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Abstract

ABSTRACT

Transglutaminase 2 (TG2) is a functionally and structurally complex ubiquitous
protein. TG2 has CGhdependent transamidating activity, can bind and hydrolyze
ATP/GTP, function as a {@rotein in intracellular signaling, and has reported kinase
activity. TG2 knockout mice are observed to have impaired glestoselated insulin
secretion (GSIS)Three néurally occurring mutations, includinglet330Arg lle331Asn
and Asn333Ser have been reported in the TG2 protein and observed to be related with
maturity onsetliabetes of the young (MODY)In order to assess the role of the various
domains of TG2 in GS, a series of constructs were generated usingdisgeted
mutagenesis to express either wiyghe or mutant TG2 protein including an additional
peptide tag for idetification purposes (Mc-tag). Overexpression of the naturally
occurring Myetag mutantsn INS-1E cells generated a loss in GSIS compared to wild
typeTG2 overexpression. Each mutant was shown to have diminished transamidation
and kinase activities, along with altered GBiRding which wagesponsive to glucose
stimulation. Naturally occuing mutations in TG2 impact the transamidation, kinase,
and GTPbinding functions of TG2.The GTRbinding function of TG2 has a significant

impact on GSIS from pancreatic beta cells in addition to its transamidating activity.
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Introduction

|. INTR ODUCTION

Research Rationale

Diabetes Mellitus is a metabolic disease which has interrelated vascular,
neuropathic, and nephropathic components. It encompasses a group of metabolic
diseases which are characterized by hyperglycemia generated througbraipéiash of
insulin secretion, insulin action, or a combination of the fdjo Diabetes Mellitus
consists of two main categories, type 1 and type 2 diabetes. Type 2 diabetes can arise
primarily from eitherbeta cell dysfunctiolr insulin resistance at peripheral tissuesa or
combination of the two[2]. From the 19800s thenkashbeadnraougho
massive rise in the number of individuals diagnosed with type 2 diaf8tesd this
number is projected to continue to rise in the fufdje There are several behavioural
and lifestyle risk factors including obesity, physical inactivity, diet, and sts¢ss well
as geneticrisk factors including the possession of alterations in the maturity onset

diabetes of the young (MODY) genes thay inducebeta cell dysfunctiof6].

Transglutaminase 2 (TGZ2) is a functionally and strudipicmplex protein. The
TGM2 gene is situated on human chromosome 20, specifically within the 20q12 locus
[7]. Chromosome 20q has been showrtdotaina susceptibility locus for noninsutin
dependent type 2 diabetes (NIDDM)linkage studies and is thought to possess multiple
susceptibility gene¢$8-10]. TG2 knockout mice have been observed to be glucose

intolerant, have partially alished insulin secretion in response to glucose, and display a

~1~



Introduction

phenotype analogous to patients with MODY1]. Three heterozygous missense
mutations in theTGM2 gene have been discovered in individuals previously diagnosed
with MODY. These mutations cause the TG2 protein to o of three amino acid
substitutions, including methionine 330 to arginide(330Arg, isoleucine 331 to
asparaginelle331Asn, and the asparagine 333 to seriAsr(333Ser[11, 12]. A well
characterized function of TG2 is itslcam-dependentransamidation activity, which
catal yzes t heglupmyt#ysimetbond betweeh theaside chain of lysine
and glutamine residues either within the same proteimetweentwo separate proteins
[13]. Recently, TG2 has been shown to modulate glustisaulated insulin secretion
(GSIS) from beta cells by covalently coupling serotonin onto smalragins. The
bonding of serotonin onto glutamine residugghin these insulin secretiemodulating

small GTPases, results in their constitutive activation thereby affecting[®&8IS

TG2 possesses intrinsic kinase activity and phosphoryéatesiety of proteins,
including insulirlike growth factor binding prote#3 (IGFBP3)[15]. A studyrecently
idertified IGFBP3 as possessing a modulatory role in insulin secrgtign In addition,
it was observed that Gaand ATP regulate the kinase and transamidation activities of
TG2 in an opposingmanner[15]. ATP facilitates kinase activity, while exerting an
inhibitory effect on transamidation activitwhereas<C&* hasthe opposite effect. GTP is
able tobind toTG2, allowing TG2 to act as a-@otein in cell signalig pathwayq17].
Similar to ATP binding, GTP binding and transamidation activity are inversely associated
with each other. Despite the fact that the transatiwid catalytic triad and putative

GTP/ATP binding loops are located distantly from each other in the primary structure of

~2~
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TG2, in the tertiary structure they are found in close proximity as seen in the crystal
structure of TG2[18, 19]. The naturally occurring mutations of TGRIet330Arg

lle331Asn and Asn333Ser-TG2 are located within the region containing the
transamidation catalytitriad, and similato the triad, are found in close proximity to the
GTP/ATP binding loops in the tertiary structure of TG2. The effects these naturally
occurring mutations of TG2 have on its enzymatic functions, as well ag Rsbiading

ability, have not been elucidated. While a role for the transamidatiovity of TG2 in

GSIS from pancreatic beta cells has been postu[d@dthere is dack of evidence to

support it. The prospect that more than ohe oT G2 6 s f u n cisinvolvedih act i
GSIS has not yet been investigated. It is likely that these mutations, due to their
respective locations on TG2, affect the transatimda kinase, and GTBinding/G

protein activities of thisnulti-functionalprotein. Therefore, the goal of this thesisject

was to elucidate the functional impact of the naturally occurring musatonTG2

functional activities, including GTBinding and their relationship with GSIS in
pancreatic beta cells. The first objective was to determine the effect of the
overexpression of each mutant on GSIS. The second objective was to etveieftect

of these mutationson G2 6 s f unct anodn adle taecrtmivniet iiefs t hese

functi onal activities coul d be correl at e



Introduction

Literature Review

1. Pancreas: Structure and Physiology

Located in the posterior wall of the abdominal cavity of mammals, the pansreas i
a gland with a blend of exocrine and endocrine constituents that has an essential role in
metabolism and digestion. The endocrine segment of the pancreas influences metabolism
through the secretion of hormones that modulate carbohydrate, lipid, ar&nprot
metabolism. The exocrine, or acinar, segment of the pancreas produces and secretes
digestive enzymes and an alkaline pancreatic fluid into the pancreatic duct, which
terminates in the lumen of trdluodenum The secretion of the bicarbonateh fluid,
along with digestive enzymes, is stimulated by a variety of means, including the two
peptide hormones released by the duodenum, cholecystokinin (CCK) and sethatin.
alkaline fluid functions to buffer the acidic contents entering the small intestimethe

stomacHh20].

The endocrine pancreas is composed of minute masses of endocrine cells, known
as the islets of Langerhans, dispersed among the egotissue. The islets of
Langerhans secrete two major hormonesulin and glucagon [21]. These two
hormones function by modulating the rate of catabolism and anabolism of endogenous
carbohydrates, lipids, proteins, and other substrates to make certain that the energy
requirements are guaranteed in the basal statedaring exercise. Furthermore, these

hormones direct the flow of nutrient input from meals. They achieve these roles mainly
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through actions on the liver, muscle, and adipose tissue throughout the body. Additional
secretory peptide products of isleflsanclude amylin, pancreastatin, somatostatin, and
pancreatic polypeptide. There are roughly 1 million islets in the human adult pancreas,

only comprising 1% to 1.5% of the total pancreatic mass. An islet consists of
approximately 2500 cells, 60%0% d whi ch are the 1 ns268%in secq

are the glucagd@l, 22] and pancreastatis e c r e t i n[28], and 10% lare she

somatostatin producing U cells and the par
islet is composed of a core of bl caedd sPRBul
cells[21, 22].

During a meal the nutrient inflow from the intestines, along with gastrointestinal
secretagogues released irspense to food intake, stimulate the secretion of insulin.
Additionally, the enzyme products and alkaline fluid of the exocrine pancreas are
released into the duodenum to aid digestion. The islet hormones flowhegancreatic
vein into the portal ve, where they unite with the blood containing the nutrients
absorbed from digestion. The liver, being the central organ in substrate traffic, receives
primary exposure to the islet hormones and in higher contensathan peripheral
tissues. During p&ahormone secretion from the pancreas,ta 50% of the plasma
glucagon and insulin contemmian beextracted by the liver on the first pass, thereby

providing a means of regulating the availability of these hormones to other {i28ues
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2. Insulin: Structure, Synthesis, and Secretion

Mature insulin has a molecular weightaiiout 6000Da and is composed of two
straight peptide chains, known as the A and B chains, which are connected by two
disulfide bridges. It is formed from the insulin precursor preproinsulin, which
sequentially consists of antdrminal peptide, the B chapeptide, a connecting peptide,
known as C peptide, and the A chain peptide. Prior to the completion of synthesis, the N
terminal peptide is cleaved from the molecule. The resulting proinsulin molecule obtains
disulfide linkages between the A and B chaihile en route to the Golgi apparatus,
forming a folded conformation. Once in the Golgi apparatus, the C peptide is slowly
cleaved from the two chains by proconvertasand carboxypeptidagé. Insulin, along
with equimolar quantities of C peptide, iagkaged and stored in granules to be released

by exocytosig22].

