FXIlla. Numerous groups have indicated that FXIIIa has an open and closed
form structure, much like TG2. But at the time of writing, no crystal structure of the
open form of FXIIla had been released.?6-30 Thus, from the crystal structure of the open
form of TG2 (PDB: 1KV3),31 a homology model was created for FXIIla using the MOE
(Molecular Operating Environment) program from the Chemical Computing Group.
Peptide substrates were minimized using conjugate gradient minimization until a
convergence of 0.0001 kcalemol-'eA-1 was reached. The peptide was oriented and
placed within the selected docking site using the Triangle Matcher method using the
refined, open model of FXIIla. Docked poses were then scored using the London AG
scoring algorithm to rank the docking poses. The top ranked structures obtained after

scoring were retained and evaluated.
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From these docking results (Figure 4.24), it can be seen that the longer peptide is a
better substrate for FXIIla. The carboxamide group in Ac-DQMMMAF is positioned
directly in the active site tunnel and is only 3 A away from the nucleophilic cysteine
residue. This is possible because the third methionine in the sequence occupies a
pocket close to the active site that pulls the other two methionine residues to the right.
Steric hindrance causes the glutaminyl carboxamide to rotate into the active site tunnel.
In the Ac-DQMML peptide, the carboxamide is rotated outwards since it doesn’t have
the steric driving force of the longer peptide, as the two methionine residues are spaced
out with the second one occupying a polar/neutral pocket composed of tyrosine,
alanine, glutamine and serine residues. These results show a preference for the binding
of a methionine residue over a different hydrophobic residue such as leucine, within
the polar/neutral pocket adjacent to the active site tunnel. The aspartic acid residue
also contributes to preferential binding through a binding interaction in a polar
environment, composed of serine and tyrosine residues. This might indicate a
preference for the aspartic acid as opposed to serine for increased affinity to FXIIIa.
The docking results suggest an explanation for our experimental results as to why the

longer peptide chain has higher affinity for FXIIla.

4.4.6 Modelling of peptides with TG2
To understand the lack of affinity for TGZ, both Ac-DQMML-OH and Ac-

DQMMMAF-OH were also docked onto the open form of TG2.
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Figure 4.25: (left) Ac-DQMML docked into TG2, (right) Acc-DQMMMAF docked into TG2.
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The peptide was constrained to bind around the active site of TG2, by manually
defining a coordinate box into which the substrate was docked, yet neither peptide
binds in an optimal fashion. Both peptides fail to fill the LPF pocket, (so named because
it is the binding pocket for the C-terminal LPF sequence of high affinity TG2 substrates)
and are positioned more across the surface of the protein (Figure 4.25). While the
carboxamide moiety of the Ac-DQMMMAF-OH peptide is closer in proximity to the
active site cysteine than the shorter Ac-DQMML-OH peptide, neither is in the active site
tunnel. The docking results support the supposition that the aspartic acid is deleterious
for effective TG2 catalysis. Docking results suggest the electronegative nature of the
TG2 binding pocket, coupled with the presence of an aspartic acid residue in the
peptide sequences, results in a repositioning of the carboxamide away from the TG2
active site tunnel. This results in the peptides binding more favourably to an
electropositive environment near the active site that is not conducive to catalysis. The
docking results are therefore consistent with the negligible reactivity of the two
peptides observed with TG2. Thus, we report two truncated, kinetically characterized

peptidic sequences orthogonal to TG2 with respect to FXIIIa.

4.5 Towards the synthesis of Ac-DE(O-coumarin)MM-OH

As we were concurrently working towards a fluorogenic activity assay for FXIII,
we decided to use the sequence Ac-DQMM-OH as a short, truncated, model sequence for
ease of synthesis. The glutamine residue would be replaced with a glutamic acid, with a
coumarin ester attached to the carboxylic acid side chain. The general idea behind the

synthesis of the substrate was to use orthogonally protected aspartic and glutamic acid
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residues. In this way, the glutamic acid could be selectively deprotected and the
coumarin fluorophore coupled while leaving the aspartic carboxylic acid side chain

untouched.

4.5.1 First attempt towards activity assay using Asp(0-allyl)-OH

Initially, commercially available amino acids were used and the entire peptide
was synthesized through Fmoc-based solid-phase synthesis. The initial steps included
coupling two methionine residues to Wang resin as per our standard peptide solid
phase coupling procedure (Scheme 4.2). Secondly, glutamic acid was coupled with the
side chain protected by a tert-butyl ester, labile under acidic conditions, the same
conditions used to liberate the peptide from resin during the cleavage step.

1) Deprotection
2) Coupling of

Fmoc-E(OBu)-OH Fmoc-D(OAllyl)-OH
- Fmoc-E(OtBu)MM —
NH, MM‘O DIC, HOBt moc-E(O1Bu) O 3) Deprotection l

4) Acetylation

7-hydroxycoumarin_ x . oAl EMM-OH < 2™ _ Ac-D(OAIY)E(OBUMM—()

l DIC, HOBt, DMF (4.13)
. Pd(PPhs), .
Ac-D(OAllyl)E(O-coumarin)MM-OH ———————> Ac-DE(O-coumarin)MM-OH
(4.14) DMF

Scheme 4.2: First attempt using Fmoc-Asp(0-allyl)-OH orthogonal to glutamic

acid

Lastly, aspartic acid was coupled to the glutamic acid peptide, where the aspartic acid
side chain was protected using an allyl ester, which is not labile under acidic conditions
but rather reducing conditions using a palladium catalyst.32 Thus, after acetylation of

the last amino acid, the peptide was cleaved and the tert-butyl ester protecting group of
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the glutamic acid concurrently removed while the aspartic acid carboxylic acid side
chain was still protected with the allyl ester.

The free carboxylic acid was then coupled to 7-hydroxycoumarin and the
coupling was verified through ESI-MS*. At this point, we tried to deprotect the allyl
ester of the aspartic acid in order to obtain our target peptide. Multiple attempts using
the tetrakistriphenylphosphine palladium catalyst, freshly prepared or generated in
situ33, were unsuccessful, leading us to believe that the methionine sulphurs in our

peptide were poisoning the catalyst and halting the deprotection.3435

4.5.2 Second attempt towards activity assay using FmocGlu(0O-coumarin)-OH

Our second attempt involved adding a coumarin derivatized glutamic acid
directly as an unnatural amino acid in the synthesis of the peptide. Fmoc-Glu(0OtBu)-OH
is commercially available and in order to selectively add the coumarin molecule to the
side chain carboxylic acid, it had to be modified through several
protecting/deprotecting/reprotecting steps as there are two carboxylic acid moieties

on the amino acid (Scheme 4.3).
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Scheme 4.3: Second attempt using coumarin directly attached to glutamic acid

We chose the allyl protecting group for the a-carboxylic side chain since it was
orthogonal to the tert-butyl ester (as previously discussed) and then deprotected the
tert-butyl ester on the sidechain carboxylic acid using a mixture of trifluoroacetic acid
in dichloromethane. Several reaction conditions were explored for the addition of 7-

hydroxycoumarin to the carboxylic side chain of glutamic acid (Table 4.3).
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(@) f (@) f
FmocHN \)J\O FmocHN \.)J\O

HOlO 0O olo
190
(4.16) (4.17)
Coupling Reagent 7-Hydroxycoumarin Activator Yield
1.2 eq DCC 2 eq. 0.3 eq. DMAP 10%
3 eq. DIC 5eq. 3 eq. HOBt 21%
2 eq. EEDQ 2 eq. N/A 29%
3 eq. TBTU 3 eq. 3eq. HOBt+3 eq.NEts 61%

Table 4.3: Reaction conditions for 7-hydroxycoumarin coupling.

Through a comparison of the LC traces of the various reaction conditions, it was
determined that TBTU was the optimal coupling reagent for this reaction (Table 4.3).
Lastly, the allyl ester was deprotected using the tetrakistriphenylphosphine palladium
catalyst.

The coumarin-modified glutamic acid was then incorporated into the solid
phase synthetic scheme, coupling it to methionine via standard Fmoc-based solid phase
coupling procedures. The coupling was confirmed by taking a small aliquot, cleaving it
and then testing it for the presence of the tripeptide using ESI-MS* and the next step

would then be deprotecting the Fmoc protecting group to continue with the synthesis.
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Unfortunately, it was found that the normal Fmoc deprotection conditions (20%
piperidine in DMF) were too harsh for the coumarin ester bond and the coumarin was
cleaved during the Fmoc deprotection step. We attempted to minimize the
deprotection time but we still observed that the majority of our product was lost.

Looking for alternative deprotection conditions, we found that Bogyo and
coworkers had effected a survey of mild deprotection conditions for use in Fmoc-based
solid phase synthesis with their electrophilic chloromethyl ketone as a modified side
chain.35 They found that the very mild conditions of 5% DIEA in DMF for 1 min were
enough to effectively remove the Fmoc protecting group while leaving the chloromethyl
ketone largely untouched.3¢ However, with the same conditions, we still observed the

cleavage of our coumarin fluorophore, leading us to abandon this method of synthesis.

4.5.3 Third attempt towards activity assay using FmocGlu(OTce)-OH

Our third attempt involved modifying the glutamic acid to have a trichloroethyl
ester (Tce) protecting group on the sidechain of the carboxylic acid, which could be
deprotected using samarium iodide, and would thus be orthogonal to the tert-butyl
ester on the aspartic acid (Scheme 3).37 Our goal was that after the entire peptide chain
was synthesized, the trichloroethyl ester would be removed without affecting the tert-
butyl ester protecting group of the aspartic acid. The coumarin molecule could then be
coupled to the free carboxylic side chain of the glutamic acid, after which the cleavage

of the entire peptide from resin would be carried out.
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NH,-E(OTce)MM —()
Scheme 4.4: Third attempt using trichloroethyl ester as protecting group

The trichloroethyl ester group, for which the standard deprotection consists of
zinc with acetic acid,3® was unexpectedly found to be cleaved after employing the
various Fmoc deprotection conditions used for the previous method. This was verified
using 13C-NMR to monitor the characteristic C(Clz) peak of the trichloro ethyl ester.
However, the protected amino acid, Fmoc-Glu(OTce)-OAllyl amino acid smoothly
underwent standard Fmoc deprotection conditions (20% piperidine in DMF), whereby
neither the allyl protecting group nor the trichloroethyl ester group were affected.
Thus, we hypothesize that as a result of attachment to the resin in a peptide chain, the
trichloroethyl ester protecting group became susceptible to cleavage by the amine base

used in Fmoc deprotections.
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There exists an array of different protecting methods we could try, such as the 4-
{N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbuty]-amino} benzyl
protecting group which is stable to both TFA and piperidine and cleaved with 2%
hydrazine in DMF.3° Incorporating this protecting group on the glutamic acid side chain
would allow us to complete the entire synthesis and only after acetylation and complete
synthesis of the peptide would it be cleaved and the glutamic acid coupled with 7-
hydroxycoumarin. However, the lability of the glutamic acid ester bond when
incorporated into a peptide is a cause of concern for the future implications of this
activity assay.

Changing the linkage to an amide bond as opposed to an ester could solve the
issue of bond lability; however, the prohibitive cost of 7-aminocoumarin detracts from
this approach. Thus, in order for this assay to be biologically relevant while still
maintaining affordability and relative simplicity, a quenched activity assay, using both a
fluorophore and quencher through FRET would be more feasible (Figure 4.26). FXIlla
would cleave the quencher from the peptide to release the fluorophore, resulting in an

increase in fluorescence.

O

HO 0 ~s
H o H 0] FXillla H ) H o)
N\)J\H NQ&H NH, - A N AL A e
SRR SREGE

OH EN OH S

fluorophore

ox=

I\

Figure 4.26: Schematic of quenched activity probe for FXIIIa.
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4.6 Conclusions and Perspectives

After evaluating different conditions for FXIIIA expression, the Studier auto-
induction ZYP media at 20 °C for 24 h was found to be the optimal conditions for the
expression of recombinant GST-tagged FXIIIA, whereby a total of 1.5 mg of protein/L of
culture was obtained.

