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Abstract
Increasing evidence suggests that tissue transglutaminase (tTGase, type II) is 

externalised from cells where it may play a key role in cell attachment and spreading and 

in the stabilisation of the extracellular matrix (ECM) through protein cross-linking. 

However, the relationship between these different functions and the mechanism of 

enzyme secretion are not fully understood. The role of tTGase in cell attachment and 

migration was investigated using stably transfected fibroblast cell lines, which express 

tTGase in its active and inactive (Cys277Ser mutant) state. Cells overexpressing both 

forms of tTGase showed increased cell attachment and decreased cell migration on 

fibronectin. Both forms of the enzyme could be detected on the cell surface but only the 

clone overexpressing the catalytically active tTGase deposited the enzyme into the ECM 

and in the cell growth medium. Cells overexpressing the inactive form of tTGase did not 

deposit the enzyme in the ECM or secrete it into the cell culture medium. Similarly lack 

of tTGase secretion was observed when cells were transfected with tTGase mutated at 

Tyr274 (Tyr274Ala), the proposed site for the cis/trans peptide bond within the tTGase 

active site domain. However, inhibition of tTGase activity with a range of competitive 

substrates or the active site directed inhibitor Rob283 did not affect enzyme secretion. 

All together these data suggest that the tertiary conformation, which depends on Cys277 

and Tyr274 may be essential for tTGase extemalisation. These results also indicate that 

tTGase regulates cell motility as a novel cell surface adhesion protein rather than a 

matrix cross-linking enzyme. They also demonstrate further important insights into the 

mechanism of extemalisation of the enzyme into the ECM.

Gene expression patterns were analysed in cells inducible for the overexpression of 

catalytically active and inactive (Cys277Ser mutant) tTGase and no widespread 

differences in gene expression were observed. Although only part of the genome was 

analysed, the obtained results suggested that any changes in cell behaviour are likely to 

be the direct effect of tTGase. However, further analysis is necessary.

Increased secretion of tTGase into the ECM did not affect the ECM turnover rate. 

However, addition of exogenous catalytically active tTGase to the fibroblasts culture 

medium resulted in an increased ECM deposition, but did not increase its stability to 

digestion by microbial collagenase and trypsin.
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Chapter I: Introduction

Chapter 1: Introduction

The term transglutaminase was first introduced in 1957 by Clarke and co-workers to 

describe the transamidating activity of an enzyme found in guinea pig liver (Clarke et 

al, 1957). Since their initial discovery, many types of transglutaminases (Enzyme 

Commission System of Classification 2.3.2.13) have been discovered, all of which 

mediate a calcium-dependent acyl transfer reaction between the y-carboxamide group 

of a peptide-bound glutamine residue and the s-amino group of peptide-bound lysine. 

The resulting covalent isopeptide bonds (figure 1.1 A) were first demonstrated by 

Pisano et al (1968) in the stabilisation of fibrin monomers.

Transglutaminases are widely distributed in nature and are found in a large number 

of different organisms implying a functional necessity. Transglutaminase activity has 

been demonstrated in microorganisms (Kanaji et al., 1993), plants (Del Duca et al, 

1995), invertebrates (Mehta et a l , 1992; Singh and Mehta, 1994) and higher animals 

including fish (Oppen-Bemtsen et al, 1990; Yasueda et al, 1994), amphibians 

(Zhang and Masui, 1997), and birds (Bures and Goldsmith, 1978; Puszkin and 

Raghuraman, 1985). In mammals, multiple distinct transglutaminases have been 

isolated from different tissues that are encoded by different genes, which have been 

cloned and sequenced (Grundmann et al, 1986; Ikura et al, 1988; Phillips et al, 

1990; Gentile et al, 1991; Aeschlimann et al, 1998; Grenard et al, 2001).

1.1 Mechanism of the cross-linking reaction

The transglutaminase cross-linking reaction involves a Ca2+- dependent acyl transfer 

reaction that follows a double displacement mechanism (Folk, 1983; Lorand and 

Conrad, 1984). In the first step, a glutamine-containing acyl donor substrate binds to 

the enzyme active site Cys residue (Folk and Cole, 1966). Nucleophilic attack of the 

active site thiol of the enzyme on the y-carboxamide group of a glutamine residue in 

the substrate protein leads to formation of an acyl-enzyme intermediate, resulting in 

the release of ammonia (Pedersen et al, 1994). In the second step, the amine donor 

substrate binds to the complex and the acyl group is transferred to the acyl acceptor 

substrate, resulting in formation of an isopeptide bond and release of the reactivated 

enzyme (figure 1.1 A). The reaction is driven by the release of ammonia and its 

subsequent protonation, which occurs under physiological conditions.

1



Chapter I: Introduction

Although residues preceding an accessible amine donor lysine in a native protein has 

an influence on transglutaminase cross-linking potential (Grootjans et al, 1995), 

transglutaminases are much less selective toward amine donor lysine residues in 

proteins than they are to the glutamine substrates (Aeschlimann and Paulsson, 1994), 

a factor that may play an important role in defining their physiological function 

(Gorman and Folk, 1984). The number of proteins acting as glutamyl substrates for 

transglutaminases is restricted. Both primary structure and conformation of a protein 

appear to determine whether a glutamine residue can be accessible for 

transglutaminase and be reactive (Folk, 1983; Gonnan and Folk, 1984; Aeschlimann 

et al, 1992). Furthermore, the specificity for different glutaminyl substrates differs 

between transglutaminases (Shainoff et al, 1991), since the same protein substrate 

can be recognised by several transglutaminases, but often with different affinity 

and/or specificity for different glutamine residue (Aeschlimann and Paulsson, 1994)

1.2 Post-translational modification of proteins

Transglutaminases can catalyse a wide range of aminolytic and hydrolytic reactions 

(Lorand and Conrad, 1984). The activity of transglutaminases results in formation of 

covalent inter- or intra- molecular e(y-glutamyl)lysine bonds (figure 1.1 A), leading to 

the formation of protein polymers. Transglutaminases also catalyse the incorporation 

of primary amines into proteins using molecules such as histamine, putrescine and 

spermine as acyl acceptors and forming N ' (y-gl utamyl)amine bonds (Folk and 

Finlayson, 1977; Lorand and Conrad, 1984; figure 1.1B)

Following the formation of a N'(y-glutamyl)amine bond as shown in figure 1.1B, a 

free amine on the R group can be linked to another y-glutamyl group on a second 

protein, forming an N ' ,N'-bis(y-glutamyl) polyamine linkage (figure 1.1C). The 

reaction with polyamines results in the post-translational modification of proteins 

possibly resulting in changes in their biological activity, antigenicity, and turnover 

rate, but not in polymer formation (Aeschlimann and Paulsson, 1994).

When there is no suitable amine available or under acidic conditions, 

transglutaminases are also known to catalyze the hydrolysis of protein- or peptide- 

bound Gin to Glu residues (Mycek and Waelsh, 1960; Folk and Finlayson, 1977;
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Figure 1.1 Reactions catalysed by transglutaminases.

A, a schematic representation of double displacement reaction 

and formation of e-(y-glutamyl)lysine bond between proteins;

B, incorporation of primary amines into proteins, forming of an 

N'(Y-glutamyl) amine bond; C, formation of N',N'-bis (y- 

glutamyl) polyamine linkage; D, deamidation of glutamine 

reaction.
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figure 1.1D). Transglutaminases are also shown to hydrolyse certain esters, such as 

p-nitrophenyl-acetate in vitro (Folk et al., 1967; Folk and Finlayson, 1977).

The isopeptide bonds formed as a result of transglutaminase activity are resistant to 

chemical, physical and proteolytic breakdown (Lorand and Conrad, 1984). Recently 

it has been demonstrated that the s(y-glutamyl)lysine isopeptide bonds are not only 

formed but may also be hydrolysed by tTGase (type II) and factor XHIa 

(Parameswaran et a l , 1997). Additionally, an isopeptidase from leech saliva has been 

isolated and shown to have the ability in hydrolysing the e(y-glutamyl)lysine 

isopeptide bonds between the y-chains of solubilised fibrin in blood clots (Baskova 

and Nikonov, 1985).

Recently it has been reported that keratinocyte transglutaminase (type I) is also 

capable of catalysing the formation of an ester bond between specific glutamyl 

residue in involucrin and co-hydroxyceramides, which may be important in 

epidermal barrier formation by keratinocytes (Nemes et al., 1999).

1.3 Types of transglutaminases in mammalian tissues

Several transglutaminases can be present in the same tissue performing different 

functions. Screening of different human cell types with RT-PCR has revealed that in 

many cell types more than one type of transglutaminase may be expressed 

(Aeschlimann et al., 1998). In humans, where nine different transglutaminase 

enzymes are found to co-exist, most of them appear to be involved with the cross- 

linking of different specific substrates at different locations within the body 

(Aeschlimann, 2001). All transglutaminase enzymes are encoded by a family of 

closely related genes. There is a certain degree of amino acid sequence similarity 

between the different transglutaminases. They share a common amino acid sequence 

for the active site [Y-G-Q-C-W-V] (Ikura et al., 1988; Gentile et al., 1991; 

Greenberg et al., 1991) and in higher organisms require a strict calcium-dependence 

for their activity (Aeschlimann and Paulsson, 1994).

Comparison of the gene products reveals a high degree of sequence similarity, and 

all family members exhibit a similar gene organisation with remarkable conservation 

of intron distribution and splice sites (Grenard et al, 2001). Evaluation of the 

structure of the individual genes shows that they may be divided into two subclasses 

(Polakowska et al, 1992; Aeschlimann and Paulsson, 1994) wherein the genes
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encoding tissue-, epidermal-, prostate- transglutaminases, and Band 4.2 contain 13 

exons, and the genes encoding factor XHIa subunit and keratinocyte 

transglutaminase contain 15 exons. Exon IX of the former group is separated into 

two exons (X and XI) in the keratinocyte transglutaminase and factor XHIa subunit 

genes, and the non-homologous N-terminal extensions of factor XHIa subunit and 

keratinocyte transglutaminase contain an additional exon (Grenard et al, 2001).

A number of alternatively spliced transcripts exist for tissue-, prostate-, 

transglutaminase X and Band 4.2 protein (Fraij and Gonzales, 1996; Monsonego et 

al, 1997; Aeschlimann et al, 1998; Candi et al, 2001; Citron et al, 2001). Although 

the splice variants could display altered substrate specificity and/or GTP-binding 

properties, in some instances translation of these alternatively spliced transcripts 

remains to be shown (Aeschlimann, 2001).

Several mammalian transglutaminases have now been isolated, cloned and 

sequenced, and in addition, chromosomal localisation of most transglutaminases has 

been identified in the mouse and human genomes (Grundmann et al, 1986; Ikura et 
al, 1988; Ichinose et al, 1990; Phillips et al, 1990; Gentile et al, 1991; Kim et al, 
1992; Sung et al, 1992; Grant et al, 1994; Aeschlimann et al, 1998; Grenard et al, 
2001). Members of the transglutaminase family found in mammals and their actual 

or hypothetical physiological roles are summarised in table 1.1.

1.4 Three dimensional structure of transglutaminases

In order to understand the action and specificity of transglutaminases, it is important 

to determine their three-dimensional structure. While efforts to crystallise the plasma 

enzyme have not been successful so far, the cellular form of the factor XHIa 

zymogen has been crystallised in two forms (Hilgenfeld et al, 1990). The structure 

of protein a-subunit has been determined by X-ray crystallography, initially at 2.8 A 
resolution (Yee et al, 1994) and later at 2.1 A resolution (Weiss et al, 1998). 

Currently the structure of the factor XHIa subunit is being refined at 1.6 A resolution 

by Hilgenfeld and co-workers (Hilgenfeld et al, 2001), which is quite remarkable for 

a protein consisting of almost 1500 residues. Each subunit of 730 amino acid 

residues consists of four domains: the (3-sandwich, core, barrel 1, and barrel 2. The 

secondary structures of (3-sandwich, barrel 1, and barrel 2, are predominantly (3-
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sheets, whereas core domain consists of almost equal amounts of a-helices and (3- 

sheets (Noguchi et al, 2001; figure 1.2A).

The (3-sandwich domain consists of two four-stranded anti-parallel sheets twisted 

about 50° with respect to each other. There are about 100 amino acid residues in each 

of two C-terminal barrel domains and both domains are quite similar in structure and 

have an immunoglobulin-like fold (Yee et a l , 1994).

The largest and central domain in factor XHIa subunit spans about 330 amino acid 

residues. A small number of the conserved residues are located in three (3 domains, 

but the majority (136-180) are found in the central core domain. Three catalytic 

residues Cys314, His373 and Asp396 are located in the core domain at the base of a 

cavity bounded by the core and barrel 1 domains. In the factor XIII zymogen, the 

catalytic triad residues are not accessible to the substrate (figure 1.2B) It has been 

suggested that in the activation process upon binding of Ca2+ and substrate, the 

peptide linking the core and barrel 1 domains undergoes a conformational change, 

but neither the thrombin cleavage or the binding of one calcium ion alone does not 

cause the conformational changes in factor XIII (Yee et al, 1994). At present, the 

activated structure of human factor XHIa has not been elucidated, and it is not known 

what conformational rearrangements would accompany the activation process, as 

substrate binding is probably required to cause the large conformational changes 

necessary for enzymatic activity.

Recently two non-proline cis peptide bonds have been described in factor XIII; one is 

between Agr310 and Tyr311, close to the active site cysteine residue and the other is 

between Gln425 and Phe426 at the dimerisation interface (Weiss et al, 1998). The 

peculiar location of these cis peptide bonds and the strong conservation of the 

respective sequence segments in the transglutaminase family suggests a functional 

role for them. The authors have speculated that the cis/trans isomerisation of those 

peptide bonds may act as a conformational switch between active and inactive 

conformational states of factor XIII and therefore may be involved in the activation 

of the enzyme (Weiss et al, 1998).

Information on the three-dimensional structures of transglutaminases is still rather 

limited. They share a significant degree of sequence identity with the blood-clotting 

factor and thus are likely to have a similar overall fold as described for factor XIII. 

Recently the crystal structure of red sea bream liver transglutaminase (fish-derived
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A

p-tofr»< 2

Figure 1.2. Three dimensional structure of transglutaminases.

A, the computerised homology model of tTGase (left panel) based 

on the sequence identity with Factor XHIa and the structural model 

of active site of tTGase in the catalytic domain (Yee et al., 1994; 

Melino and Piacentini, 1998); B, possible 3-D structures of tTGase 

with GTP (left panel) and with Ca2+ (right panel) (Mariani et al., 

2000).
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tTGase) has been resolved at 2.5 A resolution (Noguchi et al., 2001), and although 

this tTGase lacks an activation peptide at the N terminus, its overall and active site 

structures were similar to those of human factor XIII. However, significant structural 

differences were observed in the acyl donor and acyl acceptor-binding sites, which 

probably accounts for the differences in substrate preferences (Noguchi et al., 2001). 

Recently also the crystal structure of tTGase has been determined at 2.8 A resolution 

(Liu et al., 2002). As predicted, the overall structure of tTGase was similar to that of 

factor XIII, although the enzyme presented a different Ca2+ binding site (Liu et al, 

2002).

1.5 Erythrocyte Band 4.2

Erythrocyte Band 4.2 is a major membrane-associated protein with an important, but 

still undefined, role in erythrocyte survival. The protein has a strong sequence 

identity with the transglutaminase family of proteins. Due to the substitution of an 

alanine for the active site cysteine (Korsgren et al, 1990) the erythrocyte Band 4.2 is 

a catalytically inactive member of the transglutaminase family of enzymes. Due to 

the loss of cross-linking activity, Band 4.2 has become a purely structural protein 

(Cohen et al, 1993). The Band 4.2 gene is approximately 20 kb long, and the 

resulting protein is approximately 77 kDa in size. Protein 4.2 is a major component 

of the red blood cell (RBC) membrane skeleton and comprises approximately 5% of 

the protein mass of human erythrocyte (RBC) membranes (Rybicki et al, 1995). 

Band 4.2 binds to the integral membrane protein band 3 and to cytoskeletal proteins 

in the erythrocyte membrane. Band 4.2 deficiency results in varying degrees of 

hemolytic anaemia, suggesting a role for this protein in maintaining RBC stability 

and integrity (Sung et al, 1992). Protein 4.2 is also important in the maintenance of 

the normal surface area in RBCs, in addition it is also required for normal RBC 

cation transport (Peters et al, 1999).

1.6 Prostate transglutaminase

Most information on prostate transglutaminase (pTGase) has been obtained from 

studies on rat pTGase (Wilson and French, 1980; Romijn, 1990). In contrast to other 

types of transglutaminases, little is known about the physiological function of 

pTGase. Although not fully characterised, the prostate transglutaminase has been



Chapter 1: Introduction

shown to be a homodimeric protein of 150 kDa consisting of two glycosylated and 

acylated polypeptide chains with a molecular weight around 75 kDa, possessing a 

lipid anchor and being secreted in an apocrine fashion by the dorsal prostate and the 

coagulating gland in rats (Seitz et al, 1991). The pTGase gene spans approximately 

35 kb of genomic DNA and the structure of the pTGase gene displays striking 

similarity to that of other transglutaminase genes. Evidence that human pTGase 

expression is limited to the prostate and can be stimulated by androgens has been 

obtained (Dubbink et al, 1996). pTGase has been shown to be involved in the 

formation of the copulatory plug in rodents (Williams-Ashman, 1984). A role for 

pTGase in avoiding the rejection of sperm cells by the immunocompetent elements 

present in the female genital tract has been hypothesised. A similar role may also be 

played by the enzyme in humans, since the activity of pTGase has been detected both 

free in the human seminal plasma and bound on the spermatozoon surface (Porta et 

al, 1986). It also cross-links a group of androgen-dependent proteins with repeating 

sequences that are secreted by the seminal vesicle (Porta et a l, 1990). The human 

pTGase has been implicated in pathological events; the expression and synthesis of 

the human pTGase has been reported to be upregulated in prostate cancer cell lines 

(Dubbink et a l, 1996) but down-regulated in most metastatic prostate cancers (An et 

al, 1999).

1.7 Epidermal transglutaminase

The human epidermal transglutaminase (eTGase) is the least understood member of 

the mammalian transglutaminases. It was initially characterised in 1975 by Buxman 

and Wuepper (Buxman and Wuepper, 1975) and purified from human and bovine 

skin in 1976 (Buxman and Wuepper, 1976; Ogawa and Goldsmith, 1976). eTGase is 

a proenzyme and requires proteolytic activation, it has been found in a 50 kDa (when 

in active state) and 72 kDa (as a proenzyme) forms located in the epidermal tissues 

(Kim et al, 1990), but has not been detected in cultured keratinocytes (Negi et a l, 

1985).

eTGase is thought to be involved in the formation of the comified cell envelope 

during terminal differentiation, as its activity increases as the epidermal cells enter 

the final stage of differentiation marked by formation of the cell envelope (Buxman 

and Wuepper, 1975). The majority of enzyme activity in cells has been found in the
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particulate fraction with only a small portion of it present in the cell cytosol. 

Although the mechanism by which its activity is controlled is not known and the 

origin and relationship between the several forms are not understood, it is thought 

that eTGase undergoes proteolytic post-translational modifications in response to the 

physiological state of epidermal cells during differentiation, resulting in the 

activation and transfer of the enzyme from the cytosol to the membrane-bound 

compartment (Kim et al, 1994).

1.8 Keratinocyte transglutaminase

Keratinocyte transglutaminase (kTGase) is the largest of all the transglutaminase 

family members. kTGase is complex and exists in keratinocytes as multiple soluble 

forms, either intact or proteolytically processed at conserved sites, which have 

varying specific activities and probably different functions (Kim et al, 1995). 

Initially kTGase was identified as a protein of about 90 kDa (Duvic et al, 1994; 

Thacher, 1989), which was thought to be a size of the full-length of kTGase in 

cultured epithelial cells. Later a band of 106 kDa was recognised by antibody in 

proliferating cells (Kim et al, 1994 and 1995), which was peripherally associated to 

the cytoplasmic side of the plasma membrane through fatty acylation by thioester- 

linked myristic and palmitic acid (Chakravarty and Rice, 1989). However, terminally 

differentiating cells have been shown to contain a soluble 67 kDa form of enzyme 

often complexed with a 33 kDa protein (Kim et al, 1995). The 15% increase in size 

is thought due to a post-translational modification of the 90 kDa core protein 

(Chakravarty and Rice, 1989; Kim et al, 1991 and 1992)

kTGase is primarily membrane-bound, but a small fraction about 5 to 10% is 

normally found in a soluble state in cell culture (Thacher and Rice, 1985). kTGase is 

synthesised as a soluble enzyme, but quickly becomes insoluble due to the rapid 

acylation by fatty acids, which serves as a hydrophobic anchor (Chakravarty and 

Rice, 1989). The active enzyme can also be released into the cytoplasm in a soluble 

form by post-translational proteolytic modification, which targets a cluster of 5 

cysteine residues present at the N terminus of the enzyme through fatty acylation 

(Thacher and Rice, 1985; Kim et a l , 1995). The mutation of the cluster of cysteine 

residues from the N-terminus of kTGase, which is unique to the kTGase protein,

11
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prevents the enzyme from associating with the plasma membrane (Phillips et al,

1993).

kTGase is induced during terminal differentiation of keratinocytes and cross-links 

specific intra-cellular proteins contributing to the formation of the cornified cell 

envelope, which is the insoluble component of the epidermis due to cross-linking by 

disulfide bonds as well as isodipeptide bonds that are formed by the action of 

transglutaminases. Immunohistochemical evidence indicates that kTGase is mainly 

expressed in the granular layer of the epidermis where its major function appears to 

be the cross-linking of substrate molecules, such as involucrin (Simon and Green,

1988), loricrin (Candi et al, 1995), comifin (Marvin et al, 1992), filaggrin and 

elafin (Steinert and Marekov, 1995; Simon et al, 1996). kTGase is responsible for 

the formation and structural stability of the 15 nm highly cross-linked thick layer of 

insoluble proteins on the intracellular surface of the plasma membrane, also known 

as the callus layer of the skin. A deficiency in kTGase is thought to be the cause of 

the keratinisation disorder, lamellar ichthyosis (Huber et al, 1995; Russell et al,

1995) that results in the thickening of the epidermis with a high risk of sepsis and 

dehydration. Recently, studies on kTGase -/- mice, demonstrated that the kTGase 

deficient animals had erythrodermic skin with abnormal keratinisation (Matsuki et 

al, 1998). In addition, the skin barrier function of kTGase -/- mice was markedly 

impaired, and these mice died within 4-5 h after birth clearly demonstrating the 

importance of kTGase in the development and maturation of the stratum corneum 

and to adaptation to the environment after birth (Matsuki et al, 1998).

1.9 Plasma factor XIII

Factor XIII is one of the best-characterised transglutaminases and its physiological 

role is well established. In platelets, placenta, uterus, prostate, macrophages, and 

other cells and tissues, factor XIII exists as a dimer of two a subunits, each 

containing 730 amino acid residues (Ichinose et al, 1886), while in the circulating 

plasma human factor XIII is a tetramer a2b2 composed of two non-covalently 

associated catalytic a subunits and two non-catalytic b subunits (Schwartz et al, 

1973; Chung et al, 1974). Unlike many other transglutaminases it is a zymogen 

which is converted to the active enzyme by thrombin cleavage of a 37-residue

12
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activation peptide from the N-terminus of each of the a subunits (Schwartz et al, 

1973; Takagi and Doolitle, 1974).

1.9.1 Factor XHIa subunit

Factor XHIa subunit is mainly expressed by hemopoietic cells like monocytes, 

macrophages, megakarocytes, platelets, although additional sites of synthesis also 

exist, like hepatocytes in liver, uterus, and placenta (Weisberg et a l , 1987; 

Greenberg et al, 1991; Aeschlimann and Paulsson, 1994; Adany, 1996).

The complete amino acid sequence of the human placental factor XHIa subunit was 

established by the combination of cDNA cloning and protein sequencing techniques 

(Grundmann et al, 1986; Ichinose et al, 1986). The gene encoding the human factor 

XHIa subunit is more than 160 kb in size (Ichinose et al, 1986). The thrombin 

cleavage sites have been found in exons 2 and 12, the potential calcium binding sites 

have been localised in exons 6 and 11 and the active centre sequence in exon 7 

(Ichinose et al, 1988; Hettasch et al, 1994).

Factor XHIa subunit consists of 730-731 amino acid residues with a molecular 

weight of 83 kDa. Even though six potential glycosylation sites have been identified, 

no carbohydrate modification has been detected in the mature protein (Greenberg et 

al, 1991). The amino acid sequence derived from the corresponding cDNA has 

revealed the absence of any typical N-terminal hydrophobic leader sequences for 

secretion (Grundmann et al, 1986; Ichinose et a l , 1986) and could therefore explain 

the presence of this molecule in the cytoplasm, being consistent with the observed 

lack of carbohydrate or disulfide bonds in the protein and the acetylation of serine at 

the N terminus. The mechanism of XHIa release into the plasma and extracellular 

matrix is uncertain and it seems to be secreted in an independent manner to the b 

subunit. The presence of the factor XHIa subunit on the monocytic cell surface 

(Akimov and Belkin, 2001) and in the extracellular environment (Kaetsu et al, 1996) 

has been reported. Since the release of XHIa directly correlated with that of lactate 

dehydrogenase, it was suggested that the a subunit was released from the cells as a 

consequence of cell injury (Kaetsu et al, 1996).

13
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1.9.2 Factor X lllb subunit

The amino acid sequence of the human factor Xlllb subunit was derived by 

sequencing cDNA clones isolated from the a human liver library (Bottenus et al.,

1990). The mature protein, containing 641 amino acids, has a molecular weight of 80 

kDa after addition of carbohydrate (8.5%) (Bohn et al., 1972) and has been reported 

to have filamentous structure (Carrell et al., 1989). Around 95% of the amino acid 

sequence is formed of ten tandem repeats, each consisting of approximately 60 

amino acids and two disulfide bonds.

Human factor Xlllb subunit gene corresponding to a 28 kb DNA fragment is 

localised on the chromosome lq28 (Bottenus et al, 1990) together with many other 

complement-regulatory proteins, suggesting that this cluster originated by gene 

duplication. The b subunit gene consists of 12 exons. The first exon encodes the 

leader sequence, the last one codes for the C-terminal portion of the protein, and the 

remaining exons code for the 10 tandem repeats. Analysis of other proteins 

containing similar repeats has suggested that this structure (also called sushi 

structure) is likely to serve as a protein-binding domain (Aeschlimann and Paulsson,

1994).

1.9.3 Activation of factor XHIa

Activation of factor XHIa occurs through thrombin cleavage of the Arg37-Gly38 

peptide bond near the N-terminus of the a subunit (Takagi and Doolittle, 1974; 

Takahashi et al., 1986). As a result of this cleavage, two 37 amino acid N-terminus 

activation peptides are liberated from each of the a subunits (Schwartz et al., 1973; 

Takagi and Doolitle, 1974). In the presence of calcium ions, the b subunits then 

dissociate from the tetramer, unmasking factor XHIa activity (Hornyak and Shafer,

1991). The calcium concentration required for b subunit dissociation to levels that 

exist in plasma is reduced in the presence of fibrinogen (Greenberg et al., 1987). The 

polymerisation of fibrin increases the rate of thrombin cleavage by providing binding 

sites for factor XIII and thrombin (Greenberg et al., 1987). The capacity of fibrin to 

promote factor XIII activation ensures that factor XIII is formed after fibrin and 

limits the formation of factor XIII in plasma. As a result of a second thrombin 

cleavage between Lys513 and Ser514, a 54 kDa catalytically active polypeptide is 

formed (Takahashi et al., 1986) that binds to fibrin (Greenberg et al., 1988).
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Activation of the intra-cellular form of factor XIII has been reported to occur also in 

platelets by thrombin cleavage alone (Homyak and Shafer, 1991). Factor Xlllb 

subunit is thought to stabilise the a subunit and to regulate the activation of the 

zymogen in plasma (Aeschlimann and Paulsson, 1994). The factor XIII b subunits 

released from the tetramer upon thrombin activation are possibly involved in a 

negative feedback regulatory mechanism of the contact pathway of blood 

coagulation (Halkier and Magnusson, 1988).

1.9.4 Factor XIII functions

Factor XIII is the last enzyme to be activated in the blood coagulation cascade 

(Lorand and Conrad, 1984). The activation of the enzyme leads to the cross-linking 

of a number of proteins in plasma. Factor XHIa catalyses cross-linking between 

fibrin molecules, increasing the strength of blood clots (Chen and Doolittle, 1971; 

Doolittle et al, 1979; Shainoff et al, 1991); it also cross-links fibrin to fibronectin 

and thrombospondin to anchor the blood clot to the site of injury (Hansen, 1984; 

Bale and Mosher, 1986), fibrin to a 2-antiplasmin to increase the resistance of the clot 

to plasmin degradation (Reed et al, 1991), and fibrin to other coagulation substrates 

such as factor V, platelet actin, and von Willebrand factor (Hada et al, 1986). In 

addition to being a critical component of the blood coagulation system, factor XHIa 

also cross-links extracellular matrix proteins such as fibronectin (Mosher et al, 

1979), vitronectin (Sane et al, 1988), collagens (Mosher and Schad, 1979; Akagi et 

al, 2002) and lipoproteins (Borth et al, 1991; Romanic et al, 1998).

Abnormal levels of factor XIII or its activity have been linked to a variety of 

diseases, such as ulcerative colitis and other gastrointestinal disorders (Fukui et a l , 

1989; Lorenz et al, 1991), liver cirrhosis and acute leukaemia (Ballerini et al, 

1985), rheumatoid arthritis (Weinberg et al, 1991), retinal disease (Weller et al, 

1990), sclerosis (Penneys et al, 1991), atherosclerosis, and heart disease (Kloczko et 

al, 1986 and 1988; Kram et al, 1989; Reiner et al, 2002). Individuals who are 

deficient in factor XIII typically re-bleed after initial clot formation; other 

characteristic symptoms are umbilical and intracranial bleeding in children, a 100% 

spontaneous abortion rate in women, and sterility in men (Kitchens and Newcomb, 

1979). Recently factor XHIa has been localized in the nuclei of two day old 

macrophages. The possible role of nuclear FXIIIa is suggested to be associated with
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cellular processes involving chromatin structure remodeling, such as cell death, cell 

differentiation or cellular proliferation, but the evaluation of those roles requires 

further in-depth investigation (Adany et al, 2001)

Factor XHIa binding to cultured fibroblasts results in the conversion of soluble 

fibronectin into an insoluble complex associated with the extracellular matrix (Barry 

and Mosher, 1990). The association of factor XIII with platelets, monocytes and 

fibroblast membranes aids in the formation of a stable hemostatic plug and facilitates 

wound healing.

1.10 Transglutaminases X, Y, and Z

Recently, three additional members of transglutaminase family have been 

discovered, and named TGase5 or transglutaminase X, TGase6 or transglutaminase 

Y, and TGase7 or transglutaminase Z. While the physiological role of those enzymes 

still has to be revealed, their gene localisation and organisation and mRNA 

expression patterns have already been described (Aeschlimann et al, 1998; Grenard 

et al, 2001).

TGase5 gene comprises of -35 kb of genomic DNA and contains 13 exons and 12 

introns. In addition, Northern blot analysis has demonstrated at least two differently 

spliced mRNA transcripts in human keratinocytes (Aesclimann et al, 1998). 

Expression studies have demonstrated that full-length TGase5 is induced during the 

early stages of keratinocyte differentiation and is differently regulated in comparison 

with the other epidermal transglutaminases. It has also been shown that TGase5 

efficiently cross-links epidermal substrates, such as loricin and involucrin in vitro, 

suggesting its role in comified envelope formation in vivo (Candi et al, 2001).

A novel transglutaminase Y (TGase7) has been localised on the segment containing 

the genes encoding tTGase and eTGase on human chromosome 20 (Grenard et al, 

2001).

Transglutaminase Z, another novel transglutaminase has been discovered in human 

prostate carcinoma, and as for TGase5, a number of alternative splice variants have 

been isolated (Grenard et al, 2001). A comparative sequence analysis has revealed 

that structural requirements for TGase activity and calcium binding are conserved, 

and core domain containing catalytic amino acid triad shows a high level of 

conservation when compared to other TGases. In addition, TGase5 and TGase7
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genes have been localised in tandem with Band 4.2 gene on human chromosome 15. 

Expression of TGase5 and TGase7 mRNA has been shown in a wide variety of 

tissues, and expression patterns of both novel TGases overlap with tTGase and to a 

more limited degree with eTGase (Grenard et al, 2001).

1.11 Tissue transglutaminase

Tissue transglutaminase also known as type II transglutaminase has been 

characterised in a wide variety of different cells and tissues (Fesus and Thomazy, 

1988; Thomazy and Fesus, 1989). It is the most widely distributed form of the 

mammalian transglutaminases, and is the enzyme of study in this thesis.

1.11.1 Organisation and structure of the human tissue transglutaminase gene

Analysis of the genomic organisation of tTGase shows that the gene is 32.5 kb long 

of which only 4 kb represents the exon sequences. The tTGase gene is composed of 

13 exons separated by 12 introns. Exon 13 is the largest (about 50% of the cDNA 

size) containing the coding region of the C-terminus of the protein and the 3' -end of 

the cDNA (Fraj et al, 1992). The gene for human tTGase has been found on 

chromosome 20 (Gentile et al., 1994).

A functional human tTGase promoter contains potential responsive elements and 

binding sites for multiple factors, including glucocorticoid, IL-6, AP-1 and AP-2 (Lu 

et al., 1995; figure 1.3). The core region of the tTGase promoter contains TATA box, 

four SP1 sites, and four potential NF-1 sites within 134bp upstream of the translation 

start codon, and is sufficient for accomplishing high constitutive transcriptional 

activity (Lu et al, 1995).

Retinoic acid is an important regulator of the tTGase gene expression (Moore et al, 

1984; Davies et al, 1985; Chiocca et al, 1988; Gentile et al, 1991). This regulation 

is at the transcriptional level and activation of the tTGase promoter by retinoids 

appears to be linked to the activity of a specific retinoid response element mTGRREl 

that is located 1.7 kb upstream of the transcription start site and contains a triplicate 

retinoid receptor binding motif. Coupled with a short DNA segment (HR-1) 

approximately 1 kb upstream of the transcription start site, mTGRREl mediates full 

promoter activation by retinoic acid (Nagy et al, 1996).

17



Chapter 1: Introduction

retinoids TNF-ct iL-S TGFB1/TGFR2

I® I® |®

methylation

e

CAAT SP1 SP1 TATATHE

Figure 1.3 Schematic illustration of the tissue 

transglutaminase promoter; (Aeschlimann and Thomazy, 2000).

Ilustration of the tTGase promoter showing effects of various factors. 

The TATA box and upstream SP1 sites provide' constitutive 

expression. Retinoids, TNFa, IL-6 and TGFp-1 stimulate expression. 

TGFp-2, BMP2/BMP4 and methylation inhibit expression.
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1.11.2 Structure of tissue transglutaminase protein

The complete amino acid sequence for tTGase from guinea pig liver (Ikura et al,

1988), bovine aorta (Nakanishi et al, 1991), mouse macrophages, human endothelial 

cells (Gentile et al, 1991), and chicken erythrocytes (Weraarchakul-Boonmark et al,

1992) have been deduced from the corresponding cDNA sequences. These studies 

have revealed that tTGase is a monomeric protein of 685-691 amino acids, with a 

molecular weight of 76-85 kDa (Aeschlimann and Paulsson, 1994). An inactive form 

of the tTGase having a molecular mass of 120 kDa, which could be activated by 

proteases, has also been reported in metatastic cells of both murine and human origin 

(Knight et al, 1990; Zirvi et al, 1991).

The amino acid analysis of guinea pig liver tTGase has revealed that, despite having 

17 cysteine residues, the protein contains no disulfide bonds; in addition, tTGase 

does not have any classical hydrophobic leader sequences and although six potential 

N-linked glycosylation sites have been identified, tTGase is not glycosylated (Ikura 

et al, 1998). tTGase undergoes posttranslational modification at its terminal regions, 

where its initiator methionine is removed, followed by N-acetylation of the adjacent 

alanine residue (Ikura et al, 1998). Two regions rich in glutamine residues around 

amino acids 450 and 470 have been proposed for the calcium-binding site in order to 

regulate its activity (Ichinose et al, 1990).

The three-dimensional structure of tTGase has been modelled on the basis of factor 

XHIa and has been predicted to consist of N-terminal (3-sandwich domain, a catalytic 

core, and two C-terminal barrels (Lesort et al, 2000; Noguchi et al, 2001; figure 

1.4). The crystal structure of red sea bream liver transglutaminase (fish-derived 

tTGase) has been published (Noguchi et al, 2001), and its overall and active site 

structures are very similar to those of human factor XHIa, also suggesting that the 

structure of tTGase is similar to the factor XHIa. Studies by Iismaa and co-workers 

(1997) have revealed that the N-terminal domain of tTGase is required for its cross- 

linking activity and the core domain is essential for the hydrolysis of GTP and ATP. 

Recently these authors localised the GTP-binding domain to a 15-residue segment 

spanning between amino acids 159-173 in the core domain of tTGase (Iismaa et al, 

2000). Interestingly, GTP-binding domain of tTGase contains almost all of the 

conserved tryptophans of the proteins and the latest point mutation analysis
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(Lesort et al., 2000).
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of those tryptophan residues revealed that Trp241 was critical for tTGase cross- 

linking activity (Murthy et al, 2002).

1.11.3 Regulation of tissue transglutaminase

Tissue transglutaminase is a ubiquitous enzyme expressed in a wide variety of cells 

and tissues in a highly regulated manner. Many cells, such as endothelial cells, 

vascular smooth muscle cells, platelets, and epithelial cells of the lens, express the 

enzyme constitutively and accumulate high levels of active enzyme (Thomazy et al., 

1989; Greenberg et al, 1991). In other cells, such as monocytes and tissue 

macrophages, the basal expression of enzyme is very low, but the enzyme is 

dramatically induced following exposure to an inflammatory stimulus (Moore et al, 

1984; Murtaugh, et al, 1984). The expression of tTGase in different tissues can be 

regulated at transcriptional, post-transcriptional, and at the protein turnover rate 

level.

1.11.3.1 Regulation of tissue transglutaminase expression

The tTGase gene core promoter is constitutively active in many different cell types 

(Lu et al, 1995). The presence of a constitutively active promoter in a gene subject 

to complex regulation indicates that important negative or tissue-specific regulatory 

elements are involved to control the expression of this gene in many cells and tissues 

(Chen and Mehta, 1999).

Altered methylation in the tTGase promoter has been suggested as one of the 

possible mechanisms of regulation of the basal expression of tTGase gene (Lu and 

Davies, 1997). These authors demonstrated the direct correlation between 

methylation of the CpG-rich region of the human tTGase promoter and decreased 

transcription of the promoter. In addition, in vivo demethylation of the tTGase 

promoter was shown to increase tTGase expression.

The expression of tTGase is highly regulated and various factors have been shown to 

induce its expression in different cell lines and cell types, including cyclic AMP 

(Perry et a l , 1995), dexamethasone (Johnson et al, 1998), dimethyl sulfoxide (Hsu 

and Friedman, 1983), NF-kB (Mirza et al, 1997), IL-6 (Suto et al, 1993), TNFa
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(Kuncio et al, 1998), TGF-pl (George et al, 1990; Ritter and Davies, 1998), sodium 

butyrate (Byrd and Lichti, 1987; Lee et al, 1987), thrombin (Auld et al, 2001).

In accordance with the regulatory elements found on the tTGase promoter, retinoic 

acid influences the expression of tTGase in vitro and in vivo with the increases of 

both mRNA and protein (Davies et al, 1985; Mehta et al, 1986; Murtaugh et al, 

1986; Chiocca et al, 1988; Verma et al, 1992; Defacque et al, 1995; Zhang et al,

1995). Retinoids exert their biological effects by interacting with two families of 

intracellular nuclear receptors: the retinoic acid receptors (RAR) and the retinoid X 

receptors (RXR) (Chambon, 1994). It has been demonstrated that induction of 

tTGase expression in different cell lines requires ligand-dependent activation of 

either or both the RAR and RXR receptors (Zhang et al, 1995; Joseph et al, 1998). 

In addition, the retinoic acid induction of tTGase can be enhanced by factors such as 

protein kinase activators e.g. cholera toxins or reduced by others like pertussis toxins 

(Johnson and Davies, 1986; Ishii and Ui, 1994).

1.11.3.2 Regulation of tissue transglutaminase activity

Tissue transglutaminase is a bifunctional enzyme, it catalyses Ca2+- dependent 

protein cross-linking and Ca2+- independent but Mg2+ - dependent GTP and ATP 

hydrolysis (Lee et al, 1989). The requirement of Ca2+ as an activator of tTGase was 

reported as early as in 1967 by Folk and co-workers (Folk et al, 1976). Early in vitro 

studies clearly established that guanosine nucleotides modulate the cross-linking 

activity of tTGase (Achyuthan and Greenberg, 1987).

Inside the cell the tTGase cross-linking activity is tightly controlled by local 

concentrations of Ca2+ ions and guanosine nucleotides (Smethurst and Griffin, 1996). 

For the tTGase cross-linking activity to occur, the enzyme must bind 3-4 Ca2+ ions in 

the absence of guanosine or adenosine nucleotides (Folk and Finlayson, 1977). The 

non-competitive binding of guanosine nucleotides to tTGase is believed to promote a 

conformational change in the enzyme inhibiting its activity, but this inhibitory effect 

can be partially reversed by the addition of Ca2+ ions (Achyuthan and Greenberg, 

1987; Kanaji et al, 1993). Based upon the affinity of tTGase for both GTP/GDP and 

Ca2+ as well as the concentrations of these co-factors inside the healthy cell, the 

majority of its activity in the intra-cellular environment is predicted to remain latent 

(Smethurst and Griffin, 1996).
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As stated earlier, in addition to its cross-linking activity, tTGase can also bind and 

hydrolyse GTP and ATP in a magnesium dependent manner (Lee et al, 1989; Lai et 

al, 1998). Magnesium ions are essential for the hydrolysis of both GTP and ATP 

(Lee et al, 1993). Mg2+-GTP and Mg2+~ATP have been demonstrated to be the true 

substrates for tTGase mediate hydrolysis (Lai et al, 1998). Mg2+-ATP induces a 

conformational change in tTGase that inhibits GTPase activity but does not interfere 

with the cross-linking activity. In contrast, Mg2+-GTP binding induces a different 

conformation that inhibits cross-linking activity without affecting the ATPase 

activity of tTGase (Lai et al, 1998). In addition, Mg2+-GTP protects tTGase from 

proteolytic degradation by trypsin, whereas Mg21-ATP is ineffective (Lai et al,

1998).

Besides calcium and nucleotides there are other factors that can have an effect on 

tTGase activity inside the cell. Studies by Lai et al (1997) have demonstrated that 

sphingosylphosphocholine can serve as specific co-factor for the enzyme that 

reduces the Ca2+ requirement for activating tTGase. Nitric oxide (NO) has also been 

shown to modulate tTGase activity by S-nitrosylation of the active site cysteine and 

formation of S-nitrosothiol (Melino et al, 1997). Latest studies have revealed that 

the S-nitrosylation and denitrosylation of tTGase is regulated through a unique Ca2+- 

dependent mechanism where in the presence of Ca2+ more cysteine residues in 

tTGase were nitrosylated resulting in an inhibition of tTGase activity, but the 

addition of Ca to nitrosylated enzyme was able to trigger denitrosylation (Lai et al, 

2001).