A largevariety of factors can stimulate or inhibit insulin secretion from pancreatic
beta cells. When substrate availability is high, such as during a meal, insulin is secreted
and transported throughout the body by the circulatory system. The hormone ssmulat
the use of incoming nutrients while concurrently inhibiting the mobilization of analogous
endogenous substrate&lucose is the insulisecretingstimulant of greatest importance
in humans. Since the primary function of insulin is to stimulate thakapand use of
glucose in peripheral tissue, the substraiemone pairing of insulin and glucose forms a
feedback system that closely maintains plasma glucose IE2#ls Several nutrients
such as the amino acids alanine, glutamggine, andreefatty acids such gsalmitate

can act as insulin secretagogueseucine is raghly onethird as potat as glucose in
~ 6 ~
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stimulatng insulin releasewhile glutanine and leucine in combinatiact to stimulate
insulin to an equal degree as glucg24-26]. Hormones are also known to influence
insulin secretion, one of which is somatostatin, which acts through inhibitgnpt@ins
found on the cellular membrane of the beta cell to decrease insulin [@&ase

A glucose transporteknown as GLUT2 in humansfacilitates the movement of
glucose into the betaelt, maintaining an intracellular glucose level almost identical to
the interstitial fluid. | t I's apparent th
by the enzyme glucokinase. Glucokinase functions by phosphorylating glucose, which is
theprimary and ratdimiting step required for islet glucose utilizatif20]. The resulting
molecule, glucosé-phosphate, is then able to enter the glycolytic pathway to
subsequently produce two molecules of pyruvateruwe enters the mitochondria,
where it is decarboxylated to form aceG®A, which is utilized by the tricarboxylic acid
cycle (TCA) to generate NADH and FADH These two reducing agents are oxidized in
the electron transport chain in order to promoidPAproductiori22]. The rapid increase
of the cytoplasmic concentration ofTR results in the closure of the ABRnsitive
potassium channels f) located on the plasma membrane, thereby depolarizing the
beta cell. This depolarization triggers the opening of the voljaged C&" channels,
creating an influx of Cd into the gtoplasm[27-29]. The elevation of cytoplasmic €a
stimulates the recruitment of secretory granules to the plasma membrane, where they
dock, fuse, and releasleeir contents into the extracellular environm@igure 1) Two
pools of insulin secretory granules exist and are known as the reserve pool and the ready

releasable pool. The elevation in°Caunctions to promote the sudden exocytosis of the
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granulesm the readyeleasable pool, followed by the recruitment of additional granules

from the reserve po$B80Q].

A
MEMBRANE L-Type Ca**
DEPOLARIZATION [mmmmm-m CHANNEL
N 4
i 1

1
I
i '
GLUCOKINASE | y
\ L]

Y
GLUCOSE 6-P | INSULIN
\ SECRETION
\ .
\ @S ____ X
GLYCOLYTIC s

-
”
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\
\
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\
\
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CYCLE/OXIDATIVE | ATP:ADP |
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Figure 1. Glucose stimulated insulin seretion general pathway.

Glucose is transported into beta cells and metabolized, increasing intracellular ATP
levels. Katp channels close, depolarizing the cellular membrane, opening vojéage
L-type C&* channels. A surge of intracellular calciunmsoactivates the mechanism for
secretory granule movement and exocytosis.

The stimulatory amino acid$iee fatty acids, and ketoacids entiee beta cells
and contribute to the production of ATP to synergistically increase insulin secretion along
with glucose. There are exceptions however, including arginine, which potentiates
insulin release due to the cumulative effect its positive charge has on inducing membrane
depolarization31]. A secondary increase in cAMP levels following glucose exposure

enhances insulin secretion through a cANd#pendent mtein kinase, known as Protein
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Kinase A. PKA functions by phosphorylating proteins that may participate in exocytosis
or granule recruitmerjB2]. Stimulatory G proteins facilitate the insuBecretory effects

of peptidessuchas glucagon andlucagonlike peptidel (GLP-1). GLP-1, an incretin
hormone, enhances insulin release via activation of adenylyl cyclase, cCAMP generation,
PKA activation, andan increase in intracellular €devels[33]. A stimulatory G protein
associated with phospholipase (BLC) mediates the capability of acetiyldine to
enhance insulimelease This G protein produces the hydrolysis of phosphatidylinositol
bisphosphate to inositol triphosphate sfIRnd diacylglycerol (DAG). Through the
interaction with receptors on the endoplasmic reticulurg, pi®@motes therelease of
intracellular C&" stores into the cytosol. The generation of DAG induces Protein Kinase
C activation, which has a potentiatory effect on the secretory response aroused by glucose

[31].

3. Diabetes Mellitus

3.1 General

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic
hyperglycemia due to an absolute or partial lack of insulin and/or insulin insensitivity at
peripheral tissue$34]. DM wasonce thought to be a disease of minor significance,
however in the past two decades there has been a dramatic increase in the number of
people diagnosed worldwide. Diabetes is currently recognized as one of the greatest
threats to human health in the®XTentury[3]. In 2006roughly177 million peoplewere

estimated tdhave diabetes worldwide, a number thaisprojected to increase to at least
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300 million by the year 202835]. Today, it has been estimated tha¢ thumber of
individuals with diabetes worldwide in 2008 was a staggering 347 mill&Sj.
Individuals with diabetes have a much greater risk of developin@raewacute
complications, including diabetic retinopathy, diabetic nephropathy, and diabetic
neuropathy. These complications can have a devastating impact on quality of life and

generatesignificant costs to health care syssqi35].

3.2 Type 1 and Type 2 Diabetes

There are two main types of diabetes, known as type 1 diabetes and type 2
diabetes. Type 1 diabetes is primarily caused by the autoimmedmted destruction of
pancreatic beta cellsThere is a known predispositida the onset of Typd diabetes in
individuals with specific highly polymorphic immussystemrecognition moleculesr
human leukocyte antigen (HLAJenotypes. HLA class | and class Il molecules present
antigenic peptides from the cellular surface to CD8 and CD4 T Ilymphocytes,
respectively  The autoimmunecellular destructionmay resultin complete insulin
deficiency, leaving patients dependent on exogenous insulin to manage glucose levels
and to prevent ketoacidos[87]. Type 2 diabetes arises through decreased insulin
secretion by the beta cells and/or insulin resistance at the target site, such as skeletal
muscleand liver andadipose tissug34]. Beta cell dysfunction can involve a variety of
issues, inalding disruption in the patterof pulsatile and oscillatory release of insulin
under basal conditiss [38], inadequate abilityf glucose to stimulate and alter insulin
secretior{39], and loss of proinsulin to insulin conversion efficiefd§]. Thefrequency

of type 2 diabetes ignificantly higher than type 1, accounting for over 90% of cases on
~ 10 ~
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a global scale. The factors widely accepted as the main contributors to the onset of
diabetes are genetic susceptibility and environmental and behavioural factors including

sedentary festyle,nutrition (high sugar and fat intakegnd obesity3].

The common result of both types of diabetes is hyperglyceidigperglycemia
has been shown to be associated withincreased producticof reactive oxygen species
(ROS). ROS are produced, mainly in the mitochondria, from either the reduction of
molecular oxygen or the oxidation of molecular wafét]. The amounts of ROS
generated can be amplified in circumstances where caloric intake exceeds energy
expenditure, resulting in greater levels of NADH production and ultimately also ROS
[42]. In high levels, ROSfacilitate the development of insulin esi s tcalh c e,
dysfunction, and mitochondrial dysfunctiorthrough damagig lipids, membranes,
proteins, and DNA41]. Beta cells are known to exhibit significantly lower levels of
antioxidant enzyme gene expression, where the amoahtsuperoxide dismutase,
catalase, and glutathione peroxidase expression in these celiS@¥ed that observed
in liver cells[43]. Beta cells are muchare susceptible to the damage caused by ROS

than other cell types.

3.3 MODY

Maturity-onset diabetes of the young (MODY) is a monogenic type of diabetes
mellitus, characterized by an early age of onset and an autosomal dominant mode of
inheritance. Thufar, six genes have been shown to be responsible for MODY, including

the hepatocyte nuclear factor (HNF)alpha gene (MODY1), glucokinase (GCK) gene
~ 11 ~
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(MODY2), HNF1 alpha gene (MODY3), insulin promoter factor(IP~1) gene
(MODY4), HNF1 beta gene (MODYS5)and neurogenicdifferentiation factor 1
(NEURODL1) gene (MODY6). These genes are known to be critical for proper beta cell
functionality and are involved in insulin gene transcription, glucose metabolism, and
pancreatic development. Theo most prevalet forms of MODY are MODY2 and
MODY3 [44]. In a clinical study with 90 Caucasian families that were diagnosed with
MODY, 63% were found to have mutations in the FHN alpha gene and 20% had

mutations in the GCK gerjd5].