A variety of different peptides were synthesized and tested using the GDH assay
to identify an orthogonal sequence for FXIIla with respect to TG2. The longest peptide
investigated, Ac-DQMMMAF-OH, had the greatest affinity for FXIIla, consistent with the
trend observed by Hitomi and coworkers, of a hydrophilic amino acid beside the
glutamine residue on the N-terminus and a methionine residue on the C-terminus. The
two highest affinity peptides, Ac-DQMMMAF-OH and Ac-DQMML-OH were tested with
TG2 and found to have negligible reactivity, confirming their use as orthogonal
peptides. This finding represents the first time peptides orthogonal to TG2 with high
affinity for FXIIla have been kinetically characterized with both transglutaminase
enzymes.

Molecular modelling of the two peptides using a homology model for FXIlla
were consistent with the greater affinity of Ac-DQMMMAF-OH for FXIIla. The docking
results suggested that the third methionine residue provided a steric pulling effect that
caused the glutamine carboxamide moiety to enter the active site tunnel at a distance of
3 A from the active site cysteine. Docking the peptides into the active site of TG2 were
in agreement with our experimental results, with the peptide binding vertically across
the groove close to the active site, positioning the carboxamide group away from the

active site tunnel.
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Lastly, we attempted to synthesize a fluorogenic activity assay by incorporating
a coumarin ester through attachment to a glutamic acid residue into a peptide sequence
recognized by FXIlla. As the sequence included an aspartic acid, our approach was to
use orthogonal protecting groups and then selectively deprotect the glutamic acid
residue to couple the coumarin. When the final deprotection of the aspartic acid
residue proved unsuccessful, a coumarin-derivatized glutamic acid residue was coupled
directly as an unnatural amino acid. However, the ester bond was labile to the various
Fmoc-deprotection conditions attempted and the coumarin fluorophore was cleaved in
addition to the Fmoc protecting group. Finally, a different protecting group;
trichloroethyl ester, cleaved under reducing conditions, was used for the glutamic acid
but also proved susceptible to the mild Fmoc deprotection conditions.

Once incorporated into a peptide, the ester bond is more labile than anticipated
which is worrisome for the future biological implications of this assay. To address this
lability, a relevant fluorogenic assay for FXIIla will consist of a quenched activity probe,
whereby the cleavage action of FXIIla will separate the quencher from the fluorophore,
both of which are incorporated into a high affinity peptide, thus releasing fluorescence
and signalling the catalytic activity of FXIIla (Figure 4.26).

The fluorophore-quencher pair will be incorporated into a high-affinity peptide
for FXIIla. The importance of the serine residue in recognition has still yet to be been
determined and so the sequence Ac-SQMMMAF-OH remains to be tested with both
FXIIla and TG2. The peptide Ac-DQMMLPW-OH, a truncated version of Hitomi’s
peptide with the highest affinity for FXIIla (F11) will also be investigated. Once an

optimal sequence has been found through varying select residues, a fluorogenic activity
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assay specific for FXIIla and orthogonal to TG2 can be synthesized through the use of a

fluorophore-quencher pair (Figure 4.26).
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CHAPTER 5

Perspectives
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Enzymes are responsible for the thousands of metabolic processes that sustain
life and any malfunction can lead to the development of a number of disease states,
highlighting the importance of these biomolecules. The study of enzymes to better
understand their function is facilitated through the use of tools such as protein
labelling, enzyme inhibition, and substrate analogue kinetic studies among others. An
enzyme family of interest in the Keillor group is the transglutaminases, particularly
tissue tranglutaminase (TG2) and Factor XIIla (FXIIla). TG2 has been implicated in a
variety of diseases including Alzheimer’s,! Huntington’s? and Celiac’s disease3 while

FXIIla has been implicated in bleeding diathesis* and atherothrombosis®> among others.

With the aim of further investigating TG2 activity, our first goal was to synthesize
transition state analogue inhibitors of TG2. The electronic and spatial similarities
between the transition states of the TG2 acylation reactions and compounds 2.9 and

2.10 (Figure 2.8) suggest they would be effective transition state analogues.

H O H O
N N
R;=Ac-PNP \ \ R,=LPF-OH
. oL NH
075+ NH, o el
(2.9) (2.10)

Figure 2.8: Transition state analogues for TG2

However, their synthesis proved difficult and ultimately, we were not able to isolate the
desired compounds due to their aforementioned instability. While novel intermediate

peptidic sulfoxide compounds were synthesized, our overall targets were not obtained.
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Though we did expect the synthesis to be difficult, the degree of instability of these
sulfinamide compounds was unanticipated.

An alternative isostere for the amine group is an alcohol and so it would be
interesting to synthesize and test sulfinic acid derivatives 2.26 and 2.27 (Figure 2.19) in

terms of their potential to inhibit TG2.

0 0
CszN_QkOH oszN\_)J\OH
e L 18 .

6_
0“5+ OH oo5"

(2.26) (2.27)

Figure 2.19: Sulfinic acid derivatives as TS analogues

Secondly, conflicting roles have been presented in regards to the intracellular role
of TG2. 10 Physiologically, it would seem likely that the cross-linking activity of TG2
would be inhibited in the low concentrations of intracellular calcium but this has not
been conclusively proven. In order to investigate the intracellular cross-linking activity
of TG2 to shed light on its varied roles, we attempted to synthesize a fluorescent, cell-

permeable, TG2-specific probe (compound 3.12, Figure 5.1).

e e
_N
Ac-RRRRRR \;)kGG/N\Z)kLPF-OH

O\\S/NH HN. _O
o o ‘o i
ey

\ (3.12)

Figure 5.1: TG2-Specific, cell permeable, fluorescent probe.
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In vivo cell imaging using SH-SY5Y neuroblastoma cells showed that while the probe
was fluorescent and cell-permeable, it was not TG2-specific. Molecular modelling
suggests that the probe may be positioned in the opposite way intended, with the hexa-
arginine sequence binding in the pocket intended for the TG2 affinity-conferring LPF
sequence, thus orienting the electrophilic acrylic amide warhead far from the active site
cysteine residue.

Modified (compound 3.16, Figure 5.2) and branched (compound 3.17, Figure 5.2)
versions of the peptide should confer both permeability and TG2 affinity in our efforts

to understand TG2 activity in vivo.

0 0
H H
Dansyl-G\)LNWNvLPF-OH DansyI-G\)]\N/\ﬂ/N\/LPF-OH
L HoLoo

\H W\ (F@)HNVHILL h W\

NH(Rg) HN_ _O : O HN__O

(3.16) \E (R3)HNJ( )4 \i\

(3.17)

Figure 5.2: Modified (3.16) and branched (3.17) cell-permeable, fluorescent TG2-

specific probes.

The reconfiguration of peptide attachment remains an avenue to pursue in order

to adjust and improve our efforts towards a cell permeable, fluorescent TG2 probe.

Lastly, FXIII has become a new target transglutaminase in the Keillor group.
Given our interest in this enzyme, we had three goals for this work. Firstly, owing to

the anticipated high demand for FXIlla required for later experiments, our primary aim
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was the development of an optimized method for the expression of recombinant FXIIIA.
Through investigation of different conditions for FXIIIA expression, the Studier auto-
induction ZYP mediall at 20 °C for 24 hours provided a total of 1.5 mg of protein/L of
culture and comprised the best conditions for the expression of recombinant GST-
tagged FXIIIA

Secondly, a variety of different peptides were synthesized and tested using the
GDH assay to identify a high affinity sequence for FXIIla. The longest peptide
investigated, Ac-DQMMMAF-OH, had the greatest affinity for FXIlla. This is consistent
with the trend observed by Hitomi and coworkers,'? where high affinity sequences bear
a hydrophilic amino acid N-terminal to the glutamine residue and a methionine residue
C-terminal to the glutamine. The two highest affinity peptides, Ac-DQMMMAF-OH and
Ac-DQMML-OH were tested with TG2 and found to have negligible reactivity,
confirming their use as orthogonal peptides, results supported by modelling studies of
the peptides with both FXIIla and TG2. This finding represents the first time peptides
orthogonal to TG2 with affinity for FXIlla have been kinetically characterized with both
transglutaminase enzymes.

Finally, we attempted to synthesize a fluorogenic activity assay by incorporating a
coumarin ester through attachment to a glutamic acid residue into a peptide sequence
recognized by FXIlla. However, it was found that once incorporated into a peptide, the
ester bond is more labile than anticipated, which is worrisome for the future biological
implications of this assay. To address this lability, a relevant fluorogenic assay for
FXIIla will consist of a quenched activity probe whereby the cleavage action of FXIIla

will separate the quencher from the fluorophore, both of which are incorporated into a
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high affinity peptide, thus releasing fluorescence and signalling the catalytic activity of

FXIlla (Figure 4.26).
~ H

© S

@) 0 s
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Figure 4.26: Schematic of quenched-activity probe for FXIIla

The importance of the serine residue in recognition has still yet to be determined and
so the sequence Ac-SQMMMAF-OH remains to be tested with both FXIlla and TG2. The
peptide Ac-DQMMLPW-0H, a truncated version of Hitomi’s peptide with the highest
affinity for FXIIla (F11)2 will also be investigated. Once an optimal sequence has been
found through varying select residues, a fluorogenic activity assay specific for FXIIla
and orthogonal to TG2 can be synthesized through the use of a fluorophore-quencher

pair (Figure 4.26).
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CHAPTER 6

EXPERIMENTAL
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6.1 Experimental Instrumentation
The source of solvents and chemical reagents of each chapter will be discussed

in the section dedicated to that chapter.

Nuclear magnetic resonance (NMR) spectra were recorded in the solvent
indicated with tetramethylsilane (TMS) as internal reference or using the residual
proton or 13C signal of the solvent as a reference at ambient temperature. The spectra
were recorded on a Bruker Avance 300 Fourier Transform Spectrometer [300 MHz
(H), 75 MHz (13C)], Bruker Avance 400 Fourier Transform Spectrometer [400 MHz
(H), 100 MHz (13C)] ,Bruker AMX-300 Fourier Transform Spectrometer [300 MHz('H),
75 MHz (13C) or a Bruker AMX-400 Fourier Transform Spectrometer [400 MHz (1H),

100 MHz (3C)).

Mass spectra were determined by FAB* ionization on an AutoSpec Q
spectrometer, a Waters Micromass Q-Tof mass spectrometer or a Bruker Microflex

MALDI-TOF mass spectrometer.

Melting points were measured on an EZ-Melt automated melting point

apparatus and are uncorrected.

Reactions requiring anhydrous conditions were carried out under a dry nitrogen

atmosphere using conventional benchtop techniques.
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6.2 Sulfoxide Inhibitors
Reagents, unless otherwise specified, were bought from Sigma-Aldrich Canada
Ltd. The common solvents were bought from EMD Chemicals. The compound, L-
homocystine, was synthesized according to a literature procedure.! Anhydrous solvents

(THF, Et20, CH2Cl2, DMF, CH3CN, toluene) were obtained by filtration through drying

columns on a GlassContour system (Irvine, CA).

6.2.1 Synthesis of sulfinamide via a methyl sulfinate

(25,2'S)-4,4'-disulfanediylbis(2-((tert-butoxycarbonyl)amino)butanoic acid)

(2.15).
H2N\/COZH BOCHN\/COZH
: 10% Na,COs3, dioxane H
K Boc,0, 91% (
S S
4 .
(2.15)

L-Homocystine (0.1 g, 0.37 mmol) was added to 9 mL of a solution of 10% NaCO3
and dioxane (5:4). Boc anhydride (0.24 g, 1.1 mmol) was added on ice and the solution
allowed to warm to room temperature and then stirred overnight. The solution was
then neutralized to pH 4 using a 10% citric acid solution and an extraction with ethyl
acetate was performed (3 x 15 mL). The organic layers were combined, washed with
brine and then dried over magnesium sulfate. The organic solvent was evaporated

under vacuum to yield a white solid in 91% yield.
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M.P.: 171-175°C

1H NMR (300 MHz, MeOD)  (ppm): 4.25-4.19 (m, 2H), 2.87-2.70 (m, 4H), 2.30-2.21

(m, 2H), 2.04-1.93 (m, 2H), 1.45 (s, 18H).

13C NMR (100 MHz, MeOD) 8 (ppm): 174.3, 156.8, 79.2, 52.3, 34.3, 31.1, 27.4.