1.11.4 Localisation of tissue transglutaminase

Tissue transglutaminase has long been described as a cytosolic enzyme since the 

majority of the enzyme is found in the cell cytoplasm, where it could interact with 

cell membranes, cytoplasmic, and cytoskeletal proteins. Although tTGase does not 

have any classical hydrophobic leader sequence and therefore shows the 

characteristics of a cytoplasmic protein, the presence of the enzyme has been 

detected in the cell membrane fraction (Griffin et al, 1978; Barnes et al, 1985; Slife 

et al, 1985; Tyrrell et al, 1986; Juprelle-Soret et al, 1988), in the nucleus (Singh et 

a l , 1995; Lesort et al, 1998; Peng et al, 1999), and in the extracellular matrix 

(Barsigian et al, 1991; Aeschlimann and Paulsson, 1994; Martinez et al, 1994;
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Jones et al, 1997; Johnson et al., 1997 and 1999; Verderio et al., 1998). Due to the 

ability of tTGase to cross-link many cytoskeletal proteins such as actin and myosin 

(Cohen et al., 1985; Cohen and Anderson, 1987; Takashi, 1988; Harsfalvi et al., 

1991; Huang et al., 1992; Kang et al, 1995), it has been suggested that the enzyme 

may bind to these proteins or be present in this cellular fraction by virtue of the 

catalytic auto cross-linking of itself to stress fibres (Chowdhury et al., 1997), which 

in turn determines the sub-cellular distribution of the enzyme.

1.11.4.1 Membrane-associated tissue transglutaminase

Sub-cellular fractionation and electron microscopy studies have shown that most of 

tTGase is soluble and is recovered in the supernatant fraction of cell extracts, but 

considerable fraction of tTGase is also found associated with a membrane fraction, 

where it remains even after extensive washes (Barnes et al., 1985; Slife et al., 1985; 

Tyrrell et al., 1986; Juprelle-Soret et al., 1988). Transglutaminase extracted from the 

particulate fraction has been demonstrated to display enzymatic and structural 

properties closely resembling those of the cytosolic enzyme indicating that the 

particulate enzyme could be a specific sub-cellular localisation of tTGase (Chung 

and Chang, 1986). Studies on the particulate fraction of rat liver homogenate have 

also shown that there are protein substrates in the plasma membrane which are 

accessible to the membrane-associated transglutaminase and that these substrates 

form large molecular weight aggregates that are not dissociated by sodium dodecyl 

sulfate and disulfide reducing agents (Slife et al., 1986; Tyrrell et al, 1986 and 

1988a). Further work of the same authors revealed that one component from this 

SDS-insoluble aggregate was fibronectin (Tyrrell et al., 1988b).

1.11.4.2 Nuclear tissue transglutaminase

Tissue transglutaminase has recently been identified in the nucleus, both as a cross- 

linking enzyme and as a G-protein (Singh et al, 1995; Lesort et al., 1998). 

Subcellular fractionation of human neuroblastoma SH-SY5Y cells demonstrated that 

7% of total tTGase was localised in the nucleus of which 6% copurified with the 

chromatin-associated proteins, and the remaining 1% was in the nuclear matrix 

fraction (Lesort et al., 1998). It was demonstrated that tTGase activity in the nucleus 

was very low, but could be activated in situ when cells were treated with maitotoxin;
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furthermore, different proteins were modified by transglutaminase in the nucleus 

compared with the cytosol (Lesort et al, 1998). Several potential nuclear substrates 

for tTGase have been identified to date including histones (Ballestar et al, 1996; 

Shimizu et al, 1997) the retinoblastoma protein (Oliverio et al, 1997), and 

transcription factor SP1 (Han et al, 2000).

The high molecular weight of tTGase (80 kDa) rules out the passive diffusion of 

tTGase through the nuclear membrane thus indicating the potential of active nuclear 

transport. Co-localisation of tTGase and importin-a3 has been detected in the cytosol 

indicating the possible physiological association of the two molecules in vivo (Peng 

et al, 1999). Such a co-localisation pattern also agrees with the known mechanisms 

of importin-mediated nuclear transport, whereby importin-a3 molecule remains 

bound to a transported protein only in the cytosol and rapidly dissociates from it after 

crossing the nuclear membrane (Gorlich et al, 1995; Kohler et al, 1997). The role of 

nuclear tTGase has not been addressed so far. An intriguing possibility is that nuclear 

tTGase activity responsible for the modification of the above mentioned substrates 

by polyamination or cross-linking may be relevant to the known role of tTGase in 

cell cycle progression (Mian et al, 1995) and apoptosis (Pirreda et al, 1999).

1.11.4.3 Tissue transglutaminase in the extracellular environment

1.11.4.3.1 Extracellular protein substrates of tissue transglutaminase

The extracellular environment provides a high concentration of calcium and a low 

concentration of nucleotides necessary for the activation of the enzyme. Since many 

extracellular proteins are known to serve as substrates for tTGase it is therefore 

possible that tTGase plays a central role in reconstructing and/or stabilising the fine 

structure of the extracellular matrix.

The involvement of tTGase in the formation of fertilisation envelope, which is a 

specialised extracellular matrix in sea urchin eggs, was the first suggestion of the 

possible extracellular role of cell surface tTGase in stabilisation of extracellular 

material (Battaglia and Shapiro, 1988). Since then it has been reported that tTGase is 

able to bind and cross-link several ECM proteins such as fibronectin (Turner and 

Lorand, 1989; Barsigian et al, 1991; Martinez et al, 1994), fibrin and fibrinogen 

(Achyuthan et al, 1988), vitronectin (Sane et al, 1991), osteonectin (Aeschlimann et 

al, 1995), osteopontin (Kaartinen et al, 1997), laminin-nidogen complex in
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basement membrane (Aeschlimann and Paulsson, 1991), and different types of 

collagen (Juprelle-Soret et al., 1988; Kleman et al., 1995; Esterre et al., 1998). 

tTGase has been implicated to play a role in the stabilisation of different tissues. 

Since nidogen is a substrate for tTGase the basal membrane was found to be 

stabilised by tTGase-mediated cross-linking. Studies on tTGase activity in liver, 

heart, muscle and kidney have revealed extracellular distribution of the enzyme with 

intensive staining in collagen rich connective tissue and co-localisation with nidogen 

(Aeschlimann et al., 1991). Also osteonectin has been found to co-express with 

tTGase in differentiating cartilage. It appears that tTGase may function in cartilage 

by cross-linking matrix proteins such as osteonectin before mineralisation of the 

tissue (Aeschlimann et al., 1993 and 1995).

Recently tTGase has been implicated in the storage and regulation of the 

extracellular pool of latent TGFp through the incorporation of latent TGFp binding 

protein (LTBP) into the ECM (Taipale et al., 1994; Verderio et al., 1999). Since the 

storage and subsequent release of the ECM-bound latent TGFp is recognised as a key 

mechanism in extracellular matrix remodelling in wound healing and development 

(Border and Rouhslati, 1992; Nakajima et al., 1997), the regulation of the 

extracellular pool of tTGase may therefore be a key factor in localising and 

concentrating latent TGFp complexes before activation during tissue remodelling. 

(Verderio et al., 1999). Immunohistochemical data has provided strong evidence that 

the specific regulation of tTGase leads to changes of extracellular amounts of latent 

TGFp binding protein. In addition, the co-localisation of LTBP with tTGase and 

fibronectin in the ECM suggested that fibronectin could be one of the ECM proteins 

to which LTBP is cross-linked as a result of tTGase catalytic activity (Verderio et al., 

1999).

1.11.4.3.2 Tissue transglutaminase fibronectin interaction

Among various ECM proteins, the best characterised is the interaction of tTGase 

with fibronectin. The enzyme has been found to cross-link fibronectin and to bind to 

it by a non-covalent attachment (Jeong et al., 1995). Analysis of fibronectin 

proteolytic fragments has demonstrated that tTGase binds to fibronectin via the first 

seven amino acids of the enzyme N-terminus (Jeong et al., 1995). Rotary shadowing 

electron microscopy studies of guinea pig liver tTGase/fibronectin complexes
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showed that the enzyme binds within 5 to 10 nm of the N-terminus of the thin 

fibronectin strands (LeMosy et al, 1992). tTGase binds in vitro to fibronectin with 

high affinity (Kd ~8 nM) and 2:1 stoichiometry. This interaction is mediated by a 42 

kDa gelatin-binding fragment of fibronectin that lacks any known integrin binding 

motifs (Turner and Lorand, 1989; Radek et al., 1993).

Extracellular tTGase-mediated formation of high molecular weight SDS-insoluble 

complexes were found at sites of cell-cell surface contacts and were believed to 

stimulate hepatocyte cell-cell adhesion (Slife et al., 1986). Immuno-blotting analysis 

of those SDS-insoluble complexes showed that one of the main components was 

fibronectin (Tyrell et al., 1988a). Barsigian et al. (1991) showed that tTGase 

incorporated itself into high molecular weight complexes containing fibronectin and 

fibrinogen at the extracellular surface of isolated hepatocytes. The first evidence of 

plasma fibronectin cross-linking and a role of cell surface associated tTGase in the 

ECM stabilisation was demonstrated using human umbilical vein endothelial cell 

monolayers. The cross-linking process was found to continue for several hours after 

cell spreading and the processing of fibronectin by tTGase was shown to be 

dependent on the binding of fibronectin to a5pl integrin, associated with the 

basolateral surface of the cells (Martinez et al., 1994).

Lorand et al. (1988) has suggested the possible role of plasma fibronectin as a 

specific carrier of tTGase since the two proteins can bind to each other forming a 

complex. Several tTGase sensitive glutamine residues have been identified on the 

fibronectin molecule (Fesus et al., 1986).

1.11.5 Proposed roles of tissue transglutaminase

1.11.5.1 Involvement of tissue transglutaminase in cell growth and 

differentiation

A correlation between tTGase activity in different cell types and their proliferating 

capacities has implicated the enzyme in cell differentiation and proliferation 

(Birckbichler and Patterson, 1978). The authors demonstrated that cells expressing 

low levels of tTGase were undifferentiated or rapidly proliferating when compared to 

similar cells with high tTGase activity. Later the authors demonstrated that the 

treatment of human WI-38 lung fibroblasts with tTGase inhibitor cystamine resulted 

in a growth promoting effect (Birckbilcher et al., 1981). Contradicting evidence has
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been provided by demonstrating that the cells overexpressing tTGase exhibited 

similar growth rates to their non-transfected controls, suggesting that previous 

findings could have been due to non-specific effects of these inhibitors (Johnson et 

al, 1994). Mian et a l (1995) has demonstrated that stable transfection of hamster 

fibrosarcoma cells with the full length cDNA of catalytically active and inactive 

tTGase led to delayed progression into the G2/M phase of the cell cycle. Since the 

mutant form of tTGase had comparable effects on cell growth to wild type enzyme, 

the observations suggested that the G-protein function of tTGase was sufficient for 

modulation of cell-cycle progression. More recent evidence has suggested that the 

modulation of cell growth rate by tTGase may be mediated through growth factors, 

such as TGF(3 and hepatocyte growth factor (Kojima et al., 1993; Katoh et al, 1996). 

A role for tTGase in cell differentiation has also been suggested. The differentiation 

of cells of the monocytic lineage has been associated with an induction and 

accumulation of tTGase (Mehta and Lopez-Berestein, 1986). Similar increases in 

tTGase expression have been observed during maturation of human blood monocytes 

to macrophages (Seiving et al, 1991). Additional evidence supporting a role for 

tTGase in differentiation was demonstrated in a study by Aeschlimann et a l (1993) 

who reported that tTGase expression correlated with chondrocyte differentiation, 

although a later study showed that factor XHIa may be the transglutaminase 

responsible for the maturation of cartilage (Nurminskaya et al, 1998).

1.11.5.2 Tissue transglutaminase and cell signalling

In addition to being a GTP-binding protein, tTGase has also been identified as a 

signal-transducing G-protein, Gh that transmits a hormone receptor signal to an 

effector enzyme, playing a similar role of the ‘classical’ heterotrimeric G-proteins 

(Nakaoka et al, 1994; Im et al, 1997). tTGase has been shown to mediate 

phospholipase C (PLC) 51 activation by oiib- and am-adrenergic receptors (Nakaoka 

et al, 1994; Chen et al, 1996). In addition, tTGase appears to be coupled to a- 

thromboxane receptor (Vezza et al, 1999) and the oxytocin receptor (Park et al,

1998). The activated PLC can hydrolyse phosphatidylinositol diphosphate (PIP2) to 

generate second messengers inositol triphosphate (IP3) and diacylglycerol (DAG), 

the former being a potent inducer of Ca2+ release from intracellular pools (Gill et al,
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1989), while the latter is an activator of protein kinase C, a serine/threonine kinase 

involved in a wide range of biological processes (Lee and Severson, 1994). 

Characterisation of Gah or tTGase has revealed that it associates with a 50 kDa 

protein, Gph, and together they make up the Gh holoprotein (Baek et al, 1996). Gph 

associates only with GDP-bound tTGase and down-regulates the GTPase function of 

G«h (Baek et al, 1996; Feng et al, 1999). Amino acid sequencing data revealed that 

Gph was identical to the Ca2+-binding protein calreticulin (Feng et al, 1999).

In addition to coupling the a-adrenoreceptors to PLC, Gahhas been reported to play a 

role in regulating cell-cycle progression (Mian et al, 1995) and receptor-mediated 

endocytosis (Davies et al, 1980). The hamster fibrosarcoma (Met B) cells when 

transfected with Wild Type or mutant tTGase, demonstrated a significant delay in 

progression from S to G2/M phase (Mian et al, 1995), suggesting that the G-protein 

function of tTGase can modulate cell-cycle progression.

1.11.5.3 Tissue transglutaminase mediated insulin secretion

Tissue transglutaminase is thought to play a role in insulin secretion by inducing the 

cross-linking of membrane proteins (Bungay et al, 1984 and 1986). Early studies by 

Bungay et a l (1984) showed that treatment of rat islets with competitive primary 

amine substrates of transglutaminase led to an inhibition of glucose-stimulated 

insulin release. The authors suggested that primary amines might inhibit insulin 

release through their incoiporation by islet transglutaminase into cross-linking sites. 

Later investigation of the endogenous substrate proteins of islet transglutaminase 

demonstrated highly cross-linked transglutaminase-mediated polymeric aggregates in 

71,000xg sedimented material of homogenates, suggesting the involvement of islet 

transglutaminase in the membrane-mediated events necessary for glucose-stimulated 

insulin release. It has been proposed that, in the pancreatic B cells, transglutaminase 

participates in controlling the access of secretory granules to the exocytotic sites 

(Sener et al, 1985). Latest studies by Melino et a l (2001) have demonstrated that 

tTGase -/- mice show glucose intolerance with hyperglycemia due to reduced insulin 

secretion. These authors reported tTGase knock out mice had a tendency to develop 

hypoglycemia after administration of exogenous insulin.
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1.11.5.4 Tissue transglutaminase and receptor mediated endocytosis

Proteins bound to their cell surface receptors are internalised into the cells by 

receptor-mediated endocytosis. When Ca2+-dependent clustering of ligand-receptor 

complexes were found to be inhibited by primary amines, the potential involvement 

of tTGase in this process was proposed (Davies et al, 1980). The role of tTGase in 

receptor-mediated endocytosis was examined by inhibiting the activity of tTGase 

with a wide range of inhibitors, which were found to prevent the aggregation and 

internalisation of a2-macroglobulin and other polypeptide hormones into fibroblasts. 

tTGase was proposed to cross-link the ligand to its receptor or to cross-link 

membrane or intracellular proteins to stabilise the coated aggregation of the receptor 

during their clustering prior to internalisation (Davies et al, 1980). However, later 

studies by the same authors revealed that in cells that were deficient in 

transglutaminases the endocytotic activity was not affected, ruling out an obligatory 

role for tTGase in this process (Davies et al, 1984).

tTGase is proposed to participate in macrophage receptor-mediated phagocytosis. It 

has been demonstrated that activated macrophages exhibit 150-fold higher tTGase 

activity than their non-activated counterparts (Murtaugh et al, 1983). The 

accumulation of tTGase by activated macrophages has been linked to an enhanced 

phagocytosis (Schroff et al, 1981). Despite all the studies in receptor-mediated 

endocytosis field, the exact mechanism by which tTGase could promote the 

internalisation of the receptor-ligand complex remains unresolved.

1.11.5.5 Cell surface and extracellular matrix associated tissue transglutaminase 

mediated cell adhesion

Despite the lack of a leader sequence, the presence of tTGase on the cell surface and 

in the extracellular matrix is well documented (Barsigian et al, 1991; Aeschlimann 

and Paulsson, 1994; Martinez et al, 1994; Aeschlimann et al, 1995; Jones et al, 

1997; Verderio et al, 1998 and 1999; Akimov et al, 2000). Increasing evidence 

suggests that tTGase plays a role in cell adhesion. Initial studies showed that 

fibroblasts overexpressing tTGase demonstrated increased cell spreading and 

reduced susceptibility to detachment by trypsin (Gentile et al, 1992). Reduced 

expression of tTGase or its inactivation with cell surface targeted antibody has also
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demonstrated decreased cell adhesion and spreading in different cell lines (Jones et 

al, 1997; Verderio et al, 1998).

The interaction of cells with the extracellular matrix is achieved through the action of 

cell surface receptors such as integrins. Since integrins are not always reactive with 

ligand molecules, various modulating molecules have been proposed (Isobe et al,

1999). These authors demonstrated that in vitro cell adhesion mediated by tTGase 

was not dependent on its cross-linking activity and was dependent in association with 

the a4(31 integrin. Further immunohistochemistry and electron microscopy studies 

demonstrated that in cells undergoing attachment and spreading tTGase was 

concentrated at cell adhesion points which were rich in pi integrin, suggesting that 

those areas could also serve as initial focal points of enzyme extemalisation (Gaudry 

et al, 1999b). tTGase has also been found to interact with p3 integrins. In addition it 

has been shown that integrin-tTGase complexes form inside the cell during their 

biosynthesis, suggesting that integrins could be involved in transporting tTGase to 

the cell surface (Akimov et al, 2000). In keeping with the results shown by Verderio 

et a l (1998) these authors demonstrated that overexpression of tTGase increased its 

amount on the cell surface and enhanced cell adhesion and spreading on the 

fibronectin fragment lacking the integrin binding sequence. The presence of integrin- 

bound tTGase on the cell surface suggested a possibility for cells to use an additional 

binding site within fibronectin for the interaction with integrins via tTGase, which 

potentially could double the number of sites on the fibronectin matrix that cells could 

access in the process of adhesion and spreading. Therefore, a new role for tTGase as 

an integrin-binding adhesion co-receptor for fibronectin was proposed (Akimov et 

al, 2000).

1.11.5.6 Importance of tissue transglutaminase in wound healing

There is a widespread association of increased expression of tTGase and its 

extracellular cross-linked products with inflammation and the wound healing 

process. Since TGases create covalent 8-(y-glutamyl)lysine cross-links they are prime 

candidates for stabilising tissue during wound healing. While it is well established 

that factor XIII functions in cross-linking of the fibrin clot during blood coagulation 

and in wound healing (Grinnell et al, 1980; Lorand and Conrad, 1984; Barry and 

Mosher, 1989), the potential role of tTGase in this process is less clear.
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Bowness et a l (1987 and 1988) were the first to show an increase in tTGase 

expression during dermal wound healing in rats. Three to five days after dermal 

puncture an increase in tTGase activity in the outer layer of the skin was observed. 

More recently, Haroon and co-workers showed increased expression of tTGase 

antigen and activity at sites of neovascularisation in the provisional wound matrix 

within 24 hours of wounding. This increase was associated with an increase in TGF- 

p, TNF-a, and IL-6 production in the wound (Haroon et al, 1999). In vitro 

wounding experiments on embryonic human lung fibroblast cultures have shown an 

increase of extracellular matrix bound tTGase at the wounding sites following 

damage (Upchurch et al, 1991), suggesting that binding of the enzyme leaking out 

from injured cells has a repair action and helps in the wound healing process. 

Recently the tissue enzyme has been implicated in the cross-linking of the papillary 

dermis and the dermo-epidermal junction during wound healing of autografts of 

severely burned children; it was shown that the skin regenerating from keratinocyte 

autografts was cross-linked by tTGase in a time dependent manner (Raghunath et al,

1996). Topical putrescine application on hypertrophic scars, which resulted in an 

improvement of the scarring, further suggested the involvement of tTGase in the 

cross-linking of the wound matrix (Dolynchuk et al, 1996).

1.11.6 Disease states associated with tissue transglutaminase

Given the vide variety of roles attributed to tTGase, it is reasonable to expect that the 

enzyme is linked to a number of disease states. The implication of tTGase in the 

development of the malignant phenotype, and the altered protein cross-linking that 

has been reported to contribute to a number of pathological conditions will be 

discussed in the following sections.

1.11.6.1 Tissue transglutaminase and cancer

Alterations of tTGase expression have been reported to contribute to the 

development of malignant phenotype. Birckbichler and Patterson (1980) observed 

that tTGase activity was reduced in malignant hepatoma, virus-transformed human 

and hamster cells, and chemically transformed mouse cells when compared to their 

normal counterparts. The reduction in enzyme activity correlated with the reduced 

amount of tTGase antigen in transformed cells. Also, when compared to normal
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cells, greater amounts of the enzyme activity were particulate-associated (Hand et 

al, 1988). Similar results were reported by Barnes et a l (1985). The authors 

demonstrated that tTGase activity in rat carcinomas was greatly reduced when 

compared with normal tissues, in addition, further reductions in tTGase activity in 

tumours was observed following metastasis. Other studies have also noted an inverse 

correlation between tTGase activity and the metastatic potential of tumour derived 

cell lines as well as the redistribution of the enzyme to the particulate fraction 

(Delcros et al, 1986; Hand et al, 1990; Knight et al, 1991; Beninati et al, 1993).

In order to investigate the functional effects of tTGase expression in tumour 

progression, tTGase cDNA was transfected in hamster fibrosarcoma cell lines and 

transfected cells were re-introduced into animals (Johnson et al, 1994). Transfected 

cells expressing the exogenous tTGase demonstrated a reduced incidence of primary 

tumour formation, and the same cells demonstrated an increase in cell adhesion to 

tissue culture plastic and fibronectin coated surfaces. No significant differences were 

observed in the in vitro cell growth rate and cell morphology between tTGase 

transfected cells and their respective controls.

The evidence reporting the role of tTGase in tumour progression is however, 

contradictary. Some reports have showed that tTGase is not a tumour related marker 

(Takaku et al, 1995). It was clearly demonstrated that some malignant cell lines 

express high levels of tTGase (Denk et al, 1984; Mehta, 1994; Takaku et al, 1995), 

suggesting that the low tTGase activity in neoplastic cells is not true in all cases. 

Therefore the role of tTGase in tumour formation and progression is likely to remain 

controversial.

1.11.6.2 Tissue transglutaminase and coeliac disease

In recent years tTGase has been recognised as a key autoantigen of the gluten- 

derived immune response in coeliac disease patients (Dieterich et al, 1997; Molberg 

et al, 1998; van de Wal et al, 1998a; Arentz-Hansen et al, 2000; Sollid, 2000). A 

typical feature of coeliac disease is the appearance of disease-specific IgA 

autoantibodies into patients blood stream, which are targeted against tTGase 

(Dieterich et al, 1997; Sulkanen et al, 1998). Since tTGase has been identified as an 

autoantigen in coeliac disease patients, work has focused on improving diagnosis and 

understanding the mechanisms of disease progression (Bazzigaluppi et al, 1999).
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Coeliac disease is caused by uncontrolled T cell response to gluten peptides. 

Accumulating evidence shows that tTGase plays an important role in the formation 

of gluten T cell epitopes in the coeliac lesion. Since gliadin is a preferred substrate 

for tTGase, it gives rise to novel antigenic epitopes (Dieterich et al, 1997). It has 

also been suggested that deamidation of certain glutamine residues in gliadin by 

tTGase may activate T cells and be a key factor in the development of gluten 

intolerance (Milberg etal., 1998).

So far, 5 gluten peptides have been identified that stimulate T cell clones and the 

deamidation of the gluten peptides by tTGase is either required for, or enhances, T 

cell recognition of four of these peptides (Molberg et al, 1998; Sjostrom et al, 1998; 

van de Wal et al, 1998b and 1999; Quarsten et al, 1999; Anderson et al, 2000; 

Arentz-Hansen et al, 2000). Because of its high content of glutamine residues, 

gliadin is a favourable natural substrate for tTGase (Porta et al, 1990). The 

deamidation of glutamine residues is negligible at physiological pH, but occurs more 

effectively with increased protonation of amines in an acidic environment (Mycek 

and Waelsch, 1960). The deamidation of gluten can take place in the acidic 

environment in the stomach, or alternatively can be catalysed by tTGase. The 

addition of tTGase inhibitor cystamine during the gliadin challenge often resulted in 

T cell lines with abolished or reduced responses to deamidated gliadin (Molberg et 

al, 2001). Therefore, reagents able to inhibit the enzyme locally in the small 

intestinal mucosa could have therapeutic effects in coeliac disease.

Interestingly, gluten is also a good substrate for bacterial transglutaminase, and 

intestinal microflora may contain bacteria that produce transglutaminases. In 

addition, specific protein glutamine deamidases have been isolated from different 

bacteria (Kikuchi et al, 1971; Yamaguchi et al, 2001), therefore it cannot be 

excluded that these other enzymes besides tTGase could also contribute to the 

development of coeliac disease.

1.11.6.3 Tissue transglutaminase and fibrosis

The possible involvement of tissue transglutaminase in tissue fibrosis was first 

demonstrated by Griffin et a l (1979) in the paraquat-induced pulmonary fibrosis 

model. Since this initial study, there have been numerous reports linking tTGase to 

fibrotic processes in various tissues, such as the liver (Mirza et al, 1999; Piacentini
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et al., 1999; Grenard et al., 2001), heart (Small et al., 1999) and kidney (Johnson et 

al., 1997 and 1999). It has been suggested that the expression of tTGase in the 

subtotal nephrectomy model of renal fibrosis may contribute to the resistance of 

matrix breakdown, since cross-linking of the ECM proteins by tTGase and the 

formation of s-(y-glutamyl)lysine cross-links was increased in the extracellular 

environment (Johnson et al., 1997). The same authors later demonstrated that 

induction of renal fibrosis leads to de novo synthesis of tTGase by the renal tubular 

cells, and that increased amounts of tTGase antigen present in the intracellular space 

of the renal tubules was active during progression of the fibrotic disease. Since 

tTGase has a high affinity for the extracellular matrix, it is not surprising that its 

release from the cells would cause excessive protein cross-linking. In the case of 

large-scale tissue damage, the leakage of the enzyme into the ECM environment 

could contribute to the development of fibrotic conditions.

1.11.6.4 The role of tissue transglutaminase in neurodegenarative diseases

Tissue transglutaminase has been proposed to play several pathological roles in the 

nervous system. So far, eight neuro-degenerative diseases have been identified that 

are caused by expansions in (CAG)n repeats in the affected gene that encode proteins 

with abnormal polyglutamine (Qn) sequences (Cooper et al., 1999). Peptides 

containing Qn domains have been found to be substrates for tTGase (Kahlem et al.,

1996). tTGase is able to cross-link Qn domains to polyamines yielding high 

molecular weight polymers which in turn become excellent substrates for attachment 

to another Qn domain (Gentile et al., 1998). Since polyamines are well represented in 

the brain especially in conjunction with structural elements, the finding that tTGase 

can cross-link and/or polyaminates Qn domains may be very important in the cause 

of (CAG)n/(Qn) expansion diseases. The presence and accumulation of 

polyglutamine-containing protein aggregates within the cytosol and nuclei of 

affected neurons may lead to neuronal cell death and progressive neurodegeneration 

(Karpuj et al., 1999).

tTGase has been found to be elevated in Huntington’s disease (HD) affected brain 

and has been suggested to play a role in the disease process (Lesort et al., 1999). 

tTGase mediated cross-linking of huntingtin protein may be involved in the 

formation of the nonamyloidogenic nuclear inclusions found in the HD brain (Karpuj
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et al, 1999). Later the same authors suggested that the inhibition of tTGase could 

provide a new treatment strategy for HD and other polyglutamine diseases and 

experimentally showed that administration of the tTGase competitive inhibitor, 

cystamine, to transgenic mice altered the course of their HD-like disease, extending 

survival, reduced associated tremor and abnormal movements and ameliorated 

weight loss (Karpuj et al, 2002).

It has been demonstrated that tTGase is increased in Alzheimer’s disease and 

suggested that the enzyme could be a contributing factor in neurofibrillary tangle 

formation (Johnson et al, 1997; Zhang et al, 1998). Later it was confirmed that 

tTGase localises to neurofibrillary tangles with the tau protein and since tau is an in 

vitro tTGase substrate, the modification of tau by cross-linking and/or polyamination 

alters its metabolism leading to pathogenesis of Alzheimer's disease (Tucholski et al,

1999).

Recent reports have also shown that like many genes, particularly those highly 

expressed in the CNS, tTGase undergoes alternative processing, which results in the 

appearance of an alternatively spliced short form of the enzyme lacking the GTP- 

binding site (Citron et al, 2001). Elevated expression and alternative splicing, 

resulting in a short isoform of tTGase, which is not negatively regulated by GTP and 

therefore has an increased cross-linking activity, are associated with augmented 

neuronal loss in affected regions in the demented brain (Citron et al, 2001 and 

2002). This may represent a further mechanism whereby tTGase may contribute to 

various neuropathological conditions.

1.11.7 Involvement of tissue transglutaminase in cell death

1.11.7.1 Cell death mechanisms

The maintenance of tissue integrity/homeostasis is balanced by controlling cell 

division and by removal of cells by cell death, as well as by repair mechanisms. Cell 

death can progress through two different pathways: necrosis, which occurs after 

acute physical or chemical damage, and apoptosis, or programmed cell death. 

Necrosis can be observed in tissue areas, which have suffered acute physical or 

chemical damage, leading to disruption of the cell membrane resulting in complete 

loss of membrane integrity, cell swelling, and leakage of intracellular components 

into the extracellular environment. This process is usually characterised by an
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increase in intracellular calcium ions, the clumping of the cellular genetic material, 

and disintegration of the cytoskeleton and the release of cellular proteases in the 

surrounding environment resulting in inflammation.

During apoptosis, or programmed cell death, cells die in response to a specific 

physiological signal. Apoptosis was first described in 1972 by Kerr and co-workers 

(Kerr et al, 1972) and is known to play an important role in a number of biological 

processes, such as embryogenesis, tissue remodelling and tumour regression (Wyllie 

et al., 1980). Under physiological conditions apoptosis requires energy and the 

induction of specific genes (Arends and Wyllie, 1991; Fesus et al., 1991). 

Morphologically apoptotic cells undergo nucleic and cytoplasmic condensation 

resulting in the formation of apoptotic bodies, which are phagocytosed by 

neighbouring cells or macrophages. Cellular energy and membrane integrity are 

maintained during the apoptosis until the apoptotic cells are phagocytosed, 

preventing the release of toxic cell contents and genetic material from the dying 

cells. tTGase has been hypothesised to play a role in both types of cell death but its 

exact roles are unclear. The following sections will discuss the evidence for a role for 

tTGase in these cellular processes.

1.11.7.2 Implication of tissue transglutaminase in cell death mechanisms

1.11.7.2.1 Tissue transglutaminase and necrosis

The increase of exogenous and endogenous tTGase activity during necrotic processes 

in injured rat sympathetic nerve ganglions was first demonstrated by Gilad et al. 

(1985). The authors observed that following axotomy the enzyme activity was 

rapidly and transiently increased in the ganglion and this elevation was dependent on 

changes in calcium levels.

An increase of tTGase catalysed cross-links has also been reported in alcoholic 

hepatitis, a severe disease that is associated with inflammation, liver cell necrosis, 

and the appearance of Mallory bodies in hepatocytes. Mallory bodies are filamentous 

cytoplasmic inclusions and contain insoluble high molecular weight proteins. It was 

suggested that tTGase-induced cross-linking of proteins plays a major role in 

Mallory body formation in liver and hepatoma cells (Zatloukal et al, 1992). Similar 

results were obtained from studies on liver and hepatoma cells where elevated levels 

of cross-linked protein polymers were detected in coagulative necrosis suggesting
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that the tTGase-induced cross-linking of cytokeratin polypeptides in liver and 

hepatoma cells is closely associated with the process of cell degeneration and death 

(Fukuda et al, 1993).

1.11.7.2.2 Tissue transglutaminase and apoptosis

The involvement of tTGase in programmed cell death was first proposed by Fesus et 

al (1987). Since then a number of studies have proposed the participation of tTGase 

in apoptosis, where increased expression and activity of tTGase leads to the 

formation of a highly cross-linked detergent insoluble apoptotic bodies (Fesus et al, 

1989 and 1991; Knight et al, 1991; Jiang and Kochhar, 1992; Piacentini et al, 1992; 

Aeschlimann and Paulsson, 1994; Piacentini and Melino, 1994; Nagy et al, 1996; 

Nemes et al, 1996).

The tTGase gene is thought to be transcribed during programmed cell death and de 

novo transcription of tTGase is induced by several known factors, such as retinoic 

acid, interleukin 6 , TGFJ3, which also modulate apoptosis (Melino and Piacentini,

1998).

The activation of tTGase leads to the assembly of intracellular cross-linked proteins 

polymers, which irreversibly modify cell organisation, contributing to the wide ultra- 

structural changes that occur in cells undergoing apoptosis. Extensive cross-linking 

of cytoplasmic and membrane proteins has also been observed following increase in 

cytoplasmic Ca2+during the final events of the apoptotic cascade (Fesus et al, 1988). 

Studies of apoptotic bodies have shown the formation of covalent e(y- 

glutamyl)lysine cross-linked polymers formed by tTGase with 85% of the cross- 

linking found in the envelopes (Fesus et al, 1989; Knight et al, 1990). The apoptotic 

bodies formed have been found to be insoluble in detergents and urea (Fesus et al,

1989), suggesting that this extensive tTGase-dependent protein polymerisation is 

thought to stabilise apoptotic cells before their clearance by phagocytic cells, thus 

contributing to the prevention of inflammation in the surrounding tissues. 

Transfection of the human neuroblastoma cell line SK-N-BE(2) with tTGase cDNA 

under the control of a constitutive promoter drastically reduced cell growth rate and 

increased cell death, but transfection of the same cell line with a tTGase antisense 

construct resulted in a decrease of apoptosis, showing the involvement of tTGase in 

cell death process (Melino et al, 1994). However, in some cases the correlation
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between tTGase activation with apoptosis induction has not been demonstrated, 

suggesting that tTGase could be involved in apoptosis only in specific cell types 

(Mian et al, 1995; Lim et al, 1998). In addition, the results of Verderio et a l (1998) 

demonstrated that the overexpression of tTGase in transfected cells under the control 

of an inducible promoter did not trigger cell death and cells could tolerate high 

amounts of the enzyme, contradicting the earlier findings by Melino et al (1994).

A growing number of proteins have been found to undergo proteolysis at consensus 

sites of the specific protease group termed caspases during programmed cell death. In 

lymphoid cells and fibroblasts tTGase is cleaved by caspase 3 during apoptosis 

(Fabbi et al, 1999). The importance of tTGase cleavage during apoptosis once the 

apoptotic body has been formed and stabilised was suggested to prevent the harmful 

consequences of excess cross-linking activity in the surrounding tissue (Fabbi et al,

1999).

tTGase has also been found to be involved in a form of cell death, which does not fit 

the classical description of either apoptosis or necrosis (Johnson et al, 1997 and 

1999; Verderio et al, 1998). In an in vivo model of renal fibrosis tubular cells 

overexpressing tTGase and containing high amounts of tTGase-mediated cross-link, 

did not show biochemical and morphological signs of classical apoptosis and 

appeared to be stabilised despite being injured within the tissue.

Latest studies with tTGase -/- mice indicated that thymocytes from knock out 

animals were more susceptible to a dexamethasone-induced cell death (Nanda et al, 

2001). Studies carried out by other group of authors showed that induction of 

apoptosis in tTGase -/- thymocytes showed no significant differences when 

compared to tTGase +/+ controls (De Laurenzi and Melino, 2001). A reduction in 

apoptotic bodies with a modestly increased release of lactate dehydrogenase was 

detected in some cases, suggesting that tTGase is not a crucial component of the 

main pathway of the apoptotic program and that possibly the residual enzymatic 

activity, due to kTGase or redundancy of other still-unidentified transglutaminases 

could compensate for the lack of tTGase (De Laurenzi and Melino, 2001).

Evidence suggests that tTGase is generally found to be up-regulated in cells 

undergoing programmed cell death and apoptosis and is still one of the most popular 

and intriguing areas of tTGase research.
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1.12 Aims

There is increasing evidence that despite the lack of a classical leader sequence, 

tTGase is secreted onto the cell surface and deposited into the extracellular matrix. 

As a cell surface protein tTGase is proposed to be active as a cell surface receptor 

involved in cell attachment and cell spreading. The first aim of this project was to 

investigate the role of tTGase in cell migration, an adhesion dependent process that is 

important event during the early stages of wound healing. For this purpose, Swiss 

3T3 fibroblasts transfected with catalytically active and inactive forms of the enzyme 

were used in order to examine whether cell migration is dependent on tTGase cross- 

linking activity. The second aim of this study was to explore the possible secretion 

mechanisms of tTGase using cells transfected with different mutant forms of tTGase. 

A further part of the project was also focused on investigating whether increased 

expression and extemalisation of tTGase stabilises the extracellular matrix, affects 

the ECM turnover rate and increases its resistance to proteolytic activity - factors 

which are also important in the wound healing process.
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2.1 Materials

2.1.1 Chemicals

All water was deionised using an Elgastat system 2 water purifier (ELGA Ltd., High 

Wycombe, UK) or Milli Q water purifier (Millipore/Waters, Watford, UK).

Cell culture media and supplements and most general chemicals were purchased 

from Sigma-Aldrich Company Ltd, Dorset, UK, unless otherwise stated. Other 

chemicals and general laboratory consumables were obtained from the following 

suppliers:

Amersham Life Sciences Ltd, Little Chalfont, UK:

[2,3-3H]-Proline (lmCi/ml), [l,4-14C]-Putrescine (50pCi/ml), L- [3 5S] in vitro cell 

labelling promix (-70% L-[3 5S]-Methionine and -30% L-[35S]-Cysteine, 

14.3mCi/ml), [cc-32P]-dATP (lOmCi/ml)

Amersham Pharmacia Biotech. UK Ltd, Little Chalfont, UK:

ECL Chemiluminescence development kit 

BDH (Merck), Dorset, UK:

Glacial acetic acid and sulphuric acid 

Bio-Rad, Hemel Hempstead, UK:

Bio-Rad protein assay kit 

Boeringher Manheim, Lewes, UK:

Liposomal transfection reagent DOTAP 

Calbiochem, Nottingham, UK:

Geneticin (G418)

Chemicon International Ltd, Harrow, UK:

MMP inhibitor GM6001 (Ilomastat)

Clontech Laboratories, Inc., Palo Alto (CA), USA:

Atlas cDNA Expression Array kit, Atlas Pure Total RNA Labelling kit, and 

Atlaslmage software package 

Dako A/S, Glostrop, Denmark:

Anti-mouse IgG -FITC, -TRITC and -HRP conjugates
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Difco Laboratories, Detroit (MI), USA:

Bacto-tryptone, yeast extract

GIBCO Life Technologies, Paisley, UK:

Mycophenolic acid, serum-free AIMV medium and 

Molecular Probes, Eugene (OR), USA:

Biotin-X-cadaverine 

Neomarkers, Fremont, USA:

Anti-tissue transglutaminase mouse monoclonal antibody Cub7402 

Packard BioScience Ltd, Pangbourne, UK:

Ultima Gold™ scintillation fluid 

Promega, Southampton, UK:

DNA molecular weight marker Lambda DNA/Eco RI + Hind III 

Qiagen, Surrey, UK:

Plasmid DNA purification midi prep kit 

Vecta Laboratories Inc, Peterborough, UK:

Vectashield fluorescence mounting medium

2,1.2 Materials

Amersham Pharmacia Biotech. UK Ltd, Little Chalfont, UK:

Electrode paper (grade IF)

BDH Laboratories suppliers, Milton Keynes, UK:

Coverslips, microscope slides 

Biosoft, Cambridge, UK:

Quantiscan densitometry analysis software 

Gelman Biosciences, Northhampton, UK:

Nitrocellulose membranes 

Improved Neubauer, Carlton, UK:

Haemocytometer

Jencons Scientific Ltd, Leighton Buzzard, UK:

Automatic pipettes

Lab-tek Brand Products, Naperville (IL), USA:

8 - well glass chamber slides
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Nalgenunc International, Rochester (NY), USA:

Cryovials

Sarstedt Ltd., Leicester, UK:

0.5-, 1.5- and 2- ml microcentrifuge tubes, 5 ml scintillation vial inserts and tops, 15- 

and 50- ml sterile centrifuge tubes, 10 ml sterile pipettes, automatic pipette fillers, 

pipette tips, cell scrapers and disposable filters (0 . 2 2  pm pore size)

Scientific Laboratory Supplies:

Tissue culture flasks T25, T75, T150, 10-cm and 6 -cm petri dishes, 6 -, 12-, 24-, 48-

and 96- well plates

Whatman Ltd, Maidstone, UK:

Whatmann 3 MM filter paper

2.1.3 Equipment

Beckman Instrument (UK) Ltd, High Wycombe, UK:

Spectrophotometer Model DU-7, centrifuges Avanti J-30 I, MSE Centaur 2, GPKR, 

MSE Microcentaur and Optima TLX Tabletop ultracentrifuge 

Bio-Rad, Hemel Hempstead, UK:

Agarose gel electrophoresis system and power supply apparatus 

B&L Systems, Maarssen, The Netherlands:

Atto-minigel protein electrophoresis system 

Canberra-Packard, Pangborne, UK:

Tri-Carb 300 scintillation counter 

Corning, Staffs, UK: 

pH meter, spectrophotometers 

DataCell Ltd, Yately, UK:

The Image analysis system Optimas 5.2 

Edwards High Vacuum, Sussex., UK:

Freeze drier (Modulyo system)

Flow Laboratories, High Wycombe, UK:

Laminar flow cabinet Gelaire BSB 4A 

Grant Instruments, Cambridge, UK:

Water baths
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Jouan, Tring Hers, UK:

CO2 incubator Model IG150, laminar flow cabinet LC 2.12 and Jouan vacuum 

concentrator

Leica Lasertechnik, Heidelberg, Germany:

TCSNT confocal laser microscope

MSE Scientific Instruments, Cambridge, UK:

Sonicator Model Soniprep 150

Olympus optical Co (UK) Ltd, London, UK:

Inverted Phase Microscope model CK2 and BH2, OM4 Ti 35mm camera and digital 

camera 3C JVC.

Pharmacia, Broma, Sweden:

Semidry blotter Model LKB Multiphor II 

Tecan UK Ltd, Goring-on-Thames:

SpectraFluor 96-well ELISA plate reader and XFluor4 software

2.2 Expression vectors

The neomycin resistance plasmid pSVneo and the expression vector pSG5 

(Stratagene Inc., La Jolia, USA) containing human full length tTGase cDNA (3.3Kb) 

ligated into the EcoRl site of the vector (Gentile et al, 1992) were a kind gift from P. 

J. A. Davies (University of Texas Health Centre, USA).

Mutation of the tTGase active site Cys277 to Ser was achieved by site directed 

mutagenesis as described previously (Mian et a l , 1995) and was a kind gift from Dr. 

S. Mian (The Nottingham Trent University). The point mutation of Tyr274 to Ala in 

tTGase cDNA was achieved by PCR mutagenesis as briefly described in section 6.2 

and a resulting expression vector was a kind gift from Dr. R. Collighan (The 

Nottingham Trent University).