Glucokinase functions as a glucose sensor and mutations @&QKegene can
cause the impairmemt f beta cellsd sensitivity to gl
factors, HNF4 alpha, HNF 1 alpha, and HNFbeta, function together to regulate insulin
gene transcription as well as the expression of genes whose transcripts are involved in
glucose trasport and metabolism. The transcription factor-1P&lso mediates these
effects, while even possessing a role in pancreatic development. In general, patients
living with mutations of transcription factors display more severe hyperglycemia than
those wih MODY2, due to compensatory mechanisms that increase insulin release. It
has been noted that sequence variations of these six genes are responsiEB®%6r075
MODY cases in Caucasians, and as little agl@® in Chinese, Japanese, and Korean
families [46]. Therefore, a large percentage of patients diagnosed with MODY may

possess one or a number of mutations of unknown genes.
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4. Transglutaminases

4.1 General

The mammalian transglutaminases are a family of enzymes charactsyieslr
ability to covalently modify proteins by cressi n ki ng t h eghatamyljlysimeu g h
bonds. They catalyze, in a €alependent manner, the transamidation of glutamine
residues to lysine residues, which forms proteolytically resistant isopepiads[47].
These bonds can form between amino acids of the same peptids@ofiwo separate
peptides to form either intrachain or interchain isopeptide bonds respeckiglye 2)
Low molecular weight amines, such as seratofi-rHT), may substitutdor lysine in
transamidation reactions. Alternatively, in the absencealitdtde amines, water is able
to participate as an aegkcceptor substrate, which results in the deamination of protein
bound glutamine residuesTo date, eight transglutaminase enzymes have been found in
mammals though only six have been characterizeda significant degree. These six
transglutaminases include plasma Factor Xllla, keratinocyte TG (type 1), tissue TG (type

2), epidermal TG (type 3), prostate TG (type 4), and [48h

~13~
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GLUTAMINE LYSINE

N
H ~
TRANSAMIDATION
REACTION
@ |
I C - |'|\|
H H H +
+ N

H/ \H

Figure 2. Diagram of transamidaion reaction mechanism.
Transglutaminases crossl ink gl-gutaayflysme and
bond. This reaction is Gadependent and the Lysine residue can be substituted by low
molecular weight amines, such as serotonin.

The enzymatic activity of eachransglutaminase member is differentially
regulated. While TG2, TG3, TG4, and TG5 are inhibited by GTP, TG1 and factor Xllla
are not. An additional difference lies in the fact that TG3 requires the cleavage at a loop

between its catalytic core and-t@minal betabarrels in order for it to become
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catalytically active[49], whereas for TG2 and factor Xllla this same cleavage leads to
their inactivation50]. Regardless of the fact that the regulation and substrate sipgcifi

vary noticeably for each transglutaminase type, all of the catalytically active enzymes
share a significant degree of sequence similarity, including strict conservation of key
activesite residues such as the catalytic trigklso, in order to allowaccess to protein
substrates for crosslinking, each transglutaminase family member must undergo a major

conformational change to expose the aesite residue§51]

4.2 Transglutaminase 2

4.2.1 TG2, A Multifunctional Enzyme

Transglutaminase 2 (TG2) is a multifunctional, ubiquitous member of?4 Ca
dependent protein crodisking family of enzymes. Aside from its wetharacterized
transamidation activity52] TG2 can also bind and hydrolyze GTR7], as well as
function as a protehdisulfide isomerse [53], and a serine and threonine king4g].

The GTPase activity has been linked to the ability of TG2 to act as a G protein involved
in signaling from alphg,p adrenergic receptors to downstream effectors including
phospholipase G 117]. TG2hasalsobeen shown to hawehigh affinity binding site for
fibronectin[47]. The transamidation and kinase activities of TG2 are inversely regulated
by C&* and ATP. While bound to G4 TG2 is present in an open conformatiand is
primarily functioning though its crodmking activity [54], however in the presence of
lower C&" and higher ATP concentrations the kinase activity o2 T&enhanced15]

(Figure3).
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Transamidation : .
Activity Kinase Activity
Figure3.Reci pr oc al regul ation of *Te@®B6s activit

ATP facilitates kinasectivity and has an inhibitory effect on transamidation activity,
while C&* has an opposite effect.

4.2.2 Structure and Function

TG2 has a molecular weight of 7®& and a length of 687 amino acidsThe
protein possesses four domains, including an & r mi-samawich, ihe core donmi
and two Gt e r mi-bareels. THe active site for the transamidation activity is found in
the core domain and is made up of a cysthisgdineaspartic acid catalytic triad
(Cys'-His**>Asp®™¥ [51]. TG2 is located significantly in both the intracellular,
specifically in the nucleus, cytosol, and cellular membrane, and the extracellular
environment of numerous tissuesherefore, it is acceptable to assume that its catalytic
functions are tightly regulated to ensure
modified While TG2 is found in the extracellular matrix, it does not possess a signal
sequence to direct to the Golgi apparatus/endoplasmic reticulum and has never been

observed within either structurelt is thought that TG2 is secreted through a-non
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characterized ncnlassical secretory mecham, most likely mediated bfibronectin

bindingvia its Ntermi n as&andwich47, 55].

Thein vitro transamidating activity of TG2 requires millimolar concentratiof
calcium ions, while GTP and GDP operate as allosteric inhibitors through the induction
of a closed conformation state whereby the active site is b{itigd Intracellular
environments have calcium concentrations many times less thamathbteen shown to
ber equi r ed f orin vilré 2Forsexampiet the untraceflular concentration of
cal ci um -cellse im ssletodan be found in the range of 100nM tOnBO, under
basal and stimulatedonditions respectivelfy56]. Due to this, ti is believed that
intracellular TG2 is without enzymatactivity and that it functions in the cell through G
protein signallind51]. However, it may also bpossible that in the cellular environment
TG26s transamidati on act i,siregwated by bllernagjve wi t h
meansother than GTP/ATP and G4 binding, including unknown postanslational

modification.
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A B

B2

B2

Figure 4. Simple illustration conformational change by TG2.

A. GDP-bound structure of TG2, closed conformation. B. Calciumbionnd TG2, open
conformation. The Nterminal beta sandwich is displayed in blue (N), the catalytic
domain in green (CORE), thé-termira | bl barrel i-hemomiamagle, b 2
barrel in yellow.

A recent study has proposed five sites that function as domains for calcium ion
bindingin TG2 The proposed amino acidsvolved in these sites are asparicid,
glutamic acid, and aspagine. These amino acids are conserved amongst the
tranglutaminase family and due to their polar nature, which increases their surface
potential, and the negative charge of the acidic amino acids, they are deemed essential for
Cd”* binding. The amino ads of interest in each proposed calcium ion binding site is
shown isTable1. Site 1 binds tightly to G4, and while shown to have a significantly
negative impact on TG20s transamidation ac
required for the iriation of this activity. It was found that the mutation of either site 3

through 5 results in a reduction in overall calcium ion binding and a complete loss of
~ 18...
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transamidating activity. The mutation of site 2 resulted in the least loss of activity,
thoudh the loss was still notable. From this study it is acceptable to infer that not one, but
many sites upon TG2 arecrucfalor cal ci umdés initiation of
that it is highly likely that a sequential mechanism of site occuparagybe involved

[57]. It has been observed that the*Caffinities of G-domains, a type of protein €a

binding domain, are greater when the domains are iprd®ence of its substrate than

when the substrate is abs¢h8]. It may be reasonabl t o postul ate that
for C&* may differ depending on which of its substrates is present or whether it is in

contact withanyinteracting partners.

Table 1. Putative transglutaminase 2 C&*-binding sites.

Proposed Sites  Site 1 Site 2
Involved in
Ca” Binding : :
Amino Acids of 229N 396E 306D 152D 434D
Interest 231N 398N 308N 154E 435E
232D 400D 310N 155E 437E
233D 448E 329N 156E 438D
452E 159E
453E
455E

The numbering of the sites is based upon the order of discoverg. 1Siteough 3 were
previously identified on analogous regions in TG3 by Ahwdzalin 2002[59]. While

Site 3 was a novel finding by Ahvazi el al., Site 1 and Site 2 were already shown to have
calcium binding potential in analogous regionsantér Xl by Weiss et aln 1998 and

Fox et alin 1999, respectively60, 61]. Sites 4 and 5, novel sitefentified by Kiraly et

al. were chosen due to a significantly higher density of negatively charged amino acids
[57] Note: N, asparagine; D, aspartic acidgkitamic acidTable adapted from Kiraly et

al. Figure 2 permission to use copyrighted material was given on June 28, 2011 by John
Wiley and Sonsprovided by Copyright Clearance Cenf{é7]
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With regardto kinase activity, TG2 was initially shown to be an inslike
growth factorbinding proteir3 (IGFBP3) kinasen breast cancer cells, phosphorylating
both serine and threonine resid(i2S]. Prior to thisdiscovery, it had already been noted
that TG2 possessed a GTP binding domain and was able to hydrolyze both GTP and ATP
[62]. Subsequentlyt was discovered that TG2 was able to phosphorylate the core
histonesH2A, H2B, H3, H4, as well as histone H vitro. TG2 was also shown to
phosphorylate H3 and Hih situ [63]. The kinase activity of TG2 also extends to its
ability to phosphorylate Rb PKA was implicated as being able to phosphorylate TG2,
particularly at Sef16, which was shown to modwat TG206s act i altert y, a s
protein bindingwith 14-3-3 protein[64]. The phosphorylation of TG2 by PKreduces
its transamidation activity, while enhancing its kinase actij\6g}. While the currently
known substrates for TG2 kinase activity implicates TG2 further in modulating gene
expression and cell cycle regulation, it is possible that TG2 may also have substrates that
are directly involved in insulin secretion from beta cslisceit can also be localized in

the cytosol and cellular membrane in addition to the nucleus

GTP primarily binds to residues of the first and last strands (amino acie#8276
and 5865 8 3 ) -bawrél 1 &nd to the two core domain residues;1%8 and Phd 74,
which extend be ylmametl[18 66 6d.dtps believedhatevheG TP
binds to these residuas,t st a b ibarield éospswhiehdlocks substrate access to
the catalytic siteOn e o f -barrél & leaps elstends into the core domain, positioning
Tyr-516 within hydrogen bonding stance of CyR77, theoretically effectively

inhibiting the interaction between G¢37 with its substratgs4]. ATP, like GTP, also
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involves the interaction betwa residues Arg76 and Argd78, which form ion pairs

wi t h -phosphatedof ATP, as well as &80 and Vald79, which form hydrogen
bonds w-phodphate.hTgb83%) another shardwbndingresiduefor ATP and GTP,

forms a hydrogen bond with the mgen of the adenine ring. However, the overall
interaction between TG2 and ATP is significantly weaker than with GTP, as the TG2
residues Sed482 and Arg580 only participate in GTP binding. As a result, ATP binding
confers noticeably less stability G2 than GTP binding, which not only inhibits the
transamidation activity of TG2, but also decreases its susceptibility to protease digestion