HRMS (m/z): [M+Na] Calculated: 491.1498 Found: 491.1487

(25,2'S)-di-tert-butyl 4,4'-disulfanediylbis(2-((tert-butoxycarbonyl)amino-

butanoate (2.16)

BocHN___ CO,H BocHN__CO,Bu
: CuCl, DIC . H
( BuOH, DCM, 71% (
S S
% 4
(2.15) (2.16)

Both t-butanol (0.16 mL, 2.13 mmol) and N,N-diisopropylcarbodiimide (DIC)
(0.05 mL, 0.32 mmol) were stirred overnight in the presence of a catalytic amount of
CuCl (2 mg). The next day, compound 2.15 was added to the solution (0.1 g, 0.23
mmol) along with 5 mL of DCM and the solution refluxed for an additional 3 days. After
the third day, the solvent was evaporated and the product purified using column

chromatography (9:1 hexanes:ethyl acetate) to yield a white, gummy solid in 71% yield.
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1H NMR (400 MHz, CDCls) & (ppm): 5.11 (d, 2H, ] = 8 Hz), 4.26-4.24 (m, 2H), 2.69-2.66

(m, 4H), 2.23-2.17 (m, 2H), 1.47 (s, 18H), 1.44 (s, 18H).

13C NMR (100 MHz, CDCls) & (ppm): 172.0, 156.1, 83.1, 80.7, 70.2, 54.0, 33.7, 29.1,

28.8.
HRMS (m/z): [M+Na] Calculated: 587.1492 Found: 587.1517

(2S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-4-(methoxysulfinyl)butanoate

(2.17)

BocHN___CO,Bu BocHN__ CO,Bu

z NBS :

S( MeOH, 73% (

) 07 ~ome

(2.16) (2.17)

To 10 mL of MeOH was added compound 2.16 (0.15 g, 0.2 mmol) and
subsequently N-bromosuccinimide (NBS) (0.05 g, 0.3 mmol). The reaction was stirred
overnight and the reaction mixture was diluted with DCM. The organic layer was
washed with NaHSO3 (3 x 10 mL), and NaHCO3 (3 x 10 mL). It was then dried over

magnesium sulfate, and evaporated under vacuum to yield a clear oil in 73% oil.

TH NMR (300 MHz, CDCl3) & (ppm): 5.14 (d, 1H, ] = 6 Hz), 4.27-4.25 (m, 1H), 3.77 (s,

3H), 2.82-2.76 (m, 2H), 2.28-2.23 (m, 1H), 2.05-2.00 (m, 1H), 1.48 (s, 9H), 1.47 (s, 1H)
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13C NMR (75 MHz, CDCls) & (ppm): 171.1, 155.2, 83.5, 82.5, 54.4, 53.1, 34.3, 28.2, 27.9.

HRMS (m/z): [M+Na] Calculated: 360.14513

Formation of sulfinamide from compound 2.17

Found: 360.14480

BocHN___CO,Bu BocHN._ CO,Bu

0">>oMe O//S\NHZ
(2.17)
Attempt Condition Result
1 1))LiHMDS, -78°C 2) NH4Cl sat. product decomposition
2 excess NHz in MeOH/THF, reflux product decomposition
3 3 eq. NaH, THF, excess NH3 product decomposition
4 nBuli, excess NH3 product decomposition
5 Fe(NO3)3°9H20, Na, NH3, NH4Cl product decomposition

Table 2.1: Conditions attempted in synthesis of sulfinamide.

Attempt #1. To a solution of the methyl sulfinate (0.24 g, 0.70 mmol) in 10 mL

of dry THF was added a 1 M solution of LiHMDS (0.18 mL, 1.05 mmol) at-78°C. The
reaction was warmed to room temperature and stirred overnight. The reaction was

quenched with 10 mL of a saturated NH4Cl solution and stirred for one hour. An
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extraction was performed with ethyl acetate (3 x 15 mL) and the organic phase was
dried over magnesium sulfate. Evaporation under vacuum yielded a yellow, gummy

solid. Proton NMR revealed decomposition.

Attempt #2. Methyl sulfinate (0.1 g, 0.29 mmol) was dissolved in a 5 mL
solution of a 50:50 mixture of dry MeOH and THF. To this solution, an excess of
ammonia was added using a dry ice condensor attached to an ammonia gas cylinder.
The reaction was refluxed for 3 h at which point the solvent was removed under
vacuum. An extraction was undertaken using ethyl acetate (3 x 15 mL) and the organic
phase washed with 10% citric acid and water and then dried over magnesium sulfate.

Evaporation under vacuum yielded a yellow oil. Proton NMR revealed decomposition.

Attempt #3. To a three-necked round-bottomed flask, equipped with a dry ice
condensor, was added dry THF. Ammonia was bubbled through the solvent for 30 min
while the solution was on ice. Sodium hydride was then added to the THF /ammonia
solution and this was stirred for 5 min to produce a cloudy solution. The methyl
sulfinate (0.180 mg, 0.53 mmol) dissolved in 5 mL of dry THF was added dropwise to
the flask. After addition the reaction was refluxed for 3 h after which the solvent was
removed under vacuum. An extraction was performed using ethyl acetate (3 x 15 mL)
and the organic phase washed with 10% citric acid, water and brine and then dried
over magnesium sulfate. Evaporation under vacuum yielded a yellow oil. Proton NMR

revealed decomposition.
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Attempt #4. To a three-necked round-bottomed flask, equipped with a dry ice
condensor, was added dry THF. Ammonia was bubbled through the solvent for 30 min
while the solution was on ice. n-BuLi was then added to the THF /ammonia solution
and this was stirred for five minutes to produce a cloudy solution. The methyl sulfinate
(0.180 mg, 0.53 mmol) dissolved in 5 mL of dry THF was added dropwise to the flask.
After addition, the reaction was refluxed for 3 h after which the solvent was removed
under vacuum. An extraction was performed using ethyl acetate (3 x 15 mL) and the
organic phase washed with 10% citric acid, water and brine and then dried over
magnesium sulfate. Evaporation under vacuum yielded a yellow oil. Proton NMR

revealed decomposition.

Attempt #5. To an ammonia solution was added Fe(N03)3-9H20 (1.5 mg, 0.004
mmol) and Na (0.088 g, 3.8 mmol). The mixture was stirred for one hour and cooled to
-48 °C. At this point, a solution of methyl sulfinate(0.25 g, 0.76 mmol) dissolved in 5 mL
of dry THF was added dropwise to the freshly prepared sodium amide solution. After 1
h of stirring, ammonium chloride (0.22 g, 0.004 mmol) was added to the reaction. The
reaction was stirred overnight after which ethyl acetate (30 mL) was added to the
reaction mixture. The organic phase was washed with 10% citric acid (3 x 20 mL),
brine (3 x 20 mL) and then dried over magnesium sulfate. Evaporation under vacuum

yielded a yellow oil. Proton NMR revealed decomposition.
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6.2.2 Synthesis of sulfinamide via a sulfinyl chloride

BocHN___ CO,Bu BocHN___ CO,Bu Boc

: : CO,Bu
: S0,Cl, : NH3 O—S/N\:/ ?
R —_— - st
"~ CH,COOH ( N

S)é O//S\CI

(2.16)

A stirred mixture of compound 2.16 (0.09g 0.16 mmol) and acetic acid (0.018
mL, 0.32 mmol) in DCM (5 mL) at-10 °C was treated dropwise with SO2Cl2 (0.04 mL,
0.48 mmol). The temperature was maintained at 0-5 °C with stirring for 30 min, at
which point the solution was evaporated, leaving a pale, yellow oil. The oil was used
without further purification, an IR spectrum being taken to confirm the presence of the
sulfinyl chloride. The flask was equipped with a dry ice condensor and ammonia was
added dropwise to the flask at -10 °C. The reaction was stirred for 30 min at-10 °C, at
which point the condensor was removed and the ammonia left to evaporate in the
hood. NMR spectra proved inconclusive to identify the product with only a low
resolution mass spectrum analysis supporting the hypothesis of an oxazolidinone ring

formed.

IR (KBr): 769 cm!

LRMS (m/z): [M+Na] Calculated: 328.1 Found: 328.1
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6.2.3 Synthesis of sulfinamide via oxazolidinone

4,4'-disulfanediylbis(2-(((benzyloxy)carbonyl)amino)butanoic acid) (2.18)

HszCOZH CszNVCOZH
: Cbz-Cl :
( 10% Nach& 75% (

> >

2

(2.18)

To a solution of L-homocystine (1 g, 0.046 mmol) dissolved in 10% Na2CO3 (40
mL) was added benzyl chloroformate (1.3 mL, 0.019 mmol). The reaction was stirred
overnight, after which an extraction with ether was performed. The basic layer was
collected and acidified to pH 2 and an extraction with ethyl acetate undertaken. The
organic layer was collected, dried over magnesium sulfate and then evaporated under
vacuum to yield a gummy solid in 75% yield, which was used without further

purification.

1H NMR (400 MHz, MeOD) § (ppm): 7.36-7.295 (m, 10H), 5.11 (s, 4H), 4.36-4.4.33 (m,

2H), 2.82-2.2.72 (m, 4H), 2.29-2.26 (m, 2H), 2.06-2.03 (m, 2H).

13C NMR (100 MHz, CDCls) & (ppm): 177.0, 156.6, 135.8, 128.6, 128.5, 128.3, 128.1,

128.0, 69.3,32.4, 29.7.

HRMS (m/z): [M+H] Calculated: 535.1209 Found: 535.1211
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(45,4'S)-dibenzyl 4,4'-(disulfanediylbis(ethane-2,1-diyl))bis(5-oxooxazolidine-3-

carboxylate) (2.19)

@)

CbzHN,___CO,H Csz\%O
¢ AcOH, SOCl, Ac,0 :
H,CO, reflux, 71% (
S S
% z
(2.18) (2.19)

To a stirred solution of compound 2.18 (0.2 g, 0.37 mmol) in 5 mL of acetic acid
was added paraformaldehyde (0.13 mg, 4.45 mmol), acetic anhydride (0.17 mL, 1.85
mmol) and thionyl chloride (0.013 mL, 0.17 mmol). The reaction was refluxed
overnight and the acetic acid evaporated under vacuum. The product was purified
using column chromatography (6:1:3 hexanes:toleune:ethyl acetate) to yield an oil in

71% yield.

TH NMR (400 Hz, CDCI3) 6 (ppm): 7.42-7.38 (m, 10H), 5.56-5.55 (m, 2H), 5.28-5.27 (m,

2H) 5.18 (s, 4H), 4.5-4.43 (m, 2H), 2.79-2.75 (m, 2H), 2.33-2.30 (m, 2H).

13C NMR (100 MHz, CDCls) & (ppm): 170.3, 162.3, 134.5, 129.2, 128.6, 127.7, 127.0,

125.1,93.4,60.2, 33.6, 29.8.

LRMS (m/z): [M+H] Calculated: 561.14 Found: 561.2
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@) 0

Cbz@o Cbz@o CbzHN,__CONH,
: SO,Cls : NHs :
K CHsCOH d r
Sé o//S\CI O//S\NHQ
(2.19)

A stirred mixture of compound 2.19 (0.09 g, 0.16 mmol) and acetic acid (0.018
mL, 0.32 mmol) in DCM (5 mL) at-10 °C was treated dropwise with SO2Cl> (0.04 mL,
0.48 mmol). The temperature was maintained at 0-5 °C with stirring for 30 min, at
which point the solution was evaporated, leaving a pale yellow oil. The oil was used
without further purification, an IR spectrum being taken to confirm the presence of the
sulfinyl chloride. The flask was equipped with a dry ice condensor and ammonia was
added dropwise to the flask at -10 °C. The reaction was stirred for 30 min at-10 °C, at
which point the condensor was removed and the ammonia left to evaporate in the

hood. Proton NMR revealed product decomposition.
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6.2.4 Synthesis of amino methyl sulfoxide

Dimethyl 4,4'-disulfanediylbis(2-(((benzyloxy)carbonyl)amino)butanoate)

(2.20)

CbzHN,_CO,H CbzHN,_CO,Me
2 s0Cl :
—_—
MeOH, 82% (
4
2

E:

(2.18) (2.20)

To a 100-mL round-bottomed flask containing 40 mL of MeOH, was dissolved
compound 2.18 (1 g, 1.85 mmol). To this solution was added thionyl chloride (0.81 mL,
11.1 mmol) on ice and stirring was continued at room temperature overnight. The
solvent was evaporated and the product purified using column chromatography

(hexanes:ethyl acetate 7:3) to yield a white solid in 82% yield.
M.P.: 53-57 °C

1H NMR (300 MHz, CDCls) & (ppm): 7.35 (br. s, 10H), 5.5 (d, 2H), 5.11 (s, 4H), 4.51-

4.50 (m, 2H), 3.76 (s, 6H), 2.72-2.69 (m, 4H), 2.27-2.24 (m, 2H), 2.08-2.04 (m, 2H).