Plasmid pCR-CMV (Invitrogen, Leek, The Netherlands) containing fusion of tTGase 

(wild type and mutatant Cys277Ser form) and green fluorescent protein (GFP) 

cDNAs was a kind gift from Dr. C. Gaudry (The Nottingham Trent University).

All the above expression vectors have been transformed into bacterial DH5a or 

JM109 strain cells and kept as glycerol stocks at -70°C.

For the transfection of DNA into mammalian cells, transformed bacteria were 

inoculated into 200 ml of Luria Broth medium (LB; l%(w/v) bacto-tryptone,
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0.5%(w/v) bacto-yeast extract and l%(w/v) NaCl, pH 7.5) containing 75 pg/ml 

ampicillin and grown overnight. Plasmid DNA was purified using Qiagen plasmid 

DNA purification midi prep kit according to the manufacturer’s protocol. Plasmid 

DNA quality was assessed by agarose gel elecrophoresis. The concentration of 

plasmid DNA was determined by the absorbance at 260 nm. DNA purity was 

assessed by the ratio of A260 nm to A280 nm absorbance values. A nucleic acid 

solution with an A260/A280 ratio of between 1.5-2.0 was acceptable for use in cell 

transfection.

2.2 Methods

This chapter summarises general methods. Specific methods are described in the 

results chapters.

2.2.1 Methods in tissue culture

2.2.1.1 Culture of cells

All cells were routinely cultured in a humidified atmosphere at 37°C, 5%(v/v) CO2 , 

95%(v/v) air.

3T3 Swiss Albino mouse embryo fibroblasts were obtained from the European 

Collection of Animal Cell Cultures (ECACC). Wild type Swiss 3T3 fibroblasts were 

routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 

10%(v/v) heat inactivated foetal calf serum (FCS), 2 mM glutamine, 100 U/ml of 

penicillin and 1 0 0  pg/ml of streptomycin.

3T3 fibroblasts constitutively expressing transfected wild type (WT) or mutated 

tTGase, and cells transfected with the selection vector pSVneo only were grown in 

DMEM medium further supplemented with 400 pg/ml active G418.

Cell lines of Swiss 3T3 fibroblasts expressing catalytically active tTGase (Verderio 

et al., 1998) or mutant inactive tTGase (Cys277Ser) in a tetracycline-regulated 

manner (Gossen and Bujard, 1992) were a kind gift from Dr E. Verderio (The 

Nottingham Trent University) and were cultured in medium further supplemented 

with 250 pg/ml xanthine, 15 pg/ml hypoxanthine, 10 pg/ml thymidine, 2 pg/m 1 

aminopterin, 10 pg/ml mycophenolic acid, and 2 pg/ml tetracycline. Cell lines were 

continuously cultured in the presence of tetracycline in the medium (2 pg/ml). In this 

condition they only expressed low endogenous levels of tTGase. To induce
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maximum tTGase expression of transfected tTGase cDNA cells were cultured in the 

absence of tetracycline for 72 hours (Verderio et al., 1998).

For migration assay and measurement of tTGase secretion in cell growth medium 

3T3 fibroblasts were cultured in serum-free AIMV medium, which has been shown 

to be successful for the culturing of fibroblasts previously (Ellis et al., 1996).

Human dermal fibroblasts C378 isolated from human foreskin were kindly supplied 

by Professor E.J. Woods (Leeds University) and used for experiments between 

passages 7-15. The cells were cultured in DMEM supplemented with 10%(v/v) heat 

inactivated foetal calf serum, 2 mM L-glutamine, 100 U/ml of penicillin and 100 

pg/ml of streptomycin.

2.2.1.2 Passage of cells

Cells were passaged at approximately 95% confluency. The monolayer of cells was 

rinsed with serum free culture medium prior to incubation with 0.25%(w/v) 

trypsin/5mM EDTA solution in PBS, pH 7.4 at 37°C. When all the cells were 

detached, the trypsin was inactivated by adding serum supplemented DMEM. Cells 

were collected in a centrifuge tube and centrifuged at 300xg for 5 minutes prior to 

reseeding. If necessary, counting of cells was performed using a haemocytometer, 

and the required amount of cells seeded/used for the experiment.

2.2.1.3 Cell freezing

Cells were trypsinised and centrifuged as described above (section 2.2.1.2) and 

resuspended in heat inactivated FCS containing 10%(v/v) DMSO. Cells were then 

slowly frozen at -70°C and 24 hours later put in liquid nitrogen for long-term 

storage.

2.2.1.4 Thawing cells from storage

Vials of frozen cells were removed from liquid nitrogen and the cell suspension 

thawed quickly in a water bath at 37°C. The cell suspension was carefully transferred 

to 15 ml tubes and 7 ml of serum supplemented growth medium was added drop- 

wise, mixing well after each addition. The diluted cell suspension was then 

transferred into a tissue culture flask and the cells were incubated for 12-24 hours
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before changing the medium. Cells were passaged once before using them in an 

experiment.

2.2.1.5 Cell number and viability determination

2.2.1.5.1 Trypan blue exclusion

Cell number and viability was routinely measured using Trypan blue exclusion. 

Viable cell numbers were determined by their ability to exclude Trypan blue dye 

when examined under the microscope.

For Trypan blue determination, cells were trypsinized and centrifuged as described 

above (section 2.2.1.2) and resuspended in fully supplemented DMEM. 20 pi of cell 

suspension was diluted 1:1 with 0.4%(w/v) Trypan blue solution, 10 pi aliquots of 

the suspension were applied to a haemocytometer, and the cells counted in 4 separate 

fields using phase microscopy on an inverted microscope. Cell viability was 

expressed as the number of cells, which could exclude the dye compared to dead 

cells, which were stained blue.

2.2.1.5.2 MTT assay

Cell viability could be determined by (3-(4,5-dimethylthiazol-2~yl)-2,5- 

diphenyltetrazolium bromide) MTT metabolism rate measurement. The ability of the 

cells to reduce MTT provides an indication of mitochondrial integrity and activity, 

which in turn, may be interpreted as a measure of viability and/or cell number. The 

reduction of MTT by mitochondrial dehydrogenase enzyme leads to the formation of 

a purple formazan product that is largely impermeable to cell membranes and 

accumulates in living cells. Solubilisation of the cells using DMSO results in the 

liberation of the purple product, which can be detected using a spectrophotometer.

For the MTT assay, 5xl0 5 cells were seeded per well into 24 well plates for 24 hours 

at 37°C in a humidified atmosphere at 5%(v/v) CO2 , 95%(v/v) air in fully 

supplemented DMEM medium. The cells were then incubated in the presence or 

absence of inhibitors to be analysed. Medium was replaced one hour prior the end of 

the incubation by 250 pl/well of medium containing 5 pg/ml MTT (stock solution 5 

mg/ml in PBS). Cells were left to incorporate the MTT for 1 hour at 37°C. Following 

incubation the medium was removed and cells were solubilised by addition of 500
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jul/well of DMSO. Plates were left to incubate for 10 minutes and then 200 pi of 

solubilised cell mix was transferred to a 96-well plate before reading the absorbance 

at 570 nm using a SpectraFluor 96 well plate reader.

2.2.1.5.3 Lactate dehydrogenase assay

To determine the integrity of cell membrane and viability of cells, the amount of 

lactate dehydrogenase (LDH) released in the cell growth medium was determined 

using the Promega Cytotox 96 assay system. LDH was measured via a 30 min 

coupled enzymatic assay that results in the conversion of a tetrazolium salt into a red 

formazan product (Lappalainen et al, 1994). Lactate and NAD+ in the presence of 

lactate dehrdrogenase forms pyruvate and NADH. NADH and the tetrazolium salt in 

the presence of diaphorase forms NAD+ and Formazan (red). The amount of colour 

formed is proportional to the number of lysed cells.

Cells were seeded at a density of lxlO3 /well into a 96 well plate in 2 x triplicate. 

These were then incubated for 24 hours at 37°C in a 5%(v/v) CO2 , 95%(v/v) air 

environment. After incubation, 10 pi of lysis buffer (0.9%(v/v) Triton X-100) were 

added to one set of triplicates and media volumes were equalised to compensate for 

the addition of the lysis buffer. Cells were allowed to lyse for 45 minutes at 37°C. 

The plate was centrifuged for 10 minutes at 500xg and 50 pi were removed from 

each well and placed in a fresh 96 well plate. 50 pi of assay substrate (lactate, NAD 

and tetrazolium salt, concentrations not given in the assay kit) was added to each 

well and the plate was incubated in the dark for 30 minutes at room temperature. 

Following incubation the reaction was stopped by addition of 50 pi of stop solution 

(1 M acetic acid) and the colour of the resulting mix was read at 492 nm on the 

SpectraFluor 96 well plate reader. After subtraction of the background absorbance 

from the wells containing no cells, the viability of the cells was expressed as a 

percentage of LDH released into cell culture medium.

2.2.1.6 Cell transfections

For stable transfections, 0.2-0.5><106 cells were seeded into a 6 - or 10- cm tissue 

culture petri dishes one day prior to the DNA transfer. Transfection of Swiss 3T3 

fibroblasts with pSG5 expression vector containing wild type and mutant (Cys277Ser 

and Tyr274Ala) tTGase cDNA was achieved by cotransfecting cells with 5 or 10 pg
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(for 6 - or 10-cm dishes, respectively) of plasmid vector and selection vector pSVneo 

(plasmid ratio 9:1, respectively) using the liposome-based transfection reagent 

DOTAP (Boeringher Manheim) or ESCORT™ (Sigma) following manufacturer’s 

protocol. Cells were also cotransfected with the plasmid vector pSG5 and selection 

vector pSVneo (ratio 9:1) following the same protocol and the resulting clones were 

used as negative transfected controls in experiments.

The establishment of Swiss 3T3 cell lines by cell transfection expressing catalytically 

active tTGase under the control of the tetracycline inducible system (Gossen and 

Bujard, 1992) has been previously described (Verderio et al., 1998). Swiss 3T3 cell 

lines expressing the mutant inactive tTGase (Cys277Ser) were generated following 

the same protocol. Clones expressing catalytically active (TG3) and mutant inactive 

(Cys277Ser mutant, clone TGI19) transfected tTGase were a kind gift from Dr E. 

Verderio (The Nottingam Trent University).

2.2.1.7 Selection of stably transfected cell lines

Antibiotic G418 that inhibits prokaryotic and eukaryotic protein synthesis was used 

as a selective agent to select clones expressing neoT gene (encoded by plasmid 

pSVneo conferring resistance to G418).

24 hours after transfection, cells were trypsinised and reseeded in five 10- cm tissue 

culture petri dishes and left to grow overnight. Culture medium (DMEM) containing 

800 pg/ml G418 as a selective agent was then added to the medium to clone out 

stably transfected cells. The culture medium was replaced every 48 hours during the 

selection process to eliminate cell debris during the killing of the non-transfected 

cells. After 2-3 weeks, when the clones had reached ~2-3 mm in diameter, they were 

individually trypsinised by addition of 3-5 pi of 0.5%(w/v) trypsin in PBS, pH 7.4 

directly onto the chosen colony for 30 seconds, then the trypsin solution was pipetted 

up and down several times and the cell suspension was transferred into 15 ml sterile 

centrifuge tube containing 5 ml of full supplemented DMEM with 800 pg/ml of the 

selection agent G418. The suspension of the cells was pipetted up and down several 

times to disperse the dislodged cells and transferred into T25 tissue culture flask. 

Before further colonies were removed, the dish was gently washed 3-5 times with 

serum free medium to remove any detached cells that were not collected with the
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trypsin. The clones were grown until a sufficient number of cells was obtained and 

the concentration of G418 was lowered to 400 pg/ml in the growth medium.

2.2.2 Flow cytometry

For flow cytometry analysis, transfected Swiss 3T3 fibroblasts were detached from 

the tissue culture dishes with 2 mM EDTA in PBS, pH 7.4. After determination of 

cell number, the cells were centrifuged as above (section 2 .2 .1 .2 ) and resuspended to 

a concentration 2xl06 cells/ml in serum free DMEM. 500 pi of live, non- 

permeabilised cell suspensions were stained for cell surface tTGase by addition of

1.5 jug of anti-tTGase monoclonal antibody Cub7402 (Neomarkers) with gentle 

shaking for 3 hours at +4°C. After incubation, the cells were centrifuged at 300xg, 

the medium containing primary antibody removed, the cells washed in serum free 

medium, centrifuged as before and then resuspended in 500 pi of semm free DMEM. 

Incubation with secondary FITC-labelled mouse IgG (3 pg/ml) was performed as 

before, after which cells were washed and centrifuged, fixed in 1 

ml of 0.5%(v/v) formaldehyde, and analysed for the presence of cell surface tTGase 

in a Dako Galaxy flow cytometer (DAKO, UK).

2.2.3 Staining of extracellular tTGase

For detection of extracellular tTGase, 1x10s cells/well were seeded in an 8 -well glass 

chamberslide and grown overnight to reach confluency before the addition of anti- 

tTGase monoclonal antibody Cub7402 (Neomarkers) diluted 1 in 200 in fresh growth 

medium. Cells were incubated in medium containing antibody for 2.5 hours, then 

washed with PBS, pH 7.4 and fixed in 3.7%(w/v) paraformaldehyde in PBS, pH 7.4 

for 15 minutes at room temperature. Fixed cells were washed 3 times with PBS, pH

7.4 and blocked with blocking buffer (3%(w/v) BSA in PBS, pH 7.4) for 30 minutes 

at room temperature. After blocking, cells were incubated with anti-mouse IgG-FITC 

(Dako) diluted 1 in 100 in blocking buffer for 2 hours at room temperature and then 

washed 3 times with PBS, pH 7.4 prior to mounting with Vectashield mounting 

medium. Stained cells were viewed by confocal fluorescence microscopy using a 

Leica TCSNT confocal laser microscope system (Leica) equipped with an argon 

crypton laser adjusted at 488 nm for fluorescein excitation.
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2.2.4 Coating of plates with fibronectin

Sterile concentrated (0.1%(w/v)) bovine plasma fibronectin solution was diluted at a 

concentration of 5-15 pg/ml in 0.1 M Tris-HCl, pH 7.4 and 50-100 pi added into the 

wells of a 96-well plate and incubated over night at +4°C. After incubation, the plates 

were blocked with 3%(w/v) BSA solution in 0.1 M Tris-HCl, pH 7.4 for 1 hour at 

room temperature and then washed with sterile distilled water. If the plates were 

further used for cell migration they were additionally dried for 2  hours in the sterile 

flow cabinet.

2.2.5 Homogenisation of cells

Cells collected by trypsinisation (section 2.2.1.2) were washed twice with PBS, pH

7.4 and resuspended in 150 pi of ice-cold homogenising buffer (0.25 M sucrose, 2 

mM EDTA and 5 mM Tris/HCl pH 7.4, containing protease inhibitors; 20 pg/ml 

PMSF, 10 pg/ml leupeptin, 1 pg/ml pepstatin and 780 pg/ml benzamidine). Cell 

suspensions were homogenised by sonication on ice using three bursts for 1 0  seconds 

(at a power setting of 4-6 microns) each with a 30 second cooling using a MSE 

Soniprep 150 sonicator. Samples were either used immediately for further 

experiments, or stored before use at -70°C.

2.2.6 Determination of protein concentration

The total protein content in cell homogenates was determined by the Lowry method 

(Lowry et al, 1951). When using buffers containing a high percentage of SDS or 

other detergents, the Bicinchoninic acid assay (BCA) was used (Brown et al. 1989).

2.2.6.1 Lowry method

The commercial kit from Bio-Rad based on the Lowry method (Lowry et al, 1951) 

was used following the manufacturer’s instructions. Briefly, 5 pi sample, 25 pi of 

reagent A and 200 pi of reagent B were added to the 96 well plate, left to incubate 

for 10 minutes before reading the absorbance at 750 nm using a SpectraFluor 96 well 

plate reader. BSA solutions ranging from 1-5 mg/ml were used as protein standards 

to produce the calibration graph.
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2.2.6.2 Bicinchoninic acid (BCA) method

Cells were solubilised by the addition of 0.1%(w/v) sodium deoxycholate containing 

2 mM EDTA with gentle shaking for 10 minutes at room temperature. Proteins from 

the cell lysate were precipitated by the addition of 50%(w/v) trichloroacetic acid 

(TCA) to a final concentration of 10%(w/v) followed by incubation for 30 minutes 

on ice. Proteins were pelleted by centrifugation at 13,000xg for 10 minutes. The 

supernatant was removed and the proteins were re-suspended in 1 / 1 0  of the initial 

volume 0.1 M NaOH containing 5%(w/v) SDS. 5 pi of protein suspension were 

mixed with 100 pi of BCA standard working reagent in a 96-well plate and incubated 

at 37°C for 30 minutes. The absorbance of samples was then read at 570 nm using a 

SpectraFluor 96 well plate reader. BSA solutions ranging from 0.2-1 mg/ml were 

used as protein standards to produce the calibration graph.

BCA working reagent was obtained by addition of 25 parts of solution A (l%(w/v) 

bicinchoninic acid (sodium salt), 2 %(w/v) sodium carbonate, 0.16%(w/v) sodium 

tartrate, 0.4%(w/v) sodium hydroxide, 0.95%(w/v) sodium hydrogen carbonate, pH

11.25) to 1 part of solution B (4%(w/v) copper sulphate).

2.2.7 Sodium dodecyl sulphate polyacrylamide gel electrophoresis SDS-PAGE

The method employed for the separation of proteins by SDS-PAGE was a 

modification of that described by Laemmli (1970) for use in vertical slab gels.

Gels were cast in the Atto-minigel system and consisted of a 3%(w/v) 

polyacrylamide stacking gel and a 7.5 or 10%(w/v) resolving gel. The acrylamide 

stock solution used for all gels consisted of 30%(w/v) acrylamide and 0.8%(w/v) N, 

N'-methylene bisacrylamide. Stacking gels were made using a Tris-SDS stock 

solution, pH 6 . 8  (0.25 M Tris, 0.2%(w/v) SDS) and resolving gels contained a Tris- 

SDS stock solution, pH 8 . 8  (0.75 M Tris and 0.2%(w/v) SDS). Polymerisation of 

acrylamide gels was initiated by the addition of the indicated volumes N,N,N',N'- 

Tetramethylethylenediamine (TEMED) and freshly prepared 10%(w/v) ammonium 

persulfate. The recipe for SDS-PAGE resolving gels containing various amounts of 

acrylamide (% w/v) is shown in table 2.2.7.1.

52



Chapter 2: Materials and Methods

Table 2.2.7.1. Recipe for SDS-PAGE resolving gels containing various amounts of 

acrylamide (% w/v)

Stock solution
Final % (w/v) acrylamide

7.5% 10%

30%(w/v) Acrylamide/0.8%(w/v) 

bisacrylamide

3.75 ml 5.0 ml

Tris-SDS pH 8 . 8 3.75 ml 3.75 ml

Distilled H20 7.25 ml 6.25 ml

1 0 % (w/v) ammonium persulfate 1 0 0  pi 1 0 0  pi

TEMED 25 pi 25 pi

Resolving gels (80x60x0.75 mm) were cast using the Atto-mini gel system and 

water-saturated butan-2 -ol was poured on the top of the gel to an approximate depth 

of 5 mm to provide the gel with a flat upper surface. The gel was then allowed to 

polymerise for 1 hour at room temperature.

The upper surface of polymerised resolving gels was washed three times with 

distilled water, and the edge of the gel was gently blotted dry using filter paper. 

Stacking gels were prepared by combining 0.65 ml of 30%(w/v) acrylamide stock 

solution, 1.25 ml of Tris-SDS stock pH 8 . 8  and 3.05 ml of distilled water. 

Polymerisation was initiated by the addition of 50 pi of 10%(w/v) ammonium 

persulphate and 20 pi of TEMED. The gel was quickly pipetted between the glass 

plates and the 10- or 15- well comb that forms the sample wells was inserted. After 

polymerisation the sample well comb was gently removed from stacking gels and the 

wells then washed and filled with Tris-glycine electrode running buffer pH 8.5 (25 

mM Tris, 192 mM glycine and 0.1%(w/v) SDS).

Protein samples were equalised for protein concentration, diluted 1:1 with 

2 x strength Laemmli loading buffer (125 mM Tris-HCl, pH 6 .8 , 20%(v/v) glycerol, 

4%(w/v) SDS, 2%(v/v) p-mercaptoethanol and 0.004%(w/v) Bromophenol Blue), 

boiled for 3 minutes, cooled down on ice and a maximum of 50 pg of protein loaded 

into each well. Electrophoresis was performed at 120 V for approximately 2 hours 

until the Bromophenol Blue tracking dye reached the bottom of the gel.
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2.2.8 Western blotting of proteins from polyacrylamide gels

Proteins resolved by SDS-PAGE were electrophoretically transferred onto 

nitrocellulose membranes using a LKB semi-dry blot system following the protocol 

of Towbin et a l (1979). Electroblotting papers and nitrocellulose sheets were soaked 

in transfer buffer (48.8 mM Tris, 39 mM glycine, 0.0375% (w/v) SDS and 20%(v/v) 

methanol). Nine layers of wetted electrode paper were laid onto the positive 

electrode of the semi-dry blotter and the nitrocellulose membrane flattened upon the 

paper. The gel was carefully removed from the cast and laid onto the nitrocellulose 

avoiding the formation of air bubbles. Another nine layers of soaked electrode paper 

were positioned on the top of the gel, and finally the negative electrode was laid on 

top of the blotting sandwich. Electrotransfer of proteins was performed at 45mA per 

gel for at least 60 minutes. Transfer of proteins was verified by staining the 

nitrocellulose membrane with Ponceau S solution (0.2%(w/v) Ponceau S, 0.4%(v/v) 

glacial acetic acid) and staining was washed away by extensive rinsing with PBS, pH 

7.4. The washed membrane was placed in the blocking solution (5%(w/v) fat-ffee 

dried milk product in PBS, pH 7.4 and 0.05%(v/v) Tween-20) for 30 minutes at room 

temperature to block non-specific binding of antibodies and then immunostained 

with the appropriate antibody.

2.2.9 Immuno-development of Western blots

Blocked nitrocellulose membranes were incubated with primary anti-tTGase 

monoclonal antibody, diluted 1:1000 in a blocking buffer with agitation at +4°C 

overnight.

Following three washes for 5-10 minutes in a blocking buffer, the incubation with 

the secondary antibody (anti-mouse IgG-HRP conjugate, diluted 1:2000 in a 

blocking buffer) was performed for 2 hours at room temperature. After incubation 

with the secondary antibody, another series of washes was then performed as 

described previously and finally membranes were washed with PBS, pH 7.4.

Blots were revealed using the Amersham ECL Chemiluminescence system kit 

following the manufacturer’s instructions. Briefly, the two reagents A and B were 

mixed in equal quantities ( 2  ml of each for two blots) prior to addition to the 

nitrocellulose membranes for a minute. The developing solution was then discarded 

and the membranes wrapped in a cling film before placing in an autoradiography
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cassette. Exposure was carried out in dark room with Kodak X-Omat films exposed 

to the nitrocellulose sheet for varying lengths of time depending on the intensity of 

the signal. The film was developed and fixed using GBX developer and fixer 

(Sigma) followed by extensive washing with water before air-drying.

2.2.10 Sub-cellular fractionation

For separation of membrane and cytosolic fractions, 25 pi of cell homogenates 

(prepared as described in section 2.2.5) were fractionated by ultra-centrifugation at 

300,000xg for 1 hour at +4°C. The supernatant fraction containing cell cytosol was 

mixed with an equal volume of 2x strength Laemmli buffer (Laemmli, 1970; section 

2.2.7) and the precipitated pellets then washed with PBS, pH 7.4 and centrifuged for 

5 minutes at 13,000xg for 5 minutes at +4°C. The washed pellet was suspended in 30 

pi of 2x strength Laemmli buffer (Laemmli, 1970; section 2.2.7). Proteins were 

resolved by 7.5% SDS-PAGE in reducing conditions according to Laemmli 

(Laemmli, 1970) and tTGase detected by western blotting using anti-tTGase 

monoclonal antibody Cub7402 (Neomarkers), and revealed by enhanced 

chemiluminescence (Amersham) after incubation with an anti-mouse HRP conjugate, 

as described above (section 2.2.9).

2.2.11 Detection of tTGase in cell growth medium

To detect tTGase secreted in the growth medium, cells were seeded in 6 -cm tissue 

culture petri dishes and after reaching confluency, incubated in serum free AIMV 

culture medium for 8  hours. After incubation, the growth medium was collected and 

centrifuged to remove any floating cells. Proteins from the cell growth medium were 

precipitated with TCA at a final concentration of 10%(w/v) for 30 minutes on ice, 

followed by centrifugation for 10 minutes at 13,000xg. The protein pellet was 

washed once with 10%(w/v) TCA, followed by ethanol:acetone (ratio 1:1) and then 

acetone alone, dried and finally resuspended in 30 pi of 2 x strength Laemmli buffer 

(Laemmli, 1970; section 2.2.7). The presence of tTGase in the protein pellet was 

detected by SDS-PAGE and western blotting as outlined above (section 2.2.9). 

Alternatively, the cell growth medium was lyophilised, reconstituted in 1/10 of the 

initial volume in 50 mM Tris-HCl, pH 7.4 and analysed for tTGase antigen using a 

modified ELISA method as described below (section 2.2.15.2). The presence of an
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active tTGase in cell culture medium was also detected by measuring the activity of 

tTGase by the [14C]-putrescine assay as described below (section 2.2.13).

2.2.12 Measurement of tTGase binding to GTP

Binding of tTGase to GTP was measured by the binding of tTGase to GTP-agarose. 

Cells were trypsinised, counted, and homogenised as described before (section

2.2.1.2 and 2.2.5). Cell extracts from 2 x l 0 6 cells were clarified by centrifugation at 

13,000xg for 20 min at +4°C. The resulting supernatant (~200 pi) was incubated with 

500 pi of GTP-agarose beads over night at +4°C with gentle shaking. After 

incubation, the agarose beads were pelleted by centrifugation at 13,000xg for 1 0  

minutes at +4°C, the supernatant removed, and the beads then washed three times in 

ice cold 50 mM Tris-HCl buffer, pH 7.4. The washed beads were boiled for 5 

minutes in 150 pi of 2x strength Laemmli sample buffer, centrifuged and 50 pi of the 

extracted proteins from the supernatant analysed by SDS-PAGE and western blotting 

as described above (sections 22.1-2.2.9).

2.2.13 Transglutaminase activity assay: [1,4 14C] - putrescine assay

The activity of tissue transglutaminase in cell homogenates or lOx concentrated cell 

culture medium was measured by the incorporation of [1,4-14C]- putrescine into N, 

N'- dimethylcasein, as previously described by Lorand et al. (1972).

Cells were harvested and homogenised as described in section 2.2.5. For the activity 

assay, fresh homogenates were used as freezing procedures have been shown to 

reduce the activity of tTGase. Whatman 3MM filter papers of 1cm2 were pre-soaked 

in 100 mM EDTA with l%(w/v) methylamine and dried in a 37°C incubator for 48 

hours prior to the assay.

[14C]-Putrescine stock was made up by the addition of 50 pi of 243 mM cold 

putrescine in 1.05 M Tris-HCl pH 7.4 to 1 ml of [14C]-Putrescine. The specific 

activity of the resulting 12 mM [14C]-putrescine stock was 3.97 pCi/pmol. All other 

stock solutions for the reaction were prepared in 50 mM Tris-HCl, pH 7.4.

The reaction was carried out at 37°C in 1.5 ml tubes and the reaction mix was set up 

as follows:
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50 mM Tris-HCl pH 7.4 lOpl

38.5 mM DTT lOpl

50 mM CaCl2/ 200 mM EDTA lOpl

12 mM [14C]-Putrescine stock lOpl

25 mg/ml N,N'-dimethylcasein 2 0 pl

Sample 45 pi

The reaction was started by addition of the sample to the reaction mixture. At 15 and 

30 minutes after initiation of the reaction, lOpl aliquots in triplicate were removed 

from the tubes and spotted onto the appropriately labelled 1cm2 Whatman 3MM 

filter papers, left to dry at room temperature and then placed in ice-cold 1 0 %(w/v) 

TCA for 20 minutes to precipitate the proteins. The filter papers were then washed as 

outlined below:

lx with 10%(w/v) ice cold TCA for 10 minutes 

3 * with 5%(w/v) ice cold TCA for 5 minutes 

lx with 1: 1 acetone: ethanol for 5 minutes 

1 x with acetone for 5 minutes

After washing the filters were left to air-dry and then placed in 1 ml of Ultima 

Gold™ scintillation liquid and the radioactivity counted in a Packard Instruments 

Tri-carb 300 scintillation counter for 5 minutes. Specific tissue transglutaminase 

activity was expressed in Units/mg of protein, 1 Unit corresponding to 1 nmol 

putrescine incorporated per hour.

1 pg of guinea pig liver tTGase in 45 pi of homogenising buffer was used as a 

positive control in the assay. To evaluate the efficiency of the counting, 10 pi of 

sample in triplicate was spotted onto the filter paper, dried and then placed in 1 ml of 

scintillation liquid excluding washing steps and counted. Samples containing EDTA 

instead of CaCl2 in the reaction mixture, served as controls measuring non-tTGase 

mediated putrescine incorporation.
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2.2.14 Transglutaminase activity assay measured by biotin-X-cadaverine 

incorporation

Transglutaminase activity associated with the cell surface was measured by the 

incorporation of biotin-X-cadaverine into fibronectin as described earlier (Jones et 

al., 1997). 96-well plates were coated with 100 pi of 5 pg/ml FN in 50 mM Tris-HCl 

pH 7.4 and blocked with 3%(w/V) BSA in 50 mM Tris-HCl pH 7.4 for 1 hour at 

room temperature.

Cells were trypsinised, counted and centrifuged as described earlier (section 2.2.1.2), 

and then resuspended at a concentration of 2><105 cells/ml in serum free DMEM 

containing 0.132 mM biotin-X-cadaverine. 100 pi of a cell suspension was seeded 

into FN precoated 96-well plates and incubated for 2 hours at 37°C with 5%(v/v) 

CO2 . Positive and negative control samples were also included in an assay, which 

consisted of 100 ng/well of guinea pig liver tTGase that was incubated in a reaction 

mixture consisting of serum free medium, 10 mM DTT, 0.132 mM biotin-X- 

cadaverine and in samples serving as a negative control, the addition of 10 mM 

EDTA.

After incubation cells were washed twice in 50 mM Tris-HCl, pH 7.4 and in order to 

remove the cells but retain the extracellular matrix, cells were solubilised with 

0.1%(w/v) deoxycholate/2mM EDTA solution for 10 minutes at room temperature 

with gentle agitation. The remaining fibronectin layer was washed three times with 

50 mM Tris-HCl, pH 7.4 and the wells were then blocked with 3%(w/v) BSA in 50 

mM Tris-HCl for 30 minutes at 37°C. Then, blocking solution of extravidine 

peroxidase (dilution 1:5000) in 3%(w/v) BSA in 50 mM Tris-HCl, pH 7.4 was added 

at 100 pi per well and incubated for 1 hour at 37°C. After the incubation, a series of 

washes with 50 mM Tris-HCl, pH 7.4 were performed as before.

Development of the assay was performed in a phosphate-citrate buffer with urea- 

hydrogen peroxide (prepared by addition of one phosphate-citrate buffer with urea- 

hydrogen peroxide tablet (Sigma) to 10 ml of distilled water) containing 7.5%(w/v)

3,3 ',5,5 '-Tetramethylbenzidine (TMB). 100 pi of developing buffer containing TMB 

were added to each well. The reaction was stopped by addition of 50 pi of 2.5 M 

sulphuric acid and absorbance read at 450 nm using a Spectrafluor 96 well plate 

reader. Results were expressed as absorbance at 450 nm.
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2.2.15 Enzyme Linked Immuno-absorbent Assay

2.2.15.1 Detection of cell surface/ECM associated tTGase

This is a modification of a normal ELISA technique based upon recognition of a 

specific antigen by immuno-cytochemistry. Instead of working on either cell 

homogenates or cell fractions, the assay uses cells, which have been grown on the 

plates. Cells were seeded at a concentration of 1.5x104 cells/well in a 96-well plate 

and grown overnight before labelling. The primary antibody Cub7402 (Neomarkers) 

was diluted 1 in 1 0 0 0  in cell growth medium and 1 0 0  pi added to each well and left 

for 2 hours. Following incubation, medium was removed, and the cells were washed 

three times with PBS, pH 7.4 and then blocked with blocking solution (5% (w/v) fat- 

free dried milk in PBS, pH 7.4) for 30 minutes. The plate was washed three times 

with PBS, pH 7.4 and both cells and antibody then fixed with 3.7%(w/v) 

paraformaldehyde in PBS, pH 7.4 for 15 minutes at room temperature. After fixation, 

another series of washes with PBS, pH 7.4 were performed and the secondary 

antibody (mouse IgG-HRP) diluted 1 in 1000 in blocking buffer was added to each 

well ( 1 0 0  pl/well) and incubated for 2  hours at room temperature followed by three 

washes with PBS, pH 7.4 as before.

Development of the assay was performed using phosphate-citrate buffer with urea 

hydrogen peroxide and 7.5%(w/v) TMB as described above (section 2.2.14). The 

reaction was stopped by addition of 50 pi of 2.5 M sulphuric acid and the absorbance 

read at 450 nm using a Spectrafluor 96 well plate reader.

For normalisation of the assay, identical cell numbers were grown in 96-well plate in 

parallel and solubilised in 0.1%(w/v) deoxycholate/2 mM EDTA as described in 

section 2.2.6 .2. Proteins were precipitated in 10%(w/v) final volume TCA and 

assayed using the BCA method (Brown et al., 1989) as described previously (section 

2.2.6.2). The measured tTGase protein was then expressed as absorbance value at 

450nm per 1.0 mg of deoxycholate-soluble protein.

2.2.15.2 Measurement of total tTGase by modified ELISA

For the detection of total tTGase, a modification of the method of Achyuthan et al. 

(1995) was used. Cell homogenates from 0.5-5xl06 cells were added to fibronectin- 

coated wells of a 96-well plate and the binding of tTGase to fibronectin was allowed
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to proceed for 1 hour at 37°C. Wells were then blocked in blocking buffer (5%(w/v) 

fat-free milk in PBS, pH 7.4) for 30 minutes at room temperature and then incubated 

with Cub7402 (diluted 1:1000 in blocking buffer) for 2 hours at room temperature. 

After three washes with PBS, pH 7.4, incubation with secondary mouse IgG-HRP 

antibody (diluted 1:1000 in blocking buffer) was carried out for 2 hours at room 

temperature. Bound HRP activity was measured as described above (section 2.2.14) 

The amount of tTGase protein was expressed as absorbance at 450 nm per 1.0 mg of 

total protein (measured by Lowry method (Lowry et al., 1951) as described in 

section 2.2.6.1). Besides measuring the total amount of tTGase in cell homogenates 

this method also measures the binding of tTGase to fibronectin.

2.2.16 Agarose gel electrophoresis of DNA

Agarose gels were prepared by melting 0.5 g of agarose in 50 ml of lx Tris acetate 

EDTA buffer pH 8.0 (TAE, 40 mM Tris, 0.114%(v/v) glacial acetic acid and 1 mM 

EDTA). Agarose was melted in lx TAE by heating the solution in a microwave oven 

at medium power for 1 minute. Once cooled, 5 pi of ethidium bromide (10 mg/ml) 

was added to the solution, and the gel was cast in a Bio-Rad DNA electrophoresis 

tray and allowed to set. DNA samples were diluted 1/10 with 10x DNA loading 

buffer (100 mM EDTA, l%(w/v) SDS, 0.25%(w/v) bromophenol blue and 

0.25%(w/v) xylene cyanol), mixed and pipetted into the sample wells. 

Electrophoresis was performed in lx TAE buffer at 60 V for 2 hours.

2.2.17 Statistical analysis

A Mann-Whitney test was used to compare data using the Minitab system (Minitab 

Inc, USA). When p<0.05, the difference between sets of data was considered to be 

statistically significant and represented with a * on the bars.
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Chapter 3: Characterisation o f clones inducible for the 

expression o f catalytically active and inactive tissue 

transglutaminase

3.1 Introduction

The study of the function of a particular gene in a complex genetic environment such as 

mammalian cells profits from systems that allows stringent control of the expression of 

individual genes. Attempts to control gene activity by various inducible eucaryotic 

promoters responsive to heavy metal ions (Brinster et al., 1982; Mayo and Palmiter, 

1982; Searle et al., 1985), heat shock (Nouer, 1991), or hormones (Hynes et al., 1981; 

Lee et al., 1981; Klock et al., 1987) have generally suffered from leakiness of the 

inactive state or from pleiotropic effects caused by the inducing agent itself, such as 

elevated temperature or glucocorticoid hormone action (Lee et al., 1988).

Control elements of the tetracycline-resistance operon encoded in transposon 10 of 

E.coli (Hillen et al., 1983) have been utilised to establish a highly efficient regulatory 

system in mammalian cells (Gossen and Bujard, 1992). The Tet repressor protein (TetR) 

negatively regulates the genes of the tetracycline-resistance operon in E.coli by binding 

to the tet operator sequences (tetO) in the absence of tetracycline. Both elements TetR 

and tetO provide the basis of the tetracycline regulatable gene expression system in 

mammals. By fusing the tetR to the Herpes simplex virus protein VP 16 activation 

domain (AD; Triezenberg et al., 1988), the TetR is converted from a transcriptional 

repressor to a transcriptional activator and the resulting hybrid protein is known as the 

tetracycline-controlled transactivator (tTA). The gene of interest is expressed under 

control of the tetracycline-response element (TRE), which consists of seven direct 

repeats of the tet operator sequences (tetO), and is located just upstream of the minimal 

human cytomegalovirus promoter (PminCMv), which lacks the strong enhancer elements. 

Induction of the gene is sensitive to tetracycline. The promoter is virtually silent in the 

presence of low concentration of tetracycline, which prevents the tetracycline-controlled 

transactivator (tTA) from binding to tetO sequences. In the presence of tetracycline, tetR
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Figure 3.1.1 Tet-Off system.

The tet-controlled transcriptional activator (tTA) is a fusion of the wild-type 

Tet repressor (TetR) to the VP 16 activation domain (AD) of herpes simplex 

virus. tTA binds the Tet-responsive element (TRE) and activates transcription 

in the absence of tetracycline or doxycycline.
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does not bind to its operators located within the promoter region of the operon and 

allows transcription of the gene (figure 3.1.1). Since cells have to be grown in the 

presence of tetracycline to suppress the overexpression of the gene, additional studies 

have demonstrated that only at tetracycline concentrations well above lOmg/ml are 

morphological changes observed upon prolonged incubation (Gossen and Bujard, 1992). 

Regulatable tissue transglutaminase expression in Swiss 3T3 fibroblasts has been 

obtained in our laboratory (Verderio et al., 1998) by using the above described 

controlled gene expression system of Gossen and Bujard (1992). The model allows 

maximal expression of tTGase in selected clones following a 72h period of induction 

(removal of tetracycline from the cell growth medium) and minimises the problem of 

selecting tTGase tolerant clones, which is a potential outcome when using vectors where 

tTGase cDNA is under the control of a constitutive promoter. In addition, this system 

also alleviates the problems associated with clonal variation that is a possible occurrence 

when transfecting cells with genes under the control of constitutive promoters, since 

each clone acts as its own control when the gene of interest is induced.

An important step toward understanding the different roles of different genes is defining 

gene expression profiles, i.e., comparing patterns of expression in different tissues and 

developmental stages, in normal and disease states, or in distinct in vitro conditions. 

This can be accomplished using well-known techniques, such as RT-PCR, RNase 

protection assays, or Northern blot analysis, but the disadvantage of these methods is 

that they focus on only few genes at a time. A more promising approach for analysing 

multiple genes simultaneously is the hybridisation of the entire cDNA populations to 

nucleic acid arrays -  a method adopted for high throughput analysis of gene expression. 

DNA Arrays usually include hundreds of cDNAs spotted on positively charged 

membranes alongside with several plasmid and bacteriophage DNAs as negative 

controls to confirm hybridisation specificity, and a few housekeeping cDNAs as positive 

controls for normalising mRNA abundance. Therefore a single hybridisation experiment 

generates an expression profile for hundreds of genes at one go.

The aim of the study described in this chapter was to look at the gene expression pattern 

in a system where the only variable is the amount of tTGase protein expression in the 

transfected cells. By using DNA arrays, to investigate whether the overexpression of
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tTGase leads to up- or down- regulation of other gene expression in transfected Swiss 

3T3 fibroblasts and if so, to investigate whether the observed effects are dependent on 

the cross-linking activity of the enzyme.
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3.2 Methods

3.2.1 Generation of clone inducible for overexpression of inactive Cys277Ser 

tTGase

The Cys277Ser mutation was introduced into tTGase cDNA (Gentile et al, 1991) as 

previously described (Mian et al., 1995). The resulting mutated tTGase cDNA was 

inserted into the vector PUHD10-3 as done by Verderio et al (1998), to generate the 

expression plasmid PUHDIO.3 -TG277. The establishment of Swiss 3T3 cell lines by cell 

transfection expressing catalytically active tTGase under the control of the tetracycline 

inducible system (Gossen and Bujard, 1992) has been previously described (Verderio et 

al, 1998). Swiss 3T3 cell lines expressing the mutant inactive tTGase (Cys277Ser) were 

generated following the same protocol. Clones expressing catalytically active (clone 

TG3) and inactive (clone TGI19) tTGase were a kind gift from Dr. E.Verderio (The 

Nottingham Trent University).

3.2.2 DNA arrays

RNA isolation, specific probe generation and hybridisation was performed using 

Clontech Atlas Pure Total RNA Labelling and Atlas™ Mouse 1.2 Array kits according 

to the manufacturer’s instructions. Main steps of the procedure are briefly described 

below.

3.2.2.1 Total RNA isolation

Transfected Swiss 3T3 cells were induced and grown in T125 flasks for 96 hours. 

Induced and non-induced cells were trypsinised, counted and lxlO7 cells were 

centrifuged and denatured by addition of an appropriate volume of denaturing solution. 

After vigorous pipetting and incubation on ice, cell homogenates were centrifuged at 

13,000xg for 5 minutes at +4°C. RNA from the supernatant was extracted twice with 

phenol and chloroform, and precipitated from the aqueous layer by addition of an 

appropriate volume of isopropanol. Following incubation on ice and centrifugation at
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13,000xg for 5 minutes at +4°C, the RNA pellet was washed with 80%(v/v) ethanol, air- 

dried and resuspended in RNase-free water.

3.2.2.2 DNase treatment

0.5 mg of total RNA was incubated with 50 units of DNase I for 30 minutes at 37°C to 

get rid of genomic DNA impurities. Following incubation RNA was extracted by phenol 

and chloroform as before. RNA was precipitated from the aqueous layer by addition of 

1/10 volume of 2 M sodium acetate and 2.5 volumes of 95%(v/v) ethanol followed by 

incubation on ice for 10 minutes, and then centrifugation at 13,000xg for 15 minutes at 

+4°C. The RNA pellet was washed with 80%(v/v) ethanol, air-dried and resuspended in 

RNase-free water. RNA concentration was determined spectrophotometrically at A280nm 

and RNA quality was assessed by denaturing formaldehyde/agarose/ethidium bromide 

gel electrophoresis. Agarose/formaldehyde gels were prepared in lx MOPS buffer 

following the manufacturer’s protocol and 1 fig of RNA samples was loaded in each 

well of the gel.