[68].

Interestingly, the five C& -binding sites discussed earli€Fable 1) that have
been shown to affect t &tien actinty, seema to alspomaveod T G2
regul atory role over TG20s GANhemeghersiedori vi ty
S5areunabletobind@due to mutations, TG26s GTPase &
negatively by increasing €aconcentrations.In addition, mutationgo either of these
sites resulin altered GTP/GDP binding and enhanced basal GTPase activity. Sites 4 and
5in TG26s tertiary structure are positione

GTP/GDP binding57, 66].

The disulfide bonds formed between the side chains of adjacent cysteine residues
are believed to function strucally, by stabilizing the local backbone conformation, and
facilitate a redox role by mediating electron exchajé8k A redox sensitive cysteine

triad consisting 0fCys230,Cys37Q and Cy871 has been identified in TG2TG2 is
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known to be sensitive to oxidative conditions ttee point of being functionally
inactivated in the presence of oxidizing agents. It is also known that the addition of a
reducing agent, such as DRisTlgss of actwity uredert or e
oxidative conditions may be due to the oxidatancysteine residues, resulting in the
formation of disulfide bonds. Within the redox sensitive cysteine triad, Cys370 is
involved in two disulfide bonds, either with Cys371 or Cys230. It is proposed that the
Cys230Cys370 bond forms under less oxidginonditions than the Cys3BY1 bond,

and that Cys230, which is unique to TG2, functions as a redox sensor that initiates

oxidation and the inactivation of T@81, 70). TG206s acti vity appears

by the presence of oxidizing and reducing agesuggesting that the metabolic state of

its surroundings may direct its functionality as well as eonation.

Fibronectin-
binding domain Transamidation domain
88-106 27(, 33|5, fSS
i ) | 2 =
165,173 476-482 580-583 665,672
ATP/GTP-binding ATP/GTP-binding ATP/GTP-binding PLChinding
domain domain domain domain
230,370,371
Redox-sersitive
cysteine triad

Figure 5. Diagrammatic representation of TG2 and its functional domains.

The Nterminal beta sandwich is displayed in blue (N), the catalytic domain in green
(CORE), the @ er mi nal bl barretemiimalormarglear raeld
Although the transamidation catalytic and putative GTP/ATP binding loops are located
distantly from each other in the primary structure of TG2, they are very close to each
other in the secondary structure as revealed by th&atsgaucture of TG2Adapted from
Antonyak et al[71], figure 1a.© 2006 byThe National Academy of Sciences of the
USA.
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4.2.3 TG2 and GSIS, Growing Insight into Their Relationkip

Since several decades ago, transglutaminases have been implicated in possessing
a role in GSIS from pancreatic beta cells. This role was suggested since the
transamidation activity of transglutaminases is sensitive to the environmerffal Ca
concentrabn and that agents documented as transglutaminase inhibitors, such as
monodansylcadaverine, were shown to abrogate glstosealated insulin secretion
from isolated rat pancreatic islets in a ddspendent manndi72, 73]. Much more
recently, a study observed that TG2 was the transglutaminase with the greatest and most
significant presence within pancreatislets and that in the absence of TG2, insulin
secretion was significantly reduced compared to the control. During a glucose tolerance
test, TG2 knockout mice were shown to have almost half the level of insulin in the
plasma as wildype mice. Similagt, during an acute insulin release test by glucose
stimulation, TG2 knockout mice displayed a 42% reduction in insulin secretion in

comparison to wildype[11].

As discussed previously, depending on the genetic bagkdr 2580% of
individuals whoare diagnosed with MODY do not possess a mutation in one of the six
well characterized MODY gendgl6]. Three heterozygous missense mutations in the
TG2 gene thateads to thegeneration of TG2 protein witMet330Arg Ille331Asn or
Asn333Seramino acid substitutions respectively, were discovered in patients phviou
diagnosed with MODY11, 12]. These mutations were deemed significant due to their

location withinthe catalytic domain of TG2 and proximity to members of the catalytic
~ 23 ~
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triad. It was indeed shown that each of the naturally occurring mutations in TG2 resulted

in a loss of transamidation activity vitro [12]. However, the impact of these mutations

on the other functional activities of TGicluding its kinase activityATP/GTP binding
andATP/GTP hydrolysiswas not assessed.he three naturally occurringutation sites

in TG2 used for this study are not only located amongst the transamidation catalytic triad,
but are also found in close proximity to I

tertiary structurg¢54] (Figure 6).

Transamidation Naturally occurring GTP/ATP binding
catalytic triad mutations residues
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Figure 6. Naturally occurring mutations in TG2 are flanked between
transamidation catalytic triad and GTP binding residues

Relative position of transamidation datic triad (Cy$’’, His**® and Asp®), naturally
occurring mutation sites (M&f, 11e®*!, and As®®) and GTP/ATP binding loops%GIn-
Gly-SerAla-Lys' " and®Arg-Asp-Leu-Tyr*®3 in TG2 are shown in ball and stick model
(upper panel) and in a spdidéed model (lower panel).

Serotonin (8HT), a monoamine with a molecular weight of 176Da, is commonly
known as a neurotransmitter in the central nervous system (CNS), which regulates mood
and cognition (Villalon 2007). Serotonin has also been impticakza hormone with
numerous functions outside of the central nervous system, acting as a strong mitogen and
influencing the growth of several tissues, including the [jvd} and the mammary gland
[75]. Platelets (thrombocytes) transport serotonin in the blood and secrete it in response
to tissue injury where ipromotes vasoconstriction. Until quite recently, the biological
functions of serotonin have been solely attributed to its action on one of the ANy 5
receptors (8HT;-5-HT7) located in the CNS and peripheral tiss[i&d. A study found
that transglutaminases were able to covalently link serotonin to small GTPases through
its transamidation activity, leaving the GTPases constitutively affile These small
GTPases, RhoA and Rab4, once active inside the platelets, interact with downstream
effectors, generating cytoskeletal rearrangemgrfis and thee x o ¢ y t oganwdes o f U

[79], respectively. This finding suggested that serotonin could act through a receptor

independent intrackellar signaling pathway mediated by transglutaminases.

For several decades it has been evident that serotonin is present in the beta cells of
pancreatic islets. In addition, the beta cells are able to synthesize serotonin and store it in

the same secreo r-grandles as insulif80, 81]. A more recent study determined that
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tryptophan hydroxylase 1 knkeout mice Tphl-/-), which are specifically deficient in
peripheral BHT only, displayed higher blood glucose levels and significantly lower
serum insulin levels than witype mice. Tphl is the rateniting enzyme in the

biosynthesis of 81T from trypophan.

It hasalsobeen recentlpbserved thaserotonin in beta cells functions through a
similar mechanism as in platelets, where throtigh action of transglutaminase 2, it is
covalently bound to small GTPases directly involved in vesicle recruitamehtransport
Serotonin is covalently linked to a glutamine residue, substituting for Iysirdbe
transamidation reactiofil4]. The small GTPases impdited were Rab3a and Rab27a,
reguat i ng repl eni shment o fgratuleeand fenetidningimteel e a s a
t ar g et-grangles &rdm tHe resting pool to the ready releasable pool, respectively
(Figure j. Rab3a is able to form a complex with calmodulimiting the releas of
insulin from secretory vesicles. The formation of this complex was found to be favoured
when Rab3a was constitutively active and bound to (8PP Active Rab27a facilitates
the glucosegpromoted replenishment of a pool of membrdoeked vesicles, possibly
through theinteraction with theprincipal Rab27a effector in beta cells, granuphilin,
which binds directly to the membraaachored SNARESoluble NSF Atachment

Protein Receptor)syntaxin 1483].
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K* Ca*

Voltage Gated Calcium Channel

Glucose [Glucose]i T

Transamidation
Activity

ee
® o zy Insulin

Figure 7. Previously r oposed model of TG206s modul ati o
beta cells.