13C NMR (75 MHz, CDCls) & (ppm): 173.13, 172.02, 136.9, 129.38, 129.1, 129.0, 68.0,

53.7,53.5,35.2,33.2.

HRMS (m/z): [M+Na] Calculated: 587.1498 Found: 587.1514
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Methyl 2-(((benzyloxy)carbonyl)amino)-4-mercaptobutanoate (2.21).

CbzHN__ CO,Me CbzHN,__CO,Me
> P(nBu)s, DMF :

" RO, 73%

S SH
(2.20) (2.21)

In a 100-mL round-bottomed flask, compound 2.20 (0.82 g, 1.45 mmol) was
dissolved in 7 mL of DMF followed by the addition of water (0.2 mL). To this solution
was added tributyl phosphine (0.71 mL, 2.9 mmol) and the reaction was stirred
overnight at room temperature. Water (100 mL) was then added to the reaction
mixture and an extraction performed using ethyl acetate (3 x 30 mL). The organic
layers were combined, washed with brine, dried over magnesium sulfate and
evaporated under vacuum. The product was purified using column chromatography

(6:4 hexanes: ethyl acetate) to yield a clear oil in 73% yield.

TH NMR (400 MHz, CDCl3) & (ppm): 7.38 (br. s, 5H), 5.36-5.35 (m, 1H), 5.14 (s, 2H),

4.58-4.57 (m, 1H), 3.78 (s, 3H), 2.62-2.58 (m, 2H), 2.20-2.19 (m, 1H), 2.02-1.99 (m, 1H).

13C NMR (75 MHz, CDCls) & (ppm): 173.13,175.9, 136.9, 129.4, 129.1, 127.6, 127.1

68.0, 53.4, 53.0, 35.2, 33.2.

HRMS (m/z): [M+Na] Calculated: 306.0770 Found: 306.0785



183

methyl 2-(((benzyloxy)carbonyl)amino)-4-((((tert-

butoxycarbonyl)amino)methyl) thio)butanoate (2.22).

CbzHN,_CO;Me CbzHN,_CO,Me
: 1) BocHN”~ ~OH :
TsOH, TBME -
SH 2) Na,CO3, MgSO,, 80%  S.__NHBoc
(2.21) (2.22)

Compound 2.21 (0.58 g, 1.84 mmol) was dissolved in TBME in a 100-mL round-
bottomed flask. To the reaction mixture was added N-Boc-aminomethanol (0.32 g, 2.2
mmol) and p-toluenesulfonic acid hydrate (0.035 g, 0.18 mmol) and the reaction was
stirred overnight at room temperature. The next morning, sodium hydrogen carbonate
(0.03 g, 0.37 mmol) and magnesium sulfate (0.11 g, 0.92 mmol) were added to the
reaction mixture and it was stirred for another 2 hours. After removal of the solids by
filtration, the solvent was evaporated and the product was purified through silica gel

chromatography (7:3 hexanes:ethyl acetate) as a transparent oil in 80% yield.

TH NMR (400 MHz, CDCl3) & (ppm): 7.34 (br. s, 5H), 5.1 (s, 2H), 4.67-4.65 (m, 1H), 4.34

(s, 2H), 3.74 (s, 3H), 2.67-2.59 (m, 2H), 2.21-2.17 (m, 2H), 1.44 (s, 9H)

LRMS (m/z): [M+Na] Calculated: 435.1 Found: 435.1
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methyl 2-(((benzyloxy)carbonyl)amino)-4-((((tert-

butoxycarbonyl)amino)methyl)sulfinyl)butanoate (2.23)

CbzHN,__CO,Me CbzHN,___CO,Me
: mCPBA :
—_——

DCM, 90%

S._-NHBoc O//S\/NHBoc

(2.22) (2.23)

In a 100-mL round-bottomed flask, compound 2.22 (0.1 g, 0.25 mmol) was
dissolved in 10 mL of CH2Cl; followed by the addition of mCPBA (0.044 g, 0.25 mmol).
The reaction was stirred to completion by monitoring with TLC. A saturated solution of
NazCO03 (30 mL) was then added to the reaction mixture and an extraction was
performed using ethyl acetate (3 x 30 mL). The organic layers were combined, washed
with brine, dried over magnesium sulfate and evaporated under vacuum. The product
was purified using silica gel chromatography (6:4 hexanes:ethyl acetate) to yield the

product as a gummy solid in 90% yield.

TH NMR (300 MHz, CDCl3) & (ppm): 7.31 (br. s, 5H), 5.95 (br. s, 1H), 5.73 (br. s, 1H),
5.07 (s, 2H), 4.68 (br. s, 1H), 3.72 (s, 3H), 2.76-2.74 (m, 2H), 2.34-2.32 (m, 1H), 2.15-

2.12 (m, 1H), 1.44 (s, 9H).

13C NMR (75 MHz, CDCls) & (ppm): 172.6, 156.9, 156.2, 136.9, 129.3, 128.8, 83.2, 67.9,

67.1,59.7,53.3,46.2,37,4, 26.2.



185

LRMS (m/z): [M+H] Calculated: 429.17 Found: 429.1

Boc deprotection of compound 2.23

CbzHN,_CO,Me CbzHN,__CO,Me
e
O//S\/NHBOC O//S\/NHQ
(2.23)
Attempt Conditions Result
1 TFA, CH2CI, product degradation
2 H3PO4, THF product degradation
3 NEt3,TMSOT{, DCM product degradation
4 TBAF, THF product degradation

Table 2.2: Deprotection conditions for Boc removal.

Attempt #1. Compound 2.23 (0.05 g, 0.12 mmol) was stirred in a round-
bottomed flask in 10 mL of DCM while trifluoroacetic acid (0.13 mL, 1.2 mmol) was
added. The reaction was stirred overnight, at which point the reaction mixture was
evaporated using a mixture of cyclohexane and acetone. An NMR spectrum was taken
of the crude product and it was found that the reaction conditions led to product

degradation.
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Attempt #2. In 10 mL of THF, was dissolved compound 2.23 (0.05 g, 0.12
mmol). Phosphoric acid (0.1 mL, 1.2 mmol) was added and the reaction stirred
overnight. After the reaction mixture was evaporated under vacuum, an NMR spectrum

taken of the crude product showed degradation had occurred.

Attempt #3. To a round-bottomed flask containing compound 2.23 (0.05 g,
0.12 mmol) and 10 mL of dry dichloromethane was added NEt3 (0.02 mL, 0.12 mmol)
and TMSOTf (0.16 mL, 0.12 mmol). The reaction mixture was stirred for two hours at
which point the reaction mixture was evaporated under vacuum. An NMR spectrum

taken of the crude product showed that it had degraded.

Attempt #4. To 10 mL of THF, compound 2.23 (0.05 g, 0.12 mmol) was added.
Tetrabutylammonium fluoride (0.5 mL, 0.18 mmol) was added and the reaction
mixture stirred overnight. After the reaction mixture was evaporated

under vacuum, an NMR spectrum showed that product degradation had occurred.
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6.2.5 Synthesis of amino methyl sulfoxide via thiol formate

CbzHN,__CO,Me CbzHN,__CO,Me
: DCC, HCO,H :
d EOAc, 53% ~ [
SH ST H
0
(2.21) (2.24)

An ice-cold solution of dicyclohexylcarbodiimide (DCC) (0.2 g, 0.97 mmol) in dry
ethyl acetate was added with stirring to an ice-cold solution of compound 2.21 (0.2 mL,
0.97 mmol) and formic acid (0.037 mL, 0.97 mmol) dissolved in ethyl acetate. Cooling
and stirring was continued for two hours and the reaction was monitored by TLC. The
precipitated dicyclohexylurea was removed by filtration and the solvent evaporated.
The product was then purified using flash chromatography (4 :1 hexanes:ethyl acetate)

to yield a clear oil in 53% yield.

TH NMR (300 MHz, CDCl3) & (ppm): 10.10 (s, 1H), 7,37 (br.s, 5H), 5.34 (d, 1H), 5.13 (s,
2H), 4.57-4.53 (m, 1H), 3.77 (s, 3H), 2.64-2.55 (m, 2H), 2.17-2.13 (m, 1H), 2.02-1.97 (m,

1H).

13C NMR (75 MHz, CDCls) & (ppm): 187.9, 172.8, 156.7, 136.9, 129.4, 128.9, 128.5,

127.9,68.1, 61.2,53.9, 33.6, 23.4.

HRMS (m/z): [M+Na] Calculated: 334.0725 Found: 334.0744
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6.3 Cell Permeable, Fluorescent TG2 Probe

All Fmoc-protected amino acids, resins, and coupling reagents were purchased
from GL Biochem. Wang resin was purchased from NovaBiochem. All other reagents
were obtained from Sigma-Aldrich. Reactions requiring anhydrous conditions were
carried out under a dry nitrogen atmosphere employing conventional benchtop
techniques. Common solvents were bought from EMD Chemicals whereas anhydrous
solvents (THF, Et20, CH2Clz, DMF, CH3CN, toluene) were obtained by filtration through
drying columns on a GlassContour system (Irvine, CA). All aqueous solutions were

prepared using water purified with a Millipore BioCell system.

Reactor tubes for solid-phase peptide synthesis were obtained from Supelco and
shaking was performed on a shaker. All resins were swelled in DMF and washing steps
were performed using CH2Cl> and DMF. Purification of all peptides was performed
using a preparative HPLC method. Mass spectral data (MS, LCMS) were all obtained
using the column, Synergi Polar-RP, 150 x 4.6 mm, 4m (Phenomenex, Torrance, CA).
The crude peptide was purified using a preparative Synergi Polar-RP, 100 x 21.20 mm

(Phenomenex, Torrance, CA) on a Waters Delta 600 HPLC system.

All buffers and reagents for in vivo cell work were purchased from Invitrogen
Technologies apart from DMSO (Bioreagent) and retinoic acid (HPLC grade) that were

purchased from Sigma Aldrich.
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6.3.1 General procedure for synthesis of Ac-RgK(dansyl)GGK(acryl)LPF-OH:

The peptide was synthesized using standard solid phase Fmoc chemistry.
Briefly, the first Fmoc-protected amino acid (5.5 mmol) was coupled to Wang resin (1.1
mmol) using DIC (5.5 mmol) and DMAP (0.11 mmol). The level of loading of the amino
acid on the resin after the first coupling step was used as the resin loading capacity for
all subsequent steps, as determined by spectroscopic measurement of the UV
absorbance of the piperidine dibenzofulvalene adduct. The remaining free hydroxyl
functionalities were capped by treating the resin with a mixture of acetic
anhydride/pyridine (2:3) and shaken for 2 h. After washing with DMF (3 times with 10
resin volumes), DCM (3 times with 10 resin volumes) and ether (3 times with 10 resin
volumes), the Fmoc group was removed by incubating three times with piperidine in
DMF (20% v/v; 10x resin volume) for 5 min, followed by washing with DMF (3 times
with 10 resin volumes), DCM (3 times with 10 resin volumes) and ether (3 times with
10 resin volumes) in preparation for the next amide coupling. Deprotection was
verified by positive Kaiser test on a sample of a few beads.? Then each Fmoc-protected
amino acid (1.7 mmol) was coupled to Wang resin preloaded with the necessary
carboxyl-terminal amino acid (0.68 mmol) in DMF (5 resin volumes) using HOBT (1.7
mmol) and DIC (1.7 mmol). This operation was realized twice for 30 min. Coupling was
verified by negative Kaiser test on a sample of a few beads. In the case of acryloyl acid
(1.7 mmol), the coupling reagent was EEDQ (1.7 mmol) and the shaking time was 1 h.
The peptide was cleaved from the resin (1 g) by incubating with TFA:DCM (1:1) for 2 h.