3.2.2.3 Poly A+ RNA enrichment and probe synthesis

50 jig of total RNA was mixed with biotinylated oligo(dT) and incubated at 70°C for 2 

minutes. After cooling down for 10 minutes at room temperature streptavidin magnetic 

beads were added to the RNA and incubated for 30 minutes at room temperature on a 

shaker at 1,500 rpm. Following incubation the magnetic beads were separated using the 

magnetic separator, washed and resuspended in distilled water. Magnetic beads were 

mixed with specifically designed primers and annealing was allowed to proceed for 2 

minutes at 65°C, then dNTP, [a-32P]dATP, and reverse transcriptase were added to the 

mixture and incubated for 25 minutes at 50°C to allow conversion of poly A+ RNA into 

[32P] labelled first strand cDNA. To purify the labelled cDNA from unincorporated 32P- 

labeled nucleotides and small (<0.1 kb) cDNA fragments, the beads were separated and 

labeled cDNA from the supernatant extracted using NucleoSpin Extraction Spin 

Columns provided in the kit. The radioactivity of the probe was checked by liquid 

scintillation counting.
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3.2.2.4 Hybridisation of cDNA probes to the Atlas Array

The Atlas array membrane was pre-hybridised with shared salmon testes DNA for 30 

minutes with continuous agitation at 68°C. The hybridisation of the labelled probe to the 

membrane was allowed to proceed overnight with continuous agitation at 68°C. The next 

day the membrane was washed and wrapped in a plastic wrap and exposed to x-ray film 

at -70°C with an intensifying screen for varying lengths of time. The gene expression 

pattern was analysed using Atlaslmage software package. Full list of genes included on 

the Atlas Array can be found online: www.atlas.clontech.com.
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3.3 Results

3.3.1 Characterisation of Swiss 3T3 clones transfected with the active and inactive

(Cys277Ser) tTGase under the control of the tetracycline reguiatable system

Clone TGI 19, inducible for the expression of catalytically inactive (Cys277Ser mutant) 

tTGase was compared to clone TG3 expressing the active (wild type) tTGase, which has 

been characterised previously (Verderio et al., 1998).

Induction of the catalytically active tTGase in transfected cells has previously 

demonstrated that the overexpression of tTGase protein had no effect on the general 

appearance of fibroblasts (Verderio et al., 1998). When the light microscopy pictures 

from induced and non-induced clone TGI 19 expressing the catalytically inactive form of 

the enzyme were analysed no obvious morphological changes were observed (figure

3.3.1). Induction of both forms of tTGase did not affect cell viability when measured by 

MTT and the LDH assays (figure 3.3.2), indicating that cells can tolerate high amounts 

of either active or inactive tTGase protein.

Transfected clones were induced to overexpress tTGase by removal of tetracycline from 

the culture medium and the amount of tTGase antigen expressed in cell homogenates 

was detected by SDS-PAGE and western blotting analysis. The western blot shown in 

figure 3.3.3 demonstrates clear induction of both forms of the enzyme in clones TG3 and 

TGI 19 when tetracycline is removed from the culture medium. Densitometry analysis 

indicated that expression of tTGase in clone TG3 increased between 7-10 fold (table

3.3.1) as previously documented (Verderio et al., 1998). For the inactive Cys277Ser 

mutant quantitation of induction by densitometry was not possible because of the low 

endogenous background. Measurement of antigen by a modified ELISA which first 

involves adhesion of the enzyme to a fibronectin coated plate indicated a 2-3 fold 

induction of tTGase expression for clone TG3 and a 4-5 fold increase for clone TGI 19 

(figure 3.3.4). Importantly, the ELISA, which tended to give lower levels of enzyme 

induction than activity or densitometry measurements demonstrated that induction of 

enzyme expression did not appear to affect the binding to FN as the tTGase derived from
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Figure 3.3.1 Characterisation of Swiss 3T3 fibroblast 

clones TG3 and TGI19 displaying regulated expression of 

tTGase.

Cells were grown in fully supplemented medium with or 

without tetracycline to induce expression of tTGase. Live 

cells were photographed using an Olympus inverted light 

microscope and digital camera. TG3- and TGI 19- are clones 

induced to overexpress active and inactive tTGase, 

respectively, TG3+ and TGI 19+ are non-induced controls, 

grown in tetracycline-containing medium. Bar equals 50 pm.
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Figure 3.3.2 Measurement of cell viability following induction of tTGase 

in transfected cells by removal of tetracycline from the cell culture 

medium for 72 hours.

A, MTT assay and B, LDH assay. For the MTT assay, 5xl05 cells were 

seeded per well into a 24-well plate and following a 24 hour incubation cell 

viability was determined using the MTT assay as described in the Methods 

(section 2.2.1.5.2). Cell viability is expressed as absorbance at 570 nm and 

results represent the mean value ± SD from three separate experiments. For 

the LDH assay the cells were seeded at a density of lxlO3 cells per well into 

a 96-well plate and following incubation for 24 hours, cell viability was 

determined using the Promega Cytotox 96 assay system as described in the 

Methods (section 2.2.1.5.3). Cell viability is expressed as a percentage of 

LDH released in the cell growth medium, and results represent the mean 

value ± SD from three separate experiments. TG3- and TGI 19- are clones 

induced to overexpress active and inactive tTGase, respectively, TG3+ and 

TGI 19+ are non-induced controls, grown in tetracycline-containing medium.
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Figure 3.3.2 Measurement of cell viability following induction of tTGase 

in transfected cells by removal of tetracycline from the cell culture 

medium for 72 hours.
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Figure 3.3.3 SDS-PAGE and western blotting analysis of tTGase 

expression in Swiss 3T3 fibroblast clones TG3 and TGI19 displaying 

regulated expression of tTGase.

TG3- and TGI 19- are clones induced to overexpress active and inactive 

tTGase, respectively by removal of tetracycline from the culture medium, 

TG3+ and TGI 19+ are non-induced controls, grown in tetracycline- 

containing medium. Induced and non-induced cells (~2xl06) were 

harvested, homogenised and following determination of protein 

concentration 20pg of protein were loaded into the wells of a 7.5% (w/v) 

SDS-Polyacrylamide gel and separated by electrophoresis. Separated 

proteins were transferred onto nitrocellulose membranes and probed for 

tTGase with Cub7402 primary antibody followed by the incubation with 

anti mouse IgG-HRP conjugate and revealed by the ECL detection system 

as described in Methods (sections 2.2.7-2.2.9).

Table 3.3.1 Densitometry analysis of tTGase bands shown in figure 

3.3.3.

Densitometry of tTGase bands was measured using Quantiscan 

densitometry analysis software. trace.
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TG3+ TG3- TGI19+ TGI19-

Figure 3.3.3 SDS-PAGE and western blotting analysis of 

tTGase expression in Swiss 3T3 fibroblast clones TG3 and 

TGI19 displaying regulated expression of tTGase.

Table 3.3.1 Densitometric analysis of tTGase bands shown in 

figure 3.3.3.

Clone TG3+ TG3- TGI19+ TGI19-

Densitometry units 170.85 1190.7 - 575.4
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Figure 3.3.4 Measurement of tTGase antigen in cell homogenates 

and its ability to bind fibronectin when using Swiss 3T3 fibroblast 

clones TG3 and TGI19 displaying regulated expression of tTGase.

Cell homogenates from 0.5-5xl06 cells were added to FN-coated wells 

of a 96-well plate and the binding of tTGase to FN was allowed to 

proceed for 1 hour at 37°C. Bound tTGase was detected by incubation 

with primary anti-tTGase antibody Cub7402, followed by incubation 

with the secondary anti- mouse IgG-HRP antibody. The bound HRP 

activity was detected by addition of TMB substrate and reading the 

absorbance of the resulting mix at 450 nm in a plate reader as described 

in Methods (section 2.2.15.1). The amount of tTGase protein was 

expressed as absorbance at 450 nm normalised per 1.0 mg of total 

protein (measured by Lowry method as described in section 2.2.6.1). 

Results represent mean value ± SD, from three separate experiments. 

TG3- and TGI 19- are clones induced to overexpress active and inactive 

tTGase, respectively by removal of tetracycline from the culture 

medium, TG3+ and TGI19+ are non-induced controls, grown in 

tetracycline-containing medium.
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the active and the inactive clones showed comparable ability to bind to FN, which forms 

the basis of the assay shown in figure 3.3.4. Overexpression of the active form of the 

enzyme in the clone TG3 led to an increase of total tTGase activity in cell homogenates 

(around 12 fold), when measured by the assay using 14C-putrescine incorporation into N, 

N '-dimethylcasein (table 3.3.2) and an increase in cell surface related extracellular 

activity (around 3-4 fold) when measured by the cell mediated incorporation of 

biotinylated cadaverine into fibronectin (figure 3.3.5) comparable to that previously 

documented (Verderio et al, 1998). As expected, no tTGase activity was observed in 

clone TGI 19 when induced to overexpress the inactive form of the enzyme (table 3.3.1 

and figure 3.3.5).

To investigate whether both catalytically active and inactive (Cys277Ser mutant) forms 

of tTGase have comparable ability to bind GTP, the transfected clones were examined 

for their capacity to bind to GTP-agarose. 2xl06 cells were homogenised, centrifuged 

and the supernatant was incubated with GTP-agarose overnight at +4°C. Washed GTP- 

agarose beads were boiled in 2x strength Laemmli buffer, centrifuged and equal 

volumes of supernatant were separated on a 7.5% SDS-PAGE, blotted and probed for 

tTGase. As shown in figure 3.3.6 inactive form (Cys277Ser) of tTGase had comparable 

GTP binding ability to that of wild type active tTGase, which is in agreement with the 

results reported earlier (Lee et al, 1993).

3.3.2 Gene expression in transfected Swiss 3T3 fibroblasts expressing different 

amounts of active and inactive forms of tTGase

Clontech Atlas cDNA expression arrays were used to analyse the expression pattern of 

1200 mouse genes in order to investigate whether induction of tTGase in cells leads to 

up/down regulation of expression of other genes. Transfected fibroblasts induced and 

non-induced to overexpress catalytically active and inactive forms of tissue 

transglutaminase were grown to obtain a sufficient number (lxlO7) of cells for the 

extraction of RNA. As the quality of the RNA used to make probes is the most important 

factor influencing the sensitivity of the hybridisation pattern, the quality of RNA after
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Clone Activity, units/mg 
protein

TG3+ 7.95 + 1.57

TG3- 124.52 ± 8.77

TGI19+ 1.59 + 2.07

TGI 19- 2.67 + 3.74

Table 3.3.2 Measurement of total tTGase activity in Swiss 3T3 

fibroblast clones TG3 and TGI19 displaying regulated expression of 
tTGase.

2xl06 cells were harvested by trypsinisation and the activity of tTGase in 

cell homogenates was determined using the [14C]-putrescine incorporation 

into N,N'-dimethylcasein as described in Methods (section 2.2.13). TG3- 

and TGI 19- are clones induced to overexpress active and inactive tTGase, 

respectively by removal of tetracycline from the culture medium, TG3+ and 

TGI 19+ are non-induced controls, grown in tetracycline-containing medium. 

A unit of transglutaminase activity equals lnmol of putrescine incorporate 

per hour. Results represent mean value ± SD, from three separate 

experiments, and are normalised to the amount of protein in cell 

homogenates determined by Lowry assay as described in Methods (section 

2 .2 .6 .1).
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Figure 3.3.5 Measurement of cell surface related tTGase activity 

of Swiss 3T3 fibroblast clones TG3 and TGI19 displaying 

regulated expression of tTGase.

2*105 cells/ml in serum-free DMEM containing 0.132 mM biotin-X- 

cadaverine were seeded into FN-coated wells in a 96-well plate and 

incubated for 2 hours at 37°C. After incubation cells were solubilised 

with 0.1%(w/v) sodium deoxycholate/2 mM EDTA and the amount of 

biotin-X-cadaverine incorporated into the remaining ECM was 

determined by incubation with extravidine peroxidase. Bound 

peroxidase activity was measured by addition of TMB substrate. The 

reaction was stopped by addition of 2.5 M sulphuric acid and 

absorbance read at 450 nm using a Spectrafluor 96 well plate reader. 

Activity of cell surface related tTGase is expressed as absorbance at 

450 nm. Results represent mean value ± SD, from three separate 

experiments. TG3- and TGI 19- are clones induced to overexpress 

active and inactive tTGase respectively by removal of tetracycline 

from the culture medium, TG3+ and TGI 19+ are non-induced 

controls, grown in tetracycline-containing medium.
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TG 3+ T G 3- TG I19+ TG I19- T G std

Figure 3.3.6 Binding of catalytically active and inactive tissue 

transglutaminase to GTP.

Swiss 3T3 fibroblast clones TG3 and TGI 19 displaying regulated expression 

of tTGase were compared for the binding to GTP-agarose as described in 

Methods (section 2.2.12). Cell extracts from 2><106 cells were clarified by 

centrifugation and the resulting supernatant was incubated with GTP- 

agarose beads over night at +4°C with gentle shaking. After incubation, the 

agarose beads were pelleted by centrifugation, the supernatant was removed, 

and following washing the agarose beads were boiled in 2 x strength 

Laemmli sample buffer. Equal amounts (50 pi) of the extracted proteins 

from the supernatant were analysed by SDS-PAGE and western blotting as 

described in Methods (sections 2.2.7-2.2.9). Western blot analysis shows the 

binding of active (clone TG3) and mutated (clone TGI 19) tTGase to GTP- 

agarose. TG3- and TGI 19- are clones induced to overexpress active and 

inactive tTGase, respectively by removal of tetracycline from the culture 

medium, TG3+ and TGI 19+ are non-induced controls, grown in 

tetracycline-containing medium, TGstd is guinea pig liver tTGase.
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DNase I treatment was examined electrophoretically by separating 2 fig of the RNA 

samples on the denaturing formaldehyde/agarose gel. As shown in figure 3.3.7 DNase I 

treated RNA appeared as two bright bands on the gel corresponding to 28S and 18S 

rRNA at approximately 4.5 and 1.9 kb. The ratio of intensities of these bands was 

measured and was found to be in the expected range of 1.5-2.5:1, indicating the presence 

of non-degraded, intact RNA samples (table 3.3.3).

The DNase I treated RNA was further used as a template for the synthesis of a [32P] 

labelled cDNA probe. Following the synthesis of cDNA using a specific set of primers, 

the quality of the purified probe was tested by liquid scintillation counting. The results 

presented in table 3.3.4 show that the radioactivity incorporated in the cDNA probe was 

in the expected range of 0.5-5xl06 cpm. Labelling in parallel was performed on poly A+ 

RNA that served as a positive control for the reverse transcription reaction.

Before hybridising labelled cDNA probe to Atlas Array the quality of each probe was 

tested by hybridising it to a control (blank) membrane. This step was necessary to 

perform in order to estimate the level of non-specific background, resulting from 

impurities, such as genomic DNA. Hybridisation to the blank membrane did not show 

any non-specific binding, indicating that the synthesized probe was of good quality 

(figure 3.3.8, inserts).

The hybridisation of the probe to the Atlas Array membrane was performed overnight at 

6 8 °C with continuous agitation followed by several washes to remove non-bound 

material. Washed membranes were wrapped in a plastic wrap and exposed to a x-ray 

film with an intensifying screen at -70°C for varying lengths of time (from a few hours 

to several days) and the results presented in figure 3.3.8.

3.3.3 Analysis of Atlas Arrays

To analyse differential gene expression using Atlas Arrays several house keeping genes 

were identified that generated equally intensive hybridisation signals which served as a 

positive control (indicated with blue vertical arrows in figure 3.3.8). In cells where only 

one or few genes change their expression levels, expression of house keeping genes 

generally remains constant, which was true in the case of transfected 3T3 cells (figure 

3.3.8). The negative controls spotted onto the Atlas Arrays included plasmid and
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bacteriophage DNA did not show any hybridisation signal (indicated with red vertical 

arrows in figure 3.3.8) confirming hybridisation specificity. Also genomic DNA spots 

(indicated with green vertical arrows in figure 3.3.8) did not appear until 3 days of 

exposure to an X-ray film, indicating that the probe used for the hybridisation has been 

free of genomic DNA. Initial comparison of Atlas Arrays indicated a few differences in 

gene expression, mainly in clone TG3, expressing the active form of tTGase (table 

3.3.5). When results were analysed using Atlaslmage software, only two significant 

differences corresponding to downregulation of synaptotagmin III and VIII genes 

between induced cells and corresponding non-induced controls were identified. Genes 

showing initially observed differences in expression are pointed out with horizontal 

arrows in figure 3.3.8 and listed in table 3.3.5. Interestingly, following induction of 

catalytically active form of tTGase only down-regulation of gene expression was 

observed, instead following induction of the Cys277Ser mutant form of the enzyme, 

mainly up-regulation of gene expression was observed. Full list of genes included on the 

Atlas Array can be found online: www.atlas.clontech.com.
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start

28S RNA

18S RNA

TGI19- TGI19+ TG3- TG3+

Figure 3.3.7 Agarose/formaldehyde gel electrophoresis of 

DNase I treated total RNA.

Isolated total RNA was treated with DNase I and analysed 

electrophoretically on a l%(w/v) agarose/formaldehyde gel.

Table 3.3.3 Ratio of 28S RNA/18S RNA of extracted total RNA.

Clone TG3+ TG3- TGI19+ TGI 19-

28S RNA 609.19 598.48 741.29 727.71

18S RNA 401.33 401.48 466.52 480.19

28S RNA/18S 
RNA 1.52 1.49 1.59 1.52

Densitometry of RNA bands was measured using Quantiscan 

densitometry analysis software and densitometry units and the ratio 

of 28S RNA/18S RNA are represented in the table.
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Clone cpm

TG3+ 1.9xl06

TG3- 1 .6 x l 0 6

TGI19+ 1 .1 x 1 0 s

TGI19- 1 .2 x l 0 6

Control Poly A+ RNA 2 .6 x l0 6

Table 3.3.4 Measurement of radioactivity incorporated into 

the synthesised cDNA probe.
Following cDNA synthesis from total RNA, the labelled probe 

was purified from un-incorporated a-[32p]dATP and small (<0.1 

kb) cDNA fragments by column chromatography. 2 pi of 

purified probe was added to 5 ml of scintillation liquid and 

counted in a liquid scintillation counter. Counts represented in 

the table are total counts of the probe.
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Figure 3.3.8 Atlas Arrays showing gene expression of induced and non

induced Swiss 3T3 fibroblasts displaying regulated expression of 

tTGase.

Expression of genes in induced and non-induced fibroblasts for the 

overexpression of tTGase was analysed by DNA arrays. Position of house 

keeping genes are indicated with blue-, negative controls (plasmid and 

bacteriophage DNA) with red-, and the mouse genomic DNA with green 

vertical arrows. Differences in gene expression are indicated with horizontal 

arrows with a different colour for each gene. Inserts on the top of the arrays 

are showing control hybridisation to a blank membrane.
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3.4 Discussion

The construction of the clone inducible for the overexpression of catalytically inactive 

(Cys277Ser mutant) tTGase allows the evaluation of tTGase functions, which are not 

dependent on the cross-linking activity of the enzyme. Since the clone TG3 transfected 

with catalytically active tTGase has been characterised previously (Verderio et al, 

1998), the transfected clone TGI 19, expressing catalytically inactive tTGase was 

compared to clone TG3.

Stable transfected cell lines showed significant increases in tTGase antigen following 

induction. The overexpression of tTGase did not have an effect on cell viability when 

measured by the MTT and LDH assays, indicating that following induction transfected 

cells can tolerate the high amounts of tTGase present. The activity of tTGase was 

increased in cell homogenates and at the cell surface of the cells transfected with 

catalytically active tTGase (clone TG3) showing that the increased amount of tTGase in 

cell cytosol leads to increased extemalisation of the enzyme as previously found 

(Verderio et al., 1998). Following induction of the catalytically inactive tTGase 

(Cys277Ser mutant) in clone TGI19, the cross-linking activity of tTGase remained 

unchanged, as expected. A relative measure of the ability of the mutant and wild type 

protein in the transfected cell lines to associate with its substrate fibronectin was found 

to be comparable, indicating that binding to fibronectin did not change when the active 

site Cys277 was mutated to serine. This is a significant result in support of further 

investigations as it has recently been shown that binding of tTGase to fibronectin is 

crucial for the enzyme cell-surface localisation (Gaudry et al., 1999a). Both western blot 

analysis and the modified ELISA method showed that clone TG3 expressed higher 

amounts of tTGase following induction, but this clone also had elevated background 

levels of endogenous tTGase. In comparison, clone TGI 19 had lower levels of tTGase 

antigen expressed following induction, but also had a veiy low non-detectable 

endogenous expression level of tTGase.

The second aim of the study was to look at the gene expression patterns in a transfected 

cell system where the only variable is the amount of tTGase protein in the cells. This 

was achieved by using DNA arrays, which made possible simultaneous analysis of 1,200
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mouse gene expression pattern. Since four Atlas arrays were analysed for induced and 

non-induced cells expressing catalytically active and inactive tTGase, (i) the differences 

observed between induced clone TG3 and non-induced controls as well as induced clone 

TGI 19 would indicate gene expression affected by catalytically active enzyme; (ii) the 

differences observed between both induced clones TG3 and TGI 19 when compared to 

their non-induced controls would indicate gene expression affected by the expression of 

tTGase protein not depending on its cross-linking activity; (iii) both non-induced 

controls ideally should give the same gene expression pattern and any differences 

observed between non-induced clones TG3 and TGI 19 would indicate differences due to 

the clonal effect.

Interestingly, with regard to the intensity of staining on the array, it can be observed that 

overexpression of the catalytically active form of tTGase led to a general decrease in 

gene expression, but overexpression of the catalytically inactive tTGase caused a genral 

increase in gene expression. In addition, following analysis of gene expression it could 

be seen that only the expression of interferon regulatory factor 7 appeared to be 

downregulated following overexpression of both catalytically active and inactive 

tTGase, but in most other cases the observed differences were due to expression of 

catalytically active tTGase.

Initial comparison of Atlas Arrays identified several differences in gene expression (list 

of genes is presented in table 3.3.4), but when Atlas Arrays were analysed using 

Atlaslmage software, only two significant differences in gene expression between 

induced and non-induced clone TG3 were identified (marked bold in table 3.3.4). The 

two significant differences in gene expression were determined as down-regulation of 

synaptotagmin III and VIII genes. Both genes are members of a large family of 

membrane proteins implicated in Ca2+-triggered exocytosis. Synaptogmin III has been 

implicated in mediating Ca2+-induced insulin secretion from pancreatic |3 cells (Gut et 

al, 2001), but except for the well-characterised isoforms I and II (Lang et al, 1997), the 

exact roles for both synaptotagmin III and VIII genes are still unclear (Gut et al, 2001). 

Since tTGase has also been implicated to play a role in insulin secretion (Bungay et al, 
1984 and 1986) it is therefore possible that both tTGase and synaptotagmin III are 

involved in controlled regulation of insulin secretion.
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Although these significant differences were present as a single spot on the array they 

were recognised as two separate genes, when analysed using Atlaslmage software. 

However, it was difficult to align the spot to the Atlas grid and in addition, a similar spot 

was not observed in the non-induced clone TGI 19. It is possible, given the absence of 

signal in non-induced clone TGI 19 that its presence in non-induced TG3 cells may be 

due to an artefact or non-specific binding. However, it should be noted that non-induced 

TG3 cells contain higher levels of endogenous tTGase (figures 3.3.3 and 3.3.4) than 

non-induced TGI 19 cells, which may account for differences in gene expression 

between the two cell lines.

Given that only 1,200 genes were analysed in this single experiment, any changes in 

gene expression following overexpression of catalytically active and inactive tTGase 

should be regarded as preliminary. However, the obtained results do give an indication 

that it is likely to be the direct effects of tTGase on cell function which gives rise to 

changes in cell behaviour following induction of the enzyme. Due to time-restraints on 

the project, it was not possible to pursue this line of investigation, but the effect of 

tTGase overexpression on other genes merits further study.
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Chapter 4: Role o f tissue transglutaminase in cell migration

4.1 Introduction

The interaction of cells with the extracellular matrix is essential for various biological 

processes, such as embryonic development, tumour metastasis, and wound healing 

(Hynes, 1992; Loftus et al, 1994). Soft tissue repair is a complex process involving an 

integrated action between cytokines, different cell types and the extracellular matrix. In 

the healing of dermal wounds keratinocytes, endothelial cells, fibroblasts, and 

inflammatory cells are involved. Epidermal keratinocytes migrate into the wound bed 

and resurface it (Woodley et al, 1993), endothelial cells are responsible for the 

formation of new blood vessels in the wounded area, and the interaction between 

lymphocytes and the ECM components determines the inflammatory response following 

tissue injury. Fibroblasts play an important role in the wound healing process, migrating 

into the wound space where they proliferate and synthesise both cytokines and the 

provisional wound matrix (Sloan et al, 1991). During the formation of granulation 

tissue in a dermal wound, blood cells, such as platelets and monocytes release various 

peptide growth factors to stimulate fibroblast migration and proliferation into the wound 

site, which are crucial prerequisites for the formation of granulation tissue and 

successful wound closure (Ross, 1968). Upon wounding of the dermal matrix, growth 

factor attracted fibroblasts concentrate at the edge of the ruptured matrix to synthesise a 

new set of matrix proteins and to concomitantly migrate and proliferate along these 

proteins until the dermal wound has been filled with granulation tissue (Clark, 1988). 

Wound fibroblasts also mediate the phenomenon of wound contraction, which is 

believed to be a major contributing factor in scar formation following dermal wounding. 

To migrate along the ECM, cells must first adhere to it, through cell-ECM contacts, to 

allow spreading of the cell margin. For cells to interact with various biological 

macromolecules, such as extracellular matrix proteins, they have to have certain kinds of 

receptors on the cell surface. Adhesion of cells to the ECM in higher organisms is 

mediated by adhesion receptors, such as integrins, that link the cell to extracellular 

matrix ligands, transmitting forces and signals necessary for cell spreading and
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locomotion. Integrins are not necessarily always reactive with ligand molecules, and 

various modulating molecules have been proposed (Isobe et al, 1999).

Recently it has been suggested that one of molecules mediating integrin interaction with 

ligand molecules could be tissue transglutaminase. Although tTGase was originally 

thought to be an intracellular enzyme, the presence of tTGase on the surface of different 

cell types is well documented (Barsigian et al., 1991;Aeschlimann and Paulsson, 1994; 

Martinez et al, 1994; Aeschlimann et al, 1995; Jones et al, 1997; Verderio et al., 1998 

and 1999; Akimov et al, 2000). Accumulating evidence indicates that the enzyme is 

externalised and capable of cross-linking a wide range of ECM proteins, which is 

thought to be important in ECM deposition/stabilisation and the cell attachment and 

spreading of a number of different cell types (Aeschlimann and Paulsson, 1994; Jones et 

al, 1997; Verderio et al, 1998 and 1999). However, the link between ECM cross- 

linking and role of the enzyme in cell attachment and spreading is still not fully 

understood.

It has been recently shown that cell surface tTGase mediates adhesion and spreading of 

fibroblasts on the 42 kDa gelatin-binding domain of fibronectin, which does not contain 

integrin-binding motifs; in addition, it has been demonstrated that cell surface tTGase 

non-covalently associates with pi (Gaudry et al, 1999b) and p3 integrins (Akimov et 

al, 2000). Therefore integrins can interact with fibronectin indirectly, through cell 

surface tTGase, which acts as a mediator molecule (Akimov et al, 2000). The presence 

of integrin-bound tTGase on the cell surface creates a possibility for cells to use an 

additional binding site within the fibronectin molecule for the interaction with integrins. 

This increases the number of sites in fibronectin matrix that cells can access in the 

process of adhesion and spreading (Akimov et al, 2000). In addition, it has been 

reported that tTGase mediated cell adhesion and spreading may be independent of its 

cross-linking activity (Isobe et al, 1999).

Since tTGase is involved in both cell attachment and spreading, it is reasonable to 

assume that it might also be involved in cell migration, which is important to a number 

of cellular events including embryogenesis, tissue repair and tumour invasion. In order 

to investigate the role of tTGase in the migration of fibroblasts, 3T3 Swiss Albino mouse
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embryo fibroblasts transfected with different tTGase constructs (catalytically active or 

inactive forms of tTGase) were used.
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4.2 Methods

4.2.1 Immunocytochemical staining of cells for tTGase

Cells were seeded at 5*104 cells/well in a 96-well plate, 24 hours before staining. After 

24 hours the medium was removed and cells washed with PBS, pH 7.4. The cells were 

fixed and permeabilised by the addition of 200 pl/well of cold (~20°C) 70%(v/v) ethanol 

for 15 minutes at -20°C and after fixation washed with PBS, pH 7.4. Non-specific 

protein binding was blocked by incubating the cells with 100 pl/well of a freshly 

prepared 3%(w/v) BSA solution in PBS, pH 7.4 for 2 hours at 37°C. The anti-tTGase 

monoclonal antibody Cub7402 (Neomarkers) was diluted 1 in 200 in 0.1M Tris-HCl, pH

7.4 solution containing 3%(w/v) BSA, and 100 pi of a resulting mix was added to each 

well for 2 hours at 37°C. After washing 3 times with PBS, pH 7.4, 100 pi of secondary 

antibody (anti-mouse IgG-HRP conjugate) diluted 1 in 500 in a 0.1 M Tris-HCl, pH 7.4 

was added to each well and incubated for 1 hour at 37°C. The secondary antibody was 

removed with three washes of PBS, pH 7.4 and the staining was visualised by the 

addition of 100 pi of a 3,3'-Diaminobenzidine (DAB) solution (prepared by addition of 

2 tablets of Sigma Fast™ DAB to 10 ml of distilled water). The reaction was stopped by 

replacing the DAB solution with 100 pl/well of PBS, pH 7.4. Stained cells were viewed 

under an inverted light microscope and photographed.

4.2.2 Cell migration assay

The cell migration assay used was a modification of technique described by Akiyama et 

al (1989). The cells were trypsinised and centrifuged as described in methods section 

(section 2.2.1.2) and resuspended at a concentration of 3.3x107 cells per ml in growth 

medium (bicarbonate- free DMEM buffered with 25 mM Hepes, pH 7.4). After addition 

of 2%(w/v) low melting point agarose (final concentration 0.2%(w/v)), maintained just 

above 38°C, cell suspension was plated in 0.5 pi droplets on 96-well cell culture plate 

wells precoated with fibronectin (15 pg/ml). After the agarose was allowed to set for 7 

minutes at +4°C, 100 pi of serum-free AIMV growth medium alone or containing 

tTGase inhibitors or antibody was added to each well. Cells were left to migrate for 48
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hours, and then fixed and stained with 0.5%(w/v) crystal violet in 70%(w/v) ethanol for 

15 minutes at room temperature. After fixation the wells were washed twice with PBS, 

pH 7.4, plates were dried and the area of outward migrating cells (figure 4.2.1) was 

measured using a Optimas 5.2 image analysis system (DataCell Ltd).

Figure 4.2.1. An example of outward migrating cells from an agarose droplet.

4.2.3 Cell attachment

Cells were diluted to 5x105 cells/ml, seeded 100 pl/well in a 96-well plate and incubated 

for 30 minutes at 37°C, 5%C02. After the incubation the medium was removed and cells 

were gently washed with PBS, pH 7.4. 100 pi of 0.5%(w/v) crystal violet in 70%(v/v) 

ethanol were added to each well and incubated at room temperature for 15 minutes. 

After incubation the crystal violet solution was removed and cells were washed three 

times with PBS pH 7.4. Cells were solubilised by adding 100 pl/well of 30%(v/v) acetic 

acid, and absorbance of solubilised cell mix was read at 540 nm on the SpectraFluor 

plate reader.
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4.3 Results
4.3.1 Model system

To investigate the role of tTGase, in cell migration, clones expressing catalytically 

active and inactive form of tTGase were used. Clone TG3, stably transfected with 

tetracycline-controlled transactivator (Gossen and Bujard, 1992), and tTGase cDNA 

(Verderio et al., 1998) was a kind gift from Dr. E. Verderio (The Nottingham Trent 

University). To obtain clones expressing catalytically inactive form of the enzyme Swiss 

3T3 cells were transfected with the pSG5 vector containing the human endothelial cell 

tTGase cDNA in which the active site Cys277 is mutated to Ser, resulting in the 

expression of a catalytically inactive enzyme (Mian et al, 1995) using the liposome 

based transfection reagent DOTAP as described in the Methods (section 2.2.1.6). To 

obtain negative controls, cells were transfected with the pSG5 vector and the pSVneo 

selection plasmid, and clones resistant to 800jag/ml G418 were selected.

4.3.2 Purification of plasmids

Plasmids used for the transfection of 3T3 fibroblasts were obtained by growing the 

bacterial cells transformed with the prepared construct pSG5TG277 and the selection 

vector pSVneo, and purifying the plasmid DNA using Qiagen Plasmid midiprep kit 

according to manufacturer’s protocol. The quality of plasmids was checked 

electrophoretically on a 1% (w/v) agarose gel and the concentration of plasmid DNA 

was determined spectrophotometrically as described in the Methods (sections 2.2 and 

2.2.16). As show in the figure 4.3.1 the majority of the purified plasmids was in the 

supercoiled state. The purity of plasmid pSG5TG277 and pSVneo was 1.83 and 1.92, 

respectively when determined by the ratio of A260/A280, which is considered suitable for 
the transfection experiment.
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Figure 4.3.1 Analysis of purified plasmids pSG5TG277 and 

pSVneo by agarose gel electrophoresis.

Plasmids for the transfection experiment were purified using 

Qiagen plasmid midiprep kit and analysed by electrophoretic 

separation on 1% (w/v) agarose gel. Lane 1, DNA marker X 

DNA Eco Rl/Hind III, lane 2, pSG5TG274 lane3, pSVneo.
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4.3.3 Transfection, screening and characterisation of clones stably expressing 

catalytically inactive (Cys277Ser) tTGase

From the transfection of 3T3 fibroblasts with pSG5TG277 and pSVneo plasmids 32 

clones resistant to 800 pg/ml G418 were obtained. To select the clones expressing 

increased amounts of transfected inactive form of tTGase screening was carried out 

using different assays. Initially the obtained clones were stained for tTGase by 

immunocytochemistry (figure 4.3.2). As positive controls the induced clone TG3- and 

endothelial ECV304 cells, which express high amounts of active endogenous enzyme 

were used. For the negative controls cells transfected with pSG5 vector and pSVneo 

selection plasmids were used. From this experiment 25 clones, which seemed likely to 

express higher amounts of tTGase antigen when compared to negative controls were 

selected for further analysis by SDS-PAGE and western blotting.

Cell homogenates from transfected clones were separated by 10% SDS-PAGE, western 

blotted and immunoprobed for tTGase as described in Methods (section 22.1-22.9). As 

a positive control the induced clone TG3- was used. For the negative control wild type 

3T3 cells, and cells transfected only with pSG5 vector and selection plasmid pSVneo 

were used. As shown in figure 4.3.3 out of 25 clones selected for the screening by 

western blot analysis only 8 clones showing increased expression of transfected tTGase 

were detected. The intensity of the bands corresponding to tTGase was compared against 

the amount of the protein loaded on the gel. The clone TGI 14 showed the highest 

amount of inactive tTGase expression.

The total amount of the enzyme in transfected cells was also measured by the modified 

ELISA method as described in Methods (section 2.2.15.2). As shown in figure 4.3.4, 

transfected clones expressing transfected tTGase had a relatively high amount of tTGase 

antigen present in the cells when compared with the transfected negative controls. 

Interestingly, clone TGI 14 showed a higher amount of tTGase antigen expression than 

induced clone TG3- (figure 4.3.4).
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Figure 4.3.2 Screening of Swiss 3T3 transfected clones for the expression 

of catalytically inactive form of tTGase.

Transfected clones were stained by immunocytochemistry for tTGase as 

described in section 4.2.1. The figure shows examples from the positive and 

negative clones and controls. (A) ECV304 cell line; (B) induced clone TG3-; 

(C) TGI1; (D) TGI12; (E) TGI14; (F) TGI26; (G) TGI5; (H) neol; (I) neo3.
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Figure 4.3.3 Screening of Swiss 3T3 transfected clones for 

overexpression of the inactive form of tTGase.
Western blot analysis showing the expression of tTGase antigen in 

transfected cells. Transfected clones were harvested, homogenised and 

following determination of protein concentration 20-30 pg of proteins were 

loaded into wells of a 7.5% (w/v) SDS-Polyacrylamide gel and separated by 

electrophoresis. Separated proteins were transferred onto nitrocellulose and 

probed for tTGase with Cub7402 primary antibody followed by the 

incubation with secondary anti- mouse IgG-HRP conjugate and revealed by 

the ECL detection system as described in Methods (sections 2.2.7-2.2.9). 

Lane 1 wild type Swiss 3T3 cells; lane 2 induced clone TG3; lanes 3-4 

transfected negative controls neol and neo3, respectively; lanes 5-29 cells 

transfected with inactive tTGase cDNA. Positive clones are in lanes 5 

(TGI1), 11 (TGI26), 17 (TGI32), and 25-29 (TGI 12, TGI13, TGI14, TGI15, 

and TGI 16, respectively).
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Figure 4.3.4 Measurement of total tTGase in transfected cells by 

modified ELISA.

Cell homogenates from 0.5-5xl06 cells were added to FN-coated wells of 

a 96-well plate and the binding of tTGase to FN was allowed to proceed 

for 1 hour at 37°C. Bound tTGase was detected by incubation with 

primary anti-tTGase antibody Cub7402, followed by incubation with the 

secondary anti- mouse IgG-HRP antibody. Bound HRP activity was 

measured by addition of TMB substrate. The reaction was stopped by 

addition of 2.5 M sulphuric acid and absorbance read at 450 nm using a 

Spectrafluor 96 well plate reader. The amount of tTGase protein was 

expressed as absorbance at 450 nm normalised per 1.0 mg of total protein 

(measured by Lowry method as described in section 2.2.6.1). Results 

represent mean value ± SD, from three separate experiments. TGI1, 

TGI 12, TGI 14 and TGI26 are clones overexpressing catalytically inactive 

tTGase; neol, neo3 and neo6 are transfected negative controls; TG3- is 

clone induced to overexpress active tTGase by removal of tetracycline 

from growth medium, TG3+ is non-induced control, grown in 

tetracycline-containing medium.

100
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To ensure that the obtained positive clones were expressing the catalytically inactive 

form of the enzyme, the tTGase activity assay ([14C]-putrescine assay) was performed. 

The four best positive clones and three negative controls as well as wild type cells were 

chosen for the measurement of tTGase activity. Induced clone TG3- served as a positive 

control and wild type 3T3 cells were used as a negative control. As shown in table 4.3.1 

the activity of the enzyme in transfected positive clones was comparable to that of the 

negative controls and wild type 3T3 fibroblasts.

4.3.4 The role of tissue transglutaminase in cell migration

4.3.4.1 Migratory ability of fibroblasts expressing different levels of tTGase

To assess the role of tTGase in cell migration it was decided to assay the cell motility by 

a method based on the outward migration of cells from an agarose droplet placed onto 

fibronectin (figure 4.2.1). In the agarose droplet method, fibroblasts migrate onto 

surfaces coated with fibronectin, which as mentioned in the introduction, serves as a 

provisional matrix for cell migration into the wound bed following injury. Cell migration 

was perfonned in AIMV serum-free medium to exclude the influence of exogenous 

fibronectin from the serum. It has been reported that AIMV medium has been 

successfully used for culturing fibroblasts (Ellis et al, 1996) and it showed no toxic 

effects on Swiss 3T3 cells as cell proliferation in AIMV medium for 48 hours was 

comparable to the cells grown in parallel in serum-supplemented medium (figure 4.3.5). 

Cell migration was assessed by measurement of the area of outward migrating cells 

following a 48 hour migration. Initial experiments were carried out with clone TG3 

using cells induced and non-induced for tTGase expression. The transfected clone TG3 

overexpressing tTGase showed a decreased rate of cell migration when compared with 

the non-induced control (figure 4.3.6).

To determine whether the reduced fibroblast motility was due to the cross-linking 

activity of the enzyme, migration experiments were conducted with the clones 

expressing the catalytically inactive form of the enzyme. Two inactive clones 

constitutively expressing the inactive form of tTGase TGI 14 and TGI26 were compared 

to two transfected negative controls neol and neo3. A reduced rate of migration was
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Clone Activity, U/mg protein

TGI1 3.96 ±0.17

TGI 12 1.27 + 0.05

TGI 14 0.88 ±0.06

TGI26 0.49 ±0.01

neol 1.01 ±0.31

neo3 2.67 ±0.19

neo6 2.18 ±0.13

3T3 WT 1.25 ±0.25

TG3- 50.33 ± 2.49

Table 4.3.1 Measurement of tTGase activity in clones expressing the 

catalytically inactive form of tTGase.

The activity of tTGase in cell homogenates from 2* 10 cells was determined 

using the [14C]-putrescine incorporation into N,N'-dimethylcasein as 

described in Methods (sect 2.2.13). TGI1, TGI12, TGI14 and TGI26 are 

clones overexpressing catalytically inactive tTGase; neol, neo3 and neo6 

are transfected negative controls. As an additional negative control Swiss 

3T3 wild type cells were used and as a positive control induced TG3- cells 

were used. A Unit of transglutaminase activity equals lnmol of putrescine 

incorporated per hour. Results represent mean value ± SD, from three 

separate experiments, and are normalised to the amount of protein in cell 

homogenates determined by Lowry assay as described in Methods (section 

2 .2 .6 . 1).
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Figure 4.3.5 Fibroblast growth in full supplemented DMEM medium and 

serum-free AIMV medium.

Cells were seeded in 12-well plates in triplicate and the number of viable 

(trypan blue excluding) cells in fully supplemented (FS) DMEM and serum- 

free AIMV medium was counted following a 24 and 48 hour incubation. 

Results represent mean ± SD from three separate experiments.
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Figure 4.3.6 Migration of transfected Swiss 3T3 fibroblasts 

expressing different levels of catalytically active tTGase.

Transfected Swiss 3T3 fibroblasts induced (TG3-) and non-induced 

(TG3+) for overexpression of catalytically active tTGase were mixed 

with agarose, seeded onto a FN-coated surface, and allowed to migrate 

from the agarose droplet for 48 hours. The area of outward migrated 

cells was measured using image analysis software and results 

expressed as mean ± SD from three separate experiments each one 

involving 3 replicate wells. * represents significant difference (p<0.05) 

between induced clone and non-induced control.
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observed in celis overexpressing inactive tTGase when compared to the negative 

controls indicating that cell motility is not dependent on the cross-linking activity of 

tTGase (figure 4.3.7 panel A). Interestingly, the reduction in migration in the inactive 

and active clones reflected the relative amounts of induced tTGase present (see figure 

4.3.4). For example, clone TGI14, expressing the highest amount of inactive tTGase was 

less mobile when compared to clone TGI26, indicating also that the migration of cells 

may be dependent on the amount of tTGase antigen expressed.

Later clone TGI 19 (a kind gift from Dr. E.Verderio, Nottingham, Trent University) 

inducible for overexpression of the catalytically inactive form of the enzyme was 

obtained (characterised in chapter 3), and included in all the further experiments. Clone 

TGI 19 was considered to be a more suitable clone for comparison to clone TG3, since 

both clones utilise the inducible tetracycline system for overexpression of tTGase. Like 

other transfected clones overexpressing the inactive form of tTGase, induced clone 

TGI 19 also showed less migration when compared to non-induced control (figure 4.3.7 

panel B).