Glucose enters beetcells through Glut2 transporter, is metabolized through the glycolytic
pathway, TCA cycle, and the electron transport chain to produce ATP. ATP closes ATP
sensitive K channels, which depolarizes the membrane, opening velizigel C&

channels. Thencrease in intracellular calcium ions promotes insulin release from
secretory vesicles. TG206s transamidati on
VMAT?2, vesicular monoamine transporter 2. SERT, serotonin transporter.
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. HYPOTHESIS AND OBJEC TIVES

Hypothesis

Transglutaminase has been shown to have an important role in GSIS in pancreatic
beta cells. To date, the influence TG2 has upon insulin secretion has been atwiliated
transamidation functionNaturally occurring mutations of TG2 phcated in MODY
have beerpreviouslyshown to have reduced TGaaetivity. In addition,inhibition of
TG26s TGase activity through nonspecific
insulin release from beta cells. The impacth&fse mutations ohnG26 s ot her f unct
activitieson GSIS including its kinase activity and GTBinding ability, have not been
investigated. While the naturally occurring mutations of TG2 are located within the
transamidation domairthey are alsdound in close proximityo the ATP/GTPbinding
sites i n TG206.sWethgpothesize th3hess mutatioowilluarfef ect T G2 6
other functional activities, in addition to its TGase activity, ammg& impact of these
mutations on each of the functional activities of T&2allectively affecting GSIS.
Objectives

This study will seek to determine which functional activities of TG2 are involved
in GSIS from pacreatic beta cells. To aptlpdo, the following willbbe determined:
(@) the localization of naturally occurringutants within beta cells

() the effect of the naturally occurring r
and ATP/GTPbinding ability.

(© the effect of the overexpression of the naturally occurring mutations on GSIS in
beta cells

(d)  the connectin between protein serotonylation and insulin secretion by beta cells
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lll. MATERIALS AND METHODS

A. Materials

Chemicals used in this thesis were purchased from the companies listed in Table 1.

Table 2 Materials used in Study

Product Name Company Purchased From

(Monoclonal)-anti-Myc tag, rabbit

Cell Signalling (Danvers, MA, USA)

(Monoclonal)-anti-serotonin, rat

Pierce (Rockford, IL, USA)

(Monoclonal)-anti-serotonin, rat

Santa Cruz (Santa Cruz, CA, USA)

(Polyclonal)-anti-goat IgG-HRP, donkey

Sana Cruz (Santa Cruz, CA, USA)

(Polyclonal)-anti-transglutaminase type II,
goat

SigmaAldrich (Mississauga, CA, USA)

Anti -rabbit HRP -linked

Cell Signalling (Danvers, MA, USA)

Acetonitrile (ACN)

Fisher Scientific (Ottawa, CA)

Acrylamide, 99%

SigmaAldrich (Mississauga, CA, USA)

Albumin, Bovine

SigmaAldrich (Mississauga, CA, USA)

Alexa Fluor 488 antirabbit, goat

Invitrogen (Burlington, CA)

Ammonium Bicarbonate

SigmaAldrich (Mississauga, CA, USA)

Ammonium Persulfate

SigmaAldrich (Mississauga, CA, USA

Anhydrous Ethanol

Commercial Alcohols (Brampton, ON, CA

Bio-Safe Coomassie

Bio-Rad (Hercules, CA, USA)

5-(Biotinamido)Pentylamine

SigmaAldrich (Mississauga, CA, USA)

Calcium Chloride

Fisher Scientific (Ottawa, CA)

CL-Xposure Film

Thermo ScientifiqRockford, IL, USA)

Collagenase

SigmaAldrich (Mississauga, CA, USA)

Crosslink IP Kit

Pierce (Rockford, IL, USA)
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CultureSlides

BD BioSciences

Dimethy! Sulfoxide (DMSO)

Fisher Scientific (Ottawa, CA)

Dithiothreitol (DTT)

SigmaAldrich (Mississauga, CAUSA)

Ethylenediaminetetraacetic acid (EDTA)

SigmaAldrich (Mississauga, CA, USA)

Enhanced chemiluminescence kit

Amersham (Manassas, NJ, USA)

Enhanced chemiluminescence kit

Promega (Sunnyvale, CA, USA)

Fetal Bovine Serum (FBS)

Invitrogen (BurlingtonCA)

Formalin

Fisher (Kalamazoo, MI, USA)

FUuGENE HD transfection system

Roche (Penzburg, Germany)

Glucose SigmaAldrich (Mississauga, CA, USA)
Glycerol Fisher Scientific (Ottawa, CA)
Glycine Fisher Scientific (Ottawa, CA)

Hanksd Bal anced Sal t SigmaAldrich (Mississauga, CA, USA)

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)

SigmaAldrich (Mississauga, CA, USA)

Histone 4, Human Recombinant

Upstate (Lake Placid, NY, USA)

Histopaque 1077

SigmaAldrich (Mississauga, CA, USA)

Histopaque 1119

SigmaAldrich (Mississauga, CA, USA)

Hydrochloric Acid (HCI)

Fisher Scientific (Ottawa, CA)

Insulin Growth Factor -Binding Protein 3

(IGE-BP3)

Mediagnost (Germany)

Insulinoma-1E cell line (INS-1E), rat

Provided by Universities of Toronto and
Genewa

lodoacetamide

SigmaAldrich (Mississauga, CA, USA)

Kodak MR Biomax Film

SigmaAldrich (Mississauga, CA, USA)

Magnesium Chloride

Fisher Scientific (Ottawa, CA)

Mammalian Cell Lysis Kit

SigmaAldrich (Mississauga, CA, USA)
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2-Mercaptoethanol

SigmaAldrich (Mississauga, CA, USA)

Mouse insulinoma®6 cell line (MING)

Provided byUniversity of Manitoba

Non-fat dry milk

Bio-Rad (Hercules, CA, USA)

OPTI-MEMI reduced serum medium (1X),
liquid

Invitrogen (Burlington, CA)

pCMV6 Entry (Myc/Flag tagged) vector

Origene Technologies (USA)

Penicillin/Streptomycin

Invitrogen (Burlington, CA)

Phosphate Buffered Saline (PBS)

ATCC (Burlington, ON, CA)

Potassium Chloride

Fisher Scientific (Ottawa, CA)

Potassium Phosphate

Fisher Scientific (Ottawa, CA)

Profound c-Myc IP/CO-IP kit

Pierce (Rockford, IL, USA)

Quick Start Bradford Dye Reagent, 1X

Bio-Rad (Hercules, CA, USA)

Recombinant human TGM2

R&D Systems (Minneapolis, MN, USA)

Retinoblastoma (amino acids 77328)

Upstate (Temecula, CA, USA)

RPMI 1640 medium without glucose

Invitrogen (Burlington, CA)

Site Directed Mutagenesis Kit

Stratagene (CA, USA) (CA, USA)

Sodium Bicarbonate

SigmaAldrich (Mississauga, CA, USA)

Sodium Chloride

Fisher Scientific (Ottawa, CA)

Sodium Dodecyl Sulfate (SDS)

SigmaAldrich (Mississauga, CA, USA)

Sodium Hydroxide (NaOH)

Fisher Scientific (Ottawa, CA)

Sodium Pyruvate

SigmaAldrich (Mississauga, CA, USA)

Trifluroacetic Acid (TFA)

Fisher Scientific (Ottawa, CA)

Tris (hydroxymethyl)aminomethane (Tris)

Fishe Scientific (Ottawa, CA)

Trypsin-EDTA

Invitrogen (Burlington, CA)

Trypsin, Sequence Grade

Promega (Madison, WI, USA)
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TWEEN-20 SigmaAldrich (Mississauga, CA, USA)

Ultra sensitive mouse insulin ELISA kit Crystal Chem Inc. (Downers Grove, IL,
USA)

Ultra sensitive rat insulin ELISA kit Crystal Chem Inc. (Downers Grove, IL,
USA)
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B. Methods

1. Cell Culture

The rat insulinoma cell line, INSE, was a generous gift from the University of Toronto
and mouse MING cells were provided by Dr. Eisenstaty&fsity of Manitoba. INSLE

cells were cultured in RPMI 1640 medium supplemented with 10% heat inactivated fetal
bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, 3:8%l®eta
mercaptoethanol, and 100 pg/mL penicifitreptomycin. The pH of thenedia was
equilibrated with 1N sodium hydroxide solution (NaOH). MING6 cells were cultured in
DMEM containing 10% FBS and 100 pg/mL penicitbtreptomycin. Cells were grown

in a humidified atmosphere containing 5% £D37°C.