The peptide was precipitated from the cleavage solution using diethyl ether and
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hexane. Peptide sequence purity was performed on an aliquot of resin using the
column, Synergi Polar-RP, 150 x 4.6 mm, 4m (Phenomenex, Torrance, CA). The crude
peptide was purified using a preparative Synergi Polar-RP, 100 x 21.20 mm

(Phenomenex, Torrance, CA) on a Waters Delta 600 Varian (Prep Star) HPLC system.

Boc deprotection protocol

To a reactor containing 1 g of the Wang resin supported Fmoc-peptide (0.68
mmol, according to the loading), were added 30 mL of deprotection mixture, freshly
prepared from 470 pL TEA (2 eq.), 1.09 mL of TMSOTf (0.2 M) and 28.44 mL of
anhydrous DCE. The resin was shaken for 10 min then filtered and washed with 5 x 5
mL of DCM, 2 x 5 mL of DIEA 10% in DCM, 3 x 5 mL of DCE. Deprotection was carried
out for another 10 min with a fresh deprotection mixture. The resin was filtered then
washed with 5 x 5 mL of DCM, 2 x 5 mL of DIEA, 10% in DCM, 2 x 5 mL of DCM, 2 x 5
mL of DMF and 2 x 5 mL of Et20. Deprotection was verified by positive Kaiser test on a

sample of a few beads.

Acrylation protocol

To the Wang resin supported Fmoc-peptide (1 g, 0.68 mmol) swollen in
anhydrous DCM (5 resin volumes) was added acryloyl acid (1.7 mmol) and EEDQ (1.7
mmol), the reaction was shaken 1 h, followed by washing with DMF (3 times with 10
resin volumes), DCM (3 times with 10 resin volumes) and ether (3 times with 10 resin

volumes). This operation was repeated twice.
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6.3.2 Synthesis of Fmoc-K(Dansyl-OH)

2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-aminohexanoic acid (3.10)

0 0
FmocHN._J\ . FmocHN._JL

( TFA i
DCM, 100%
>4KNHBoc “*NH,

(3.10)

To a 50-mL round-bottomed flask containing Fmoc-K(N-Boc)-OH (1 g, 2.13
mmol) was added TFA (7 mL, 85.5 mmol) along with 7 mL of dichloromethane. The
reaction was stirred for 2 h at room temperature. The reaction mixture was then
evaporated under vacuum and dissolved in a minimal amount of acetone and
cyclohexane, which were then evaporated under vacuum. The addition of a minimal
amount of acetone and cyclohexane was repeated twice to obtain a pale brown oil in

quantitative yield, which was used without further purification.

TH NMR (300 MHz, CDCl3) 8 (ppm): 7.88-7.84 (m, 2H), 7.61-7.59 (m, 2H), 7.42-7.38 (m,
2H), 7.33-7.30 (m, 2H), 4.43-4.40 (m, 2H), 4.31-4.28 (m, 2H), 4.2-4.0 (m, 1H), 2.84-2.63

(m, 2H), 1.45-1.35 (m, 6H).

13C NMR (75 MHz, CDCls) & (ppm): 173.4, 160.5, 141.3, 143.5, 127.9, 127.1, 120.0, 67.2,

54.3,46.9, 31.0, 28.5.

HRMS (m/z): [M+Na] Calculated: 391.1634 Found: 391.1623
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(5)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(5-

(dimethylamino)naphthalene-1-sulfonamido)hexanoic acid (3.11).

O o)
FmocHN \;)]\OH 52""_;_133":'3;0 . FmocHN\{kOH
(%NH NaHCOj, O/N, 67% 0} NH
2 S
(3.10) OO
/N\
3.11)

To a round-bottomed flask containing compound 3.10 (2.2 g, 6.1 mmol) was
added 189 mL of MeOH:Hz0 in a 5:2 ratio, NaHCO3 (1.54 g, 18.3 mmol) followed by the
addition of dansyl chloride (1.48 g, 5.5 mmol). The reaction was stirred overnight at
which point 1 M HCI (100 mL) was added. An extraction with DCM (4 x 75 mL) was
performed. The organic layers were collected and washed with brine, dried over
magnesium sulfate, filtered and the solvent evaporated under vacuum to yield a pale

yellow solid in 54% yield.

M.P.: 79-82 °C

1H NMR (400 MHz, CDCls) 8 (ppm): 11.79 (br.s, 1H) 9.40 (d, 1H, ] = 8 Hz), 8.87 (d,
1H), 8.50 (d, 1H), 7.88-7.84 (m, 2H), 7.77-7.73 (m, 3H), 7.61-7.59 (m, 2H), 7.42-7.38 (m,
2H), 7.33-7.30 (m, 2H), 4.45-4.38 (m, 2H), 4.2-4.0 (m, 1H), 3.32 (s, 6H), 3.13-3.10 (m,

2H), 1.27-1.22 (m, 6H).
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13C NMR (100 MHz, CDCls) & (ppm): 174.78, 156.8, 152.67, 144.54, 142.12, 140.58,
134.10, 130.88, 130.29, 129.78, 129.16, 129.12, 128.75, 128.61, 128.23, 127.91, 125.97,
125.84, 123.76,121.11, 120.82, 119.48, 117.7, 67.36, 54.08, 48.0, 46.80, 43.50, 32.10,

31.76, 22.23.
HRMS (m/z): [M+Na] Calculated: 624.2144 Found: 624.2139

Coupling of Fmoc-K(dansyl)-OH to peptide

GGK(AcryI)LPF40 — FmocK(N-dansyI)GGK(AcryI)LPFAO

Coupling Reagent | Fmoc-K(N-dansyl)OH Activator Result
(3.11)
3 eq.DIC 3eq. 3eq.HOBt No reaction
3 eq. EEDQ 3 eq. N/A No reaction
8 eq. TBTU 4 eq. 4 eq. HOBt + 8 eq. Coupling
DIEA successful

Table 3.1: Coupling conditions of Fmoc-K(dansyl)-OH

The coupling of compound 3.11 to the rest of the peptide was investigated using
the conditions in Table 3.1. The procedure with DIC and EEDQ was described
previously, under the general protocols of solid phase synthesis. In the case of TBTU,
all the reagents (4 eq TBTU, 4 eq. HOBt and 8 eq. DIEA) were added to the reactor in

DMF (5 resin volumes) with 1 g of resin. The reaction was shaken for 1 hour and this
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operation was realized twice. After washing with DMF (3 times with 10 resin volumes),
DCM (3 times with 10 resin volumes) and ether (3 times with 10 resin volumes, the
coupling results were verified by the Kaiser test and through verifying the fluorescence
(or lack thereof) of a small aliquot of resin beads. Once fluorescence was observed, the
coupling was verified through low resolution MS-ESI+, after cleaving 100 mg of peptide

from the resin by incubating it for two hours with a mixture of 1:1 TFA:DCM.
FmocK(N-dansyl)GGK(acryl)LPF-OH:
LRMS: [M+H] Calculated: 1201.5 Found: 1201.5

RRRRRRRRK(dansyl)GGK(acryl)LPF-OH

1) Fmoc-Amino Acid, TMOST!. NE
DIC, HOBt, DMF » NEt3, _O
; , . > F GGKLPF
O 2) 20% piperidine, DMF | MOCGGK(N BOC)LPF40 DCE moc
Wang resin 1) Acryloyl acid
EEDQ,

DCM
2) Deprotection

FmocK(dansyl)GGK (acryl)LPF —O FmocK(N-dansy)-OH __ ~ - acr I)LPF40
mock( aTY) (acry) 8 eq. TBTU, 4 eq. DIEA, DMF y

Ac-RRRRRRRRK (dansyl)GGK(acryl)LPF —O Cleavage Ac-RgK(dansyl)GGK(acryl)LPF-OH

The peptide was synthesized using the general procedures mentioned above,
however identification of the final product proved elusive as both LC-MS ESI and

MALDI proved unsuccessful at detecting the peptide. To that end, various coupling
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conditions were investigated for their arginine coupling efficiency, as shown in Table

6.2.
R—O ) gl‘::\’/';;ge FmocRR-OH
Coupling Reagent | Fmoc-Arg(Pbf)-OH HOBt Yield (%)
4 eq. TBTU 4 eq. 4 eq. + 8 eq. DIEA 19.9
3 eq. HATU 3eq. 3eq. 12.7
3 eq. PyBOP 3eq. 3eq. 18.3
3 eq. EEDQ 3 eq. N/A 27.1

Table 3.2: Evaluation of arginine coupling conditions.

The general protocol followed for each reaction involved adding the reagents to

100 mg of Wang resin already loaded with arginine as detailed in the general procedure

above for the coupling of the first amino acid. The reagents were shaken in 1 mL of

DMF for an hour. After washing with DMF (3 times with 10 resin volumes), DCM (3

times with 10 resin volumes) and ether (3 times with 10 resin volumes), the operation

was repeated. After the second shaking, the resin was washed with DMF (3 times with

10 resin volumes), DCM (3 times with 10 resin volumes) and ether (3 times with 10

resin volumes) before cleavage from the resin by shaking for two hours in a mixture of

1:1 TFA:DCM. The resin was then washed with DCM (3 times with 10 resin volumes).

The peptide was precipitated from the cleavage solution using diethyl ether and
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hexane. The precipitated peptide was then recovered through centrifugation at 1100 g
for 30 min. As EEDQ was shown to have the highest yield, the 8 arginines were coupled
using this procedure however; the product was still not identified according to

accepted techniques.

6.3.3 Synthesis of Ac-RsK(dansyl)GGK(acryl)LPF-OH.

1) IEE'?'(JAE)nI\i/InIS ?(S:i?éMW 1) 2X Fmoc-Arg(N-Pbf)-OH
9 Reallx > K(N-dansyl)GGK(N-Boc)LPF —() MW, HBTU, DMF, 75 °C

2) 10% Ac,0, DMF, MW 2) Capping

3) 20% piperidine, DMF, MW 3) Deprotection

Ac-RRRRRRK(dansyI)GGK(N-Boc)LPFAO < C3PPING_ pRRRRRK(dansyl)GGK(N-Boc)LPF —O

1) Boc deprotection
2) Acrylation

Ac-RRRRRRK(dansyl)GGK (acryl)LPF —O _Cleavage ). R K(dansyl)GGK(acryl)LPF

(3.12)

Compound 3.12 was synthesized using an automated Liberty CEM microwave
peptide synthesizer (Matthews, NC) by conventional Fmoc-based solid-phase peptide
synthesis. Synthesis was carried out on a scale of 1 g of Wang resin with a loading
capacity of 0.93 mmol/g (0.25 mmol scale). Each round of peptide elongation consists
of (i) Fmoc deprotection with 20% piperidine in DMF for 5 min three times; (ii)
washing with DMF; (iii) coupling with N,N,N’,N'-tetramethyl-0-(1H-benzotriazol-1-
ylJuronium hexafluorophosphate (HBTU), DIEA, N-methylpyrrolidinone (NMP), and the
appropriate amino acid in DMF for 11 min; (iv) washing with DMF; (v) acetylation with
10% acetic anhydride in DMF and (vi) washing with DMF. The molar ratio of the amino
groups on the resin/ building block/HBTU was 1:4:3.6. After synthesis of the entire

peptide, the Boc deprotection and acrylation protocol was carried out as described
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previously. The peptide was then cleaved from the resin using 90:5:5 trifluoroacetic
acid (TFA)/ dichloromethane (DCM)/thianisole for 120 min. After cleavage, the resin
was filtered and washed three times under vacuum using 1:1 cylcohexane/acetone. The
peptide was dissolved in a minimal amount of acetone and precipitated from the
solution using cold Et;0 with sonication. The precipitated peptide was then recovered

through centrifugation at 1100 x g for 30 min.

HPLC analysis and purification.

The crude material was purified by preparative Synergi Polar-RP (100 x 21.20
mm) column, on a Waters Delta 600 HPLC using a percentage of ACN in water as eluant,
a flow rate of 6 mL/min and the detector set at 254 nm or 214 nm. The collected
fractions were freeze-dried to give the compound. The areas under the peaks were
determined using Empower Pro (Waters). The peptide Ac-ReK(dansyl)GGK(acryl)LPF-

OH (3.12) was obtained in an overall 5% yield as a pale yellow powder with 90%

purity.