43.4.2Cell migration in the presence of tTGase inhibitors

To further examine the role of tTGase cross-linking activity on cell migration the effect 

of a range of tTGase competitive substrates such as putrescine (5 mM), cystamine (0.1 

mM), monodansylcadaverine (50 pM), methylamine (5 mM), and irreversible site 

specific tTGase inhibitor (2-[(2-oxopropyl)thio]imidazolium derivative Rob283 (100 

pM) (Freund et al., 1994) were examined.

Inhibitors of tTGase were initially tested for their toxic effects on cells over a 48 hour 

incubation period by the MTT assay. Non-induced clone TG3+ was used in these 

studies, and the effect of inhibitors was assessed following the incubation for 48 hours, 

since this was the period of time decided for use in cell migration studies. As can be 

seen on figure 4.3.8, inhibitors did not significantly reduce cell viability over a 48 hour 

incubation and the chosen concentrations were therefore considered suitable for using 

them in the cell migration studies.
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Figure 4.3.7 Migration of transfected Swiss 3T3 fibroblasts expressing

different levels of catalytically inactive form of tTGase.

A, migration of fibroblasts stably expressing different levels of transfected 

tTGase (TGI 14 and TGI26) and transfected negative controls (neol and 

neo3); B, migration of fibroblasts inducible for overexpression of 

catalytically inactive tTGase (TGI 19). Transfected cells were mixed with 

agarose, seeded onto a FN-coated surface, and allowed to migrate from the 

agarose droplet for 48 hours. The area of outward migrated cells was 

measured using image analysis software and results expressed as mean ± SD 

from three separate experiments. * represents significant difference 

(p<0.05) between clones overexpressing catalytically inactive tTGase and 

transfected negative controls.

106



A

Chapter 4: Role o f  tissue transglutaminase in cell migration

1  4
C
*3 3
2 O)
E 9

(00)5  1

neol neo3 TGI14 TGI26

B

TGI19+ TGI19-

Figure 4.3.7 Migration of transfected Swiss 3T3 fibroblasts 

expressing different levels of catalytically inactive form of tTGase.
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Figure 4.3.8 Measurement of cell viability in the presence of 

tTGase inhibitors.

5xl04 cells were seeded per well into a 24-well plate and following a 

48 hour incubation in the AIMV medium containing inhibitors of 

tTGase, cell viability was determined using the MTT assay as 

described in Methods (section 2.2.1.5.2). Inhibitors tested were 

putrescine (5 mM), cystamine (100 pM), monodansylcadaverine (50 

pM), methylamine (5 mM) and active site specific irreversible inhibitor 

Rob283 (100 pM). Control cells (non-induced clone TG3) were 

incubated in the absence of inhibitors. The results are expressed as a 

mean percentage of viable cells ± SD.
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Non-induced cells were chosen for studies with tTGase inhibitors, since they have a 

relatively small amount of enzyme activity to inhibit. When left to migrate in the 

presence of competitive substrates at the above-mentioned concentrations, cell motility 

was not significantly affected when compared to untreated cells (figure 4.3.9). Cell 

motility was also not affected when the active site specific inhibitor Rob283 was used at 

a concentration of lOOpM (IC50 is 50pM), further suggesting that the cross-linking 

activity of the enzyme is not responsible for the observed effect of tTGase on cell 

migration (figure 4.3.9).

4.3.4.3 Cell migration in the presence of tTGase antibody

There is increasing evidence that extracellular/cell surface related tTGase is involved in 

cell attachment and spreading, and also in stabilising the ECM (Aeschlimann and 

Paulsson, 1994; Jones et al., 1997; Verderio et al, 1998). To explore whether the 

intracellular or the extracellular fraction of tTGase was affecting cell motility, cell 

migration was assessed in the presence of mouse monoclonal anti-tTGase antibody 

Cub7402, which binds to cell surface tTGase as previously shown (Jones et al, 1997; 

Verderio et al, 1998). Three different concentrations of the antibody (0.02, 0.05 and 

O.lmg/ml) were used. As shown in figure 4.3.10, inhibition of cell surface related 

tTGase decreased the rate of fibroblast migration in a dose dependent manner and was 

completely abolished at O.lmg/ml. Cells treated with control mouse IgG showed a 

similar motility rate as the non-treated cells. This result indicates the involvement of the 

cell surface/extracellular tTGase fraction in cell migration.

4.3.5 Role of tissue transglutaminase in cell attachment

Cells expressing different forms of tTGase were compared for their ability to attach to 

fibronectin-coated surfaces in SF-medium and to tissue culture (TC) plastic in the 

presence of fully supplemented medium.

Cells induced to overexpress tTGase (active and inactive Cys277Ser mutant) 

demonstrated a small but significantly greater attachment to FN-coated surfaces when 

cultured in serum-free medium, when compared to the non-induced controls (figure 

4.3.11 panel A) suggesting that increased expression of tTGase leads to an increased
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ability of cells to attach to FN. This effect was not observed when cells were seeded on 

tissue culture plastic and allowed to attach in the presence of serum containing medium 

(figure 4.3.11 panel B). Also when clones stably expressing the catalytically inactive 

form of tTGase were compared for their attachment ability to transfected negative 

controls, increased attachment on either FN or TC plastic was not observed (figure 

4.3.12). Attachment of stably transfected clones did not correlate with the amount of 

enzyme expressed in the transfected cells (figure 4.3.4 and table 4.3.1).
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Figure 4.3.9 Migration of transfected Swiss 3T3 fibroblasts in 

the presence of tTGase inhibitors.

Non-induced TG3+ fibroblasts were mixed with agarose, seeded 

onto a FN- coated surface, and allowed to migrate from the agarose 

droplet for 48 hours in the presence or absence of competitive 

primary amine substrates putrescine (5 mM), cystamine (100 pM), 

monodansylcadaverine (50 pM), methylamine (5 mM) and active 

site specific irreversible inhibitor Rob 283 (100 pM). The area of 

outward migrated cells was measured using image analysis 

software and results expressed as mean ± SD from three separate 

experiments.
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Figure 4.3.10 Migration of transfected Swiss 3T3 fibroblasts in 

the presence of tTGase antibody.

Non-induced TG3+ fibroblasts were mixed with agarose, seeded 

onto a FN-coated surface, and allowed to migrate from the agarose 

droplet for 48 hours in the presence or absence of indicated 

concentrations of anti-tTGase antibody Cub7402 or non- 

immunogenic mouse IgG (negative control). Area of outward 

migrated cells was measured using image analysis software and 

results are expressed as mean ± SD from three separate experiments. 

* represents significant difference (p<0.05) between control cells 

and the cells treated with Cub7402 antibody.

■  Cub7402
■  mouse IgG
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Figure 4.3.11 Attachment of transfected Swiss 3T3 fibroblasts inducible 

for overexpression of catalytically active (TG3) and inactive (TGI19) 

tTGase.

5xl04 cells/well were seeded into wells of a 96-well plate and allowed to 

attach for 30 minutes, non-attached cells were removed and attached cells 

were fixed and stained by the addition of 0.5%(w/v) crystal violet solution 

in 70%(v/v) ethanol. Stained cells were washed and solubilised in 30%(v/v) 

acetic acid and the absorbance of the resulting mix was read at 540nm on 

the plate reader. A, attachment on fibronectin-coated surface; B, attachment 

on tissue culture plastic. Results are expressed as a mean value ± SD from 

three separate experiments. * represents significant difference (p<0.05) 

between induced clones and non-induced controls.
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Figure 4.3.11 Attachment of transfected Swiss 3T3 fibroblasts 

inducible for overexpression of catalytically active (TG3) and 

inactive (TGI19) tTGase.
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Figure 4.3.12 Attachment of transfected Swiss 3T3 fibroblasts stably

expressing different levels of catalytically inactive tTGase.

A, attachment on fibronectin-coated surface; B, attachment on tissue culture 

plastic. Attachment of cells expressing different levels of catalytically 

inactive tTGase (TGI1, TGI 12, TGI 14, TGI26) was compared to transfected 

negative controls (neol, neo3, neo6). Cells were seeded into 96-well plates 

and allowed to attach for 30 minutes, non-attached cells were removed and 

attached cells were fixed and stained by the addition of 0.5% crystal violet 

solution in ethanol. Stained cells were washed and solubilised in 30% acetic 

acid and the absorbance of the resulting mix was read at 540nm on the plate 

reader. Results are expressed as a mean value ± SD from three separate 

experiments.
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Figure 4.3.12 Attachment of transfected Swiss 3T3 fibroblasts 

stably expressing different levels of catalytically inactive 

tTGase.

TGI1 TGI12 TGI14 TGI26 neol neo3 neo6
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4.4 Discussion

Cell locomotion is a dynamic process, involving cell adhesion to the extracellular 

matrix, extension of the leading edge of the cell, and retraction of the trailing edge. 

Maximal cell migration speed is predicted to occur at an intermediate ratio of cell- 

substratum adhesiveness to intracellular contractile force, at which the cell can form new 

attachments at the front but break attachments at the rear (DiMilla et al., 1991 and

1993). At intermediate ligand concentration, intermediate integrin expression levels and 

intermediate binding-affinity states result in the greatest cell speed (Palecek et al, 1997). 

The functional role played by tTGase in cell migration has never been clearly 

established despite observations indicating that tTGase is involved in cell adhesion and 

spreading (Gentile et al, 1992; Verderio et al, 1998; Akimov et al, 2000). In this report 

cells overexpressing two different forms of tTGase were used to study the role of tTGase 

in the migration of fibroblasts, an event which is important in a number of normal and 

pathological processes including the early stages of soft tissue repair, embryonic 

development and tumour progression (Cariello et al, 1984 and 1994; Bowness et al, 

1987 and 1988; Upchurch et al, 1991; Johnson et al, 1994 and 1997; Haroon et al, 

1999). Swiss 3T3 fibroblasts transfected with two different forms of tTGase and the 

application of tTGase inhibitors was studied in order to examine whether the possible 

effects of the enzyme on cell migration were due to its cross-linking activity. Cell 

migration was also studied in the presence of tTGase antibody to differentiate between 

its action as a cell surface binding protein and/or its ability to act as an intracellular GTP 

binding protein.

To obtain cells expressing catalytically inactive tTGase cells were transfected with 

tTGase cDNA mutated in the active site (Cys277Ser). The obtained clones showed 

different amounts of inactive tTGase overexpression when compared to transfected 

negative controls, thus allowing an estimation of whether the amount of expressed 

tTGase has an effect on cell motility. It was demonstrated that fibroblasts overexpressing 

the active and inactive forms of tTGase both showed a decreased rate of migration on 

fibronectin, which in the case of the inducible clones was accompanied by enhanced cell 

attachment on fibronectin. Since cell motility was affected in a similar way by both
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forms of tTGase, this suggests that the cross-linking activity of tTGase was not 

responsible for the observed effects. In addition, the reduction in migration of 

transfected cells reflected the relative amounts of tTGase present, as the transfected 

clones expressing higher amounts of tTGase were less mobile, indicating that the 

migration of cells may be dependent on the amount of tTGase antigen expressed.

In agreement with the above results, inhibitors of tTGase activity used in cell migration 

experiments did not have any significant effect on cell migration; the inhibitors included 

a variety of competitive primary amine substrates and the active site directed irreversible 

inhibitor Rob283 which is a 2-[(2-oxopropyl)thio]imidazolium derivative (Freund et al,

1994). This confirmed the previous finding suggesting that the cross-linking activity of 

tTGase was not involved in the migration of the transfected fibroblasts. However, the 

ability of the tTGase directed monoclonal antibody Cub7402 to reduce cell migration in 

a dose dependent manner indicates that the cell surface enzyme is an essential 

component in the migration of cells. Complete loss of cell motility at 100pg/ml of 

Cub7402 could be explained by earlier findings, which indicate that the use of the 

antibody completely inhibits cell attachment (Verderio et al, 1998) by binding to cell 

surface related tTGase and interfering with cell binding to fibronectin. As a 

consequence, cell movement is not possible without cell attachment. The ability of 

tTGase antibodies to block both cell attachment and cell migration is comparable to the 

outcome observed when cells are incubated with antibodies directed to the cell surface 

region of the (3i and as integrins (Fogerty et al, 1990).

Recently the role of cell surface tTGase in cell locomotion has been investigated. The 

inhibition of the adhesive function of cell surface tTGase by function-blocking 

antibodies has been demonstrated to markedly decrease adhesion and migration of 

monocytic cells on fibronectin (Akimov and Belkin, 2001). The same authors 

demonstrated that the proteolytic degradation of cancer cell surface tTGase suppressed 

cell adhesion and migration on fibronectin, but stimulated cell motility on collagen 

matrices (Belkin et al, 2001). The data reported here shows that an increase in the 

amount of cell surface tTGase increased cell adhesion but slows down cell migration of 

fibronectin suggesting that tTGase is involved in cell migration as a cell surface receptor 

providing additional cell-matrix contacts.
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High cell adhesion strength characterised by a fast rate of cellular association to cell 

adhesion receptors, results in slow cell migration whereas very low cell adhesion 

strength is generally accompanied by loss of cell migration as the cell cannot develop 

sufficient traction to migrate (Palecelc et al, 1997). Integrin-ligand binding properties 

govern cell migration speed through cell-substratum adhesiveness. Data reported here 

indicates that the effects of tTGase on the migration of fibroblasts are in agreement with 

this evidence. In fact cell attachment experiments on fibronectin undertaken in this study 

using inducible clones show that overexpression of tTGase (active and inactive form), 

which is accompanied by a decreased rate of cell migration, leads to a small but 

significant increase in cell adhesiveness on fibronectin. This is in agreement with 

previous work that has demonstrated that changes in expression of tTGase in NIH 3T3 

fibroblasts (Cai et al, 1991), fibrosarcoma cells (Johnson et al, 1994; Ball et al, 2001) 

or endothelial like cells (Jones et al, 1997) can lead to similar changes in cell adhesion. 

By applying immunogold electron microscopy to the inducible cellular system employed 

in this study, evidence has been provided for a preferential extracellular location of 

tTGase in dense clusters close to the cell surface/pericellular matrix and in association 

with fibronectin (Gaudry et al, 1999a). It is therefore possible that tTGase might be 

involved in cell attachment and migration as a cell surface binding protein. In agreement 

with this data, Akimov et al (2000) recently reported that the adhesive function of 

tTGase did not require its cross-linking activity, but was thought to be dependent on its 

stable non-covalent association with integrins. A close association of tTGase with the Pi 

integrin was also demonstrated by Gaudry et al (1999b) in the early stages of cell 

attachment, using immunofluorescent staining. Therefore tTGase could function as a cell 

surface molecule independently of its catalytic activity, either through its close 

association with fibronectin (Gaudry et al, 1999a) or by interacting with the integrin cell 

surface receptors (Akimov et al, 2000) promoting cell interaction with the matrix and 

therefore slowing down cell migration. Alternatively, tTGase could still act as an 

intracellular GTP-binding protein in controlling cell migration although the ability of 

cell surface directed tTGase antibodies to block migration strongly suggests it to be a 

cell surface event. The results described in this chapter therefore suggest that tTGase
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acts as a novel cell surface binding protein rather than as a cross-linking enzyme in its 

ability to modulate cell migration.
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Chapter 5: Cellular localisation and potential secretion 

mechanisms of tissue transglutaminase

5.1 Introduction

Proteins secreted by co-translational transport generally contain a N-terminal 

hydrophobic amino acid containing signal sequence, which is cleaved-off following 

translocation (Milstein et al., 1972; Palade, 1975). There is a number of secretory 

proteins, both in prokaiyotes and eukaryotes, lacking a signal sequence and known to be 

externalised via a non-classical endoplasmic reticulum (ER)-Golgi pathway. Generally, 

secretory proteins lacking a signal sequence have a large cytosolic pool, and their 

secretion is slow and inefficient compared to that of classical secretory proteins 

(Rubartelli et al, 1990). Another common feature is that these proteins are not 

glycosylated despite possessing several (as many as six) potential glycosylation sites 

(Muesch et al, 1990). In addition, in the case of many non-conventional secreted 

proteins cell damage and subsequent lysis as a non-specific mechanism of release can be 

ruled out (Cooper and Barondes, 1990; Rubartelli et al, 1990 and 1992; Mignatti et al, 

1991; Florkiewicz et al, 1995). Since a motif common to all non-conventional secreted 

proteins has not been identified it is unlikely that a single pathway exists for their 

secretion (Rubartelli et al, 1993). Several alternative secretion mechanisms for proteins 

such as interleukin-1(3 and thioredoxin (Rubartelli et al, 1990), a few members of the 

fibroblast growth factor family (Jackson et al, 1995; Tarantini et al, 1995; Piotrowicz et 

al, 1997; Miyakawa et al, 1999; Revest et al, 2000), and others have been described, 

but the exact mechanism of protein externalisation still remains unclear.

Most members of the fibroblast growth factor (FGF) family possess a classical amino- 

terminal signal sequence for secretion through the constitutive secretory pathway, 

however, several notable exceptions are FGF-1 and FGF-2 that are secreted by novel 

mechanisms (Florkiewicz et al, 1995; LaVallee et al, 1998; Tarantini et al, 1998). 

Other exceptions are FGF-11 to FGF-14 (Smallwood et al, 1996) and FGF-16 (Miyake 

et al, 1998). In the case of FGF-9, in which the primary structure lacks a cleavable 

signal sequence, two hydrophobic domains, located at the N-terminus and at the centre
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of the FGF-9 primary structure, have been found that are crucial for translocation 

(Miyakawa et al, 1999; Revest et al., 2000).

Fibroblast growth factor FGF-1 lacks a classical signal sequence to direct its secretion, 

but is released in response to temperature stress as a latent homodimer through a 

pathway that is potentiated by the Golgi inhibitor, brefeldin A (Jackson et al., 1995). In 

addition, several cysteine residues were found to be necessary for FGF-1 release since a 

FGF-1 Cys-free mutant was not secreted in response to heat shock (Jackson et al., 1995). 

Further analysis of FGF-1 Cys mutants demonstrated that residue Cys30 was critical for 

FGF-1 release in response to heat shock (Tarantini et al., 1995).

Novel pathways for FGF-2 release have also been proposed (Mignatti et al., 1991; 

Florkiewicz et al., 1995), however identification of proteins involved in the release of 

FGF-2 remains lacking. It has been suggested that the 27-kDa heat shock protein 

(HSP27) is involved in the non-lytic release of FGF-2. Immunoprecipitation using either 

anti-HSP27 or anti-FGF-2 antibodies co-precipitated the two proteins, suggesting that a 

direct interaction exists between HSP27 and FGF-2, therefore it is possible that HSP27 

may act as a chaperone of FGF-2, facilitating its release from endothelial cells 

(Piotrowicz et al., 1997).

Another example of non-conventional secreted proteins is IL-ip, which lacks a signal 

sequence, and is released by activated monocytes through a novel pathway of secretion 

(Rubartelli et al., 1990). It has been demonstrated that a fraction of IL-lp precursor 

(proIL-ip) is contained within vesicles of unknown nature, which protect it from 

protease digestion raising the possibility that these vesicles could be part of the IL-ip 

secretory route (Rubartelli et al., 1990). IL-ip could therefore be released from the cell 

after fusion of the organelle membrane with the plasma membrane. Further 

investigations suggested that secretory vesicles could be a subset of late endosomes and 

lysosomes (Andrei et al., 1999).

Several members of transglutaminase family are externalised via alternative secretion 

routes. It has recently been shown that prostate transglutaminase, is released in apocrine 

secretoiy vesicles from dorsal prostate and coagulating gland during copulation (Seitz et 

al., 1991). It is therefore likely that pTGase enters the secretory vesicles directly from 

the cytoplasm. Another member of the transglutaminase family, factor XHIa subunit also
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seems to be secreted in an independent manner to the b subunit, which follows classical 

ER-Golgi route (Grundmann et al., 1996), since its presence in plasma and in the ECM 

has been reported (Lorand and Conrad, 1984; Kaetsu et al, 1996). The mechanism of 

secretion of tTGase from cells is also unknown since it does not possess a leader 

sequence nor is there any evidence for its glycosylation (Folk and Finlayson, 1977). 

Despite this observation evidence for the presence of tTGase in the ECM and on the 

surface of different cell types is now increasing (Barsigian et al., 1991; Aeschlimann and 

Paulsson, 1994; Martinez et al., 1994; Aeschlimann et al., 1995; Jones et al., 1997; 

Verderio et al., 1998 and 1999; Akimov et al., 2000).

The results from the previous chapter (Chapter 4) suggest that the external pool of 

tTGase is a key factor in fibroblast migration; moreover this external pool of enzyme 

can act independently of its protein cross-linking activity. In view of these findings it 

was therefore important to demonstrate that the inactive tTGase (Cys277Ser mutant) has 

a comparable distribution within the cell to that of the active wild type enzyme. Another 

aim was to further investigate the possible secretion mechanism(s) of tTGase.
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5.2 Methods

5.2.1 Transient transfection of cells with tTGase-GFP expression vectors

Transient transfections of C378 human dermal fibroblasts with pCR-CMV expression 

vector containing fusion of tTGase (wild type and mutant Cys277Ser form) and green 

fluorescent protein (GFP) cDNAs (Gaudry, 1998) was achieved by transfection of the 

cells with 5 pg of the expression plasmid using liposome based transfection reagent 

DOTAP (Boeringher Manheim) following manufacturer’s protocol. Cells were assayed 

for the transfection efficiency 48 hours following transfection. Transiently transfected 

cells were trypsinised, seeded onto glass slides and incubated for a further 24 hours. 

After incubation, slides were washed three times with PBS, pH 7.4, then cells were fixed 

using 3.7%(w/v) paraformaldehyde in PBS, pH 7.4 for 15 minutes, washed extensively 

in PBS, pH 7.4, mounted using Vectashield mounting medium and analysed by confocal 

microscopy.

5.2.2 Staining of transiently transfected cells for fibronectin

Transiently transfected cells were trypsinised 48 hours after transfection, seeded onto 

glass slides and grown for a further 24 hours. Following several washes with PBS, pH

7.4, slides were fixed using 3.7%(w/v) paraformaldehyde in PBS, pH 7.4 for 15 minutes 

at room temperature. After fixation slides were washed extensively in PBS, pH 7.4 and 

blocked for 30 minutes with 3%(w/v) BSA in PBS, pH 7.4 at room temperature. 

Following blocking cells were stained for fibronectin using primary anti-fibronectin 

monoclonal antibody IST-3 (diluted 1 in 100 in the blocking buffer) for 2 hours at room 

temperature and then probed against fibronectin with Rhodamine conjugated secondary 

antibody (diluted 1 in 100 in the blocking buffer) for 2 hours at room temperature. Cells 

were washed in PBS, pH 7.4, mounted and viewed by confocal fluorescence microscopy 

using a Leica TCSNT confocal laser microscope system (Leica) equipped with an argon 

crypton laser adjusted at 488 and 560nm for fluorescein and rhodamine excitation.
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5.3 Results

5.3.1 Cellular localisation of tissue transglutaminase in transfected cells

5.3.1.1 Distribution of catalytically active and inactive tTGase-GFP fusion protein 

in transiently transfected cells

To investigate the cellular distribution of active and inactive forms of tTGase human 

primary dermal fibroblasts C378 were transiently transfected with tTGase fused to GFP. 

The use of the green fluorescent protein as a fusion tag allows direct observation of 

transfected cells without further labelling due to its natural fluorescence.

Plasmids used for the transfection of human dermal fibroblasts were obtained by 

growing the bacterial cells transformed with the prepared construct pCRTG-GFP 

(expressing catalytically active tTGase) and PCRTG-GFP277 (expressing catalytically 

inactive tTGase), and purifying the plasmid DNA using Qiagen Plasmid midiprep kit 

according to manufacturer’s protocol. The quality of plasmids was checked 

electrophoretically on a 1% (w/v) agarose gel (figure 5.3.1) and the concentration of 

plasmid DNA was determined spectrophotometrically as described in Methods (sections 

2 .2 . and 2.2.16).

The distribution of both forms of transfected tTGase-GFP fusion protein in fibroblasts 

was similar -  the cells expressed a bright fluorescence in the perinuclear area and the 

label was also spread into the rest of the cytoplasm. Some hot spots of fluorescence, 

which could represent vesicles or clusters of fused protein and possibly indicate the 

extemalisation sites of the enzyme, could be identified in the cytoplasm and in the cell 

membrane (figure 5.3.2). A small amount of fluorescence indicating the presence of 

tTGase-GFP fusion protein was also observed in cell nuclei (figure 5.3.2). No significant 

differences in the distribution of either form of the enzyme were observed in transiently 

transfected fibroblasts; the obtained results are in agreement with the previous reports 

demonstrating the presence of tTGase in the nuclear (Singh et al., 1995; Lesort et al., 

1998; Peng et al, 1999), cytoplasmic and membrane fractions (Barnes et al., 1985; Slife 

et a l , 1985; Tyrrell et al., 1986; Juprelle-Soret et al, 1988).
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Figure 5.3.1 Analysis of purified plasmids pCRTG-GFP and pCRTG277- 

GFP by agarose gel electrophoresis.

Plasmids for the transfection experiment were purified using Qiagen plasmid 

midiprep kit and analysed by electrophoretic separation on 1% (w/v) agarose 

gel. Lane 1, pCRTG-GFP , lane 2, pCRTG277-GFP, lane 3, DNA marker X 

DNA Eco Rl/Hind III.
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Figure 5.3.2 Detection of catalytically active and inactive tTGase- 

GFP in primary human dermal fibroblasts.

Primary human dermal fibroblasts were transiently transfected with 

catalytically active and inactive forms of tTGase fused to the green 

fluorescent protein as described in Results (section 5.2.1). Transiently 

transfected cells were then analysed by confocal microscopy using a 

Leica TCSNT confocal laser microscope system (Leica) equipped with 

an argon krypton laser adjusted at 488 nm for fluorescein excitation 72 

hours following transfection. Panels A and B show transfected cells 

positive for the active form of the tTGase-GFP, panels C and D show 

transfected cells positive for the inactive form of the tTGase-GFP. 

Hotspots of fluorescence indicating clusters of tTGase are indicated 

with arrows. Bar equals 5 pm.
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Transiently transfected cells were also stained for fibronectin, and it was observed that 

both forms of the enzyme co-localised with fibronectin along the plasma membrane 

(figure 5.3.3, arrows). This result is in agreement with the previous findings showing the 

co-distribution of catalytically active tTGase with fibronectin in the ECM (Verderio et 

ah, 1998) and on the cell surface (Gaudry et ah, 1999a). Since the inactive form of 

tTGase also showed co-localisation with fibronectin along the cell edge, these sites 

could be indicative of the externalisation sites of the enzyme, as previous reports have 

shown cell surface co-localisation of both proteins, suggesting that secretion of tTGase 

from the cells could be associated with the assembly of fibronectin fibrils (Gaudry et ah, 

1999a).

5.3.1.2 Detection of catalytically active and inactive tTGase in the cell cytosolic and 

membrane fractions

To explore the subcellular distribution of tTGase in the transfected cells, homogenates of 

both induced and non-induced cells were fractionated by centrifugation and the cytosolic 

and membrane rich fractions then analysed by SDS-PAGE and western blotting for the 

presence of tTGase antigen.

The active form of the enzyme could be found in both the cytosolic and membrane rich 

fractions of cells expressing endogenous levels of enzyme (TG3+, figure 5.3.4). Due to a 

very low endogenous level of tTGase in transfected clone TGI 19 (see also figure 3.3.3 

and 3.3.4), the enzyme could only be detected as a faint band on the western blot 

representing the cytosolic fraction of the non-induced clone TGI 19, but could not be 

detected in the membrane rich fraction (TG19+, figure 5.3.4). However, following 

induction both forms of the enzyme (TG3- and TGI 19-) could be detected in the 

membrane and cytosolic fractions (figure 5.3.4), indicating that increased expression of 

both forms of the enzyme leads to increased deposition of tTGase in both cell cytosol 

and membrane. Bands corresponding to tTGase on western blots were also analysed by 

densitometry and the results are represented in table 5.3.1.
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Figure 5.3.3 Immunocytochemical staining of catalytically active and 

inactive tTGase-GFP and fibrnectin in primary human dermal 

fibroblasts.

Primary human dermal fibroblasts were transiently transfected with 

catalytically active and inactive forms of tTGase fused to the green 

fluorescent protein and then immunostained for fibronectin 72 hours after 

transfection and analysed by confocal microscopy using a Leica TCSNT 

confocal laser microscope system (Leica) equipped with an argon crypton 

laser adjusted at 488 and 560nm for fluorescin and rhodamine excitation as 

described in the Results (sections 5.2.1 and 5.2.2). Images on the left side 

show transfected cell positive for the active form of the tTGase-GFP, 

images on the right show transfected cell positive for the inactive form of 

the tTGase-GFP. After excitation tTGase-GFP results green in fluorescence 

and fibronectin in red fluorescence and co-localisation of two proteins is 

indicated with the arrows. Bar equals 5pm.
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Figure 5.3.3 Immunocytochemical staining of catalytically 

active and inactive tTGase-GFP and fibronectin in primary 

human dermal fibroblasts.
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Figure 5.3.4 Western blot analysis of tTGase cellular distribution in 

transfected clones TG3 and TGI19.

Cells induced and non-induced for the overexpression of tTGase were 

fractioned into membrane rich M and cytosolic C fractions by 

centrifugation, as described in the Methods (section 2.2.10). Proteins were 

separated by SDS-PAGE using equal protein loadings, western blotted and 

probed for tTGase with Cub7402 primary antibody followed by the 

incubation with secondary anti- mouse IgG-HRP conjugate and revealed by 

the ECL detection system as described in Methods (sections 2.2.1-22.9). 

TG3- and TGI 19- are clones induced for overexpression of catalytically 

active and inactive tTGase respectively. TG3+ and TGI 19+ are non-induced 

controls.

Table 5.3.1 Densitometric analysis of tTGase bands shown in figure

5.3.4.

Densitometry of tTGase bands representing the distribution of tTGase in 

cell cytosol and membrane rich fraction was measured using Quantiscan 

densitometry analysis software. Results are expressed as densitometric 
units. trace.
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Figure 5.3.4 Western blot analysis of tTGase cellular distribution 

in transfected clones TG3 and TGI19.

Table 5.3.1 Densitometry analysis of tTGase bands shown in 

figure 5.3.4.

Clone TG3+ TG3- TGI19+ TGI19-

Membrane 
rich fraction 87.1 1022.29 - 235.79

Cytosol
fraction 488.57 1609.77 40.38 745
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5.3.1.3 Detection and measurement of catalytically active and inactive tTGase on 

the cell surface and in the extracellular matrix

To examine the extracellular distribution of the active and inactive enzyme, cells were 

stained for the cell surface and matrix associated tTGase by adding the monoclonal anti- 

tTGase antibody Cub7402 to the culture of live cells (Verderio et ah, 1998) before 

fixation and labelling with FITC-conjugated secondary antibody. Analysis by confocal 

microscopy showed increased fibrillar staining of the extracellular matrix-associated 

enzyme only in induced cells overexpressing the catalytically active form of the enzyme 

and not in the non-induced cells. By contrast, cells displaying increased expression of 

the inactive tTGase (Cys277Ser mutant) showed similar levels of externalised enzyme to 

the non-induced cells or control cells incubated with non-immune mouse IgG (figure 

5.3.5), suggesting that the inactive form of the enzyme is not secreted and deposited into 

the ECM.

Because of the difficulty in detecting externalised tTGase by immunocytochemical 

techniques (Verderio et al., 1998) an ELISA based method was used to quantify 

extracellular tTGase as described previously (Verderio et ah, 1999). This method 

initially involves the incubation of live cells in culture with the monoclonal anti-tTGase 

antibody Cub7402. Results obtained from the ELISA method confirmed the 

immunocytochemical staining showing that an increased level of extracellular matrix 

and cell surface associated tTGase could only be detected in the cells overexpressing the 

active form of the enzyme and not in cells overexpressing the inactive form of tTGase 

with the inactive induced clone TGI 19 (Cys277Ser mutant) showing comparable levels 

of extracellular tTGase to the non-induced controls (figure 5.3.6).

Since western blot analysis of both induced clones TG3- and TGI 19- showed an 

increased presence of active and inactive tTGase in the cell membrane fraction, but only 

the active form of tTGase could be detected in the extracellular environment, the 

presence of both forms of tTGase on the cell surface was further measured using flow 

cytometry. Cells induced and non-induced for the overexpression of the active and 

inactive tTGase were detached with EDTA and labelled in suspension for the cell 

surface tTGase using Cub7402 followed by incubation with FITC-conjugated secondaiy 

antibody.
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Figure 5.3.5 Immunofluorescence staining of extracellular tTGase in 

cultured transfected fibroblasts.

The extracellular pool of tTGase in transfected 3T3 fibroblasts was detected 

by the addition of Cub7402 antibody or non-immune mouse IgG to live cell 

cultures and the immunofluorescense of FITC conjugated secondary antibody 

was detected by confocal microscopy using a Leica TCSNT confocal laser 

microscope system (Leica) equipped with an argon krypton laser adjusted at 

488 nm for fluorescein excitation as described in Methods (section 2.2.3). 

The bar equals 50 pm. TG3- and TGI 19- are clones induced for 

overexpression of catalytically active and inactive tTGase respectively. TG3+ 

and TGI 19+ are non-induced controls, mouse IgG was used as a negative 

control in the experiment.
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Figure 5.3.6 Measurement of cell surface and ECM associated 

tTGase by a modified ELISA.

Cells were seeded at a concentration of 1.5x104 cells/well in a 96-well 

plate and grown overnight before labelling. The extracellular pool of 

tTGase in transfected 3T3 fibroblasts was measured by the addition of 

Cub7402 antibody to live cell cultures. The antigen-antibody complex 

was revealed by incubation with secondary anti- mouse IgG-HRP 

antibody and the bound HRP activity was detected by addition of TMB 

substrate and reading the absorbance of the resulting mix at 450 nm in a 

plate reader as described in Methods (section 2.2.15.1). TG3- and 

TGI 19- are clones induced to overexpress active and inactive tTGase 

respectively, TG3+ and TGI 19+ are non-induced controls. Absorbance 

levels were normalised to one mg of deoxycholate extracted protein. 

Results represent mean value ± SD from three separate experiments. * 

represents significant differences (p<0.05) when compared between 

induced clones and non-induced controls.

TG3+ TG3- TGI19+ TGI19-
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Flow cytometry analysis confirmed the western blot data and showed that induced cells 

overexpressing both active and inactive (Cys277Ser mutant) tTGase had increased levels 

of the cell surface enzyme when compared with their non-induced controls (figure 

5.3.7). In addition, the relative amounts of enzyme on the cell surface appeared to be 

proportional to the total level of enzyme present in the clones (figures 3.3.3 and 3.3.4).

5.3.2 Detection of tissue transglutaminase in the cell growth medium

Since the enzyme externalised from the cells transfected with the inactive (Cys277Ser 

mutant) enzyme may be deposited in the cell culture medium rather than the ECM, cell 

growth medium from the induced and non-induced transfected cells was analysed for the 

presence of the enzyme. Previous attempts to detect tTGase secretion in cell growth 

medium have been unsuccessful (Gaudry et al, 1999a), and as a consequence different 

methods were developed. To avoid the binding of externalised tTGase to serum 

fibronectin, cells were incubated in serum-free AIMV medium (used also for cell 

migration studies, see Chapter 4) for 8 hours after that the medium was collected and 

analysed for the presence of tTGase antigen by western blotting and by modified ELISA 

techniques.

When proteins from the cell growth medium were precipitated by TCA and analysed by 

SDS-PAGE and western blotting, a strong band indicated the presence of tTGase antigen 

in the medium of the induced clone TG3- expressing the active form of the enzyme 

(figure 5.3.8 panel A). In contrast, tTGase could not be detected in the medium of the 

non-induced cells (TG3+ and TGI 19+) and the cells overexpressing the inactive 

(Cys277Ser mutant) form of the enzyme (TGI19-, figure 5.3.8 panel A). Serum-free 

medium AIMV was used as a negative control and as expected did not show any traces 

of tTGase antigen.

The amount of externalised tTGase following a 8 hour incubation in serum-free AIMV 

medium was also measured by modified ELISA as described in the methods (section

2.2.15.2). The cell culture medium was lyophilised and reconstituted in 1/10 of the 

original volume and analysed for the presence of tTGase antigen. Results obtained from 

the ELISA confirmed the western blot analysis showing that elevated levels of the
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Figure 5.3.7 Measurement of cell surface associated tTGase 

of transfected clones TG3 and TGI19 by flow cytometry.

Cells were detached using EDTA and incubated in suspension 

with primary antibody Cub7402 followed by incubation with 

the FITC conjugated secondary antibody as described in 

Methods (section 2.2.2). TG3- and TGI 19- are clones induced 

for overexpression of catalytically active and inactive tTGase, 

respectively. TG3+ and TGI19+ are non-induced controls. 

Labelling with mouse IgG was used as the control.
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Figure 5.3.8 Detection of active and inactive (Cys277Ser) tTGase in 

serum free AIM V cell culture medium.

The amount of secreted tTGase in serum-free AIMV cell culture medium 

was measured following 8 hours incubation. A, a western blot showing the 

presence of tTGase in the serum-free AIMV cell culture medium. Proteins 

were precipitated from the cell culture medium with 10% (w/v) TCA and 

analysed by SDS-PAGE and Western blotting as described in the Methods 

(sections 22.1-22.9). SF, serum free AIMV medium. TGstd, guinea pig 

liver tTGase. B, detection of tTGase antigen in lOx concentrated serum-free 

AIMV medium by modified ELISA as described in Methods (section

2.2.15.2). TG3- and TGI19- are clones induced for overexpression of 

catalytically active and inactive tTGase, respectively. TG3+ and TGI 19+ are 

non-induced controls. * represents significant difference (p<0.05) between 

induced clones and non-induced controls.
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Figure 5.3.8 Detection of active and inactive (Cys277Ser) tTGase 

in serum-free AIMV cell culture medium.
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enzyme could only be detected in the medium of cells overexpresing the active form of 

tTGase, but not the inactive enzyme (figure 5.3.8 panel B).

The presence of the active form of tTGase in the cell growth medium was also 

confirmed by measurement of tTGase activity by the [14C]-putrescine incorporation 

assay (Lorand et ah, 1972). To detect small amounts of tTGase activity, the cell growth 

medium was concentrated by lyophilisation and subsequent reconstitution in 1/10 of the 

original volume. Results obtained from the tTGase activity assay (table 5.3.2) supported 

the previous finding confirming the presence of an active form of the enzyme secreted in 

the cell culture medium.

5.3.3 Inhibition of tissue transglutaminase secretion

Since only the catalytically active form of tTGase could be found secreted in cell culture 

medium and deposited in the ECM, it is reasonable to suggest that the cross-linking 

activity or the active site thiol of tTGase may be necessary for the extemalisation of the 

enzyme.

5.3.3.1 The effect of tTGase inhibitors on the secretion and deposition of the 

enzyme

To investigate whether inhibition of tTGase cross-linking activity would affect its 

secretion induced cells overexpressing the catalytically active form of the enzyme were 

used since they secrete a detectable amount of tTGase in the cell culture medium and in 

the ECM.

Induced cells were incubated in the presence of different inhibitors (competitive primary 

amine substrates and an irreversible active site directed inhibitor) and the amount of the 

enzyme externalised in the cell culture medium measured by western blotting and by the 

modified ELISA. The tTGase inhibitors, which had been tested for their effect on cell 

viability over a 48 hour incubation (see figure 4.3.8), were also tested to see if they 

affected cell membrane permeability by measuring LDH release in cell culture medium 

following the 8 hour incubation. The effects of competitive inhibitors such as putrescine
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Clone Activity units

TG3+ 1.12 + 0.049

TG3- 21.66+ 1.456

TGI19+ 1.87 + 0.093

TGI19- 1.98 + 0.148

Table 5.3.2 Measurement of secreted tTGase activity.

The activity of tTGase secreted into the cell culture medium following 8 

hours incubation was measured in lyophilised and 10* concentrated cell 

growth medium by [14C]-putrescine incorporation into N'N dimethylcasein 

assay (Lorand et al, 1972) as described in Methods (section 2.2.13). TG3- 

and TGI19- are clones induced to overexpress active and inactive tTGase, 

respectively by removal of tetracycline from the culture medium, TG3+ and 

TGI 19+ are non-induced controls, grown in tetracycline-containing 

medium. Units are expressed as nmol of putrescine incorporated per hour. 

Results represent mean value ± SD, from three separate experiments.
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(5 mM), cystamine (100 pM), monodansylcadaverine (50 methylamine (2 mM) 

and the active site specific irreversible inhibitor Rob283 (100 pM) were assayed. As 

shown in figure 5.3.9 none of the inhibitors significantly increased the release of LDH in 

the cell growth medium, indicating that the inhibitors did not have any toxic effects on 

cells during the 8 hours incubation period that affected cell membrane permeability.

To measure the release of tTGase the induced cells were pre-incubated with the 

inhibitors for 1 hour to allow inhibition of the enzyme, the medium was then replaced 

with the fresh medium containing the same concentration of the inhibitors and incubated 

with the cells for a further 8 hours. When the collected medium was analysed for the 

presence of secreted tTGase by SDS-PAGE and western blotting, none of the inhibitors 

showed any significant effect on tTGase extemalisation (figure 5.3.10 panel A). The 

same result was obtained when tTGase antigen in concentrated medium was measured 

by the modified ELISA method (figure 5.3.10 panel B).

The effect of tTGase activity inhibitors on the deposition of the enzyme into the ECM 

was also measured by the modified ELISA method. The induced TG3- cells were seeded 

in a 96-well plate and incubated in the presence of tTGase inhibitors overnight, followed 

by the detection of the cell surface and the ECM associated tTGase. Since none of the 

inhibitors affected tTGase deposition into the ECM (figure 5.3.11), the results together 

with the previous findings suggest that tTGase cross-linking activity might not be 

necessary for the extemalisation of the enzyme.

At this stage an increased concentrations of the active site directed inhibitor Rob283 

(500 pM) was also used to test tTGase secretion and deposition. The amount of secreted 

and deposited tTGase was measured by western blotting (figure 5.3.12 panel A) or by 

immunohistochemistry. In this case following trypsinisation cells were seeded in 8-well 

chamberslides in the presence or absence of 500 pM or ImM Rob283 and incubated for 

a further 24 hours followed by immunohistochemical detection of extracellular tTGase 

(figure 5.3.12 panel B). Both methods showed no differences in tTGase secretion, 

confirming the previous results and indicating that tTGase cross-linking activity might 

not be necessary for the secretion of the enzyme.
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Figure 5.3.9 Effect of tTGase inhibitors on cell membrane 

permeability.

The effect of tTGase competitive primary amine substrates putrescine (5 

mM), cysteine (100 pM), monodansylcadaverine (50 pM), methylamine 

(2 mM), and the active site specific irreversible inhibitor Rob283 (100 

pM) on cell membrane permeability was measured by the LDH assay 

following 8 hours incubation in the presence or absence of the inhibitors 

as described in Methods (section 2.2.1.5.3). Results are expressed as a 

percentage of LDH released in the cell growth medium ± SD.
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Figure 5.3.10 Effect of tTGase inhibitors on tTGase secretion.

A, a western blot shows the presence of tTGase in the serum-free AIMV cell 

culture medium after precipitation of proteins from medium with TCA, 

following 8 hours inhibition in the presence or absence of competitive 

primary amine substrates putrescine (5 mM), cysteine (100 pM), 

monodansylcadaverine (50 pM), methylamine (2 mM), and the active site 

specific irreversible inhibitor Rob283 (100 pM) as described in Methods 

(section 2.2.11). B, detection of tTGase antigen in lOx concentrated serum- 

free AIMV medium in the presence or absence of tTGase inhibitors by 

modified ELISA as described in Methods (section 2.2.15.2). Clone TG3- 

was used as a control. Results represent the mean value ± SD from three 

separate experiments.
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Figure 5.3.10 Effect of tTGase inhibitors on tTGase secretion.
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Figure 5.3.11 Effect of tTGase inhibitors on tTGase deposition into 

the extracellular matrix.