2. Overexpression of Wib-type TG2 and TG2 Mutants

The pCMV6 Entry ¢-Myc/FLAG tagged) vector containinfpe TG2 genavas obtained
from Origene Technologies, USAThe cMyc-tag and FLAGtag are both short amino
acid peptides with a length of 11 and 8 residues, respectiveMydtagged and FLAG
tagged proteins have been used extensively as a detection system and a means of affinity
purification, due to the availability of antibodies that bind to their epi{l&#& The
Cysteine 277 to AlaningCys277Al3 mutantTG2, Methionine 330 to Arginine
(Met330Arg mutantTG2, Isoleucine 331 to Asparaginde331Asn) mutantTG2, and
the Asparagine 333 to Serindgn333Ser mutantTG2 were made using site-directed
mutagenesis kit (Stratagene, USA) foliag the manufacturer's instructiorihe primers
used to generate each mutant TG2 are listed in Bal#lathenticity of allthe constructs

was confirmed by DNA sequencing. Transfections with TG2 wylide, Cys277Alg
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mutantTG2, Met330Arg mutantTG2, (lle331Asn mutantTG2, (Asn333Ser mutant

TG2, and empty pCMV6 Entry (Myc/Flag tagged) vectors were performed using FuGene
HD transfection system. A ratio of two microgram9t#smid DNAto three microlitres

of FuGene HD transfection reagent was mixed®PTFMEMI reduced serum medium.

The mixture was vortexed and incubated at RT for twenty min. Tikeimrawas then
allocated evenhanddirectly into the medium of the IN$E cells, followed by gentle
shaking of the dish. The cells were incubated hih vectors for 48 h, before being

treated and harvested.

Table 3. List of primers utilized.

Cysteine 277 to Alanine
(Cys277Alg mutant-TG2

Forward GTCAAGTATGGCCAGGCCTGGGTCTTCGCCGC

Reverse GCGGCGAAGACCCAGGCCTGGCCATACTTGAC

Methionine 330 to Arginine
(Met330Arg) mutant-TG2

Forward GTGACAAGAGCGAGAGGATCTTGAACTTCCAC

Reverse GTGGAAGTTCCAGATCCTCTCGCTCTTGTCACC

Isoleucine 331 to Asparagine
(le331Asn) mutant-TG2

Forward GACAAGAGCGAGATGAACTGGAACTTCCACTGC

Reverse GCAGTGGAAGTTCCAGTTCATCTCGCTCTTGTC

Asparagine 333 to Serine
(Asn333Sej mutant-TG2

Forward GCGAGATGATCTGGAGCTTCCACTGCTGGGT

Reverse ACCCAGCAGTGGAAGCTCCAGATCATCTCGC
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3. Immunofluorescence

INS-1 cells were grown on CultureSlides to 60% confluencywaere tranfected with
vectors expressing W-tagged TG2 wildype and TGzZnutants accordingly. After
transfection, cells were incubated for 48 hours. Cells were ghsersitised in glucose

free media for 4 hours, and then incubated with either 3mM6ofmM glucose for 1
hour. Cells were washed with TBSand fixed with 10% formalin for 20 minutes at
room temperature. After two five minute washes with TBSells were blocked with

1% BSA in TBST for two hours at room temperature or overnight df.4°Blocking
solution was aspirated, foll@d by incubation of cells with jt-antibody in 1% BSA in
TBS-T for 2 hours at room temperature or overnight at 4°C. Cells were then washed

three times with TBS', and incubated for 1 hour at room

4. Immunoprecipitation

The Pierce -Hycdagoll/@etPEKit was used according to provided

ma n u f a cistuctiens  sImmunoprecipitate yd-tagged TG2 mutants and TG2
wild-type proteins expressed in {tE cell line. The lysas of the cells expressing the
Myc-taggedTG2 mutants and TG2 wHty/pe proteins were incubated overnight with
antic-Myc agarose beads in a spin column. The beads were then washed with 0.5 mL
TBS-T four times, followed either by resuspension of the beads with 50 mM Tris buffer,
pH 7.4, or eluton of the protein witrelution buffer Either samples were collected and
stored at-20°C until use. For samples to be used in the kinase and transamidation
activity assays, rather than subjecting to elution, the prbkesad complexes were

resuspended i50 mM Tris buffer pH 7.4 to preserve enzyme functionality.
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5. Western Blotting

Cells were rinsed in phosphédiaffered saline (PBS) and collecdt in lysis buffer,
containing gepal CA-630 (1%), trisEDTA buffer (25 mM, pH 7.6) sodium chloride

(150 mM) deoxycholic acid sodium sdlt%), sodium lauryl sulfat€0.1%) and protease
inhibitor cocktail (104 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride,
80eM Aprotinin, 4 642 rB\ledpeptin,Ind mMIPepétatimA) E
Samples were incubated on ice, with intermittent vortexing, for 30 minutes, followed by
centrifugation at 13,000RPMIf 10 minutes. Ptein concentrations of supernatswere
determined by Bradford protein assay with bovine serum albumin (BSA) as a standard.
SDSPAGE sample buffer was added to the samples, and the samples were then boiled
for 5 minutes. Proteins weresolved on 1416% SDSPAGE, according to target protein
size, and transferred to nitrocellulose membranes. Membranes were blocked in-5% non
fat dry milk in TBST for one hour at room temperature and then incubated with primary
antibodies for 1 hour abom temperature or overnight at 4°C. Membranes were washed
three times in TBS wash buffer (10 mM Tris, 150 mM NacCl, 0.05% Tween 20, pH
8.0), then incubatk with either horseradish perakse (HRP3)conjugate secondary
antibodies or streptavidiHRP conjgate for 1 hour at room temperature or overnight at
4°C. Membrane washing steps with TTBSvere repeated, followed by addition of ECL
reagent. Membranes were exposed to Kodak Biomax MR Film and analyzed. If
necessary, the membranes were subjected tolL1Stnip buffer (100mM 2

mercaptoethanol, 10mM TB¥) at 30°C for 3045 minutes, with three subsequent
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washes for 10 minutes in TBBto remove the -nercaptoethanol. The membrane was
then reprobed with the desired primary and secondary antibodies.

Table 4: List of antibodies usedalong with dilution factors.

Antibody Dilution factor

c-Myc 1:1000
Serotonin 1:500

Streptividin -HRP 1:3000
Pan-Actin 1:1000
TG2 1:1500
Goat-HRP 1:5000
Rabbit-HRP 1:5000
Rat-HRP 1:5000
Mouse-HRP 1:5000

6. In Vitro Kinase Assay

Either recombinanhistone (H4) protein or insulilike growth factorbinding protein
3(IGF-BP3) were incubated separately waHfinity purified wild type TG2 and TG2
mutantsin kinase buffer (50 mM Trigi C | pH 7.5, 10 mM -Magnes
¥2pP]ATP (25uCi/mL) for 30 minutes at 30°C. The reaction was stopped by the addition

of SDSPAGE sample buffer and samples were dmifor 5 minutes. Samples were

resolved on SD®AGE, transferred to nitrocellulose membranes, and analyzed by
autoradiography Determination of TG2 protein content in samples was determined by

probing nitroculose membranes with primaryyd antibody, which were detected with
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horseradish peroxidiseonjugated secondary am#bbit IgG followed by exposure to

ECL.

7. TransglutaminaseTransamidating Activity Measurement

The Transglutaminase Assay Kit (Sigma) was used according to provided u f act ur er
instructions to evaluate tteansamidating activity of the \-tagged TG2 mutants and

TG2 wild-type proteins expressed in {h& cell line. In the assay, the free amine group

of Poly L-Lysine, which is covalently attached to the plate surface, is covalently bound to

t h ecarbmxamide group of biotMVQQEL-OH substrate present in the assay buffer.

The amount of immobilized biotin wasgjuantified using streptavidiperoxidase and

TMB ( 3, 3-TfrabnetlylNgnzidineubstrate. TG2 protein samples used in the assay

were purified with a Mydag immunoprecipitation kit. TG2 protein levels of each

sample were compared by Western Blot to normdiinze activity values.

8. In Situ Transglutaminase Activity Assay

INS-1E cells were cultured in 66hm tissue culture plates to 60% confluency and were
trandected with vectors expressing ydttagged TG2 wildype and TGznutants
accordingly and were inbated for 48 hours. Cells were preincubated for 1 hour with 1
mM 5-(biotinamido)pentylamine(BPN#l in standard culture medium. Cells were rinsed
in PBS, and were sensitised to glucose for 30 minutes in ghimesstandard medium.
Cells were rinsed again PBS, and incubated in medium containing either 3 mM or 16.7
mM glucose for 30 minutes. Cells were lysed and supernatant was collectedtemwe

blot analysis with strept@édin HRP antibody(1:2000).
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9. In Vitro Transglutaminase Assay

INS-1E cells were cultured in 60nm tissue culture plates to 60% confluency and were
trandected with vectors expressing ydttagged TG2 wildype and TGznutants
accordingly and were incubated for 48 hours. Nagged TG2 mutants and TG2 wild

type proteins expressed Ins1E cell line used in the assay were purified from the cell
lysate with a Myetag immunoprecipitation kit. Agarose belaound proteins were
incubated at 37°C for 2 h in a 50 mM HEPES buffer, pH 9.0, containing 10 mM DTT, 5
mM CaC}, 0.25ug recombinanRb protein, and 1 mM BPNH In control samples,
CaChbwas replaced by 5 mM EGTA. The reaction was stopped by the addition ef SDS
PAGE sample buffer and samples were boiled for 5 minutes. Samples were then

analyzed lp Western blot using the strepidin HRP antibody (1:2000).