LRMS: [M+H] Calculated: 2013.4 Found: 2013.4

MALDI: [M+H] Calculated: 2013.4 Found: 2014.8
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6.3.4 Kinetic analysis of CPP

6.3.4.1 GDH assay

The GDH assay was performed in triplicate using 200 mM MOPS buffer (pH 7.2),
1 mM EDTA, 500 pM reduced form of nicotinamide adenine dinucleotide (NADH), 10
mM a-ketoglutarate, 0.96 U of glutamate dehydrogenase (GDH), varying concentrations
of the cell permeable peptide (3.12) (0-80 uM), and 10 mM N-acetyl lysine methyl ester
as an acyl-acceptor substrate in a final volume of 180 pL. The reaction solution was
preincubated for 5 min at 37 °C prior to initiation of the reaction by the addition of TG2
(0.007 U in a volume of 20 pL) to give a final volume of 200 pL. For the corresponding
blank solution, the TG2 solution was replaced with water. The assays were performed
in a 96-well plate, and the decrease in absorbance due to the oxidation of NADH was
followed against a blank at 340 nm in a Synergy HT Multi-Mode Microplate Reader
(Winooski, VT) thermostated at 37 °C. After a brief lag during which sufficient ammonia
is produced to saturate GDH, linear slopes of absorbance versus time were measured.
This lag phase is intrinsic to all continuous enzyme-coupled assays, for which it is
difficult to measure true initial rates. However, the brevity of this lag in this assay
allows for the accurate measurement of approximate initial rates, which are still a valid
indicator of substrate turnover. These approximate initial rates were corrected for path
length using the instrument software. The data obtained (blank-corrected) was
plotted as the reciprocal of the observed rate versus inhibitor concentration (Figure

3.8) and a linear trend line was calculated.
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The trend line can be inputted into the Equation 3.1 where the x-intercept of the
line is the ICso value of the cell permeable peptide. This ICso value was then substituted

into Equation 3.2 to obtain a K; for the inhibitor, which was calculated to be 9 uM.

; L i K= ICso
Equation 3.1: — = ml[I]+ b Equation 3.2: K; D

6.3.4.2 AL5 assay

This activity assay was performed using 200 mM MOPS (pH 7), 100 mM CaCly,
and 20 mM EDTA with varying concentrations of the cell permeable peptide (3.12) (0
uM to 535 pM) in a total volume of 260 pL. The reaction solution was preincubated for
5 min at 37 °C prior to initiation of the reaction by the addition of TG2 (0.015U in 40
uL) to give a final volume of 300 pL. For the corresponding blank solution, the TG2
solution was replaced with water. The reaction solutions were then incubated for 30
min at 37 °C. The solutions were then added to an Amicon centrifugal filter with a 30-
kDa cutoff and centrifuged three times at 955 x g for 4 min, successively washing the
filter each time. After the third wash, the sample left in the filter was added to a 96-well
plate and the substrate N-Cbz-L-Glu(y-p-nitrophenyl ester)Gly (20 puL of a 1.4 mM
solution) was added at a concentration of 150 uM in the well. The increase in
absorbance at 415 nm was followed against a blank in a Synergy HT Multi-Mode
Microplate Reader thermostated at 24 °C. Linear slopes of absorbance versus time
were obtained. However, analysis of the kinetic data (not shown) indicated we were
not able to capture the initial rate of first order decay, but instead observed the rate

plateau after enzyme inactivation.
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6.3.5 Preliminary in vivo results with Ac-R¢K(dansyl)GGK(acryl)LPF-OH

SH-SY5Y neuroblastoma cell were obtained from the lab of Professor Gail
Johnson. Approximately 7 x 105 cells/well were transferred to a 6-well culture plate
(Corning), containing 2 mL of DMEM (Dulbecco’s Modified Eagle Medium)/F12 medium
supplemented with 10% FBS (fetal bovine serum), 1% antiobiotics (penicillin and
streptomycin), 1% L-glutamine and 1% of a non-essential amino acids solution in 6
well plates and grown at 37 °C under 5% CO2. The cells were divided into two groups,
so that three wells underwent additional retinoic acid (RA) treatment. The treatment
consisted of a solution of retinoic acid dissolved in DMSO being added to each well to a
final concentration of 20 uM. The remaining three wells underwent no treatment as a
control. The cells were grown to 70-80% confluence before treatment with compound
3.12.

Once ready, the SH-SY5Y cells were incubated with 10 uM of compound 3.12 at
37 °C under 5% COz2 for 30 min. The medium containing compound 3.12 was then
removed from the cells and the cells were washed with a 10% PBS solution.
Supplemented DMEM/F12 medium (2 mL) was added to the cells and they were
incubated for 20 min at 37 °C under 5% CO2. The medium was then removed and the
cells washed with 10% PBS (phosphate buffered saline) solution. This procedure was
repeated twice, whereby the supplemented DMEM/F12 medium was added to the cells,
incubation was carried out for 20 minutes at 37 °C under 5% CO2 and then washed with
10% PBS solution. A solution of 4% paraformaldehyde was then added to the cells and
they were incubated at room temperature for 20 min in the dark. The cells were then

washed twice with a 10% PBS solution and were mounted on glass slides using 25 pL of



201

mounting media. They were dried at room temperature for 2 hours and then stored at
4 °C overnight. The confocal microscopic images were taken with an Olympus BX-60
confocal microscope using a DAPI filter, magnified at. The DAPI filter comprises an
excitation filter that allows light between 360-370 nm, and a long pass 420 nm

emission filter.

6.3.6 Computer modelling of Ac-R¢K(dansyl)GGK(acryl)LPF-OH with TG2

The crystal structure of TG2 in the open form (PDB: 1KV3) was refined and
hydrogen atoms were added at the normal ionization state of amino acids at pH 7.0
while partial charges were fixed to the AMBER99 atom types. The final structure was
minimized using conjugate gradient minimization until a convergence of 0.001
kcalemol-leA-was reached. To prevent the introduction of steric clashes between
residue side-chains, model backbones were tethered by limiting the deviation of the
backbone to no more than 0.5 A from the initial position. Compound 3.12 was built
using the Builder module of MOE, protonated and atomic potentials (or partial charges)
were fixed to the AMBER99 force field as assigned in the MOE software. The catalytic
domain was manually selected and contained the residues important for TG2 catalytic
function. The peptide was oriented and placed within the selected TG2 docking site
with the Triangle matcher method using the refined open form of TG2. This method
uses pre-established docking protocols developed in the Keillor lab. Docked poses
were then scored using the London AG scoring algorithm to rank the docking poses.
Protein solvation was accounted for via implicit solvation. The top ranked structures

obtained after scoring were retained and evaluated.
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6.4 FXIlIla

All Fmoc-protected amino acids, resins, and coupling reagents were purchased
from GL Biochem, Wang resin was purchased from NovaBiochem. All other reagents
were obtained from Sigma-Aldrich or BioShop. Reactions requiring anhydrous
conditions were carried out under a dry nitrogen atmosphere employing conventional
benchtop techniques. Common solvents were bought from EMD Chemicals whereas
anhydrous solvents (THF, Et20, CH2Clz, DMF, CH3CN, toluene) were obtained by
filtration through drying columns on a GlassContour system (Irvine, CA). All aqueous

solutions were prepared using water purified with a Millipore BioCell system.

Reactor tubes for solid-phase peptide synthesis were obtained from Supelco and
shaking was performed on a shaker. All resins were swelled in DMF and washing steps
were performed using CH2Cl> and DMF (EMD Chemicals). Purification of all peptides
was performed using a preparative HPLC method. Mass spectral data (MS, LCMS) were
all obtained using the column, Synergi Polar-RP, 150 x 4.6 mm, 4m (Phenomenex,
Torrance, CA). The crude peptide was purified using a preparative Synergi Polar-RP,

100 x 21.20 mm (Phenomenex, Torrance, CA) on a Waters Delta 600 HPLC system.
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6.4.1 Optimization of expression of GST-FXIIIA

6.4.1.1 Expression of GST-FXIIIA

BL21(DE3) cells were transformed with the expression plasmid pGF13A2,
obtained from Lai and coworkers.? Cells were taken from a frozen stock and grown
overnight in 10 mL of Terrific Broth (TB)/ Luria-Bertrani(LB) or Studier’s NZ-amine,
yeast, phosphate (ZYP) auto-induction medium containing 100 pg/mL ampicillin. This
bacterial suspension was then used to inoculate 1 L of the appropriate fresh medium
and the culture was incubated at 37 °C with shaking (240 rpm). When the optical
density at 600 nm reached approximately 0.6, IPTG was added (for TB and LB media)
and the culture was incubated for an additional 20 h at varying temperatures (17-32
°C) with shaking at 240 rpm. Cells were then harvested by centrifugation (30 min,
2000 x g, 4 °C) and the resulting pellet was resuspended in 30 mL of lysis buffer (20
mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM TCEP and 15% glycerol at pH 8.0). The cells
were lysed with a cell disrupter (Constant Systems) and the crude lysate was clarified

by centrifugation (60 min, 44000g, 4 °C) and filtration (0.22-pm pore size).

6.4.1.2 Purification of GST-FXIIIA

All purification steps were carried out at 0-4 °C. To the lysate was added 1 mL of
Glutathione Sepharose 4B resin that had been previously equilibrated with lysis buffer.
The slurry was mixed gently (100 rpm on a rotary shaker) for 2 h and then loaded onto
a gravity filtration column (Bio-Rad Econo-Column chromatography column 1 x10 cm).
This column was then washed with 10 mL of lysis buffer containing 0.5 % Triton X-100,

10 mL of lysis buffer and 10 mL of elution buffer (50 mM Tris and 15% glycerol at pH
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7.5). These combined fractions were retained as flow-through, while the FXIIIA
remained bound on the column. To the column was added 5 mL of GST elution buffer
(50 mM Tris and 10 mM glutathione at pH 7.5) that was allowed to stand for 25
minutes. FXIIIA was eluted from the column, and another 3 mL of GST elution buffer
was added to the column and allowed to stand for 25 minutes. At this point, the buffer
was eluted from the column and the combined fractions with FXIIIA were concentrated
using a 50-kDa Amicon filter wih the lysis buffer. The concentrated FXIII filtrate was
aliquoted into micro-centrifuge tubes (250 pL/tube), flash-frozen on dry ice and stored

at-80 °C.

6.4.1.3 Protein concentration

Total protein concentration was determined using the Bio-Rad protein assay, a
method based on the Bradford assay, using BSA (bovine serum albumin) as a standard.
Colour development took place over 20 min and absorbance values were measured

using a Varian Cary 100 Bio and compared to standard curves performed daily.

6.4.1.4 Electrophoresis

Separation of proteins by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was conducted using the Bio-Rad Mini-PROTEAN® Tetra
Cell electrophoresis system according to procedures of Laemmli# using minigels (86 x
68 mm) prepared with 10% acrylamide resolving gel at pH 8.8, 4% acrylamide stacking
gel at pH 6.8 and 2.7% crosslinker concentrations. The protein sample (15 pL) was

mixed with 5 pL of loading buffer (50 mM Tris-HCI (pH 6.8), 100 mM DTT, 2% w/v SDS,
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0.1 % w/v bromophenol blue, and 10% v/v glycerol) and boiled for 5 min prior to
loading. Protein bands were revealed using 250R Coomassie blue staining followed by
drying. The SDS-PAGE broad-range molecular weight markers (Bio-Rad) were used as

standards.

6.4.2 Synthesis of high affinity peptide sequences for FXIIla

Peptides were synthesized using an automated peptide synthesizer (Liberty
CEM Microwave Peptide Synthesizer) by conventional Fmoc-based solid-phase peptide
synthesis (SPPS). Synthesis was carried out on a scale of 1 g of Wang resin with a
loading capacity of 0.93 mmol/g (0.25 mmol scale). Each round of peptide elongation
consists of (i) Fmoc deprotection with 20% piperidine in DMF for 5min three times; (ii)
washing with DMF; (iii) coupling with N,N,N’,N'-tetramethyl-0-(1H-benzotriazol-1-
ylJuronium hexafluorophosphate (HBTU), N,N-diisopropylethylamine (DIEA), N-
methylpyrrolidinone (NMP), and the appropriate amino acid in DMF for 11 min; (iv)
washing with DMF; (v) acetylation with 10% acetic anhydride in DMF and (vi) washing
with DMF. The molar ratio of the amino groups on the resin/ building block/HBTU was
1:4:3.6. The peptide was then cleaved from the resin using 90:5:5 trifluoroacetic acid
(TFA)/ dichloromethane (DCM)/thioanisole for 120 min. After cleavage, the resin was
filtered and washed three times under vacuum using 1:1 cyclohexane/acetone. The
peptide was dissolved in a minimal amount of acetone and precipitated from the
solution using cold Et;0 with sonication. The precipitated peptide was then recovered
through centrifugation at 1100 x g for 30 min. The crude material was purified by

preparative Synergi Polar-RP (100 x 21.20 mm) column, on a Waters Delta 600 HPLC
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using a percentage of ACN in water as eluant, a flow rate of 10 mL/min and the detector
set at 254 nm or 214 nm. The collected fractions were freeze-dried to give the desired
peptide whereby small aliquots tested demonstrated purities of at least 90% for each

peptide as determined by calculating the area under the peak using Empower Pro.