Cell surface and the ECM associated tTGase antigen was detected by 

modified ELISA following 24 hours incubation of the induced TG3- 

cells in the presence or absence of competitive primary amine 

substrates putrescine (5 mM), cysteine (100 pM), 

monodansylcadaverine (50 pM), methylamine (2 mM), and the active 

site specific irreversible inhibitor Rob283 (100 pM) as described in 

Methods (2.2.15.1). The amount of the extracellular tTGase is 

expressed as absorbance at 450 nm. Results represent the mean value ± 

SD from three separate experiments.
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Figure 5.3.12 Effect of tTGase inhibitor Rob283 on tTGase secretion 

and deposition into the extracellular matrix.

A, a Western blot showing the presence of tTGase in the serum-free AIMV 

cell culture medium following incubation in the presence 01* absence of 

500pM Rob283 inhibitor. Induced TG3- cells were incubated in the 

presence of 500pM Rob283 overnight and the amount of secreted tTGase 

antigen in the serum-free AIMV cell culture medium was detected following 

further 8 hours incubation in the presence or absence of the inhibitor after 

precipitation with 10% (w/v) TCA and analysis by SDS-PAGE and Western 

blotting as described in the Methods (sections 22.1-2.2,9). tTGstd, guinea 

pig liver tTGase. B, detection of tTGase antigen in the extracellular matrix 

following by immunohistochemistry and confocal microscopy as described 

in the Methods (section 2.2.3). Clone TG3- was used as a control. Induced 

TG3- cells were incubated in the presence or absence of 500pM Rob283 

overnight and then trypsinised and seeded into a 8-well chamberslide and 

further incubated in the presence or absence of 500pM and ImM Rob283 

overnight. The bar equals 50pm.
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Figure 5.3.12 Effect of tTGase inhibitor Rob283 on 

tTGase secretion and deposition into the extracellular 

matrix.
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5.3.3.2 The effect of classical secretion pathway inhibitors on tTGase secretion

It has been reported that several inhibitors of classic secretory pathway, such as 

brefeldin A, methylamine and others potentiate rather than inhibit secretion of proteins 

that follow the non-conventional secretion pathway (Jackson et al., 1995). Therefore 

several inhibitors of classical secretion pathway were tested to find out whether they 

could affect the secretion of tTGase and thus provide more information on possible 

tTGase secretion mechanism.

Inhibitors brefeldin A (5pg/ml) and monensin (lOpM) were first tested for their toxicity 

on cells over the 8 hour incubation time by measuring cell viability using the MTT and 

LDH assays. As shown in figure 5.3.13 at the concentrations used the inhibitors did not 

reduce cell viability (panel A), but the cell membrane permeability was slightly 

increased in the presence of monensin (panel B).

To measure the effects of these inhibitors on tTGase secretion cells induced to 

overexpress the active form of tTGase were pre-treated with the inhibitors for 30 

minutes, then the medium was replaced with fresh medium containing the same 

concentration of inhibitors and left to incubate for further 8 hours, and following 

incubation the cell growth medium was collected and analysed for the amount of 

secreted tTGase by western blotting and modified ELISA methods. As shown in figure 

5.3.14 brefeldin A did not have any effect on tTGase secretion but monensin slightly 

increased the secretion of the enzyme. Although the secretion in the presence of 

monensin was increased, this inhibitor also increased LDH (figure 5.3.13) release in the 

medium it is therefore difficult to distinguish whether this tTGase release is specific or 

just a result of cell ‘leakage’.
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S  Control Brefeldin A Monensin

Control Brefeldin A Monensin

Figure 5.3.13 Effect of classical secretion pathway inhibitors on cell 

viability.

Cell viability was measured following 8 hours incubation in the presence 

or absence of inhibitors brefeldin A (5 pg/ml), monensin (10 pM). Non

treated induced TG3- cells are used as a control. A, measurement of cell 

viability by the MTT assay assay as described in Methods (section 

2.2.1.5.2). Cell viability is expressed as a mean percentage of MTT 

reduction ± SD from three separate experiments. B, measurement of cell 

membrane permeability by the LDH assay using the Promega Cytotox 96 

assay system as described in Methods (section 2.2.1.5.3). Cell 

viability/membrane permeability is expressed as a percentage of LDH 

released in the cell culture medium and represents mean value ± SD from 

three separate experiments.
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Figure 5.3.14 Effect of classical secretion pathway inhibitors 

on tTGase secretion.

A, a western blot shows the presence of tTGase in the serum-free 

AIMV cell culture medium after precipitation of proteins from 

medium with TCA, following 8 hours inhibition in the presence or 

absence of 5 pg/ml brefeldin A and 10 pM monensin as described 

in Methods (section 2.2.11). B, detection of tTGase antigen in 10x 

concentrated serum-free AIMV medium in the presence or 

absence of tTGase inhibitors by modified ELISA as described in 

Methods (section 2.2.15.2). Clone TG3- was used as a control. 

Results represent the mean value ± SD from three separate 

experiments.
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5.4 Discussion

Important to the hypothesis that the cell surface related (catalytically active or inactive) 

tissue transglutaminase can mediate changes in cell migration is that the both active and 

inactive (Cys277Ser mutant) forms of the enzyme have similar cellular distributions and 

that mutation of the enzyme at its active site does not affect this distribution.

The results obtained in this chapter showed overall similar distributions of both forms of 

the enzyme when tagged with GFP in transiently transfected cells. In addition, both 

forms of tTGase showed co-localisation with fibronectin along the plasma membrane 

when analysed by confocal microscopy. By applying immunogold electron microscopy 

to the inducible cellular system employed in this study, evidence has been recently 

provided for a preferential extracellular location of tTGase in dense clusters close to the 

cell surface/pericellular matrix and in association with fibronectin (Gaudry et al, 

1999a). Therefore it is possible that the hot fluorescence spots observed in transiently 

transfected cells could represent the same clusters and indicate the potential 

extemalisation sites of the enzyme.

Both forms of tTGase were detected in cell cytosolic and membrane rich fractions, and 

on the cell surface, however, when transfected cells were stained for the extracellular 

distribution of tTGase only cells overexpressing the catalytically active form of tTGase 

showed increased and detectable amounts of tTGase antigen deposited into the ECM. 

Measurement of the amount of extracellular tTGase by a modified ELISA also showed 

elevated levels of enzyme in the clone induced for overexpression of the catalytically 

active tTGase. In addition, only the catalytically active form of the enzyme could be 

detected in the cell growth medium, supporting the previous finding and in addition 

indicating that not all secreted tTGase is associated with the ECM.

Since only the catalytically active tTGase could be detected in the extracellular 

environment, it suggests that either the cross-linking activity or the active site thiol 

(Cys277) of the enzyme is necessary for its secretion. Therefore the experiments were 

carried out to investigate whether inhibition of tTGase activity could prevent tTGase 

secretion in the cell growth medium and deposition into the ECM. Studies with
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inhibitors indicated that incubation of cells with the active site directed inhibitor 2-[(2- 

oxopropyl)thio]imidazolium derivative or the competitive primary amine substrates of 

tTGase did not significantly reduce the amount of enzyme either secreted in the cell 

growth medium or deposited into the ECM. This initially suggests that the cross-linking 

activity of the enzyme is not required for the complete secretory process. However these 

inhibitors may not access the active site until the enzyme is in its Ca2+ mediated active 

conformation, which is when the enzyme is already at the cell surface. Therefore, it 

cannot be ruled out that the active site Cys277 has two important roles in the secretory 

mechanism. One that is essential to the folding of the protein to achieve a conformation 

necessaiy for the secretion and the other in the cross-linking mechanism of the enzyme. 

Several inhibitors of the classical secretory pathway were used with the inducible cell 

system in order to obtain more information on possible externalisation mechanism of 

tTGase. Brefeldin A has been reported to block vesicle flow from the rough endoplasmic 

reticulum into the Golgi apparatus (Dorns et al, 1989; Lippincott-Schwartz et al, 1989) 

and cause disassembly of the Golgi. Since brefeldin A has been demonstrated to 

potentiate the release of FGF-1 (Jackson et al., 1995), it could indicate the possible 

association of secreted protein with Golgi-derived membranes. Another inhibitor used in 

this study was monensin, which blocks the secretion of glycoproteins and the transport 

of secretory proteins within the Golgi complex (Tartakoff et al, 1983). The 

transglutaminase competitive primary amine substrate methylamine is also a drug 

known to inhibit endocytosis (Maxfield et al., 1979), and since it was already shown to 

have no significant effect on tTGase secretion, it therefore indicates that recycling 

endosomes are unlikely to play a role in tTGase export. Brefeldin A did not affect 

tTGase secretion, but the externalisation of tTGase in the presence of monensin was 

increased, but since the inhibitor also increased LDH release into the cell growth 

medium it is therefore difficult to conclude whether this tTGase release is specific or a 

result of cell ‘leakage’. The obtained results therefore confirm that tTGase follows a 

novel secretion pathway.
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Chapter 6: Importance of protein conformation in the 

externalisation mechanism of tissue transglutaminase

6.1 Introduction

In proteins amino acids are linked together via peptide bonds. Due to the partial double

bond character of this peptide bond between C and N+, a considerable barrier exists for 

the rotation around the C-N+ bond and only the two conformations {cis and trans) are 

energetically preferred (figure 6.1.1).

trans

Figure 6.1.1 Two possible conformations of the peptide bonds in proteins: A-trans 

and B- cis configuration.

In the majority of cases, the peptide bond conformation in protein structures is found to 

be trans (Ramachandran and Sasisekharan, 1968). It has been widely assumed that the 

occurrence of cis peptide bonds in proteins is quite rare due to the steric repulsion of the 

two neighbouring Ca atoms and unfavourable contacts between adjacent amino acid 

residues in this isomeric form, therefore the cis form is energetically less stable. 

However, when the peptide bonds occur between any amino acid (Xaa) and proline, the 

peptide bond is found to be in cis in most cases. When the Brookhaven Protein Data
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Bank was examined for the occurrences of cis peptide bonds, only 17 out of 31,005 

amide bonds (0.05%) were cis, while 99 of the 1534 imide bonds (Xaa-Pro) (6.5%), 

were cis (Stewart et al., 1990). However, when the occurrence of cis bonds in the 

database was examined relative to the resolution of the structures, the number of cis 

bonds increased with increasing resolution. At high resolution the number of Xaa-Pro 

bonds in the cis conformation was about twice as high as at medium and low resolution, 

and the number of Xaa-non-Pro bonds in cis conformation was about four times as high 

(Weiss et al., 1998). Cis peptide bonds are found primarily in bends and turns and, in the 

case of cis imide bonds (Xaa-Pro), this correlation is so high that it suggests a specific 

role for cis imide groups in such structures. Non-proline cis peptide bonds in most of the 

cases are found in functionally important regions such as closely to the active site of the 

protein. Many of the proteins containing non-proline cis peptide bonds are carbohydrate- 

binding or processing proteins. The fact that non-proline cis peptide bonds are very rare 

in protein structures (Stewart et al, 1990) and that they are found in such specific 

locations strongly suggests a functional role for them. It has been speculated that the 

sites of non-Pro cis bonds could be some kind of energy reservoir for the protein and in 

the course of a chemical reaction or a conformational change, the energy that is liberated 

by conversion of a cis peptide bond to the trans conformation could help to drive the 

reaction towards the product, however this notion is speculative and requires 

experimental confirmation (Weiss et al., 1998).

Due to the energy barrier, cis/trans isomerisation of the peptide bond is a rather slow 

process at room temperature and has been shown to play an important role in protein 

folding (Brandts et al., 1975; Creighton, 1978; Schmid and Baldwin, 1978; Lin and 

Brandts, 1984; Brandts and Lin, 1986; Kim and Baldwin, 1990; Pappenberger et al., 

2001). The discovery of prolyl-cAAraws-isomerases (Fischer et al., 1984) and additional 

work by Scholz et al. (1998) has shown that these enzymes catalyse the cis/trans 

isomerisation of Xaa-Pro, but not that of Xaa-non-Pro bonds (Scholtz et al., 1998). 

Since no cis/trans-isomorasQ has been identified to date that is able to catalyse the 

c/V/ratts-isomerisation of non-proline peptide bonds, and since none of the known 

prolyl-czsAraws-isomerases can catalyse this isomerisation, the question how the non-Pro 

cis peptide bonds attain the cis conformation remains unanswered.
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Two non-proline cis peptide bonds have been detected in recombinant human factor XIII 

zymogen structure at high resolution (Weiss et al., 1998). One is between Arg310 and 

Tyr311 close to the active site cysteine residue (Cys314) and the other between Gln425 

and Phe426 at the dimerisation interface. Stabilisation of the energetically unfavoured 

cis conformation comes from hydrogen bonding formation and hydrophobic side-chain 

interactions. The regions of the two cis peptide bonds exhibit a high degree of sequence 

conservation among transglutaminases therefore it is very likely that cis peptide bonds 

do also occur in all other transglutaminases at these sites (Weiss et al, 1998).

Based on his results Weiss et al. (1998) proposed that the protein has an inherent ability 

to assume two conformational states, and that a cis/trans isomerisation of the peptide 

bonds Arg310-Tyr311, Gln425-Phe426 and Gly410-Pro411 may act as a conformational 

switch between these two states. If one or all of the bonds isomerise to the energetically 

favoured trans conformation, local strain along the chain would build up which in turn 

could be the trigger for conformational rearrangements. Site directed mutagenesis of 

either Arg310 or Tyr311 to Ala (Hettasch and Greenberg, 1994) reduced the enzymatic 

activity dramatically, without reducing the binding to fibrin, and the Tyr311Ala 

mutation yielded an enzyme without any detectable activity. Taken together those results 

support the hypothesis of ascribing a functional importance to these residues.

The previous results from chapter 5 have indicated that either transglutaminase activity 

and/or an active site region is required for externalisation of the enzyme into the 

surrounding extracellular matrix. Since the two cis peptide bonds are located in regions 

of high degree of sequence conservation among transglutaminases, the locations of 

possible cis peptide bonds was predicted in other transglutaminases at these sites (Weiss 

et al, 1998). From those studies it was decided to mutate the amino acid Tyr274 

participating in formation of the predicted cis peptide bond in tTGase and in light of the 

information provided above to try and answer the question whether a mutation which 

could stabilise the cis rather than trans peptide bond conformation in tTGase (Weiss et 

al, 1998) could also affect the externalisation of the enzyme. Given the closeness of this 

cis peptide bond to the active site Cys277, there is also the possibility that mutation of 

the Cys277 to Ser could not only nullify transglutaminase activity but also affect this cis 
conformation of the enzyme.
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6.2 Methods

6.2.1 PCR mutagenesis

Plasmid pSG5 containing wild type and mutated (Tyr274Ala) tTGase was a kind gift 

from Dr. R. Collighan (The Nottingham Trent University). The Tyr274Ala mutation was 

introduced into tTGase cDNA using the GeneEditor in vitro site directed mutagenesis kit 

(Promega, Southampton, UK) according to the manufacturer’s protocol. Briefly, starting 

from the expression vector pSG5TG containing the full length tTGase cDNA (donated 

by P.J.A. Davies, University of Texas Health Center at Houston) the TAT codon of 

Tyr274 was mutated to a GCT for Ala utilising the oligonucleotide primer 5'- 

AAGACCCAGCACTGGCCAGCCTTGACGCGCTGGCA-3' (antisense orientation), 

which is complementary to the nucleotide region 940-974 of tTGase cDNA (Gentile et 

al, 1992) and it is mutated at positions 955 and 956 (underlined sequence). The 

resulting recombinant plasmid encoding mutant tTGase was named pSG5TG274.
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6.3 Results

6.3.1 Generation and characterisation of Swiss 3T3 clones transfected with active 

and mutated (Tyr274Ala) tTGase

6.3.1.1 Purification of plasmids

Plasmids pSG5TG and pSG5TG274 used for the transfection of Swiss 3T3 fibroblasts 

were obtained by growing the bacterial cells transformed with the prepared constructs 

and purifying the plasmid DNA using a Qiagen plasmid midiprep kit, following the 

manufacturer’s protocol. The quality of the plasmid was checked electrophoretically on 

a 1% (w/v) agarose gel and the concentration of plasmid DNA was determined 

spectrophotometrically as described in Methods (sections 2.2 and 2.2.16). As shown in 

figure 6.3.1 the majority of the purified plasmids were in the supercoiled state. The 

purity of the plasmids pSG5TG and pSG5TG274 determined by calculation of ratio 

A260/A280 was 1.81 and 1.86 respectively, which was considered suitable for transfection 

experiments.

6.3.1.2 Transfection of Swiss 3T3 fibroblasts with active and mutated (Tyr274Ala) 

forms of tTGase

Transfection of Swiss 3T3 fibroblasts with wild type (used in the experiments as a 

positive control) and mutant tTGase (Tyr274Ala) was achieved by co-transfecting 

0.5xl06 cells/6-cm petri dish with, respectively, plasmid vector pSG5TG and 

pSG5TG274 (4.5 pg each) and 0.5 pg of selection vector pSVneo, using the liposome- 

based transfection reagent ESCORT™ (Sigma) following the manufacturer’s protocol. 

20 clones (named TG1-TG20) from the transfection with plasmid pSG5TG encoding the 

wild type tTGase cDNA and 9 clones (named TGY274a1-9) from the transfection with 

plasmid pSG5TG274 encoding mutated tTGase cDNA resistant to 800 pg/ml of active 

G418 were respectively obtained and further screened for overexpression of tTGase by 
different methods.
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Figure 6.3.1 Analysis of purified plasmids pSG5TG and 

pSG5TG274 by agarose gel electrophoresis.

Plasmids for the transfection experiment were purified using 

Qiagen plasmid midiprep kit and analysed by electrophoretic 

separation on a 1% (w/v) agarose gel. Lane 1, DNA marker X 

DNA Eco RUHind III; lane 2, pSG5TG; lane 3, pSG5TG274.

159



Chapter 6: Importance ofprotein conformation in the externalisation mechanism o f  tissue transglutaminase

6.3.1.3 Screening of transfected clones for overexpression of tTGase

Initially the obtained clones were analysed for the expression of transfected tTGase by 

SDS-PAGE and western blotting. Figure 6.3.2 shows that altogether 7 clones showed 

increased expression levels of wild type tTGase protein and 4 clones demonstrated 

increased expression of mutated Tyr274Ala tTGase in cells. Two clones expressing wild 

type tTGase (TGI and TGI6) and two clones expressing the mutated Try274Ala form of 

tTGase (TGy274a1 and TGy274a2) were selected for further characterisation.

The selected clones together with two transfected negative controls expressing the 

selection vector pSVneo only (neol and neo3, see chapter 4) were compared for the 

amount of expressed tTGase in cell homogenates by a modified ELISA (Achyuthan et 

al., 1995), which allows not only comparison of clones for the expression levels of 

transfected tTGase but also comparison of the different forms of tTGase for their ability 

to bind to fibronectin. As shown in figure 6.3.3 the clones transfected with wild type and 

mutated Tyr274Ala tTGase showed increased amounts of tTGase expression when 

compared with the transfected negative controls (neol and neo3). The mutation 

Tyr274Ala did not affect the binding of the mutated form of tTGase to FN as both wild 

type and mutant enzymes showed a comparable ability to bind to FN (figure 6.3.3). In 

addition, clones TGI6 and TGy274a2 showed comparable amounts of tTGase protein 

expressed in the cells (figure 6.3.3).

Constitutive expression of transfected catalytically active and mutated form (Tyr274Ala) 

tTGase in transfected fibroblasts had no effect on the general appearance of fibroblasts 

when compared with transfected negative controls neol and neo3 (see chapter 4). The 

light microscopy pictures from transfected clones are shown in figure 6.3.4. 

Overexpression of the active form of the enzyme in the clones TGI and TGI6 led to an 

increase of total tTGase activity in cell homogenates, when measured by [14C]- 

putrescine incorporation into N,N'-dimethylcasein (table 6.3.1) and an increase in cell 

surface/extracellular matrix related tTGase activity when measured by the incorporation 

of biotinylated cadaverine into fibronectin (figure 6.3.5). However as expected (Hettasch 

and Greenberg, 1994), the mutation at the position 274 diminished tTGase activity in the 

clones TGy274a1 and TGy274a2, which showed a tTGase activity comparable to the 

transfected negative controls neol and neo3 (table 6.3.1 and figure 6.3.5).
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Figure 6.3.2 Screening of transfected Swiss 3T3 clones for the expression 

of active (wild type) and mutated (Tyr274Ala) forms of tTGase by SDS- 

PAGE and western blotting.

Transfected clones were harvested, homogenised and following determination 

of protein content 25 pg of protein were loaded per well onto a 7.5% (w/v) 

SDS-polyacrylamide gel and separated by electrophoresis. Separated proteins 

were transferred onto nitrocellulose membranes and probed for tTGase using 

Cub7402 primary antibody which was detected by secondary anti- mouse IgG- 

HRP conjugate using the ECL detection system as described in Methods 

(sections 2.2.7-2.2.9). TGI-20 are clones transfected with active (wild type) 

tTGase, TGY274Al-9 are clones transfected with mutated (Tyr274Ala) tTGase. 

Clones TGI, TG7, TG11, TG15, TG16, TG18, TG20, TGY274A1, TGY274A2, 

TGY274A6, and TGY274A8 showed increased expression of transfected tTGase.
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Figure 6.3.3 Characterisation of Swiss 3T3 clones transfected with active and 

mutated (Tyr274Ala) tTGase by modified ELISA.

Measurement of tTGase antigen in cell homogenates and binding of tTGase to 

fibronectin was undertaken using a modified ELISA. Cell homogenates from 0.5- 

5xl06 cells were added to FN-coated wells of a 96-well plate and the binding of 

tTGase to FN was allowed to proceed for 1 hour at 37°C. Bound tTGase was 

detected by incubation with primary anti-tTGase antibody Cub7402, followed by 

incubation with the secondary anti- mouse IgG-HRP antibody. The bound HRP 

activity was detected by addition of TMB substrate and reading the absorbance at 

450 n m in a  plate reader as described in Methods (section 2.2.15.1). The amount of 

tTGase protein was expressed as absorbance at 450 nm normalised per 1.0 mg of 

total protein (measured by Lowry method as described in section 2.2.6.1). Results 

represent mean value ± SD, from three separate experiments. Inserts represent 

western blot results showing the amount of transfected tTGase expressed in cell 

homogenates. TGI and TGI6 are clones transfected with active (wild type) tTGase, 

TGY274A1 and TGY274A2 are clones transfected with mutated (Tyr274Ala) tTGase, 

neol and neo3 are transfected negative controls. Results represent mean value ±SD 

from three separate experiments.
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Figure 6.3.4 Characterisation of Swiss 3T3 fibroblast clones 

transfected with active and mutated (Tyr274Ala) tTGase.

Transfected clones were grown in fully supplemented medium 

and live cells were photographed using an Olympus inverted 

light microscope and digital camera. TGI and TGI6 are clones 

transfected with active (wild type) tTGase, TGY~,74A1 and 

TGY274A2 are clones transfected with mutated (Tyr274Ala) 

tTGase, neol and neo3 are transfected negative controls. Bar 

equals 50 pm.
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Clone Activity, units/mg 
protein

TGI 101.16 ±10.2

TG16 19.53 ±2.13

TGY274a1 0.55 ±0.17

TGY274a2 1.89 ± 1.57

Table 6.3.1 Measurement of tTGase activity by [14C]-putrescine 

incorporation into N, N'-dimethyl casein in Swiss 3T3 clones 

transfected with active and mutated (Tyr274Ala) tTGase.

2*106 cells were harvested by trypsinisation and the activity of tTGase in 

cell homogenates was determined using the [14C]-putrescine incorporation 

into N,N'-dimethylcasein as described in Methods (sect 2.2.13). TGI and 

TGI6 are clones transfected with active (wild type) tTGase, TGY274a1 and 

TGY274a2 are clones transfected with mutated (Tyr274Ala) tTGase. A unit 

of transglutaminase activity equals lnmol of putrescine incorporated per 

hour. Results represent mean value ± SD, from three separate experiments, 

and are normalised to the amount of protein in cell homogenates determined 

by Lowry assay as described in Methods (section 2.2.6.1).
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Figure 6.3.5 Measurement of cell surface related tTGase activity in 

Swiss 3T3 clones transfected with active and mutated (Tyr274Ala) 

tTGase.

2><105 cells/ml in serum-free DMEM containing 0.132 mM biotin-X- 

cadaverine were seeded into FN-coated wells in a 96-well plate and 

incubated for 2 hours at 37°C. After incubation cells were solubilised with 

0.1%(w/v) sodium deoxycholate/2 mM EDTA and the amount of biotin-X- 

cadaverine incorporated into the remaining ECM was determined by 

incubation with extravidine peroxidase. Bound peroxidase activity was 

measured by addition of TMB substrate. The reaction was stopped by 

addition of 2.5 M sulphuric acid and absorbance read at 450 nm using a 

Spectrafluor 96 well plate reader. Activity of cell surface related tTGase is 

expressed as absorbance at 450 nm. Results represent mean value ± SD, 

from three separate experiments. TGI and TGI6 are clones transfected with 

active (wild type) tTGase, TGY274A1 and TGY274A2 are clones transfected 

with mutated (Tyr274Ala) tTGase, neol and neo3 are transfected negative 

controls. ,
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To investigate whether the mutated Tyr274Ala form of tTGase retained its GTP-binding 

capacity, the transfected clones were examined for their ability to bind to GTP-agarose. 

Equal amounts of cells (2xl06) from each of transfected clones were homogenised and 

incubated with GTP-agarose overnight. The washed GTP-agarose beads were boiled in 

2x strength Laemmli buffer and equal volumes were separated by 7.5% SDS-PAGE, 

blotted, and probed for tTGase. The results showed that the mutant Tyr274Ala form of 

tTGase retained its GTP-binding ability, although the wild type tTGase did show better 

binding to GTP (figure 6.3.6).

6.3.2 Cellular localisation of wild type and mutated (Tyr274Ala) tTGase

To investigate whether the introduced mutation at Tyr274Ala has an effect on the 

externalisation of tTGase, the transfected clones were compared for the subcellular 

distribution of tTGase and the ability of the enzyme to be secreted into the cell culture 

medium, and deposited into the surrounding extracellular matrix.

Initially the transfected clones were compared for the capability of tTGase to integrate 

into the cell membrane. The transfected clones were fractionated by ultra centrifugation 

at 300,000xg into cytosolic and membrane rich fractions, which were then analysed for 

the amount of tTGase antigen by SDS-PAGE and western blotting. The active and the 

mutated (Tyr274Ala) forms of the enzyme could be found in both the cytosolic and 

particulate fractions of cells (figure 6.3.6), but the mutated form of tTGase showed 

considerably less enzyme associated with the cell membrane rich fraction when 

compared to the active form of tTGase (table 6.3.2 and figure 6.3.7).

Transfected clones were also compared for the amount of tTGase present at the cell 

surface. Transfected cells were detached from the tissue culture petri dishes with 2mM 

EDTA and probed in suspension with the anti-tTGase primary antibody Cub7402, 

followed by incubation with a FITC-conjugated secondary antibody. Labelled cells were 

then fixed and analysed by flow cytometry. Cells stained with the secondary antibody 

only were used to determine the background level of fluorescence. Clones expressing the 

active form of tTGase showed increased fluorescence intensity as a consequence of 

increased amounts of cell surface enzyme (figure 6.3.8). In contrast, clones transfected
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Figure 6.3.6 Binding of active (wild type) and mutated 

Tyr274Ala tTGase to GTP.

Swiss 3T3 fibroblast clones transfected with the active (wild type) 

and mutated (Tyr274Ala) tTGase were compared for the binding to 

GTP-agarose as described in Methods (section 2.2.12). Cell 

extracts from 2x106 cells were clarified by centrifugation and the 

resulting supernatant was incubated with GTP-agarose beads over 

night at +4°C with gentle shaking. After incubation, the agarose 

beads were pelleted by centrifugation, the supernatant was 

removed, and following washing the agarose beads were boiled in 

2X strength Laemmli sample buffer. Equal amounts (50 pi) of the 

extracted proteins from the supernatant were analysed by SDS- 

PAGE and western blotting as described in Methods (sections 

22.1-22.9).

Western blot analysis shows the binding of active (clones TGI and 

TGI6) and mutated (clones TGY274A1 and TGY274A2) tTGase to 

GTP-agarose. TGstd is guinea pig liver tTGase.
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Figure 6.3.7 Western blot analysis of the cellular distribution of tTGase 

in transfected clones.

Cells were fractioned into membrane rich M and cytosolic C fractions, as 

described in Methods (section 2.2.10). TGI and TG16 are clones transfected 

with active (wild type) tTGase, TGY274a1 and TGY274A 2  are clones 

transfected with mutated (Tyr274Ala) tTGase, neol and neo3 are 

transfected negative controls.

Table 6.3.2 Densitometric analysis of tTGase bands shown in figure 

6.3.7.

Densitometry of tTGase bands representing the distribution of tTGase in 

cell cytosol and membrane rich fraction was measured using Quantiscan 

densitometry analysis software. Results are expressed as densitrometic 

units. trace.
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Figure 6.3.7 Western blot analysis of the cellular distribution of tTGase 

in transfected clones.

Table 6.3.2 Densitometric analysis of tTGase bands shown in 

figure 6.3.7.

Clone TGI TG16 TGy274a1 TGy274a1 neol neo3

Memmbrane 
rich fraction 624.46 316.56 126.74 149.93 - -

Cytosol
fraction 722.38 809.68 591.48 930.55 - -
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Figure 6.3.8 Measurement of cell surface associated tTGase of cells 

transfected with the active (wild type) and mutated (Tyr274Ala) forms 

of tTGase by flow cytometry.

Cells were detached using EDTA and incubated in suspension with primary 

antibody Cub7402 followed by incubation with the FITC conjugated 

secondary antibody as described in Methods (section 2.2.2). TGI and TG16 

are clones transfected with active (wild type) tTGase, TGY274A 1 and 

TGY274A2 are clones transfected with mutated (Tyr274Ala) tTGase, neol 

and neo3 are transfected negative controls. Labelling with mouse IgG was 

used as control and for setting the background gate.
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Figure 6.3.8 Measurement of cell surface associated 

tTGase of cells transfected with the active (wild type) and 

mutated (Tyr274Ala) forms of tTGase by flow cytometry.
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with mutated (Tyr274Ala) tTGase showed only a small increase in fluorescence 

intensity, indicating the presence of low amount of cell surface enzyme (figure 6.3.8).

6.3.3 Secretion of wild type and mutated (Tyr274Ala) tTGase

6.3.3.1 Detection of wild type and mutated (Tyr274Ala) tTGase in the extracellular 

matrix

To explore whether the mutated Tyr274Ala form of the enzyme is secreted from the 

cells and deposited into the ECM, cells in culture were stained for the cell surface and 

matrix associated tTGase. This was undertaken by the addition of monoclonal anti- 

tTGase antibody Cub7402 to the culture of live cells (Verderio et al, 1998). Following 

fixation and labelling with the secondary antibody the wild type and mutant enzymes 

were then analysed by confocal microscopy (figure 6.3.9). Increased staining of the 

extracellular matrix-associated enzyme was only observed in cells transfected with the 

catalytically active form of the enzyme. The staining of tTGase in the clones expressing 

the mutated Tyr274Ala form of the enzyme showed similar levels of externalised 

enzyme to the transfected negative controls or cells incubated with non-immune mouse 

IgG (figure 6.3.9), suggesting that the Tyr274Ala form of the enzyme is not fully 

secreted and deposited into the ECM.

6.3.3.2 Detection of wild type and mutated (Tyr274Ala) tTGase in the cell growth 

medium

To examine whether the mutated (Tyr274Ala) form of tTGase is externalised into the 

cell culture medium, transfected clones were compared for the amount of enzyme 

secreted into the cell culture medium using SDS-PAGE and western blotting. To detect 

secreted tTGase, the enzyme was precipitated from the cell culture medium with 10% 

(w/v) TCA and probed for tTGase. As shown in figure 6.3.10 unlike active tTGase the 

mutated (Tyr274Ala) form of the enzyme could not be detected in cell growth medium, 

indicating that the Tyr274Ala substitution has affected the ability of tTGase to be
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secreted from the cell. The obtained results indicate that the introduction of the point 

mutation Tyr274Ala in tTGase at the site of the proposed czs-peptide bond has destroyed 

the ability of the enzyme to be secreted from the cells and subsequently deposited into 

the ECM.
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Figure 6.3.9 Immunofluorescence staining of active (wild type) and mutated 

(Tyr274Ala) tTGase in cultured transfected fibroblasts.

The extracellular pool of tTGase in transfected 3T3 fibroblasts was detected by the 

addition of Cub7402 antibody or non-immune mouse IgG to live cell cultures and the 

immunofluorescense of FITC conjugated secondary antibody was detected by confocal 

microscopy using a Leica TCSNT confocal laser microscope system (Leica) equipped 

with an argon crypton laser adjusted at 488 nm for fluorescin excitation as described in 

the Methods (section 2.2.3). The bar equals 50 pm. TGI and TGI6 are clones 

transfected with active (wild type) tTGase, TGY274a1 and TGY274A2  are clones 

transfected with mutated (Tyr274Ala) tTGase, neol and neo3 are transfected negative 

controls.
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Mouse IgG

Figure 6.3.9 Immunofluorescence staining of active 

(wild type) and mutated (Tyr274AIa) tTGase in 

cultured transfected fibroblasts.
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TGI TG16 TGY274a1 TGV274A2

Figure 6.3.10 Detection of active (wild type) and 

mutated (Tyr274Ala) tTGase in serum-free AIMV cell 

culture medium.

A western blot shows the presence of tTGase in the 

serum-free AIMV cell culture medium following 8 hours 

incubation. Proteins were precipitated from the cell 

culture medium with 10% (w/v) TCA and analysed by 

SDS-PAGE and western blotting as described in Methods 

(sections 2.2.7-2.2.9). TGI and TG16 are clones 

transfected with active (wild type) tTGase, TGY274A1 and 

TGy274A2 are clones transfected with mutated 

(Tyr274Ala) tTGase.
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6.4 Discussion

As mentioned in the introduction (section 6.1), on the basis of X-ray crystallographic 

studies with Factor XHIa, a novel mechanism for transglutaminase activation has been 

proposed based on the identification of two non-proline c/s-peptide bonds, which are 

thought to act as a conformational switch between catalytically active and inactive states 

of transglutaminase (Weiss et a l , 1998). It is therefore possible that the Cys277Ser 

mutation within the tTGase active site has changed the enzyme tertiary conformation 

and as a consequence has affected both activity and secretion of the enzyme. In Factor 

XHIa one of these bonds is thought necessary for close association of the two active a 

subunits while the other is close to the active site cysteine (Cys314). According to this 

work the conformational rearrangements necessary to expose the hidden active site 

would depend on the cis to trans isomerisation of these peptide bonds, which may be 

linked to substrate, or calcium binding as previously speculated.

The fact that non-Pro cis peptide bonds are very rare in protein structures (Stewart et al., 

1990) and that one of them is found close to the active site, which is a highly conserved 

region among transglutaminases, suggests a functional role for them. For non-Pro cis 

peptide bonds, it is indeed the case that they often occur in important regions of the 

protein, such as next to active sites (Herzberg and Moult, 1991; Stoddard and 

Pietrikowski, 1998; Weiss et al, 1998). In the attempt to modify this potentially 

important bond in tTGase site directed mutagenesis was performed by replacing Tyr at 

the position 274 with Ala within the potential tTGase cis peptide bond close to the active 

site region (Weiss et al, 1998). To examine the effects of this mutation on tTGase 

activity and secretion, Swiss 3T3 cells were transfected with active (wild type) and 

mutated (Tyr274Ala) tTGase and clones showing increased levels of tTGase expression 

were selected and characterised.

The mutation Tyr274Ala abolished the activity of tTGase in both clones examined as 

predicted (Hettasch and Greenberg, 1994). Mutation Tyr274Ala did not affect the ability 

of mutant form of the enzyme to bind to fibronectin and GTP, although the mutated 

form of tTGase showed a decreased amount of the enzyme bound to GTP when 

compared with the wild type tTGase (figure 6.3.6). Comparison of wild type clone TGI 6
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and mutant clone TGy274a2  which express similar amounts of total enzyme indicated 

that both, the active and mutated (Tyr274Ala) forms of the enzyme, could be found in 

the membrane rich and cytosol fractions of the transfected cells, however the cells 

expressing the mutated form of tTGase showed lower levels of membrane bound 

enzyme. Measurement of cell surface tTGase by flow cytometry, showed that the clones 

transfected with the active tTGase had increased amounts of the enzyme on the cell 

surface but clones expressing the mutated (Tyr274Ala) form of the enzyme showed 

relatively small amounts of cell surface tTGase, although levels were greater than the 

transfected negative (neol and neo3) controls. The very low level of mutated form of 

tTGase present on the cell surface (figure 6.3.8) could be explained by the fact, that the 

introduced mutation had affected the amount of enzyme able to integrate into the cell 

membrane (figure 6.3.7), which in turn had decreased the amount of the enzyme able to 

reach the cell surface. The mutation Tyr274Ala also prevented the ability of the enzyme 

to be secreted in the cell culture medium and deposited into the ECM (figures 6.3.9 and 

6.3.10)

Taken together the obtained data show that mutations in the Cys277 active site region of 

the enzyme, which is essential for tTGase catalytic activity or at Tyr274, which lies in a 

newly predicted non-Pro cis peptide bond region thought critical for the exposure of the 

enzyme active site, lead to loss of cross-linking activity. They also demonstrate that the 

conformation of this active site region of the enzyme or possibly the cross-linking 

activity of the enzyme is a major factor in the mechanism, which governs the full 

secretion and deposition of the enzyme into the ECM. The results suggest that secretion 

of the enzyme might be connected to the cis to trans isomerisation of the non-Pro cis 
peptide bonds. The catalytic centre of factor XIII and of tTGase is completely buried and 

therefore unaccessible to the substrate. In order to expose the active site, the core and 

barrel 1 domains need to be separated from each other. Similarly, it is possible that the 

translocation through the plasma membrane might be dependent on cis/trans 

isomerisation and the energy released during the conformational change. In the X-ray 

structure of factor XHIa in the presence of calcium, a binding site for the metal ion has 

been detected (Yee et al., 1996), but no structural changes other than small local 

rearrangements of the calcium-binding amino acids were observed. It was therefore
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concluded that calcium ions alone cannot be responsible for the activation process to 

occur (Weiss et at, 1998). It has been speculated that the active trans conformation may 

occur in the enzyme on the binding of Ca2+ and substrate. Such a process would take 

place once the enzyme reaches the cell surface where both Ca2+ and substrates, such as 

fibronectin, are immediately available to the enzyme.
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Chapter 7: Importance of tissue transglutaminase in the 

extracellular matrix stabilisation

7.1 Introduction

The extracellular matrix is a very complex network, which provides cells with a 

mechanical scaffold for adhesion and migration on a variety of different components. 

The ECM consists of collagens, glycoproteins, proteoglycans, glycosaminoglycans 

and molecules that are bound specifically to the ECM, such as certain growth 

factors/cytokines, matrix metalloproteinases (MMPs) and processing enzymes such 

as tissue transglutaminase and procollagen propeptidases (Schuppan et al, 2001). 

Assembly and degradation of the ECM is a dynamic process that occurs during 

wound healing, embryogenesis and matrix turnover.

The majority of tTGase activity in the cell cytosol is predicted to remain latent 

(Smethurst and Griffin, 1996) due to tight regulation by Ca2+ and GTP. The 

extracellular environment provides a high concentration of Ca2+ and low 

concentration of nucleotides necessary for the activation of tTGase. Increasing 

evidence shows the importance of tTGase as a protein cross-linker in the ECM of 

various cell lines. Known cross-linking substrates are different molecules such as 

fibronectin (Turner and Lorand, 1989; Barsigian et al., 1991; Martinez et al, 1994), 

fibrin and fibrinogen (Achyuthan et al, 1988), vitronectin (Sane et al, 1991), 

osteonectin and osteopontin (Aeschlimann et al, 1995; Kaartinen et al, 1997), 

laminin-nidogen complex (Aeschlimann and Paulsson, 1991), and different types of 

collagen (Juprelle-Soret et al, 1988; Kleman et al, 1995; Esterre et al, 1998). 

Fibronectin is one of the proteins, which is processed, and assembled into fibrils via 

a multi-step process that requires the presence of viable cells (Barry and Mosher, 

1988; Fogerty and Mosher, 1990). Fibronectin and fibrinogen bind to the surface of 

hepatocytes and endothelial cells in suspension culture and become cross-linked into 

the pericellular matrix by tissue transglutaminase (Barsigian et al, 1991). Collagen 

cross-linking also occurs outside the cell and the 3-dimensional matrix surrounding 

fibroblasts forms a microenvironment for the accumulation of processing enzymes 

and for remodelling a newly synthesized matrix (Eyre et al, 1984; Adams and Watt, 

1993).
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Tissue transglutaminase catalysed cross-links make proteins more resistant to 

chemical, enzymatic and physical disruption (Greenberg et ah, 1991; Johnson et al., 

1999). Since many extracellular proteins are known to serve as substrates for tTGase 

it is reasonable to suggest that tTGase plays a central role in reconstructing and/or 

stabilising the fine structure of the ECM. Following the release of tTGase in the 

extracellular environment the enzyme tightly binds to the ECM and cross-links the 

surrounding matrix due to activation by Ca2+ (Upchurch et ah, 1991). Increased 

amounts of the enzyme present in the matrix leads to further cross-link formation, 

which in turn makes the matrix more resistant to protease degradation (Johnson et 

ah, 1999). The results published by Martinez et ah (1994) have shown that covalent 

cross-linking of surface coated fibronectin by the endothelial cell-associated tTGase 

contributed resistance to detachment from the matrix by trypsin and stabilised the 

extracellular matrix.

There have been numerous reports linking tTGase to altered matrix turnover leading 

to the development of fibrosis in various tissues, (Griffin et ah, 1979; Johnson et ah, 

1999; Mirza et ah, 1999; Piacentini et ah, 1999; Small et ah, 1999; Grenard et ah, 

2001). It has been proposed that the increased expression of tTGase in renal fibrosis 

may contribute to matrix resistance to breakdown, since the cross-linking of ECM 

proteins by tTGase and the formation of e-(Y-glytamyl)lysine cross-links was 

increased in the extracellular environment of fibrotic tissues (Johnson et ah, 1997). 

Since tTGase has a high affinity for the ECM, in the case of large-scale tissue 

damage its release from the cells would cause massive protein cross-linking, which 

could contribute to the development of scar tissue and fibrosis.

Increased expression of tTGase and its extracellular products are known to be 

associated with inflammation and the wound healing process. An increase in tTGase 

expression during dermal wound healing in rats was first shown by Bowness et ah 

(1987 and 1988). Increased expression of tTGase has been found in association with 

TGF-(3, TNF-a, and IL-6 production in the wound at sites of neovascularisation in 

the provisional wound matrix following dermal wounding (Haroon et ah, 1999). 

Since tTGase covalently and irreversibly cross-links extracellular matrix proteins, it 

may prevent or delay remodelling of basement membranes and may stabilize other 

extracellular components (Schittny et ah, 1997). The high stability of the e-(y-
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glutamyl)lysine isopeptide bond is also suggested to contribute to the low turnover of 

the ECM (Hand et al, 2000).