10. ATP/GTP Binding Assay

INS-1E cells were cultured in 60 mm tissue culture plates to 60% confluency and were
trandected with vectors expressing ydttagged TG2 wildype and TGznutants

accordingly and were incubated for 48 hmurCells were rinsed in PBS, and were
sensitized to glucose for 30 minutes in gluebse standard medium. Cells were rinsed

again in PBS, and incubated in medium containing either 3.3 mM or 16.7 mM glucose

for 30 minutes. Cells were lysed and supethant was col |l ected. 10
of | ysate was i ncub atagatosewesin (60%2(?Vv) slury im0 e i t
mM Tris/300 mM NaCl/1 mM EDTA, pH 8.0) or AFRgarose resin diluted in kinase

buffer (50 mM TrisHCI, pH 7.5, 10 MM MgCl)a a t ot al vol ume of 30
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at 4°C. The resin was subjected to five cycles of washing and centrifugation using ice
cold TBST before the agarose beads were resuspended in 50 mMClribuffer, pH
7.5. The resuspension was analybgdWesternBlot utilizing anttMyc antibody ©

determine the quantity of \-tagged TG2 bound to the ATP/GTP agarose beads.

11. TransglutaminaseMediated Serotonylation Assay

INS-1E cells were cultured in 66hm tissue culture plates to 60% confluency and were
trangected with vectors expressing yMtagged TG2 wildype and TGznutants
accordingly and were incubated for 48 hours. Cells were rinsed in PBS, and were
sensitized to glucose for 30 minutes in gluebrse standard medium. Cells were rinsed
again in PBSand incubated in medium containing either 3 mM or 16.7 mM glucose for
30 minutes. Cells were lysed and supernatant was collected for western blot analysis

with serotonin antibody.

12. Insulin Secretion Assays

INS-1E cells were cultured in 60mm tissue ttué plates to 60% confluency and were
trandected with vectors expressing ydttagged TG2 wildype and TGznutants
accordingly and were incubated for 48 hours. Cells were rinsed in PBS, and were
sensitised to glucose for 30 minutes in gluebee Krebs khger bicarbonate (KRB)
buffer solution (118.4nM NaCl, 4.7mM KCI, 1.9mM CaC, 1.2mM MgSQ,, 1.2mM
KH,PQ,, and 25 mM NaHC@(equilibriated with 5% C@95% G, pH 7.4), 0.2% BSA,

and 10mM HEPES). Cells were rinsed again in PBS, and incubated with biRfBr

containing either 3 mM or 16.7mM glucose for 30 minutes. KRB buffer was collected
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and analyzed for insulin content with the Ultra Sensitive Rat Insulin ELISA Kit,
according to provided instructions. Lysates of cells were collected and totainpro
content was determined. Insulin content of KRB buffer was normalized with total protein

content. Protein content was determined by Bradford Assay.

13. Animals and Diets

TG2 knockout C57BL/6 mice, male and female, wegenerously provided by Dr.
Nikolaos Frangogiannis(Baylor College of Medicine, Houston, Texas, USWith
permission from Dr. Gerry Melino (University of Leicester, UKWild-type C57BL/6
mice, male and female, weprovided by theUniversity of Manitoba Central Animal
Care Services. Mice were housed under controlled temperature (21°C) and light
conditions (12h light/dark cycle) with access to water and standard dieperiments
involving mice were executed as approved by the Animal Care Committee of the

University of Manitoba.

14. Isolation of Pancreatic Islets

Islets were isolated by collagenase digestion of the mouse pancreas (Lacy and
Kostianovsky 1967) with slight modificatid®5]. Prior to injection of the collagenase

into the pancreas, the lower eoidthe bile duct was clamped to prevent the movement of
collagenase solution into the duodenum. Upon injection of the collagenase solution (3
mL of 6 mg/ mL c o BdlaacgdeSalaSsletioni (HBSSyehrak3® gauge
angled needle, the pancreasswalocated to a tube which is immediately placed on ice.

The pancreatic material was then incubated inHB&S solution for 1720 minutes at
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37°C. Next, the pancreatic tissue was gently syringed through a 14 gauge needle into a
continual texture, suspded in a total of 9 mHBSS solution, centrifuged at 1500 rpm

for 1 minute, and supernatant discarded. The pellet was resuspentdB&3solution

and gently syringed, followed by a repetition of the wash step just prior. In total, four
washes of this ature were performed before the supernatant was once again discarded
and 3 mL each of 1077 and 1119 Histopaque was added, mixed, followed by the addition
of another 3 mL of 1077 Histopaque and 3 kiBSSlayered in such order. The density
gradient contaimg the tissue was centrifuged for 20 minutes at 2000 rpm at 4°C. The
tissue collected from the upper two layers after spinning was then placed in a Petri dish.
Islets were handpicked by choosing rounded, opaque islets through a dissecting
microscope at anagnification of 1& and placed into RPMI 1640 medium containing 11

mM glucose, 10% heanactivated fetal bovine serum, and 100pg/mL penicillin
streptomycin. The islets were then relocated to a fresh Petri dish of the same medium and
incubated for 24 hars in a humidified atmosphere containing 5%,@D37°C prior to

experimental use.

15. Batch incubations

Islets were selected on the basis cohsistentmorphology, color, and size (50m
diameter). Batches of 4 islets were -preubated in Krebs Ringdricarbonate (KRB)

buffer solutioncontaining 33 mM glucose for 30 minutes. Batches were transferred to
tubes containing 3.3 mM glucose and incubated for 30 minutes. The batches were then
transferred to tubes containing 1@M glucose and incubated f80 minutes, while the

previous buffer was collected. After the 30 minute incubation period the 16.7 mM
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glucose buffer was collected. The total insulin content of the islets was measured
following acidethanol (0.1%HCI in 75% ethanol) extraction of cokecbatches. The
insulin content of each sample was analyzed by an Ultra Sensitive Mouse Insulin ELISA
kit, according to provided instructions. For the ELISA to be completed it was necessary
to dilute the 16.7 mM glucose buffer ten times and the islefimsontent extract one

thousand times.

16. In Gel Digestion of Proteins

Coomassie Blustained bands of interest were excised from the gel and cut mm®1
cubes. The depieces were washed in 100 mM ammoniuicatbonate (NEHCO;3) for

10 minutes, spuy, and the supernatant was discardéiext, they were washed in 40%
acetonitrile (ACN) in 100 mM NHHCO; for 10 minutes, spun, and the liquid was
discarded. The fragments were subsequently bathed in a volume of ACN that was 5X the
gel volume for 5 minutg spun, and the ACN was removed. These washing steps were
repeated until all visible dye in the gel disappeared. The pieces were vddedm
briefly, then bathed in 3X the gel volume of 10mM dithiothreitol (DDT) in 100 mM
NH4HCO; for 45 minutes at 55°Cspun down, and the liquid was discarded. The
difference between the volume of liquid added and discarded was the volume of trypsin
used for digestion. Next, the gel pieces were incubated in 3X the gel volume of 55 mM
lodoacetamide in 100 mM NHCO; for 30 minutes in the dark, spun down, and the
supernatant was discarded. The previous washing step was repeatgfL bf trypsin

in 50 mM NHHCO; containing 5 mM CaGlwas added to the gel fragments and

incubated at 37°C overnight. Peptides were etadhthrough liquid collection and two
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washing steps, repeated thrice, using 0.Qdifftioroacetic acid in 50% AN and neat
ACN. Liquid collections from gel pieces of the same band were pooled and vacuum
dried to a suitable concentration. The sample wes tentrifuged at 13000 rpm for 10
minutes, the supernatent collected, and froze@C until sent for mass spectrometry

analysis.

17. Statistical Analysis
The data were analyzed by one way ANOVA
St ud ¢ted, ansl are presented as the me&aSEM and P < 0.05 was considered

significant.
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V. RESULTS

1. INS1E and MING6 express TG2 andare able toexpress wildtype and mutant
TG2 through transfection.

It was first necessary teterminghat the cellines tobe usal expresed TG2 and
were capable of being transfected with wilghbe, and the selected mutant varieties, of
TG2. To determine whether TG2 is expressed in Mdé&ta not shownand INS1 cell
lines we collected whole lysates and analyzed thgrnwvestern blot. TG2 was found to
be present in both cell lind§igure 8A). Subsequently we transfected the cells with
wild-type and mutant TG2 expressing vectors and analyzed by western blot. The control
vector did not produce a signal and the ¥&@ressing vectors were successful in
generating TG2 in both cell linggigure 8B). The affinity of the Myc antibody was
observed to be greater thathat of TG2 antibody (Figure 8AB3. We used
immunocytochemistry to determine the localization and exjmedsvels of the wild
type and mutant TG2 vectors in the MIN6 and 1N8ell lines. In the literature TG2 has
been shown to be localized in several intracellular locations, including the nucleus,
cytosol, and cellular membrane. We sought to rule outpthesibility that TG2 is
influencing insulin secretion through transcriptional regulation in the nucleus and observe
the nature of TG20s | oEach TG2zvariant was found to ei n  t h
ubiquitously positioned in the cytosol, while relally absent in the nucleus for both

MING (Figure 9 and INS1 (Figure 10.
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TransfectedTG2——5 -
— - we—EndogenousTG2
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Figure 8. Expression of transfected and endogenous TG2 in INEE cell line.