Ac-SQMM-OH (4.6)

Obtained as a white powder in an overall 8% yield. Purification conditions were 5 to

80% ACN in 25 min. Retention time: 3.09 min.

HRMS (m/z): [M+Na] Calculated: 560.1825 Found: 560.1843

Ac-DQMML-OH (4.7)

Obtained as a white powder in an overall 13% yield. Purification conditions were 35 to

90% ACN in 25 min. Retention time: 5.17 min.

HRMS (m/z): [M+Na] Calculated: 677.2639 Found: 677.2565

Ac-DQMHV-OH (4.8)

Obtained as a white powder in an overall 9% yield. Purification conditions were 5 to

80% ACN in 25 min. Retention time: 2.61 min.
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HRMS (m/z): [M+Na] Calculated: 693.2642 Found: 693.2653

Ac-DQMMMAF-OH (4.9)

Obtained as a white powder in an overall 10% yield. Purification conditions were 40 to

95% ACN in 25 min. Retention time: 3.46 min.

HRMS (m/z): [M+Na] Calculated: 936.3156 Found: 936.3088

Ac-SQSRV-OH (4.10)

Obtained as a white powder in an overall 11% yield. Purification conditions were 15 to

80% ACN in 25 min. Retention time: 4.62 min.

HRMS (m/z): [M+Na] Calculated: 618.3211 Found: 618.3187

Ac-GQSMV-OH (4.11)

Obtained as a white powder in an overall 5% yield. Purification conditions were 5 to

80% ACN in 25 min. Retention time: 4.51 min.

HRMS (m/z): [M+Na] Calculated: 561.2343 Found: 561.2383
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6.4.3 Optimization of thrombin activation

The optimization of thrombin activation of FXIIIA was carried out by incubating
a solution of varying units of thrombin (5-30 units) in 200 mM MOPS, 10 mM CaClz, 100
mM a-ketoglutarate, 100 mM glycine methyl ester, 500 uM NADH, 4.8 units of GDH and
142 nM FXIlIla in a total volume of 600 pL. Each sample was incubated for 1 hour at 37
°C at which point the reactions were quenched by placing the samples on ice. An SDS-

PAGE gel was then undertaken with the samples and the results compared.

To further and quantitatively refine the amount of thrombin necessary for FXIII
activation, an activity test using the GDH assay was performed with various amounts of
thrombin. Varying units of thrombin (0.5-5 units) in 200 mM MOPS (pH 7.0), 10 mM
CaClz, 100 mM a-ketoglutarate, 100 mM glycine methyl ester, 500 uM NADH, 4.8 units
of GDH and 142 nM FXIlla in a total volume of 600 pL were incubated for 1 hour at 37
°C. The specific activity of FXIIla was measured by monitoring the decrease in
absorbance of NADH at 340 nm after the addition of N,N-dimethylcasein to a final
concentration of 700 pM. One unit of enzyme activity (U) is defined as the amount of
FXIIla that catalyzes the formation of 1 pmol of NAD* from NADH per minute and is

reported as units per milligram of protein.

6.4.4 Kinetic analysis of FXIIla substrate peptides
The peptides were analyzed kinetically through the use of the GDH assay, where
the release of ammonia catalyzed by FXIlla leads to the formation of NAD* from NADH

and a concurrent decrease in absorbance at 340 nm. The peptides served as the
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glutamine donor while the buffer contained glycine ethyl ester as the amine acceptor
substrate. The standard assay was performed in 200 mM MOPS (pH 7.0), 10 mM CaCly,
100 mM a-ketoglutarate, and 500 uM NADH, 0.96 units GDH, varying concentrations of
peptide and fixed concentrations of an acyl acceptor substrate (100 mM glycine ethyl
ester) in a final volume of 180 pL were preincubated for 3 min at 37 °C. The enzyme
reactions were initiated by adding 16.6 pg of activated FXIlIa (in a volume of 20 pL) to
give a final volume of 200 pL. For the corresponding blank solution, the TGase solution
was replaced by water. The increase in absorbance at 415 nm was followed against a
blank in a Synergy HT Multi-Mode Microplate Reader thermostated at 37 °C. Linear
slopes of absorbance versus time were obtained. All experiments were performed in
triplicate whereby all peptides except Ac-DQMMMAF were tested using FXIIla obtained
from the same purification. The activity of FXIIIa used to test AccDQMMMAF was

normalized by testing it with Ac-DQMML-OH and comparing the rates.

The linear slopes (blank-corrected) were tranformed into initial reaction rates
by dividing by the extinction coefficient of NADH (6220 M-1cm-1). The rate of the
reaction was then plotted against peptide concentration and a straight line was

obtained for each peptide.

6.4.5 Modelling of peptides with FXIIla and TG2
From the crystal structure of the open form of TGZ (PDB: 1KV3), a homology
model was created for FXIIla using MOE (Molecular Operating Environment) program

version 2011.10 from the Chemical Computing Group. The sequence of FXIIla was
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directly aligned with the known TG2 open form template, with an approximate 37%
sequence identity between FXIIla and TG2 using the BLOSUM Alignment matix. The
sequence of FXIIla was then threaded onto TG2 and known structural information from
the TG2 template was transferred into the rough FXIlIa structure, which would become
the primary template. Twenty-five intermediate models for the open form FXIIIa
structure were generated for which small loop-based or side chain-based modifications
were carried out to the primary template and each modification was coarsely energy-
minimized for steric interaction. The final model generated, based on the cartesian
average of the twenty-five intermediate models was validated relative to steric and
atomic clashes as well as rotamer outliers to confirm model quality. The model was
refined and hydrogen atoms were added at the normal ionization state of amino acids
at pH 7.0 while partial charges were fixed to the AMBER99 atom types. The final
structure was minimized using conjugate gradient minimization until a convergence of
0.001 kcalemol-teA-1 was reached. To prevent the introduction of steric clashes
between residue side-chains, model backbones were tethered by limiting the deviation
of the backbone to no more than 0.5 A from the initial position. The FXIIIa peptides
were built using the Builder module of MOE, protonated and atomic potentials (or
partial charges) were fixed to the AMBER99 force field as assigned in the MOE
software. The structure was then minimized using conjugate gradient minimization
until a convergence of 0.001 kcalemol-1eA 1 was reached. The catalytic domain was
manually selected and contained the residues important for FXIIla catalytic function.
The peptide was oriented and placed within the selected FXIIla docking site with the

Triangle matcher method using the refined, open model of FXIIla. Docked poses were
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then scored using the London AG scoring algorithm to rank the docking poses. Protein
solvation was accounted for via implicit solvation. The top ranked structures obtained

after scoring were retained and evaluated.

For TG2, the crystal structure (PDB: 1KV3) was refined and hydrogen atoms
were added at the normal ionization state of amino acids at pH 7.0 while partial charges
were fixed to the AMBER99 atom types. The final structure was minimized using
conjugate gradient minimization until a convergence of 0.001 kcalemol-1eA-1 was
reached. To prevent the introduction of steric clashes between residue side-chains,
model backbones were tethered by limiting the deviation of the backbone to no more
than 0.5 A from the initial position. The catalytic domain was manually selected and
contained the residues important for TG2 catalytic function. The peptide was oriented
and placed within the selected TG2 docking site with the Triangle matcher method
using the refined, open form of TG2. Protein solvation was accounted for via implicit
solvation. Docked poses were then scored using the London AG scoring algorithm to
rank the docking poses. The top ranked structures obtained after scoring were

retained and evaluated.
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6.4.6 Attempted Synthesis of Ac-DE(O-coumarin)MM-OH

6.4.6.1 First attempt towards activity assay using Fmoc-Asp(0OAllyl)-OH

Ac-D(0Allyl)E(OtBu)MM-OH (4.13)

1) Deprotection

2) Coupling of
Fmoc-D(OAllyl)-OH
NH,- MM_O Fmoc-E(OBu)-OH Fmoc-E(OfBu)MM _O moc-D( : yl)
DIC, HOBt 3) Deprotection
4) Acetylation

Ac-D(OAllyl)EMM-OH ~FADCM AC-D(OAllyl)E(OtBU)MM—O
(4.13)

The synthesis of this peptide was carried out as per the general Fmoc-based
solid phase coupling techniques outlined for the synthesis of Ac-
RgK(dansyl)GGK(acryl)LPF-OH, using Wang resin. The peptide was cleaved from the
resin (1 g) by incubating with TFA:DCM (1:1) for 2 h. The peptide was precipitated

from the cleavage solution using diethyl ether and hexane.

LRMS (m/z): [M+H]: Calculated: 551.1 Found: 551.2
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Ac-D(OAIllyl)E(O-coumarin)MM-OH (4.14)

7-hydroxycoumarin .
Ac-D(OAllyl)EMM-OH » Ac-D(OAIllyl)E(O-coumarin)MM-OH
c-D(OAIVDEMM-OR =5 = 1081, DMF (OAIVHE( )

(4.13) (4.14)

To a 100-mL round-bottomed flask containing Ac-D(OAllyl)E(OtBu)MM-OH

crude peptide (0.245 g, 0.4 mmol) was added DIC (0.186 mL, 1.2 mmol), HOBt (0.165 g,
1.2 mL) and 7-hydroxycoumarin (0.329 g, 2.0 mmol). The reagents were solubilized in
10 mL of DMF and the reaction stirred overnight at 45 °C. The following morning, both
water and DCM were added to the reaction mixture and an extraction performed four
times with DCM. The organic layer was washed three times with 0.1 M HCI, 4 times
with sat. NaHCOsz:sat Na2COs in a ratio of 50:50, once with water and lastly, once with
brine. The organic phase was dried over magnesium sulfate, filtered and then removed
under rotary evaporation. The residue was then dissolved in a minimum of acetone

and precipitated with ether.