It has been shown that a stable ECM is intrinsically anti-angiogenic and inhibitory on 

cell proliferation because it is more resistant to protease digestion. It has been 

suggested that the proteolytic degradation of tTGase may provide a method to 

regulate the duration and extent of the cross-linking reaction and allow tissue 

remodelling to occur in the granulation tissue (Haroon et al, 1999). In addition, the 

formation of a stable ECM may be an effective barrier to growth and metastasis of 

tumours by restricting infiltration by tumour cells and growth of new blood vessels 

(Haroon et al., 1999).

In order to study the importance of tTGase in the ECM stabilisation and turnover in 

vivo, Swiss 3T3 mouse fibroblasts inducible for overexpression of active and inactive 

forms of tTGase (Verderio et al., 1998) were used. In the following study 

investigations were also undertaken to study any changes in the resistance of the 

ECM to proteolysis following cross-linking by tTGase that might account for 

changes in matrix turnover.
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7.2 Methods

7.2.1 Measurement of matrix deposition and turnover

7.2.1.1 Measurement of the extracellular matrix turnover rate in cells labelled

with [35S]-Met and [35S]-Cys in vitro cell labelling promix

Transfected Swiss 3T3 fibroblasts (clone TG3+, non-induced to overexpress tTGase) 

were seeded at a concentration of 2xl05 cells/well into a 12-well plate and grown 

overnight in the presence or absence of tetracycline to either keep suppressed or 

induce the overexpression of tTGase, respectively. When required, the active site 

directed irreversible inhibitor Rob283 (250 pM) was added to pre-induced cells 

(clone TG3-) at the time of seeding and maintained at the same concentration 

throughout the experiment. 24 hours after seeding and inducing the cells, these were 

starved for 1 hour in serum-free DMEM deficient in cysteine and methionine, and 

then radiolabelled for 48 hours by the addition of 500 pi/well of fully supplemented 

DMEM (with or without tetracycline) containing 0.3 mg/1 L-Methionine, 0.6 mg/1 L~ 

Cysteine, and 5 pCi/ml of L-[35S]Met/Cys (in vitro cell labelling promix made of 

-70% L-[35S]-Methionine and -30% L-[35S]-Cysteine, 14.3 mCi/ml) for 48 hours. 

Following labelling, the medium was replaced by fresh DMEM containing a reduced 

amount of FCS (4%) to slow down cell proliferation and deposition of unlabelled 

matrix (Verderio et al, 1998; Gross, 2000), and the turnover of deposited matrix was 

monitored over a 72 hour period of time. At 0, 24, 48, and 72 hours after removal of 

the radiolabel and washing wells three times with PBS, pH7.4 after each collection, 

the amount of the incoiporated label was measured in three separate fractions, each 

one in duplicate: 1) cell medium fraction, 2) cellular fraction, which was obtained by 

removing the cells with 0.1%(w/v) sodium deoxycholate/2 mM EDTA for 10 

minutes at room temperature (Jones et al, 1997), and 3) the ECM fraction which was 

obtained by digesting the deoxycholate-insoluble matrix at 37°C for 30 minutes with 

200 pg/ml proteinase K (assay buffer: 50 mM Tris-HCl, pH 7.4, 10 mM EDTA and 

10 mM NaCl) followed by matrix scraping in 4%(w/v) SDS and combining the 

proteinase K and the SDS fractions. The label in the analysed fractions was observed 

by adding 1ml of Ultima Gold™ scintillation liquid and counting the radioactivity in 

a Packard Instruments Tri-carb 300 scintillation counter for 5 minutes. Fractions
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from duplicate wells were collected at 0, 24, 48, and 72 hours after removal of the 

radiolabel.

7.2.1.2 Measurement of the extracellular matrix deposition and turnover rate in 

cells labelled with [2,3-3H]-Proline

Swiss 3T3 cells transfected with tTGase cDNA under the control of the tetracycline 

sensitive promoter were seeded at a concentration of 5xl05 cells into a 6- cm cell 

culture petri dishe and grown overnight in the presence or absence of tetracycline to 

suppress/induce the overexpression of tTGase. 24 hours following induction, the 

cells were labelled by replacing the medium with 2 ml/dish of fully supplemented 

DMEM containing 5 pGi/ml of [2,3-3H]-Proline (with or without tetracycline) and 

culturing the cells for a further 48 hours. Following labelling the cells were 

trypsinised and seeded into 24-well plates and grown for a further 48 hours to allow 

the deposition of the labelled ECM. Samples in duplicate were removed every 24 

hours over a 72 hour period and the amount of incorporated label measured in the 

cell medium, and in the cellular and ECM fractions as described before (section 

7.2.1.1). Following labelling, the medium was replaced by fresh DMEM containing 

4%(v/v) FCS which was changed daily.

The effect of tTGase active site-specific irreversible inhibitor Rob283 on matrix 

turnover was measured by addition of 250 pM inhibitor to the induced TG3- cells at 

the moment of induction for the overexpression of tTGase. The indicated 

concentration of Rob283 was maintained throughout the incubation.

The effect of the matrix metalloproteinase inhibitor GM6001 (Ilomastat) on matrix 

turnover was measured by addition of 25 pM inhibitor to the labelled cells when 

seeded into the 24-well plates.

The effect of exogenous tTGase on matrix turnover and deposition was measured by 

addition of increasing concentrations of guinea pig liver tTGase, previously treated 

or non-treated with 5 mM DTT (to reduce and activate the enzyme) for 1 hour at 

+4°C (Jones et al., 1997) to the labelled cells seeded into 24-well plates. The amount 

of incorporated label was measured in the cell medium and in the cellular and ECM 

fractions every 48 hours as described before (section 7.2.1.1).
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7.2.2 DNA assay

The measurement of DNA concentration in the cellular fraction was earned out in 

order to normalise the obtained counts per cell number. The method used to quantify 

the amount of DNA in the cellular fraction was a modification of the ethidium 

bromide dot method. 20 pi of cellular fraction was put into a 96-well plate in 

duplicate and mixed with 200 pi of ethidium bromide solution (2.5 pg/ml in water). 

Fluorescence of the samples was read on a SpectraFluor plate reader using 540 nm 

excitation and 595 nm emission filters with a 20 psec lag time and a 40 psec 

integration time. Salmon testes DNA standard ranging from 0.1-2 mg/ml was used to 

plot a standard curve.

7.2.3 Proteolytic degradation of the extracellular matrix

Cells were induced and non-induced to overexpress tTGase for 24 hours and then 

labelled in the presence of [2,3-3H]-Proline for 48 hours as described in section

7.2.1.2. Following labelling the cells were seeded into a 24-well plate and further 

grown for 48 hours to allow the deposition of the labelled extracellular matrix. Cells 

were removed with 0.1% (w/v) sodium deoxycholate/2 mM EDTA and following 

three washes with PBS, pH 7.4 the extracellular matrix was exposed to digestion 

with 200 pi of bacterial collagenase (Clostridiopeptidase, crude extract; Sigma) (0.4 

mg/ml in 50 mM Tris-HCl, pH 7.4 containing 5 mM CaCb) for 6 hours at 37°C. 

Following incubation, 100 pi of digest was removed from the wells, transferred to 

1.5 ml eppendorf tubes, and centrifuged for 15 minutes at 10,000xg. The amount of 

released radioactivity was determined by placing the supernatant into 1 ml of Ultima 

Gold™ scintillation liquid, and counting in a Packard Instruments Tri-carb 300 

scintillation counter for 5 minutes. 20 pi of 0.5%(w/v) trypsin was added to the 

remaining undigested matrix for 2 hours at 37°C, which following incubation, was 

combined with the pellet in 1.5 ml eppendorf tubes and counted as above. As a 

negative control, the matrix was incubated with an assay buffer containing no 

proteases. As a positive control, the matrix was digested with 0.125%(w/v) trypsin. 

Results are expressed as a percentage of digested matrix.
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7.3 Results

7.3.1 Experimental system

In order to investigate whether increased expression and secretion of tTGase into the 

extracellular matrix stabilises the matrix and decreases its degradation rate, 3T3 

fibroblasts transfected with catalytically active tTGase under the control of the 

tetracycline inducible system (Verderio et al., 1998; clone TG3, characterised in 

chapter 3) were used. Cells were induced for the overexpression of tTGase and 

labelled with either [35S]-Cysteine/Methionine mix or [3H]-Proline, and the amount 

of incorporated amino acids in three different fractions was determined over a time 

course. When matrix deposition and turnover was studied using cells labelled with 

[3H]-Proline collagen turnover was more specifically monitored, as proline is a 

preferential and major component of collagen (Ziyadeh et aL, 1994). Experiments 

were carried out in a similar manner as for [35S] labelling, with the exception that 

following labelling cells were trypsinised and re-seeded into 24-well plates allowing 

only the deposition of labelled matrix. The medium was then changed daily with 

‘cold’ medium to remove un-incorporated labelled proline, which may recycle into 

the matrix.

The turnover rate of the labelled ECM from cells overexpressing tTGase and from 

the cells expressing a low background level of the enzyme was monitored in order to 

see whether tTGase might lead to increased ECM deposition and reduced ECM 

degradation.

7.3.2 Matrix turnover of [35S] labelled Swiss 3T3 fibroblasts expressing different 

levels of tissue transglutaminase

To investigate whether increased expression of tTGase affects the ECM turnover rate 

Swiss 3T3 fibroblasts inducible for the overexpression of tTGase were used in this 

study. Clone TG3 cells expressing different levels of catalytically active tTGase were 

labelled with [35S]- Methionine/Cysteine mix and the amount of incorporated [35S]- 

labelled amino acids was measured in three separate fractions up to 72 hours from 

labelling. Following the removal of the label, cells were incubated in the growth 

medium containing 4%(v/v) FCS, to minimise cell proliferation. As shown in figure
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7.3.1 there was not any significant differences in matrix deposition reflected by the 

amount of incorporated counts between induced TG3 cells and non-induced controls. 

The amount of radiolabel decreased in the cell medium, in the cellular, and ECM 

fractions as over the 72 hours time period and no significant differences were 

observed between cells overexpressing catalytically active tTGase and their non

induced controls.

The rate of the ECM turnover was also monitored in the presence of the site-specific 

tTGase inhibitor Rob283, used at a concentration 250pM. The inhibitor was added to 

the induced TG3- cells during the labelling and also kept constant during the time 

course. As shown in figure 7.3.1 the inhibition of tTGase cross-linking activity 

decreased the amount of initial matrix deposited, but during the monitoring of the 

matrix turnover throughout the time course differences between induced TG3- cells 

and cells incubated in the presence of 250jiM Rob283 inhibitor became insignificant.

7.3.3 Matrix turnover of [3H] labelled Swiss 3T3 fibroblasts expressing different 

levels of tissue transglutaminase

Matrix deposition and turnover was further studied using cells labelled with [3H]- 

Proline. Since proline is a preferential and major component of collagen (Ziyadeh et 

al., 1994) the use of radioactive labelled proline allows monitoring of collagen 

synthesis and turnover. Experiments were carried out in a similar manner as for [35S] 

labelling, with the exception that following labelling cells were trypsinised and re

seeded into 24-well plates for deposition of labelled matrix over a 48 hours time 

period. The medium was changed daily to remove un-incorporated labelled proline 

and the amount of incorporated radiolabel was monitored in the cell medium, the 

cellular and the ECM fractions. As shown in figure 7.3.2 there were no significant 

differences observed in matrix deposition and matrix turnover rate between cells 

overexpressing catalytically active form of tTGase. Cells overexpressing active form 

of the enzyme and incubated in the presence of 250pM tTGase inhibitor Rob283 also 

did not show any differences in matrix deposition and turnover rate (figure 7.3.2). 

Decrease in the initial matrix deposition of induced cells incubated in the presence of 

Rob283 inhibitor when compared to cells incubated in the absence of the inhibitor as 

shown in figure 7.3.1 was not detected (figure 7.3.2).
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Figure 7.3.1 Matrix turnover of [35S] labelled TG3 fibroblasts.

35TG3 cells were induced and labelled with [ S]-Cys/Met cell labelling 

promix into 24-well plates as described in section 7.2.1. The amount 

of incorporated radiolabel was measured over a 72 hour time course in 

the cell medium, the cellular and the ECM fractions. Induced cells 

TG3- were incubated in the presence or absence of tTGase active site 

directed irreversible inhibitor Rob283 (250 jjlM ). A, cell growth 

medium fraction; B, cellular fraction; C, the ECM fraction. Results 

represent mean value ± SD form three separate experiments. Counts 

are normalised per jxg of DNA in the cellular fraction.
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Figure 7.3.1 Matrix turnover of [35S] labelled TG3 fibroblasts.
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Figure 7.3.2 Matrix turnover of [3H] labelled TG3 fibroblasts.
3

TG3 cells were induced and labelled with [ H]-Proline for 48 hours as 

described in section 7.2.2. Following trypsinisation and re-seeding the 

labelled cells into 24- well plates, the cell growth medium was replaced 

with ‘cold’ medium and changed daily. The amount of incorporated 

radiolabel was measured over a 72 hour time course in the cell medium, 

the cellular and the ECM fractions. Induced cells TG3- were incubated in 

the presence or absence of tTGase active site directed irreversible 

inhibitor Rob283 (250 pM). A, cell growth medium fraction; B, cellular 

fraction; C, the ECM fraction. Results represent mean value ± SD from 

three separate experiments. Counts are normalised per pg of DNA in the 

cellular fraction.
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Figure 7.3.2 Matrix turnover of [3H] labelled TG3 fibroblasts.
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In order to show that the method was sensitive to detect any changes in matrix

turnover rate, the incorporated radioactivity was measured in the fractions of the

induced and non-induced cells incubated in the presence of 25 pM of the general 

MMP inhibitor Ilomastat. As shown in figure 7.3.3 TG3+ cells demonstrated 

significantly decreased matrix degradation when incubated in the presence of the

MMP inhibitor, while non-treated controls were loosing higher amounts of the

radiolabel in the ECM fraction, confirming that the method used in this study was 

sensitive for detecting alterations in matrix turnover.

7.3.4 The effects of exogenous tissue transglutaminase on matrix deposition and 

turnover rate of Swiss 3T3 fibroblasts

To investigate whether addition of exogenous tissue transglutaminase could affect 

the ECM deposition and its stability in relation to turnover, transfected Swiss 3T3 

fibroblasts expressing the endogenous levels of tTGase were used.

Initially, different amounts of exogenous guinea pig liver tTGase were added to the 

cells to measure the possible toxic effects of the enzyme. Cells were incubated in the 

presence of 1-, 10-, and 50 p,g/ml of exogenous tTGase for 48 hours. Cell viability 

was measured using the MTT assay to assess any toxic effects of exogenous tTGase. 

The results show that incubation of the cells in the presence of tTGase results in no 

toxic effects, in fact, significantly increased cell viability was observed (figure 7.3.4). 

Since the results could indicate an increase in cell number following the addition of 

exogenous tTGase investigations were undertaken to assess whether addition of 

tTGase affects cell growth rate. 3T3 fibroblasts were grown for 48 hours in the 

presence of the above indicated concentrations of tTGase and following the 

incubation trypsinised and the number of viable cells was determined by counting 

after staining with trypan blue. As shown in figure 7.3.5 there was no increase in cell 

number observed, indicating that addition of exogenous tTGase does not facilitate an 

increase in cell growth.
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Figure 7.3.3 Measurement of the extracellular matrix turnover in 

TG3+ cells in the presence of matrix metalloprotease inhibitor 

Ilomastat.

TG3+ cells labelled with [3H]-Proline for 48 hours as described in section

7.2.2. Following trypsinisation and re-seeding the labelled cells into 24- 

well plates, the cell growth medium was replaced with ‘cold’ medium 

containing general matrix metalloprotease inhibitor Ilomastat (25 pM) 

and changed daily. Control TG3+ cells were incubated in the absence of 

Ilomastat. The amount of incorporated radiolabel was measured over a 72 

hour time course in three separate fractions. A, cell growth medium 

fraction; B, cellular fraction; C, the ECM fraction. Results represent 

mean value ± SD from three separate experiments. Counts are normalised 

per pg of DNA in the cellular fraction.
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Figure 7.3.3 Measurement of the extracellular matrix turnover in TG3+ 

cells in the presence of matrix metalloprotease inhibitor Ilomastat.
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Figure 7.3.4 Measurement of cell viability following incubation 

in the presence of exogenous tTGase.

Cell viability following 48 hours incubation in the presence of 1-, 

10-, and 50 pg/ml of exogenous guinea pig liver tTGase was 

determined using the MTT assay as described in Methods 

(2.2.1.5.2). Control cells (non-induced clone TG3+) were incubated 

in the absence of exogenous tTGase and the results are expressed as 

a mean percentage of MTT reduction ± SD from three separate 

experiments.
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Figure 7.3.5 Determination of cell number following incubation in the 

presence of exogenous tTGase.

Cell number following a 48 hour incubation in the presence of 1 10-, and

50 pg/ml of exogenous guinea pig liver tTGase was determined by 

counting the viable cells by trypan blue exclusion. As a control TG3+ cells 

expressing endogenous level of tTGase were used. Results are expressed as 

a mean value ± SD from three separate experiments.
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To investigete whether exogenously added tTGase has an effect on matrix deposition 

and stability cells were labelled with [3H]-Proline and following labelling trypsinised 

and then re-seeded into 24-well plates where they were further grown for 48 hours. 

As shown in figure 7.3.6 addition of 50(Lig/ml of exogenous tTGase resulted in a 

significant increase in matrix deposition as shown by the increase in label measured. 

Lower concentrations of tTGase did not affect the amount of label found in the ECM 

fraction (figure 7.3.6). Matrix deposition was also not affected when 50 pg/ml of 

exogenous tTGase was added without pre-incubation of the enzyme in 5 mM DTT, 

indicating that the observed effect of increased matrix deposition was dependent on 

pre-activation of the enzyme (Jones et al, 1997).

In order to investigate whether addition of the pre-activated exogenous enzyme has 

an effect on the ECM turnover rate, labelled cells were incubated in the presence of 

50 pg/ml of active tTGase over a 144 hour period to look at the long term affect of 

tTGase on matrix turnover rate. The amount of incorporated radioactivity was 

measured in the fractions every 48 hours with a change of medium at the same time 

points. Two doses of exogenous enzyme were added to the cells at 0 and 48 hours 

and the amount of incorporated label counted in the cell medium, the cellular and the 

ECM fractions. Addition of the first dose of 50 pg/ml tTGase resulted in an increase 

in matrix deposition as reflected by the measured amount of label found in the ECM 

fraction. After the addition of the second dose of exogenous enzyme at 48 hours the 

label found in the matrix was even further increased, followed by a decrease of 

counts from all three fractions during the following time course (figure 7.3.7). These 

results indicate that addition of exogenous tTGase increases both cell matrix 

deposition and stability once the matrix is deposited, suggesting that a strongly cross- 

linked matrix increases its resistance to degradation by proteases and thus prolongs 

its turnover.

7.3.5 The resistance of the extracellular matrix to proteolytic breakdown

In order to further investigate whether cells overexpressing increased amounts of 

tTGase have more cross-linked matrix and whether an addition of exogenous tTGase 

contributes to the matrix resistance to proteolytic degradation cells were labelled in 

the presence of [ H]- Proline. Following labelling, cells were trypsinised and re-
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Figure 7.3.6 Measurement of matrix deposition of [3H] labelled TG3+ 

cells in the presence of exogenous tTGase.

The amount of incorporated [3H]-Proline was measured in the ECM 

fraction of TG3 fibroblasts following 48 hours incubation in the presence 

of 1-, 10-, and 50 pg/ml of exogenous tTGase. Control cells (non-induced 

clone TG3+) were incubated in the absence of exogenous gpl tTGase; 50(- 

DTT) represents cells incubated in the presence of tTGase that had not 

been pre-incubated with 5 mM DTT. Results represent mean value ± SD 

from three separate experiments.
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Figure 7.3.7 Matrix turnover of [3H] labelled TG3+ fibroblasts in the 

presence of 50jag/m l exogenous tTGase.

TG3+ cells labelled with [3H]-Proline for 48 hours as described in section

7.2.2. Following trypsinisation and re-seeding the labelled cells into 24- 

well plates, the cell growth medium was replaced with ‘cold’ medium  

and the cells were grown for a further 48 hours. The amount of the 

incorporated label was measured over a 144 hour time period in three 

separate fractions following addition of pre-activated exogenous tTGase 

(50 pg/ml) at 0 and 48 hours. A, cell growth medium fraction; B, the 

cellular fraction; C, the ECM fraction. Addition of tTGase is marked by 

arrows in panel C. Results represent mean value ± SD. Counts are 

normalised per pg of D N A  in the cellular fraction.
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Figure 7.3.7 Matrix turnover of [3H] labelled TG3+ fibroblasts 

in the presence of 50pg/ml exogenous tTGase.
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seeded into the 24-well plates and allowed to grow for 48 hours before the addition 

of exogenous tTGase. For the matrix digestion assay, the cells were removed with 

0.1%(w/v) sodium deoxycholate/2 mM EDTA (Jones et al., 1997) and the ECM was 

exposed to bacterial collagenase and trypsin degradation as described earlier (section 

7.2.3). To measure non-proteolytic release o f the label, the cells were incubated in 

the assay buffer without protease. As shown in figure 7.3.8 neither increased 

expression of tTGase nor the addition o f pre-activated exogenous enzyme increased 

matrix resistance to proteolytic degradation by microbial collagenase and trypsin.
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Figure 7.3.8 Matrix resistance to the proteolytic breakdown.

[3H]-Proline labelled TG3 cells induced and non-induced for the 

overexpression o f  tTGase were incubated in the presence or absence o f  

exogenous pre-activated 50 pg/ml guinea pig liver tTGase for 48 hours. 

Following the removal o f  the cells with 0.1%(w/v) sodium

deoxycholate/2 mM EDTA, matrix was exposed to digestion o f  

bacterial collagenase (0.2 mg/ml) or trypsin (0.0125% (w/v)). Matrix 

incubated without addition o f  proteases was used as a negative control 

to monitor non-proteolytic release o f  the incorporated label. Total 

counts were between 5000-19,000 cpm in the absence or presence o f  

exogenously added tTGase, respectively. Results are expressed as a 

mean percentage o f  digested matrix ± SD from two separate

experiments.
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7.4 Discussion

Despite the lack of classical leader sequence there is increasing evidence 

demonstrating the presence of tTGase in the extracellular matrix and on the surface 

of different cell types (Barsigian et al, 1991; Aeschlimann and Paulsson, 1994; 

Martinez et al, 1994; Aeschlimann et al, 1995; Jones et al, 1997; Verderio et al, 

1998 and 1999; Akimov et al, 2000). A high concentration of Ca 2+ and a low  

concentration of nucleotides in the extracellular environment provide the necessary 

environment for the activation of tTGase. Once outside the cell tTGase has the 

capacity of inducing qualitative changes to ECM proteins by cross-linking. There 

have been numerous reports linking tTGase to altered matrix turnover such as the 

development of fibrosis in various tissues, (Griffin et al, 1979; Johnson et al, 1999; 

Mirza et al, 1999; Piacentini et al, 1999; Small et al, 1999; Grenard et al, 2001). 

Previous studies with transfected Swiss 3T3 clone TG3 have demonstrated increased 

formation of fibronectin polymers and elevated levels of e-(Y-glutamyl)lysine cross

links in the cells induced for the overexpression of catalytically active tTGase 

(Verderio et al, 1998). Seen that increased expression and externalisation of the 

enzyme leads to more cross-links formed in the ECM, it is reasonable to expect that 

the matrix would be more resistant to proteolytic degradation, which in turn would 

slow down matrix turnover rate. In order to investigate the effects o f overexpression 

of tTGase on matrix turnover transfected cells were pulse labelled with [ S] labelled 

amino acids. Results in this chapter have shown that overexpression of catalytically 

active tTGase in transfected Swiss 3T3 fibroblasts did not affect the matrix turnover 

rate as the amount o f incorporated label into the matrix was decreasing at the same 

rate in both induced and non-induced cells over the 72 hour time course. Increased 

expression of catalytically active tTGase also did not have any effect of matrix 

deposition. A  significant decrease in the initial matrix deposition was observed when 

cells induced for the overexpression of tTGase were incubated in the presence of 

tTGase active site specific irreversible inhibitor Rob283, but during the time course 

those differences became insignificant. These results also suggest that the 

endogenous level of tTGase in the non-induced cells is high enough to promote total 

deposition of the matrix and increased expression of the enzyme does not alter this 

process. Matrix turnover experiments were further carried out by labelling the 

transfected fibroblasts with [3H]-Proline thus focusing more on collagen synthesis
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and turnover in the ECM as proline is a major component o f and is preferentially 

incorporated into collagen (Ziyadeh et al., 1994). The results were similar to the ones 

obtained from the [35S] labelled cells and showed no significant differences in either 

matrix deposition or matrix turnover, therefore suggesting that increased expression 

of catalytically active tTGase does not affect the turnover rate o f the ECM. No 

significant differences in the matrix deposition were observed when the cells induced 

for overexpression of the enzyme were incubated in the presence of tTGase site 

specific inhibitor Rob283, suggesting that the effects of tTGase inhibition observed 

in [35S]- labelled cells might not be related to collagen synthesis and deposition. A 

significant decrease in matrix degradation was observed when cells were incubated 

in the presence o f matrix metalloproteinase inhibitor Ilomastat when compared with 

non-treated controls, indicating that the developed method was sensitive to detect 

changes in matrix turnover rate.

Further experiments were earned out in order to investigate whether addition 

exogenous tTGase to the cultured cells would affect matrix deposition and turnover. 

Initially Swiss 3T3 fibroblasts were incubated in the presence of increasing 

concentrations o f exogenous guinea pig liver tTGase in order to examine whether the 

addition of exogenous enzyme has any cytotoxic effects. No cytotoxicity was 

detected when cell viability was measured by the MTT assay, in fact augmented 

MTT reduction was observed. Since no increase in cell number following the 

incubation in the presence of exogenous tTGase was observed, the results from the 

viability assay suggested that addition of exogenous tTGase to cultured cells might 

affect cell metabolism, particularly mitochondrial integrity and activity. When the 

[3H] labelled cells were incubated in the presence o f different concentrations of 

exogenously added tTGase for 48 hours, a significant increase in matrix deposition 

was observed when 50 jug/ml o f tTGase was used as revealed by the increased 

amount of incorporated label into the ECM fraction. Interestingly, no differences in 

matrix deposition were detected when the cells were incubated in the presence of 50 

pg/ml of tTGase that had not been pre-activated for 1 hour with 5 mM DTT (Jones et 

al, 1997), suggesting that the increase in the matrix deposition is dependent on the 

cross-linking activity of tTGase. When the effect of exogenous tTGase on matrix 

turnover was measured, two doses of 50 |ag/ml of tTGase were added to the TG3+ 

cells at 0 and 48 hours. Following the addition of exogenous tTGase an increase in
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the incorporated label in the ECM was observed with only a slight decrease in the 

amount of incorporated label over the last 48 hours of the time course.

To investigate whether the addition of exogenous tTGase leads to increased 

resistance of the ECM to proteolytic breakdown, which might account for the 

observations seen when adding exogenous tTGase, the matrix from the cells 

incubated in the presence or absence o f exogenous tTGase was exposed to digestion 

with microbial collagenase and trypsin. No differences in the matrix proteolysis rate 

was observed when measured by the release o f the [3H] label, indicating that the 

matrix might not be stabilised either by increased expression or the addition of 

exogenous tTGase to the cultured cells.

Matrix turnover of transfected 3T3 fibroblasts was monitored over a 72 hour time 

course. Although the increased deposition of ECM proteins in induced TG3 cells has 

been reported earlier (Verderio et al., 1999), no differences in matrix turnover rate 

were observed when monitored by the decrease of radioactive label in the 

extracellular fractions of both induced and non-induced cells. It is possible that a 

longer time period is necessary for tTGase to accumulate proteins in order to stabilise 

the surrounding matrix. A significant increase in the amount o f incorporated label 

into the ECM following the addition of exogenous tTGase, suggests that following 

release of a certain amount o f active tTGase into the matrix, this might induce the 

synthesis and/or deposition of ECM proteins. Addition of exogenous tTGase mimics 

the tissue wounding process, where following the physical injury cellular tTGase 

‘leaks’ into the surrounding ECM, where it becomes activated and can catalyse 

protein cross-linking reaction. In addition, an increase in tTGase expression within 

24 hours of wounding has been reported (Haroon et al., 1999), which could increase 

the amount of the enzyme in the ECM even more. Since increased expression of 

tTGase leads to an increased rate of latent TGF-(3 deposition into the ECM (Verderio 

et al., 1999), it is possible that also TGF-(3 could contribute to an increase in matrix 

protein synthesis (Ignots and Massague, 1986; Border et al., 1990; Border and 

Noble, 1994).

An increase in matrix deposition was only observed when exogenous tTGase was 

added to the cells following pre-incubation with DTT. It has been reported that only 

tTGase which had been pre-incubated with the reducing agent DTT was able to 

catalyse amine incorporation reaction (Jones et al., 1997), as the enzyme has to be in 

the reduced state to be catalytically active.
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The increased resistance of cross-linked matrix to proteolytic degradation by matrix 

metalloproteinase has been reported in vitro (Johnson et al, 1999). The results from 

this chapter have shown that addition of exogenous tTGase to the cells in vivo did not 

protect the ECM against proteolytic degradation when using microbial collagenase or 

trypsin. It is therefore possible that following cell injury and subsequent leakage of 

the enzyme into the ECM, tTGase induces the matrix synthesis, but despite the 

presence o f exogenous Ca , necessary for its activation, the enzyme rapidly 

becomes oxidised and stops catalysing the cross-linking reaction. As a consequence 

the matrix cannot be further cross-linked to increase resistance to proteolytic 

degradation.
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The cellular function o f tTGase has been focus o f intensive research. A variety o f  

different approaches have been used in order to evaluate the physiological role o f  

tTGase. Several studies have been undertaken using different inhibitors o f tTGase 

activity (Davies et al., 1984), however, these compounds often affect other biologically 

active molecules and cellular processes (Cornwell et al., 1983; Bungay et al., 1984). 

Other studies have used agents that increase the expression o f tTGase in cells, such as 

retinoids and sodium butyrate, but also these compounds may cause induction o f  

expression o f other genes as well as biological responses not specific to tTGase (Moore 

et al, 1984; Davies et al., 1985; Chiocca et al., 1989; Chen et al., 2001). A number o f  

reports have been published where the function o f tTGase has been investigated using 

cell lines stably transfected with tTGase cDNA in sense or antisense orientation (Gentile 

et al., 1992; Melino et al., 1994; Mian et al., 1995; Jones et al, 1997 and 2001; Verderio 

et al., 1998). Recently the establishement o f tTGase knockout mouse lines have 

provided further information on importance o f  tTGase in cell adhesion, wound healing, 

and apoptosis (De Laurenzi and Melino, 2001; Nanda et al., 2001).

The construction and use o f Swiss 3T3 clones inducible for the overexpression o f  

catalytically active and inactive (Cys277Ser mutant) tTGase allowed the evaluation o f  

tTGase functions, which are/are not dependent on the cross-linking activity o f the 

enzyme. By using DNA arrays, the expression pattern o f  genes was investigated in a 

transfected cell system where the only variable was the amount o f expressed 

catalytically active or inactive tTGase protein in the cells. No widespread differences 

between gene expression patterns in cells overexpressing catalytically active or inactive 

forms o f  tTGase when compared to their non-induced counterparts were observed. 

Although only a part (1,200 genes) o f the genome was analysed, and it cannot at this 

stage be postulated that tTGase has no affect on gene expression. However, the results 

have indicated that any changes in cell behaviour following the induction o f tTGase 

expression are likely to be the direct effects o f tTGase and not that o f other genes. In 

addition, characterisation o f inducible clones, revealed that the ability o f  the Cys277Ser 

mutant and wild type tTGase in the transfected cell lines to bind to fibronectin was
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found to be comparable, thus being a supporting finding for further investigations as it 

has recently been shown that binding o f tTGase to fibronectin is critical for the enzyme 

cell-surface localisation (Gaudry et al., 1999). The ability o f both forms o f tTGase to 

bind GTP was also comparable, indicating that the function o f  tTGase as a GTP- binding 

protein was not affected following the mutation o f the active site.

The functional role played by tTGase in cell migration has never been clearly 

established despite observations indicating that tTGase is involved in cell adhesion and 

spreading (Gentile et al., 1992; Jones et al., 1997; Verderio et al., 1998; Akimov et al, 
2000). Cells overexpressing transfected tTGase were used to study the role o f tTGase in 

the migration o f fibroblasts, an event which is important in a number o f  normal and 

pathological processes including the early stages o f soft tissue repair, embryonic 

development and tumour progression (Cariello et al, 1984 and 1994; Bowness et al., 
1987 and 1988; Upchurch et al., 1991; Johnson et al., 1994 and 1997; Haroon et al.,
1999). It was demonstrated that fibroblasts overexpressing catalytically active and 

inactive forms o f tTGase both showed a decreased rate o f migration on fibronectin, 

which in the case o f the inducible clones was accompanied by enhanced cell attachment 

on fibronectin, suggesting that the cross-linking activity o f tTGase was not responsible 

for the observed effects. The role o f tTGase in mediating cell adhesion has been 

suggested previously (Gentile et al., 1992; Jones et al, 1997). Isobe and co-authors 

demonstrated that in vitro cell adhesion mediated by tTGase was not dependent on its 

cross-linking activity and was dependent in association with the a4(31 integrins (Isobe et 

al, 1999). The results presented here are in agreement with the above statement, since 

both forms o f tTGase had similar effect on cell migration and a variety o f tTGase 

inhibitors failed to alter cell migration. The ability o f the tTGase directed monoclonal 

antibody Cub7402 to reduce cell migration indicated that the cell surface enzyme is an 

essential component in the migration o f cells. Increasing evidence supports the role o f  

cell surface associated tTGase in cell adhesion and migration independently o f its cross- 

linking activity (Akimov et al., 2000 and 2001; Belkin et al, 2001). Alternatively, 

tTGase could still act as a GTP-binding protein in controlling cell migration, although 

the ability o f cell surface directed tTGase antibodies to block migration strongly 

suggests it to be a cell surface event. In addition, the ability o f tTGase antibodies to
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block both cell attachment and cell migration is comparable to the outcome observed 

when cells are incubated with antibodies directed to the cell surface region o f the Pi and 

as integrins (Fogerty et al, 1990). Therefore the results described here suggest that 

tTGase acts as a novel cell surface binding protein providing additional cell-matrix 

contacts rather than as a cross-linking enzyme in its ability to modulate cell migration. 

Important to the hypothesis that the cell surface related tTGase can mediate changes in 

cell migration is that the both active and inactive (Cys277Ser mutant) forms o f the 

enzyme have similar cellular distributions and localisation on the cell surface and in the 

extracellular matrix. Despite lacking a classical hydrophobic leader sequence and 

showing the characteristics o f a cytoplasmic protein, the presence o f tTGase has been 

detected in the cell membrane fraction (Griffin et al, 1978; Barnes et al, 1985; Slife et 
al, 1985; Tyrrell et al, 1986; Juprelle-Soret et al, 1988), and in ECM (Barsigian et al, 

1991; Aeschlimann and Paulsson, 1994; Martinez et al, 1994; Jones et al, 1997; 

Johnson et al, 1997 and 1999; Verderio et al, 1998). The results shown here indicated a 

similar distribution o f  both forms o f the enzyme in the cells cytosol and membrane. In 

addition, co-localisation with fibronectin along the plasma membrane o f  both forms of  

the enzyme was observed. The presence o f increased amounts o f both forms o f tTGase 

on the cell surface following induction o f  tTGase expression supported the previously 

demonstrated role o f the enzyme in cell migration by acting as a cell surface receptor. 

Flow cytometry data reported here are in agreement with the results published recently, 

showing the presence o f catalytically active and inactive forms o f  tTGase on the cell 

surface o f fibroblasts (Akimov et al, 2000).

Since the increased expression o f catalytically active tTGase leads to increased 

externalisation and deposition o f  the enzyme into the ECM (Verderio et al, 1998), it is 

therefore possible that the enzyme deposited into the ECM can also influence cell 

migration. Results published by Isobe and co-authors have demonstrated that cell 

adhesion on tTGase coated surfaces was dependent on association o f the enzyme with 

the a 4 p i integrins (Isobe et al, 1999). Surprisingly however, only cells overexpressing 

the catalytically active form o f  tTGase showed increased and detectable amounts o f  

tTGase antigen deposited in the ECM and present in the cell growth medium, indicating 

that not all secreted tTGase is associated with the ECM. In addition, this novel finding
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indicates that either the cross-linking activity or the active site thiol (Cys277) might be 

necessary for the full externalisation o f the enzyme. Similar results have been observed 

with another member o f the non-conventionally secreted proteins -  fibroblast growth 

factor 1. It has been reported that several cysteine residues were found to be necessary 

for FGF-1 release since a FGF-1 Cys-free mutant was not secreted in response to heat 

shock (Jackson et al, 1995). Further analysis o f FGF-1 Cys mutants demonstrated that 

residue Cys30 was critical for FGF-1 release in response to heat shock (Tarantini et al., 

1995). Since inhibitors o f tTGase activity failed to prevent the enzyme from being 

secreted, this initially suggests that the cross-linking activity o f  tTGase is not required 

for the complete secretory process. However these inhibitors may not access the active 

site until the enzyme is in its active conformation, which is achieved in the presence o f  

Ca2+, which is most likely to occur when the enzyme is already at the cell surface. 

Derived from X-ray crystallographic studies on Factor XHIa, a novel mechanism for 

transglutaminase activation has been proposed based on the identification o f two non

proline m -peptide bonds, which are thought to act as a conformational switch between 

catalytically active and inactive states o f transglutaminase (Weiss et al., 1998). Since 

these regions o f the two cis peptide bonds exhibit a high degree o f sequence 

conservation among transglutaminases, and the finding that one o f them is close to the 

active site, it is therefore very likely that these cis peptide bonds do also occur in all 

other transglutaminases at these sites (Weiss et al., 1998). It is therefore possible that the 

Cys277Ser mutation within the tTGase active site has altered the tertiary conformation 

o f  the enzyme and as a consequence has affected both activity and secretion o f tTGase. 

Therefore, it cannot be ruled out that the active site thiol (Cys277) has two important 

roles in the secretory mechanism o f the enzyme; one that is essential to the folding o f  the 

protein to achieve a conformation necessary for the secretion and the other in the cross- 

linking mechanism o f the enzyme.

In accordance with these new findings site directed mutagenesis was performed whereby 

Tyr274 was replaced by Ala within the potential tTGase cis peptide bond close to the 

active site region (Weiss et al., 1998). Swiss 3T3 cells were then stably transfected with 

the active (wild type) and mutated (Tyr274Ala) tTGase constructs. TTGase canying the 

mutation Tyr274Ala retained the ability to bind to fibronectin and GTP, although the
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mutated form o f  tTGase showed a decreased amount o f the enzyme bound to GTP when 

compared with the wild type tTGase, suggesting that the Tyr274Ala mutation has 

affected the GTP-binding function o f tTGase. Interestingly, the cells expressing the 

mutated Tyr274Ala form o f  tTGase showed lower levels o f membrane bound and cell 

surface associated enzyme, indicating that this mutation has affected the ability o f the 

enzyme to integrate into the membrane and subsequently be transported to the cell 

surface. Since the mutant Tyr274Ala form o f  tTGase was not detected in the cell culture 

medium and in the extracellular matrix, the results suggest that the conformation o f the 

active site o f  the enzyme is important for its translocation through the membrane and 

secretion into the ECM. The results are summarised in figure 8.1 which demonstrates 

that the conformation o f this active site region o f the enzyme or possibly the cross- 

linking activity o f the enzyme is a major factor in the mechanism, which governs the full 

secretion and deposition o f the enzyme into the extracellular matrix. The results suggest 

that secretion o f  the enzyme might be connected to the cis to trans isomerisation o f the 

non-proline cis peptide bonds. The catalytic centre o f tTGase is completely buried and 

thus inaccessible to the substrate, therefore it has been speculated that the active trans 

conformation may occur in the enzyme on the binding o f Ca2+ and substrate. Such a 

process would take place once tTGase reaches the cell surface where both Ca2+ and 

substrates, such as fibronectin, are immediately available to the enzyme.

Despite the intensive research, the exact mechanism o f tTGase secretion is still not 

known. The externalisation o f the enzyme has been speculated to occur in close 

association with fibronectin (Gaudry et al, 1999a) and integrins (Gaudry et al, 1999b; 

Akimov et al, 2000). Both immunohistochemical and immunogold electron microscopy 

analysis have demonstrated that tTGase is found in clusters with fibronectin at the cell 

surface (Gaudry et al, 1999a). Later it was suggested that the enzyme might be 

concentrated at points o f  focal adhesion assembly (Gaudry et al, 1999b). Co

localisation o f  the enzyme with p i integrin was observed at early time points during cell 

spreading (Gaudry et al., 1999b). Co-immunoprecipitation studies have demonstrated 

the association o f tTGase with p i and p3 integrins on the cell surface (Akimov et al,

2000). These authors also observed that integrin-tTGase complexes were formed inside
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Figure 8.1 Cellular distribution of wild type, mutant Cys277Ser, and 

Tyr274Ala tTGases.
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the cell early during biosythesis, suggesting that integrins might be involved in 

transporting tTGase to the cell surface (Akimov et al., 2000). It is therefore possible that 

the hot fluorescent spots observed in transiently transfected cells in this study (see figure 

5.3.2) could represent the same clusters and indicate the potential externalisation sites o f  

the enzyme.

Increasing evidence has shown that the lipid bilayer o f the plasma membrane consists o f  

different subdomains and the cholesterol- and sphingolipid- rich microdomains also 

known as lipid rafts have attracted much interest recently (Simons and Ikonen; 1997; 

Brown and London, 2000). Early studies suggested that integrins were not localised to 

lipid rafts (Fra et al., 1994), but recently integrins have been found to be raft associated 

(Green et al, 1999; Krauss and Altevogt, 1999; Skubitz et al, 2000). Recent report has 

shown that a 4 p l integrins are greatly enriched in the lipid raft compartment o f the 

membrane (Leitinger and Hogg, 2002), and since tTGase has been found in close 

association with the (31 integrins on the cell surface (Gaudiy et al, 1999b; Akimov et 

al, 2000) it is tempting to speculate that the same structures might be involved in the 

secretion mechanism o f the enzyme. Preliminary studies have indicated, that following 

depletion o f cholesterol from membrane rafts by treatment with methyl-(3-cyclodextrin, 

the amount o f tTGase on the cell surface increases (figure 8.2). Therefore it is possible 

that secretion o f tTGase involves translocation through membrane rafts. Disruption o f  

raft integrity through depletion o f membrane cholesterol with methyl-p-cyclodextrin was 

shown to completely disrupt a4(31 cluster formation (Leitinger and Hogg, 2002). Since 

treatment o f the cells with methyl-p-cyclodextrin has been demonstrated to have an 

effect on both integrin function and tTGase cell surface localisation, it is possible that 

tTGase reaches the cell surface in association with integrins through specific plasma 

membrane microdomains -  rafts, but to support this hypothesis more data are required. 

Therefore purification o f membrane rafts and confirmation o f  tTGase localisation in 

those structures is essential. In addition, investigation o f proteins associated with both 

membrane rafts and tTGase could provide more information on potential secretion 

mechanisms o f the enzyme in future.
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Figure 8.2 Flow cytometry analysis of cell surface tTGase in 3T3 cells 

treated and 11011-treated with 5 mM methyl-p-cyclodextrin.

lx lO 6induced TG 3-cells were trypsinised and treated in suspension with 5 

mM methyl-p-cyclodextrin for 2 hours at 37°C. After treatment cells were 

labelled for the cell surface tTGase with Cub7402 followed by FITC- 

labelled anti- mouse secondary antibody and analysed by flow  cytometry. 