Cells were transfected with vector control, wijghe, and mutant varieties of TG2.
Lysate was cdbcted and analyzed byestern blat A. Membraneprobed with TG2
antibody. Wild-type and mutant varieties of TG2 are observed at a higher molecular
weight due to Mydag and Flagag on C and Nterminals respectivelyB. Membrane
re-probed with eMyc antibody.
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Figure 9. Expression and Localization of Myetagged wildtype and TG2 mutants in

MING.

MING6 cells were trarfected with vectors expressingywttagged TG2 wileype and
TG2-mutants accordingly and incubated for 48 hou@glls were incubated it either

3.3 mM or 16.7 mM glucose for 30 minutes after glucose sensitizatilnorescent
probe used waantirabbit Alexa ®Fluor 488. A. WT TG2. B. Met330Arg TG2. C.
lle331Asn TG2. D. Asn333Ser TG2
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Figure 10. Expression and Localization of Myc-tagged WT and TG2 mutants in
INS-1E.

INS-1E cells were trarfected with vectors expressingywttagged TG2 wiletype and
TG2-mutants accordingly and incubated for 48 houtells were incubated with either

3.3 mM or 16.7mM glucose for30 minutesafter gluose sensitization.Fluorescent
probe used wasantirabbit Alexa ®Fluor 488. A. Negative Control. WT TG2
transfected cells without primary antibody. Contrast for imaging was kept constant with
that which was used for narontrols. B. WT TG2. CMet330Arg TG2. D.lle331Asn

TG2. E.Asn333SeifG2. F.Cys277AlaTG2.

2. INS-1E and MING6 respond to stimulating levels of glucose by releasing insulin

It was necessary to ensure that both cell lines secreted insulin in response to
stimulating levels of gluzse before proceeding. In addition, it was crucial that the
amount of insulin secreted under stimulating conditions was greater than under basal
conditions. The cells were subjected to both basal and stimulating levels of glucose and
the supernatents wercollected and analyzed for the amount of insulin released. Both
cell lines responded to higher levels of glucose by elevating their insulin secretion in
relation to their basal outputs. However, in comparison to the MING cells, th& HNS
cells had a ubstantially greater elevation in insulin secretion in the presence of high
levels of glucose and also had a lower output of insulin in response to basal levels of
glucose(Figure 1). Combined, both of these responses by the 1N $ells provided a
more substantial contrast to compare the change of GSIS responses produced by
introducing an overexpression of TG2 or the expression of the mutant varrantghis

reason, only INSLE cells were used for the subsequent studies.
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Figure 11. Comparison of GIS between MIN6 and INS1 cell lines.

Cells were sensitized to glucose for 30 minutes in gluf@seKRB. Cells were rinsed
in PBS, and incubated with KRB buffer containing eith& r8M or 16.7mM glucose
for 30 minutes. Bars show endogenous insulife@sed expressed as the megsEM
ng/ mL, $tesh tve tailedn s 3).* Means significantly different (P < 0.05)

3. TG2 knockout mice islets have reduced GSIS when compared to wilghe mice
islets.

TG2 knockout mice have been shown to eihiteduced GSIS from their
pancreatic islets, resulting in glucose intolergiidg. To confirm the generalized impact
of TG206s f unct ingexpeiinentswers peffornmed vgitle islatsasoblatenl by
collagenase digestion of the pancreas of ayjie and TG2 knockout mice.These
experiments were designeddmcidate whether the reduced insulin secretion from-TG2

/- mice is a result of the loss ®f52 function in the pancreatic islets and not due to other
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peripheral factors. The islets, once isolated, were subjected to basal and stimulating
levels of glucose, followed by the immediate collection and analysis of the KRB solution
for insulin content. TG2 knockout mice islets wefeundto secretdess tharhalf of the
amount of insulin in response to a stimulating concentration of glucose in relation to
wild-type mice islets(p<0.01) While there was a trend, there was no statistically
significant dfference between GSIS of TG2 knockout islets and -tyifte in basal

conditions(Figure 12.
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Figure 12. Comparison of TG2 knockout and wildtype mouse islets for GSIS

Islets were sensitized to glucose for 30 minutes3i@ mM glucoseKRB. Cells were
rinsed in PBS, and incubated with KRB buffer containing eith@m@v or 16.7mM
glucose for 30 minutesBars show endogenous insulin released expressed as the mean
+SEM ng/ml/isletSt u d etest, ve tailedn = 12).* Means ggnificantly different (P
<0.0)
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4. The overexpression ofnutant TG2 varieties in beta cells results in significantly
lower GSIS compared to wildtype.

Pancreatic islets contain a number of endocrine cell types, which are known to
affect each other through paracrine meaAster confirming with islet studies that the
loss of TG2 particularly in the pancreatic isleteesults in a substantial reduction in
GSIS, it was important to elucidate whether this loss of TG2 specifiaallydirectly
impacted thensulin-secretoryfunctionality of pancreatic beta cell'he GSIS of INSL
cellsthat weretransfected with vectors expressing TG2 wijde and TGzanutantswere
compared. The expression of the wijgpe and mutant varieties of TG2 in the betdls
did not produce a notiable effect on insulin secretion in response to basal levels of
glucose. An overexpression of wilgpe TG2 generated an increase in GSIS when
compared to the control vectorln comparison to Wd-type TG2, expressioof the
Cys277Ala and lle331Asn mutaris resulted insignificantly lessGSIS (P < 0.05)
lle331AsnrTG2 expression resulted in the most significant decrease in GSIS compared to
wild-type TG2, followed by Cys277Al&aG2. While theexpression of the lle331Asand
Cys277Alamutant caused the gteat decrease in GSt®mpared to wiletype (32% and
22% respectively)Met330ArgTG2 and Asn333SeiTG2 expression caused a notable

decrease as well (20% anéb respectively (Figure B).
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Figure 13. GSIS comparison of wildtype and mutant TG2 transfeced INS-1E cells.

INS-1 cellswere sensitized to glucose for 30 minuggscosefree KRB. Cells were

incubated with KRB buffer containing eithei33nM or 16.7mM glucose for 30 minutes

at 37°C Bars show endogenous insulin released normalized with godédin content

expressed as the mea8EM ng/mL/mg total proteinone way ANOVA with L
multiple comparison(n = 5. * Means significantly different (P < 0.05)

5. Naturally occurring TG2 mutants have reduced transamidation activity in
comparison to wild-type.

In order to characterize which functions of TG2 are influenced by the select

mutations, and how these functional changes affect GSIS of pancreatic beta cellg, INS
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cells were transfected with witype and mutant varieties of MydG2. The lysates of

these cells were subjected to affinity purification using a My&it to isolate the Myc

TG2, which was utilized in experiments designed to analyze transamidation and kinase
activities. Purified wild-type TG2 and TG2 mutants were incubatgth biotin peptides

in lysine coated plates. The amount of biotin crosslinked with lysine was quantified by a
colorimetric assay. These data were calculated as a percentage -of wipde T G2 0 s
crosslinking activity. The amino acid CY5is one ofthre ami no aci ds f or m
transamidation catalytic triad.The Cys277Alamutant has been used extensively to
inactivate the transamidation function of T{&2] and has been used in this thesis project

as a transamidation activity negative controlA greater reduction in in vitro
transamidation actity amongst the three naturally occurring mutations was found in
Asn333Ser-TG2 (p<0.01) and lle331Asn-TG2 (p<0.05) respectively There was no
statistically significant change observed for the Met330AG2 mutant in comparison to
wild-type The transamation activitydead Cys277A G2 produced negligible levels

of biotin-lysine crosslinking, as expect¢digure 14). Thesedatawere comparable to

what was observed iprevious studies[12]. In addition, we examined thm situ
transamidation activity of TG2 mutants in INE& cellsthrough the utilization of the
amine substratBPNH,. A similar pattern ofreducedtransamidation activity in TG2
mutantscompaed to wildtype TG2was observed that was comparable to ihevitro
transamidation assaparticularlyin the lower half of the blots where tliéotinylated
protein bands are relatively distinct froome another While the vectorcontrol, wild

type, andMet330ArgTG2 lanes show similar, strong levels of biotin incorporation, the
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le331AsnTG2, Asn333SeilG2, and transamidation activity dead Cys277AG2

lanes displayed relatively reduced biggirotein crosslinkingFigure 4B).
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Figure 14. Comparison of transamidation activities amongst wildtype and mutant
TG2.

A. Recombinant TG2was expressed in INBE cell line and purified by Myc
immunoprecipitation Kit. Purified samples were analyzed dbhgh use ofa
transamidation assay kitHistogram displaying relative transamidation activity of WT
and mutant TG2 as determined by vitro transamidationcolorimetric assay, which
quantified the ability of TG2 to crosslink biotin onto lysine coatedeglaiMean + SEM,
St ud ¢tast, we tailedn=6). * p<0.05; ** p<0.01 versus WT control. B. Western
blot displayingin situtransamidation activity using-@®iotinamido)pentylamine (BPNH

as a substrate. StreptaviditiRP used as 1:3000 dilutign=1).

6. TG2 GTP-binding, not ATP-binding, is sensitive to changes in beta cell glucose
stimulation.

To measure the GTP and ATP bindiabilities of TG2, cell lysates containing
Myc-tagged wildtype and naturally occurring TG2 mutants were incubatild either

GTP-agarose or ATRigarose affinity resin in kinase bufferGTP-agarose resin is
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