LRMS (m/z): [M+H] Calculated: 694.2 Found: 694.3

Ac-DE(O-coumarin)MM-OH

] Pd(PPhs),
Ac-D(OAIllyl)E(O-coumarin)MM-OH > Ac-DE(O-coumarin)MM-OH

(4.14) DMF

The Pd(PPhs)4 catalyst was created in situ using Pd(dba); and PPh3 in dry

dichloromethane, under an inert atmosphere. After formation of the catalyst, the crude
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Ac-DE(O-coumarin)MM-OH peptide was added to the solution and the reaction mixture
was stirred for two hours, with monitoring by TLC. The starting material was never
deprotected and it was concluded that the methionine sulfurs were poisoning the
catalyst. A second attempt involved using freshly prepared Pd(PPh3)s from the method

of Malatesia et al.,5 but the same result was obtained.
6.4.6.2 Second attempt using Fmoc-Glu(O-coumarin)-OH

1-allyl 5-tert-butyl 2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)pentanedioate (4.15)

o) 0 J/
FmocHN.__JL | FmocHN._JL
: Allyl Bromide :
)(l DIEA, ACN, 100% )(l
00 0”0

(4.15)

To a 250-mL round-bottomed flask containing 100 mL of acetonitrile, Fmoc-
Glu(OtBu)-OH (2 g, 4.7 mmol) was added. Allyl bromide (11.2 mL, 129.4 mmol) was
then added, followed by DIEA (1.75 mL, 9.21 mmol). The reaction mixture was stirred
overnight at which point 100 mL of dichloromethane was added to the flask. The
organic phase was washed with 3 x 30 mL of 0.1 M HCl, 3 x 30 mL of saturated NaHCO3
solution, and then 3 x 30 mL of brine. The organic phase was then dried over
magnesium sulfate and evaporated to yield a viscous, slightly yellow oil in quantitative

yield that was used without further purification.
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1H NMR (300 MHz, CDCls) & (ppm): 7.78 (d, 2H), 7.57 (dd, 2H), 7.38 (t, 2H), 7.30 (t,
2H), 5.90-5.86 (m, 1H), 5.47 (d, 1H), 5.19 (d, 1H), 4.60 (d, 2H), 4.40-4.35 (m, 2H) 4.30-
4.26 (m, 1H), 4.22-4.19 (m, 1H), 2.34-2.29 (m, 2H), 2.13-2.09 (m, 1H), 1.97-1.94 (m,

1H), 1.46 (s, 9H)

13C NMR (75 MHz, CDCls) & (ppm): 172.1, 171.8, 156.0, 143.9, 143.7, 141.3, 131.5,

127.8,127.1,125.1,124.9,120.0, 119.0, 80.9, 67.1, 66.1, 53.6, 47.2, 31.5, 28.1, 27.8.
HRMS (m/z): [M+Na] Calculated: 488.2049 Found: 488.2046

4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(allyloxy)-5-oxopentanoic

acid (4.16)

o) J/ o) f
FmocHN._J\ FmocHN._J\
: TFA/DCM :

- =
)(l 85% l
0 o HO Yo

(4.15) (4.16)

To a 250-mL round-bottomed flask containing 15 mL of dichloromethane,
compound 4.15 (2.29 g, 4.9 mmol) was added. Trifluoroacetic acid (15 mL, 19 mmol)
was added and stirring at room temperature was continued until complete
disappearance of the starting material was observed by TLC. The reaction mixture was
then evaporated and washed three times with a 1:1 mixture of cyclohexane and

acetone. After the last wash, the residue was dissolved in acetone and hexane was
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added while sonicating the flask. The desired product precipitated as a white powder

in 94% yield.

M.P.: 117-122 °C

1H NMR (400 MHz, MeOD) 8 (ppm): 8 7.78 (d, 2H), 7.57 (dd, 2H), 7.38 (t, 2H), 7.30 (t,

2H), 5.90-5.86 (m, 1H), 5.47 (d, 1H), 5.19 (d, 1H), 4.60 (d, 2H), 4.40-4.35 (m, 2H) 4.30-

4.26 (m, 1H), 4.22-4.19 (m, 1H), 2.34-2.29 (m, 2H), 2.13-2.09 (m, 1H), 1.97-1.94 (m, 1H)

13C NMR (100 MHz, CDCls) & (ppm): 178.1, 177.7, 171.7, 156.5, 143.9, 143.7, 141.33,

131.1,127.8,127.1,125.1,124.9,120.0, 119.7, 119.3, 67.2, 66.3, 53.9, 53.3, 47.2, 29.9,

27.4,27.1

HRMS (m/z): [M+Na] Calculated: 432.1423 Found: 432.1390
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1-allyl 5- (2-o0x0-2H-chromen-7-yl)-2-((((9H-fluoren-yl)methoxy)carbonyl)

amino)pentanedioate (4.17)

FmocHN._J. | FmocHN. L. _

7-hydroxycoumarin

TBTU, HOB, NEt5,
DMF, 75%

HO™ ~0O

NN
(4.16) (4.17)

To a 100-mL round-bottomed flask containing 7 mL of DMF, compound 4.16
(0.2 g, 0.49 mmol), TBTU (0.47 g, 1.47 mmol), HOBt (0.23 g, 1.47 mmol) and 7-
hydroxycoumarin (0.12 g, 0.74 mmol) were added and the reaction mixture stirred
overnight. Water (50 mL) was then added and an extraction was performed using
ethyl acetate. The organic phase was collected and washed with brine, dried over
magnesium sulfate and evaporated under vacuum. The product was purified using
flash column chromatography with an eluent of 65:45 hexanes:ethyl acetate which

afforded a white powder in 75% yield.

M.P.: 119-123 °C

1H NMR (400 MHz, (CD3)2C0) & (ppm): 7.95 (d, 1H), 7.84 (d, 2H), 7.68-7.62 (m, 3H)
7.41-7.36 (m, 2H), 7.32-7.27 (m, 2H), 7.17-7.11 (m, 2H), 6.37 (d, 1H), 6.00-5.89 (m,
1H), 5.31 (d, 1H), 5.21 (d, 1H), 4.64-4.61 (m, 2H), 4.45-4.41 (m, 1H), 4.36 (d, 2H), 4.23

(t, 1H), 2.85-2.81 (m, 2H), 2.35-2.31 (m, 1H), 2.15-2.10 (m, 1H)
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13C NMR (100 MHz, (CD3)2C0) 8 (ppm): 171.4, 170.6, 159.4, 156.4, 154.8, 153.4,
144.2,144.1,143.3,141.3,132.4,129.1, 127.7, 127.1,127.1, 125.3, 120.0, 118.4, 117.5,

116.9,115.8,110.1, 66.4, 65.3,53.4,47.2,30.1, 27.2
HRMS (m/z): [M+Na] Calculated: 576.1635 Found: 576.1642

2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-0x0-5-((2-0xo0-2H-chromen-7-

yl)oxy)pentanoic acid (4.18)

0 f o)
FmocHN._JL. _ FmochN._JL
: Pd(PPhg), :

l HOBt, DMF, 80% l
0.__0 0”0 0.__0 o Ne)
190 190

(4.17) (4.18)

To a 100-mL round-bottomed flask containing 15 mL of dry dichloromethane,
compound 4.17 (0.43 g, 0.78 mmol), HOBt (0.12 g, 0.78 mmol) and Pd(PPh3)4(0.09 g,
0.078 mmol) were added and the reaction mixture stirred under an inert atmosphere
until the complete disappearance of starting material was observed. The reaction
mixture was filtered and the dichloromethane was evaporated under vacuum. The
product was purified using flash column chromatography (6:3:1

hexanes:toluene:ethyl acetate) to obtain an off-white powder in 80% yield.

M.P.: 124-128 °C
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1H NMR (400 MHz, (CD3)2C0) & (ppm): 8.01 (d, 1H), 7.73 (d, 2H), 7.61-7.65 (m, 3H)
7.46-7.42 (m, 2H), 7.35-7.32 (m, 2H), 7.20-7.17 (m, 2H), 6.37 (d, 1H), 4.64-4.61 (m,
2H), 4.45-4.41 (m, 1H), 4.36 (d, 2H), 4.23 (t, 1H), 2.85-2.81 (m, 2H), 2.35-2.31 (m, 1H),

2.15-2.10 (m, 1H)

13C NMR (100 MHz, (CD3)2C0) 8 (ppm): 171.4, 170.6, 159.4, 156.4, 154.8, 153.4,
144.2,144.1,143.3,141.3,129.1,127.7, 127.1,127.1, 125.3, 120.0, 117.5, 116.9, 115.8,

110.4,67.1,51.5,47.2,30.1, 27.6

HRMS (m/z): [M+Na] Calculated: 536.1232 Found: 536.1311

MM AO Fmoc-Glu(O-coumarin)-OH (4.18) FmocE(O-coumarin)MM—O
DIC, HOBt, DMF %1) 20% piperidine in DMF

2) 5% DIEA in DMF

NH,-E(O-coumarin)MM —O

The solid phase synthesis was carried out according to standard coupling
procedures already mentioned. It was found that standard deprotection conditions
resulted in the cleavage of the ester bond to release the coumarin fluorophore.
Modified deprotection conditions were attempted using 5% DIEA in DMF incubated
with 1 g of resin for a total of 1 min. These modified conditions also resulted in

cleavage of the ester bond, releasing the coumarin molecule.
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6.4.6.3 Third attempt towards activity assay using Fmoc-Glu(OTce)-OH

(S)-1-allyl 5-(2,2,2-trichloroethyl) 2-((((9H-fluoren-9-yl)methoxy)carbonyl)

amino)pentanedioate (4.19)

P

l DCM, NEty, 88% ¢ l
cl
CI)</O o

HO™ O

O f O f
FmocHN\)ko Gl cl FmocHNQ]\O
: cl :

(4.16) (4.19)

To a 100-mL round-bottomed flask containing compound 4.16 (1 g, 2.4 mmol),
was added DMAP (0.15 g, 1.2 mmol), DCC (0.66 g, 3.2 mmol) and 2,2,2-trichloroethanol
(0.74 mL). The reaction was stirred overnight in 50 mL of DCM at room temperature. It
was then filtered and the filtrate washed three times with 0.1 M HCL. The organic phase
was dried over magnesium sulfate and then evaporated under vacuum. The product was
purified using column chromatography with an eluent of 6:4 hexanes:ethyl acetate and

obtained as a cream-white solid in 88% yield.

M.P.: 68-71 °C

1H NMR (400 MHz, CDCls) & (ppm): 7.76 (d, 2H), 7.65-7.63 (m, 2H), 7.35 (t, 2H), 7.28

(t, 2H), 5.94-5.85 (m, 1H), 5.3 (d, 1H), 5.19 (d, 1H), 4.60 (d, 2H), 4.35-4.30 (m, 2H), 4.28-



4.24 (m, 1H), 4.22-4.17 (m, 1H), 2.40-2.37 (m, 2H), 2.19-2.10 (m, 1H), 1.96-1.88 (m,

1H).

13C NMR (100 MHz, CDCls) & (ppm): 171.5, 171.2, 143.8, 143.6, 141.3, 141.3, 131.3,

127.8,127.1,125.1,120.1,120.1, 119.3,99.6, 94.8, 74.1, 67.2, 66.4, 64.5, 53.2, 47.1,

30.6,29.9, 27.5.
HRMS (m/z): [M+Na] Calculated: 562.0567 Found: 562.0558

(5)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-o0xo0-5-(2,2,2-

trichloroethoxy)pentanoic acid.

O f
FmocHN \)J\ 0

O
FmocHN\)J\OH
Pd(PPhg), z

ol l HOBt, DMF, 83% ¢ N l
0 o o <2070
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To a 100-mL round-bottomed flask containing 15 mL of dry dichloromethane,

compound 4.19 (0.43 g, 0.78 mmol), HOBt (0.12 g, 0.78 mmol) and Pd(PPh3)4(0.09 g,

0.078 mmol) were added and the reaction mixture stirred under an inert atmosphere

until the complete disappearance of starting material was observed. The reaction

mixture was filtered and the dichloromethane was evaporated under vacuum. The
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product was purified using flash column chromatography (6:4 hexanes:ethyl acetate)

and obtained in 83% yield as a white powder.

M.P:107-110 °C

1H NMR (400 MHz, CDCls) § (ppm): 7.73 (d, 2H), 7.56-7.51 (m, 2H), 7.35 (t, 2H), 7.28

(t, 2H), 4.7 (s, 2H), 4.60 (d, 2H), 4.35-4.30 (m, 1H), 4.22-4.17 (m, 1H), 2.61-2.53 (m, 2H),

2.35-2.30 (m, 1H), 2.27-2.23 (m, 1H).

13C NMR (100 MHz, CDCls) & (ppm): 176.9, 171.2, 156.2, 143.8, 141.3, 141.33, 132.5,

128.8,127.1,125.0,120.0, 120.0, 115.7,94.7, 74.2, 67.2, 53.1, 47.1, 30.0, 29.93, 27.3.

HRMS (m/z): [M+Na] Calculated: 522.0254 Found: 522.0251

Fmoc-Glu(OTce)-OH (4.20
v —Q) u(OTee)-OH (4-20) | - oE(OToe)MM —Q

DIC, HOBt, DMF
1) 20% piperidine in DMF
2) 5% DIEA in DMF

NH,-E(OTce)MM —O

The solid phase synthesis was carried out according to standard coupling
procedures already mentioned. Compound 4.20 was coupled to the resin using the
standard conditions. Deprotection of the Fmoc protecting group using standard

conditions of 20% piperidine in DMF (3 x 5 min) led to cleavage of the trichloroethyl
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ester. The presence/absence of the trichloroethyl ester was confirmed by 13C NMR,

monitoring the distinctive C(Cl3) peak. Milder deprotection conditions were

attempted, namely 5% DIEA in DMF for 1 min, but this also proved unsuccessful.

(1)
(2)

(3)

(4)
(5)
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