Non-treated TG3- cells were used as a control. As a negative control TG3- 

cells were labelled with non-immunogenic mouse IgG followed by FITC- 

labelled mouse secondary antibody. Inserts show the percentage o f  

positively labelled cell population.
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Increased expression and activity o f tTGase during dermal wound healing has been 

demonstrated (Bowness et al., 1987 and 1988; Haroon et al., 1999). The results from our 

lab have also shown that increased expression o f  tTGase leads to increased secretion of  

the enzyme into the ECM (Verderio et al., 1998). The increased expression o f tTGase by 

endothelial cells and macrophages migrating into the healing wound was suggested to 

stabilise the newly synthesised granulation tissue by cross-linking (Haroon et al., 1999). 

Results here have demonstrated that overexpression and subsequently increased 

externalisation o f catalytically active tTGase does not affect the matrix turnover rate o f  

transfected Swiss 3T3 fibroblasts. However, a significant decrease in total matrix 

deposition was observed when cells overexpressing the catalytically active form o f  

tTGase were incubated in the presence o f the tTGase active site specific inhibitor 

Rob283, suggesting that the endogenous level o f active tTGase in the transfected cells is 

required for matrix deposition/stabilisation and it is sufficient to sustain this process. 

Since a similar decrease in matrix deposition by Rob283 was not observed when 

monitoring collagen turnover using [3H]-Proline, the results indicate that the deposition 

o f ECM proteins other than collagen might be dependent on the expression o f the 

catalytically active tTGase. Although the increased tTGase-mediated polymerisation o f  

fibronectin in induced TG3 fibroblasts has been reported to occur at as early as 4 hours 

(Verderio et al., 1998), no differences in matrix turnover rate between induced and non- 

induced cells were observed in pulse-labelled fibroblasts chased at 24, 48 and 72 hours. 

It remains to be investigated whether either a time period longer than 72 hours is 

necessary for the overexpressed tTGase to accumulate into the ECM and to stabilise the 

surrounding matrix or whether an increase in ECM deposition by tTGase is detectable 

only at early time points (<24 hours) when tTGase from the non-induced cells might not 

have sufficiently accumulated in the matrix.

A clearly significant increase in collagen matrix deposition was observed when 50pg/ml 

o f exogenous tTGase was added to the cells. Interestingly, an increase in matrix 

deposition was only observed when exogenous tTGase was added to the cells following 

pre-incubation with DTT, indicating that the enzyme has to be in the reduced state to be 

catalytically active (Jones et al., 1997). Addition o f exogenous tTGase can imitate the 

wound healing process, where following the physical injury cellular tTGase Teaks’ into
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the surrounding ECM, where it is predicted to become activated and catalyse protein 

cross-linking reaction. Increased expression o f tTGase under stress conditions, such as 

that resulting from tissue insult can lead to increased matrix deposition and cross-linking 

and may result in the development o f  fibrotic tissue leading to excessive scarring. There 

are a number o f reports linking tTGase to the development o f fibrotic disorders in 

various tissues, (Griffin et al, 1979; Johnson et al., 1999; Mirza et al, 1999; Piacentini 

et al, 1999; Small et al, 1999; Grenard et al, 2001), however the molecular basis for 

this process has never been fully understood.

Since the increased expression o f tTGase leads to an increased rate o f  latent TGFp-1 

deposition into the ECM (Verderio et al, 1999), it is possible that TGFp-1 could also 

contribute to an increase in matrix protein synthesis (Ignotz and Massague, 1986; Border 

et al, 1990; Border and Noble, 1994). Therefore the observed increase in matrix 

deposition following addition o f exogenous tTGase could be either due to a direct effect 

o f tTGase on matrix cross-linking or/and to the ability o f  tTGase to increase matrix- 

bound TGFp (Verderio et al, 1999).

The isopeptide bonds formed as a result o f tTGase catalytic activity are reported to be 

resistant to chemical, physical and proteolytic breakdown (Lorand and Conrad, 1984). 

The increased resistance o f a tTGase cross-linked matrix to proteolytic degradation in 

vitro has been reported previously (Johnson et al, 1999). The authors showed that 

purified collagen fibrils became more resistant to MMP-mediated proteolytic 

degradation when pre-treated with tTGase. The results reported here have demonstrated 

that addition o f exogenous tTGase to the cells does not protect the ECM against 

proteolytic degradation by microbial collagenase or trypsin, although it greatly enhances 

matrix deposition. It is possible that in the cell system used in this study, exogenous 

tTGase may induce an increase in matrix synthesis initially, before becoming oxidised in 

the extracellular environment and therefore unable to catalyse further cross-linking and 

stabilisation against proteolytic degradation. In the study undertaken by Johnson et al 

(1999) the increased resistance o f  collagen to digestion with MMP-1 was observed. 

MMP-1 digests collagen close to glutamine residues (Nagasse and Fields, 1996), which 

are the potential residues involved in cross-linking reaction. Microbial collagenase and 

trypsin, the enzymes used in this study, do not show such specificity, therefore further
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investigations should be undertaken to clarify the role o f tTGase in stabilisation o f the 

ECM to proteolytic breakdown in vivo by MMPs.

The majority o f roles attributed to tTGase are in connection with the localisation o f the 

enzyme in the ECM. The frequent association o f  increased synthesis o f  tTGase and the 

accumulation o f  its extracellular cross-linked products with wound healing and fibrotic 

processes suggests that induction o f tTGase is part o f a cellular stress response. An 

enzyme with the ability to modify a variety o f intra- and extracellular substrates can 

contribute to diverse biological processes in development, tissue homeostasis and repair. 

In some cases this stress response might be exaggerated and lead to the development o f  

fibrosis, or even induce autoimmunity contributing to the development o f the pathology 

associated with coeliac disease (Dieterich et al, 1997; Sulkanen et al, 1998). By virtue 

o f its wide range o f  substrate proteins, intra- and extracellular localisation, and 

responsiveness to signals that regulate development, inflammation, wound healing and 

cell death, tTGase appears to be an integral component o f cellular responses controlling 

tissue homeostasis. Elucidation o f the mechanism for tTGase secretion and the ability to 

modulate this could therefore be o f  great importance in treating diseases associated with 

inappropriate expression o f  the enzyme.

217



References



References

References

Achyuthan, K.E., Goodell, R.J., Kennedye, J.R., Lee, K.N., Henley, A., Stiefer, J.R. 
and Birckbichler PJ. (1995). Immunochemical analyses o f  human plasma fibronectin- 
cytosolic transglutaminase interactions. J. Immunol Methods, 180, 69-79

Achyuthan, K.E. and Greenberg, C.S. (1987). Identification o f a guanosine 
triphosphate binding site on guinea pig liver transglutaminase. Role o f  GTP and calcium 
ions in modulating activity. J. Biol Chem., 262, 1901-1906.

Achyuthan, K.E., Mary, A. and Greenberg, C.S. (1988). The binding sites on 
fibrin(ogen) for guinea pig liver transglutaminase are similar to those o f blood 
coagulation factor XIII. Characterization o f  the binding o f liver transglutaminase to 
fibrin. J. Biol. Chem., 263, 14296-14301

Adams, J.C. and Watt, F.M. (1993). Regulation o f  development and differentiation by 
the extracellular matrix. Development, 117, 1183-1198

Adany, R. (1996). Intracellular factor XIII: cellular distribution o f  factor XIII subunit a 
in humans. Seminars Thromb. Hemost., 22, 399-408

Adany, R., Bardos, H., Antal, M., Modis, L., Sarvary, A., Szucs, S. and Balogh, I.
(2001). Factor XIII o f blood coagulation as a nuclear crosslinking enzyme. Thromb 
Haemost., 85, 845-851

Aeschlimann, D. (2001). Transglutaminases: protein cross-linking enzymes in tissues 
and body fluids. IN: Workshop on transglutaminases, protein cross-linking and celiac 
disease. September 14-15, Tampere, Finland.

Aeschlimann, D., Kaupp, O. and Paulsson, M. (1995). Transglutaminase-catalyzed 
matrix cross-linking in differentiating cartilage: identification o f  osteonectin as a major 
glutaminyl substrate. J. Cell Biol., 129, 881-892

Aeschlimann, D., Koeller, M.K., Allen-Hoffmann, B.L. and Mosher, D.F. (1998). 
Isolation o f  a cDNA encoding a novel member o f  the transglutaminase gene family from 
human keratinocytes. Detection and identification o f transglutaminase gene products 
based on reverse transcription-polymerase chain reaction with degenerate primers. J. 
Biol. Chem., 273, 3452-3460

Aeschlimann, D. and Paulsson, M. (1991). Cross-linking o f  laminin-nidogen 
complexes by tissue transglutaminase. J. Biol. Chem., 266, 15308-15317

Aeschlimann, D. and Paulsson, M. (1994). Transglutaminases : Protein cross-linking 
enzymes in tissues and body fluids. Thrombosis and Haemostasis, 4, 402-415

218



References

Aeschlimann, D. and Thomazy, V. (2000). Protein crosslinking in assembly and 
remodelling o f extracellular matrices: the role o f transglutaminases. Connect. Tissue 
Res., 41, 1-27

Aeschlimann, D., Paulsson, M. and Mann, K. (1992). Identification o f Gln726 in 
nidogen as the amine acceptor in transglutaminase-catalyzed cross-linking o f laminin- 
nidogen complexes. J. Biol. Chem., 267, 11316-11321

Aeschlimann, D., Wetterwald, A., Fleisch, H. and Paulsson, M. (1993). Expression o f  
tissue transglutaminase in skeletal tissues correlates with events o f terminal 
differentiation o f chondrocytes. J. Cell Biol, 120, 1461-1470

Akagi, A., Tajima, S., Ishibaslii, A., Matsubara, Y., Takehana, M., Kobayashi, S. 
and Yamaguchi, N. (2002). Type XVI collagen is expressed in factor XIIIa+ monocyte- 
derived dermal dendrocytes and constitutes a potential substrate for factor XHIa. J. 
Invest. Dermatol., 118, 261-21A

Akimov, S.S. and Belkin, A.M. (2001). Cell surface tissue transglutaminase is involved 
in adhesion and migration o f monocytic cells on fibronectin. Blood, 98, 1567-1576

Akimov, S.S., Krylov, D., Fleischman, L.F. and Belkin, A.M. (2000). Tissue 
transglutaminase is an integrin-binding adhesion coreceptor for fibronectin. J. Cell Biol., 
148, 825-838

Akiyama, S.K., Yamada, S.S., Chen, W.T. and Yamada, K.M. (1989). Analysis o f  
fibronectin receptor function with monoclonal antibodies: roles in cell adhesion, 
migration, matrix assembly, and cytoskeletal organization. J. Cell Biol., 109, 863-875

An, G., Meka, C.S., Bright, S.P. and Veltri, R.W. (1999). Human prostate-specific 
transglutaminase gene: promoter cloning, tissue-specific expression, and down- 
regulation in metastatic prostate cancer. Urology, 54, 1105-1111

Anderson, R.P., Degano, P., Godkin, A.J., Jewell, D.P. and Hill, A.V. (2000). In vivo 
antigen challenge in celiac disease identifies a single transglutaminase-modified peptide 
as the dominant A-gliadin T-cell epitope. Nat. Med., 6, 337-342

Andrei, C., Dazzi, C., Lotti, L., Torrisi, M.R., Chimini, G. and Rubartelli, A.
(1999). The secretory route o f the leaderless protein interleukin lbeta involves 
exocytosis o f  endolysosome-related vesicles. Mol. Biol. Cell, 10, 1463-1475

Arends, M.J. and Wyllie, A.H. (1991). Apoptosis: mechanisms and roles in pathology. 
Int. Rev. Exp. Pathol., 32, 223-254

219



References

Arentz-Hansen, H., Korner, R., Molberg, O., Quarsten, H., Vader, W., Kooy, Y.M., 
Lundin, K.E., Koning, F., Roepstorff, P., Sollid, L.M. and McAdam, S.N. (2000). 
The intestinal T cell response to alpha-gliadin in adult celiac disease is focused on a 
single deamidated glutamine targeted by tissue transglutaminase. J. Exp. Med., 191, 603- 
612

Auld, G.C., Ritchie, H., Robbie, L.A. and Booth, N.A. (2001). Thrombin upregulates 
tissue transglutaminase in endothelial cells: a potential role for tissue transglutaminase in 
stability o f  atherosclerotic plaque. Arterioscler. Thromb. Vase. Biol, 21, 1689-1694

Baek, K.J., Das, T., Gray, C.D., Desai, S., Hwang, K.C., Gacchui, R., Ludwig, M. 
and Im, M.J. (1996). A  50 kDa protein modulates guanine nucleotide binding o f  
transglutaminase II. Biochemistry, 35, 2651-2657

Bale, M.D. and Mosher, D.F. (1986). Thrombospondin is a substrate for blood 
coagulation factor XHIa. Biochemistry, 25, 5667-5673

Ball, D.J., Mayhew, S., Vernon, D.I., Griffin, M. and Brown, S.B. (2001). Decreased 
efficiency o f trypsinization o f cells following photodynamic therapy: evaluation o f  a role 
for tissue transglutaminase. Photochem. Photobiol., 73,47-53

Ballerini, G., Guerra, S., Rodeghiero, F. and Castaman, G. (1985). A  contribution to 
the pathology o f  acquired plasma factor XIII deficiency. Semin. Thromb. Hemost., 11, 
357-361

Ballestar, E., Abad, C. and Franco, L. (1996). Core histones are glutaminyl substrates 
for tissue transglutaminase./ .  Biol. Chem., 271, 18817-18824

Barnes, R.X., Bungay, P.I., Elliott, B.M., Walton, P.L. and Griffin, M. (1985). 
Alterations in the distribution and activity o f  transglutaminase during tumour growth and 
metastasis. Carcinogenesis, 6, 459-463

Barry, E.L.R. and Mosher, D.F. (1988). Factor XIII cross-linking o f fibronectin at 
cellular matrix assembly sites. J. Biol. Chem., 263, 10464-10469

Barry, E.L.R. and Mosher, D.F. (1989). Factor XHIa-mediated cross-linking o f  
fibronectin in fibroblast cell layers. J. Biol. Chem., 264,4179-4185

Barry, E.L. and Mosher, D.F. (1990). Binding and degradation o f blood coagulation 
factor XIII by cultured fibroblasts. J. Biol. Chem., 265, 9302-9307

Barsigian, C., Stern, A.M. and Martinez, J. (1991). Tissue (type II) transglutaminase 
covalently incorporates itself, fibrinogen, or fibronectin into high molecular weight 
complexes on the extracellular surface o f isolated hepatocytes. J  Biol Chem., 266, 
22501-22509

220



References

Baskova, I.P. and Nikonov, G.I. (1985). Destabilase: an enzyme o f  medicinal leech 
salivary gland secretion hydrolyzes the isopeptide bonds in stabilized fibrin. Biokhimiia, 
50,424-431

Battaglia, D.X. and Shapiro, B.M. (1988). Hierarchies o f  protein cross-linking in the 
extracellular matrix: involvement o f  an egg surface transglutaminase in early stages o f  
fertilization envelope assembly. J. Cell Biol, 107, 2447-2454

Bazzigaluppi, E., Lampasona, V., Barer a, G., Venerando, A., Bianchi, C., 
Chiumello, G., Bonifacio, E. and Bosi, E. (1999), Comparison o f tissue 
transglutaminase-specific antibody assays with established antibody measurements for 
coeliac disease. J. Autoimmun., 12, 51-56

Belkin, A.M., Akimov, S.S., Zaritskaya, L.S., Ratnikov, B.I., Deryugina, E.I. and 
Strongin, A.Y. (2001). Matrix-dependent proteolysis o f surface transglutaminase by 
membrane-type metalloproteinase regulates cancer cell adhesion and locomotion. J. 
Biol Chem., 276, 18415-18422

Beninati, S., Abbruzzese, A. and Cardinali, M. (1993). Differences in the post- 
translational modification o f  proteins by polyamines between weakly and highly 
metastatic B16 melanoma cells. Int. J. Cancer, 53, 792-797

Birckbichler, P.J., Orr, G.R., Patterson, M.K. Jr., Conway, E. and Carter, H.A.
(1981). Increase in proliferative markers after inhibition o f transglutaminase. Proc. Natl. 
Acad. Sci. USA,  78, 5005-5008

Birckbichler, P.J. and Patterson, M.K. Jr. (1978). Cellular transglutaminase, growth, 
and transformation. Ann. N  YAcad. Sci., 312, 354-365

Birckbichler, P.J. and Patterson, M .K. Jr. (1980). Transglutaminase and epsilon- 
(gamma-glutamyl) lysine isopeptide bonds in eukaryotic cells. Prog. Clin. Biol Res., 41, 
845-855

Bohn, H., Haupt, H. and Kranz, T. (1972). Molecular structure o f human fibrin 
stabilizing factors. Blut, 25, 235-248

Border, W .A. and Noble, N.A. (1994). Transforming growth factor beta in tissue 
fibrosis. N. Engl. J. Med., 331, 1286-1292

Border, W .A., Okuda, S., Languino, L.R. and Ruoslahti, E. (1990). Transforming 
growth factor-beta regulates production o f  proteoglycans by mesangial cells. Kidney Int., 
37, 689-695

Border, W .A. and Ruoslahti, E. (1992). Transforming growth factor-beta in disease: 
the dark side o f tissue repair. J. Clin. Invest., 90, 1-7

221



References

Borth, W., Chang, V., Bishop, P. and Harpel, P.C. (1991). Lipoprotein (a) is a 
substrate for factor XHIa and tissue transglutaminase. J. Biol. Chem., 266, 18149-18153

Bottenus, R.E., lchinose, A. and Davie, E.W. (1990). Nucleotide sequence o f the gene 
for the |3-subunit o f human factor XIII. Biochemistry, 29, 11195-11209

Bowness, J.M., Henteleff, H. and Dolynchuk, K.N. (1987). Components o f increased 
labelling with putrescine and fucose during healing o f skin wounds. Connect. Tissue 
Res., 16, 57-70

Bowness, J.M ., Tarr, A.H. and Wong, T. (1988). Increased transglutaminase activity 
during skin wound healing in rats. Biochem. Biophys. Acta., 967, 234-240

Brandts, J.F., Halvorson, H.R. and Brennan, M. (1975). Consideration o f the 
possibility that the slow step in protein denaturation reactions is due to cis-trans 
isomerism o f proline residues. Biochemistry, 1 4 ,4953-4963

Brandts, J.F. and Lin, L.N. (1986). Proline isomerization studied with proteolytic 
enzymes. Methods Enzymol, 131, 107-126

Brinster, R.L, Chen, H.Y., Warren, R., Sarthy, A. and Palmiter, R.D. (1982). 
Regulation o f metallothionein-thymidine kinase fusion plasmids injected into mouse 
eggs. Nature, 296, 39-42

Brown, D.A. and London, E. (2000). Structure and function o f  sphingolipid- and 
cholesterol-rich membrane rafts. J. Biol. Chem., 2 7 5 ,17221-17224

Brown, R.E., Jarvis, K.L. and Hyland, K.J. (1989). Protein measurement using 
bicinchoninic acid: elimination o f interfering substances. Anal. Biochem., 180, 136-139

Bungay, P.J., Owen, R.A., Coutts, .IC. and Griffin, M. (1986). A role for 
transglutaminase in glucose-stimulated insulin release from the pancreatic beta-cell. 
Biochem. J., 235, 269-278

Bungay, P.J., Potter, J.M. and Griffin, M. (1984). A role for polyamines in stimulus- 
secretion coupling in the pancreatic beta-cell. Biosci. Rep., 4, 869-877

Bures, D.M. and Goldsmith, L.A. (1978). Localization o f  transglutaminase in adult 
chicken epidermis. Arch. Dermatol. Res., 262, 329-332

Buxman, M.M. and Wuepper, K.D. (1975). Keratin cross-linking and epidermal 
transglutaminase. A review with observations on the histochemical and
immunochemical localization o f  the enzyme. J. Invest. Dermatol, 65, 107-112

Buxman, M.M. and Wuepper, K.D. (1976). Isolation, purification and characterization 
o f bovine epidermal transglutaminase. Biochim. Biophys. Acta, 452, 356-369

222



References

Byrd, J.C. and Lichti, U. (1987). Two types o f  transglutaminase in the PC 12 
pheochromocytoma cell line. Stimulation by sodium butyrate. J. Biol. Chem., 262, 
11699-11705

Cai, D., Ben, T. and De Luca, L.M. (1991). Retinoids induce tissue transglutaminase in 
NIH-3T3 cells. Biochem. Biophys. Res. Commun., 175, 1119-1124

Candi, E., Melino, G., Mei, G., Tarcsa, E., Chung, S.I., Marekov, L.N. and Steinert, 
P.M. (1995). Biochemical, structural, and transglutaminase substrate properties o f  
human loricrin, the major epidermal cornified cell envelope protein. J. Biol. Chem., 270, 
26382-26390

Candi, E., Oddi, S., Terrinoni, A., Paradisi, A., Ranalli, M., Finazzi-Agro, A. and 
Melino, G. (2001). Transglutaminase 5 cross-links loricrin, involucrin, and small 
proline-rich proteins in vitro. J. Biol. Chem., 276, 35014-35023

Cariello, L., Wilson, J. and Lorand, L. (1984). Activation o f  transglutaminase during 
embryonic development. Biochemistry, 23, 6843-6850

Cariello, L., Zanetti, L. and Lorand, L. (1994). Effects o f inhibiting transglutaminase 
during egg fertilization and development. Biochem. Biophys. Res. Commun., 205, 565- 
569

Carrell, N.A., Erickson, H.P. and McDonagh, J. (1989). Electron microscopy and 
hydrodynamic properties o f  factor XIII subunits. J. Biol. Chem., 264, 551-556

Chakravarty, R. and Rice, R.E. (1989). Acylation o f keratinocyte transglutaminase by 
palmitic and myristic acids in the membrane anchorage region. J. Biol. Chem., 264, 
625-629

Chambon, P. (1994). The retinoid signaling pathway: molecular and genetic analyses. 
Semin. Cell Biol, 5,115-125

Chen. J., Maltby, K.M. and Miano, J.M. (2001). A  novel retinoid-response gene set in 
vascular smooth muscle cells. Biochem. Biophys. Res. Commun., 281,475-482

Chen, J.S. and Mehta, K. (1999). Tissue transglutaminase: an enzyme with a split 
personality. Int. J. Biochem. Cell Biol., 31, 817-836

Chen, F. and Mosher, D.F. (1996). Formation o f sodium dodecyl sulfate stable 
fibronectin multimers- failure to detect products o f thiol-disulfide exchange in cyanogen 
bromide or limited acid digests o f  stabilized matrix fibronectin. J. Biol. Chem., 271, 
9084-9089

Chiocca, E.A., Davies, P.J. and Stein, J.P. (1988). The molecular basis o f  retinoic acid 
action. Transcriptional regulation o f tissue transglutaminase gene expression in 
macrophages./. Biol. Chem., 263, 11584-11589

223



References

Chiocca, E.A., Davies, P.J. and Stein, J.P. (1989). Regulation o f  tissue 
transglutaminase gene expression as a molecular model for retinoid effects on 
proliferation and differentiation. J. Cell Biochem., 39, 293-304

Chowdhury, Z.A., Barsignian, C., Chalupowiez, G.D., Bach, T.L., Garcia-Manero, 
G. and Martinez, J. (1997). Colocalization o f  tissue transglutaminase and stress fibers 
in human vascular smooth muscle cells and human umbilical vein endothelial cells. Exp. 
Cell Res., 231, 38-49

Chang, S.K. and Chung, S.I. (1986). Cellular transglutaminase. The particulate- 
associated transglutaminase from chondrosarcoma and liver: partial purification and 
characterization. J. Biol. Chem., 261, 8112-8121

Chung, S.I., Lewis, M.S. and Folk, J.E. (1974). Relationships o f the catalytic 
properties o f human plasma and platelet transglutaminases (activated blood coagulation 
factor XIII) to their subunit structures. J. Biol. Chem., 249, 940-950

Citron, B.A., SantaCruz, K.S., Davies, P.J. and Festoff, B.W. (2001). Intron-exon 
swapping o f transglutaminase mRNA and neuronal Tau aggregation in Alzheimer's 
disease. J. Biol. Chem., 276, 3295-3301

Citron, B.A., Suo, Z., SantaCruz, K., Davies, P.J., Qin, F. and Festoff, B.W. (2002). 
Protein crosslinking, tissue transglutaminase, alternative splicing and neurodegeneration. 
Neurochem. Int., 40, 69-78

Clark, R.A. (1988). Potential roles o f  fibronectin in cutaneous wound repair. Arch. 
Dermatol., 124, 201-206

Clarke, D.D., Mycek, M.J., Neidle, A., and Waelsch, H. (1957). The incorporation o f  
amines into proteins. Arch. Biochem. Biophys., 79, 338-354

Cohen, I. and Anderson, B. (1987). Immunochemical characterization o f the 
transglutaminase-catalyzed polymer o f activated platelets. Thromb. Res., 47,409-416

Cohen, C.M., Dotimas, E. and Korsgren, C. (1993). Human eiythrocyte membrane 
protein band 4.2 (pallidin). Semin. Hematol., 30, 119-137

Cohen, I., Lim, C.T., Kahn, D.R., Glaser, T., Gerrard, J.M. and White, J.G. (1985). 
Disulfide-linked and transglutaminase-catalyzed protein assemblies in platelets. Blood, 
66, 143-151

Cooper, D.N. and Barondes, S.H. (1990). Evidence for export o f  a muscle lectin from 
cytosol to extracellular matrix and for a novel secretory mechanism. J. Cell Biol, 110, 
1681-1691

224



References

Cooper, A.J., Sheu, K.F., Burke, J.R., Strittmatter, W.J., Gentile, V., Peluso, G. 
and Blass, J.P. (1999). Pathogenesis o f inclusion bodies in (CAG)n/Qn-expansion 
diseases with special reference to the role o f tissue transglutaminase and to selective 
vulnerability. J. Neurochem., 72, 889-899

Cornwell, M.M., Juliano, R.L. and Davies, P.J. (1983). Inhibition o f  the adhesion o f  
Chinese hamster ovary cells by the naphthylsulfonamides dansylcadaverine and N-(6- 
aminohexyl)-5-chloro-l-naphthylenesulfonamide (W7). Biochim. Biophys. Acta., 762, 
414-419

Creighton, E.T. (1978). Possible implications o f many proline residues for the kinetics 
o f protein unfolding and refolding. J. Mol Biol, 125,401-406

Davies, P.J., Cornwell, M.M., Johnson, J.D., Reggianni, A., Myers, M. and 
Murtaugh, M.P. (1984). Studies on the effects o f dansylcadaverine and related 
compounds on receptor-mediated endocytosis in cultured cells. Diabetes Care, 1, 35-41

Davies, P.J., Davies, D.R., Levitzki, A., Maxfield, F.R., Milhaud, P., Willingham, 
M.C. and Pastan, I.H. (1980). Transglutaminase is essential in receptor-mediated 
endocytosis o f alpha 2-macroglobulin and polypeptide hormones. Nature, 283, 162-167

Davies, P.J., Murtaugh, M.P., Moore, W.T.Jr., Johnson, G.S. and Lucas, D. (1985). 
Retinoic acid-induced expression o f tissue transglutaminase in human promyelocytic 
leukemia (HL-60) cells. J. Biol Chem., 260, 5166-5174

Defacque, H., Commes, T., Contet, V., Sevilla, C. and Marti, J. (1995). 
Differentiation o f U937 myelomonocytic cell line by all-trans retinoic acid and 1,25- 
dihydroxy vitamin D3: synergistic effects on tissue transglutaminase. Leukemia, 9, 1762- 
1767

Delcros, J.G., Bard, S., Roch, A.M., Quash, G., Poupon, M.F. and Korach, S.
(1986). Transglutaminase activity and putrescine-binding capacity in cloned cell lines 
with different metastatic potential. FEBSLett., 196, 325-330

De Laurenzi, V. and Melino, G. (2001). Gene disruption o f tissue transglutaminase. 
Mol Cell Biol, 21,148-155

Del Duca, S., Beninati, S. and Serafini-Fracassini, D. (1995). Polyamines in 
chloroplasts: identification o f their glutamyl and acetyl derivatives. Biochem. J., 305, 
233-227

Denk, H., Bernklau, G. and Krepler, R. (1984). Effect o f  griseofulvin treatment and 
neoplastic transformation on transglutaminase activity in mouse liver. Liver, 4 ,208-213

Dieterich, W., Ehnis, T., Bauer, M., Donner, P., Volta, U., Riecken, E.O. and 
Schuppan, D. (1997). Identification o f  tissue transglutaminase as the autoantigen o f  
celiac disease. Nat. Med., 3, 797-801

225



References

DiMilla, P.A., Barbee, K. and Lauffenburger, D.A. (1991). Mathematical model for 
the effects o f adhesion and mechanics on cell migration speed. Biophys. J., 60, 15-37

DiMilla, P.A., Stone, J.A., Quinn, J.A., Albelda, S.M. and Lauffenburger, D.A.
(1993). Maximal migration o f  human smooth muscle cells on fibronectin and type IV 
collagen occurs at an intermediate attachment strength. J. Cell Biol, 122, 729-737

Dolynchuk, K.N., Ziesmann, M. and Serletti, J.M. (1996). Topical putrescine 
(Fibrostat) in treatment o f hypertrophic scars: phase II study. Blast. Reconstr. Surg., 97, 
117-123

Doms, R.W., Russ, G. and Yewdell, J.W. (1989). Brefeldin A  redistributes resident 
and itinerant Golgi proteins to the endoplasmic reticulum. J. Cell Biol., 109, 61-72

Doolittle, R.F., Watt, K.W., Cottrell, B.A., Strong, D.D. and Riley, M. (1979). The 
amino acid sequence o f the alpha-chain o f  human fibrinogen. Nature, 280,464-468

Dubbink, H.J., Verkaik, N.S., Faber, P.W., Trapmanj, F.C., Schroder, F.H. and 
Romijnj, C. (1996). Tissue specific and androgen-regulated expression o f human 
prostate-specific transglutaminase. Biochem. J., 315, 901-908

Duvic, M., Nelson, D.C., Annarella, M., Cho, M., Esgleyes-Ribot, T., Remenyik, E., 
Ulmer, R., Rapini, R.P., Sacks, P.G. and dayman, G.L. (1994). Keratinocyte 
transglutaminase expression varies in squamous cell carcinomas. J. Invest. Dermatol., 
102, 462-469

Ellis, D.G., Cheng, Q. and Lee, D.A. (1996). The effects o f  growth factors on Tenon’s 
capsule fibroblasts in serum-free culture. Curr. Eye Res., 15, 27-35

Esterre, P., Risteli, L. and Ricard-Blum, S. (1998). Immunohistochemical study o f  
type I collagen turn-over and o f  matrix metalloproteinases in chromoblastomycosis 
before and after treatment by terbinafine. Pathol. Res. Pract., 194, 847-853

Fabbi, M., Marimpietri, D., Martini, S., Brancolini, C., Amoresano, A., Scaloni, A., 
Bargellesi, A. and Cosulich, E. (1999). Tissue transglutaminase is a caspase substrate 
during apoptosis. Cleavage causes loss o f transamidating function and is a biochemical 
marker o f caspase 3 activation. Cell Death Differ., 6, 992-1001

Facchiano, F., Valtorta, F., Benfenati, F. and Luini, A. (1993). The transglutaminase 
hypothesis for the action o f  Tetanus toxin. Trends in Biochem. Sci., 18, 327-332

Feng, J.F., Readon, M., Yadav, S.P. and Im, M.J. (1999). Calreticulin down-regulates 
both GTP binding and transglutaminase activities o f transglutaminase II. Biochemistry, 
38, 10743-10749

Fesus, L., Davies, P.J. and Piacentini, M. (1991). Apoptosis: molecular mechanisms in 
programmed cell death. Eur. J. Cell Biol, 56, 170-177

226



References

Fesus, L., Metsis, M.L., Muszbek, L. and Koteliansky, V.E. (1986). 
Transglutaminase-sensitive glutamine residues o f human plasma fibronectin revealed by 
studying its proteolytic fragments. Eur. J. Biochem., 154, 371-374

Fesus, L., Thomazy, V. and Falus, A. (1987). Induction and activation o f tissue 
transglutaminase during programmed cell death. FEBS Lett., 224, 104-108

Fesus, L., Thomazy, V., Autuori, F., Ceru, M.P., Tarcsa, E. and Piacentini, M.
(1989). Apoptotic hepatocytes become insoluble in detergents and chaotropic agents as a 
result o f  transglutaminase action. FEBS Lett., 245, 150-154

Fesus, L. and Thomazy, V. (1988). Searching for the function o f tissue 
transglutaminase: its possible involvement in the biochemical pathway o f  programmed 
cell death. Adv. Exp. Med. Biol., 231, 119-134

Florkiewicz, R.Z., Majack, R.A., Buechler, R.D. and Florkiewicz, E. (1995). 
Quantitative export o f FGF-2 occurs through an alternative, energy-dependent, non- 
ER/Golgi pathway. J. Cell Physiol., 162, 388-399

Fischer, G., Bang, H. and Mech, C. (1984). Determination o f enzymatic catalysis for 
the cis-trans-isomerization o f  peptide binding in proline-containing peptides. Biomed. 
Biochim. Acta., 43,1101-1111

Fogerty, F.J., Akiyama, S.K., Yamada, K.M. and Mosher, D.F. (1990). Inhibition o f  
binding o f fibronectin to matrix assembly sites by anti-integrin a5(31 antibodies. J. Cell 
Biol., I l l ,  699-708

Fogerty, F.J. and Mosher, D.F. (1990). Mechanisms for organization o f fibronectin 
matrix. Cell Differ. Dev., 32,439-450

Folk, J.E. (1983). Mechanism and basis for specificity o f transglutaminase catalysed 
e(Y-glutamyl)lysine bond formation. Adv. Enzym. And related areas o f mol. Biol, 54, 1- 
56

Folk, J.E. and Chung, S.L. (1973). Molecular and catalytic properties o f  
transglutaminases. Adv. Enzymol., 38, 109-191

Folk, J.E. and Cole, P.W. (1966). Identification o f a functional cysteine essential for 
the activity o f guinea pig liver transglutaminase. J. Biol. Chem., 241, 3238-3240

Folk, J.E., Cole, P.W. and Mullooly, J.P. (1967). Mechanism o f  action o f guinea pig 
liver transglutaminase. IV. The trimethylacyl enzyme. J. Biol. Chem., 242, 4329-4333

Folk, J.E., Mullooly, J.P. and Cole, P.W. (1967). Mechanism o f  action o f guinea pig 
liver transglutaminase. II. The role o f metal in enzyme activation. J. Biol. Chem., 242, 
1838-1844

227



References

Folk, J.E. and Finlayson, J.S. (1977). The s(y-glutamyl)lysine crosslink and the 
catalytic role o f transglutaminase. Adv. Prot. Chem,., 31, 1-133

Fra, A.M., Williamson, E., Simons, K. and Parton, R.G. (1994). Detergent-insoluble 
glycolipid microdomains in lymphocytes in the absence o f  caveolae. J. Biol Chem., 269, 
30745-30748

Fraij, B.M., Birckbichler, P.J., Patterson, M.K. Jr., Lee, K.N. and Gonzales, R.A.
(1992). A  retinoic acid-inducible mRNA from human erythroleukemia cells encodes a 
novel tissue transglutaminase homologue. J. Biol. Chem., 267, 22616-22623

Fraij, B.M. and Gonzales, R.A. (1996). A third human tissue transglutaminase 
homologue as a result o f  alternative gene transcripts. Biochim. Biophys. Acta, 1306, 63- 
7 4

Freund, K.F., Doshi, K.P., Gaul, S.L., Claremon, D.A., Remy, D.C., Baldwin, J.J., 
Pitzenberger, S.M. and Stern, A.M. (1994). Transglutaminase inhibition by 2-[(2- 
oxopropyl)thio]imidazolium derivatives: mechanism o f  factor XHIa inactivation. 
Biochemistry, 33, 10109-10119

Fukuda, K., Kojiro, M. and Chiu, J.F. (1993). Cross-linked cytokeratin polypeptides 
in liver and hepatoma cells: possible association with the process o f cell degeneration 
and death. Hepatology, 17, 118-124

Fukui, H., Kamitsuji, H., Nagao, T., Yamada, K., Akatsuka, J., Inagaki, M., Shike, 
S., Kobayashi, Y., Yoshioka, K. and Maki, S. (1989). Clinical evaluation o f a 
pasteurized factor XIII concentrate administration in Henoch-Schonlein purpura. 
Japanese Pediatric Group. Thromb. Res., 56, 667-675

Gaudry, C.A. (1998). Tissue transglutaminase: a new secretory protein. Ph.D. thesis, 
The Nottingham Trent University.

Gaudry, C.A., Verderio, E., Aeschlimann, D., Cox, A., Smith, C. and Griffin, M.
(1999a). Cell surface localization o f tissue transglutaminase is dependent on a 
fibronectin-binding site in its N-terminal beta-sandwich domain. J. Biol. Chem., 22, 
30707-30714

Gaudry, C.A., Verderio, E., Jones, R.A., Smith, C. and Griffin, M. (1999b). Tissue 
transglutaminase is an important player at the surface o f  human endothelial cells: 
evidence for its extemalization and its colocalization with the beta(l) integrin. Exp. Cell 
t o . ,  252, 104-113

Gentile, V., Davies, P.J. and Baldini, A. (1994). The human tissue transglutaminase 
gene maps on chromosome 20ql2 by in situ fluorescence hybridization. Genomics, 20, 
295-297

228



References

Gentile, V., Saydak, M., Chiocca, E.A., Akande, O., Birckbichler, P.I., Lee, K.X., 
Stein, J.P. and Davies, P.A.X. (1991). Isolation and characterization o f  cDNA clones to 
mouse macrophage and human endothelial cell tissue transglutaminases. J. Biol. Chem., 
266,478-483

Gentile, V., Sepe, C., Calvani, M., Melone, M.A., Cotrufo, R., Cooper, A.J., Blass, 
J.P. and Peluso, G. (1998). Tissue transglutaminase-catalyzed formation o f high- 
molecular-weight aggregates in vitro is favored with long polyglutamine domains: a 
possible mechanism contributing to CAG-triplet diseases. Arch. Biochem. Biophys., 352, 
314-321

Gentile, V., Thomazy, V., Piacentini, M., Fesus, L. and Davies, P.A.X. (1992). 
Expression o f  tissue transglutaminase in Balb-C 3T3 fibroblasts: effects on cellular 
morphology and adhesion. J. Cell Biol., 119,463-474

George, M.D., Vollberg, T.M., Floyd, E.X., Stein, J.P. and Retten, A.M. (1990). 
Regulation o f transglutaminase type II by transforming growth factor-{31 in normal and 
transformed human epidermal keratinocytes. J. Biol. Chem., 265, 11098-11104

Gilad, G.M., Varon, L.E. and Gilad, V.H. (1985). Calcium-dependent 
transglutaminase o f rat sympathetic ganglion in development and after nerve injury. J. 
Neurochem., 44, 1385-1390

Gill, D.L., Ghosh, J.M. and Mullaney, J.M. (1989). Calcium signaling: mechanisms 
in endoplasmic reticulum activated by inositol 1,4,5 triphosphate and GTP. Cell. 
Calcium, 10, 363-374.

Gorlich, D., Vogel, F., Mills, A.D., Hartmann, E. and Laskey, R.A. (1995). Distinct 
functions for the two importin subunits in nuclear protein import. Nature, 377,246-248

Gorman, J.J. and Folk, J.E. (1984). Structural features o f  glutamine substrates for 
transglutaminases. Role o f  extended interactions in the specificity o f  human plasma 
factor XHIa and o f the guinea pig liver enzyme. J. Biol. Chem., 259, 9007-9010

Gossen, M. and Bujard, H. (1992). Tight control o f  gene expression in mammalian 
cells by tetracycline-responsive promoters. Proc. Nad. Acad. Sci. USA, 59, 5547-5551

Green, J.M., Zhelesnyak, A., Chung, J., Lindberg, F.P., Sarfati, M., Frazier, W.A. 
and Brown, E.J. (1999). Role o f  cholesterol in formation and function o f a signaling 
complex involving alphavbeta3, integrin-associated protein (CD47), and heterotrimeric 
G proteins. J. Cell Biol, 146, 673-682

Greenberg, C.S. Achyuthan, K.E., Borowitz, M.J. and Shuman, M.A. (1987). The 
transglutaminase in vascular cells and tissues could provide an alternate patways for 
fibrin stabilisation. Blood, 3, 702-709

229



References

Greenberg, C.S., Birckbichler, P.J. and Rice, R.H. (1991). Transglutaminases: 
Multifunctional cross-linking enzymes that stabilise tissues. FASEB. J., 5, 3071-3077

Greenberg, C.S, Enghild, J.J., Mary, A., Dobson ,J.V. and Achyuthan, K.E. (1988). 
Isolation o f a fibrin-binding fragment from blood coagulation Factor XIII capable o f  
cross-linking fibrinogen. Biochem. J., 256, 1013-1019

Grenard, P., Bates, M.K. and Aeschlimann, D. (2001). Evolution o f  transglutaminase 
genes: identification o f  a transglutaminase gene cluster on human chromosome 15ql5. 
Structure o f the gene encoding transglutaminase X and a novel gene family member, 
transglutaminase Z. J, Biol Chem., 276, 33066-33078

Grenard, P., Bresson-Hadni, S., El Alaoui, S., Chevallier, M., Vuitton, D.A. and 
Ricard-Blum, S. (2001). Transglutaminase-mediated cross-linking is involved in the 
stabilization o f extracellular matrix in human liver fibrosis. J. Hepatol., 35, 367-375

Griffin, M., Barnes, R.N., Wynne, J. and Williams, C. (1978). The effects o f  
bleomycin and copper bleomycin upon transglutaminase enzymes. Biochem. 
Pharmacol., 27, 1211-1219

Griffin, M., Smith, L.L. and Wynne, J. (1979). Changes in transglutaminase activity 
in an experimental model o f  pulmonary fibrosis induced by paraquat. Br. J. Exp. Pathol., 
60,653-661

Grinnell, F., Feld, M. and Minter, D. (1980). Fibroblast adhesion to fibrinogen and 
fibrin substrata: requirement for cold-insoluble globulin (plasma fibronectin). Cell, 19, 
517-525

Grootjans, J.J., Groenen, P.J. and de Jong, W.W. (1995). Substrate requirements for 
transglutaminases. Influence o f the amino acid residue preceding the amine donor lysine 
in a native protein. J. Biol. Chem., 270, 22855-22858

Gross, S.R. (2000). Importance o f Extra-cellular Tissue Transglutaminase in Relation to 
Matrix Stabilisation and UVA Damage. Ph.D. thesis, The Nottingham Trent University.

Grundmann, U., Amann, E., Zettlmeissl, G. and Kupper, H.A. (1986). 
Characterization o f cDNA coding for human factor XHIa.: Proc. Natl. Acad. Sci. USA,  
83, 8024-8028

Grundmann, U., Muller, M., Kleinschmidt, S., Larsen, B. and Larsen, R. (1996). 
Cardiovascular effects o f  desflurane and isoflurane in patients with coronary artery 
disease. Acta Anaesthesiol. Scand., 40, 1101-1107

Gut, A., Kiraly, C.E., Fukuda, M., Mikoshiba, K., Wollheim, C.B. and Lang, J.
(2001). Expression and localisation o f synaptotagmin isoforms in endocrine beta-cells: 
their function in insulin exocytosis. J. Cell Sci., 114, 1709-1716

230



References

Hada, M., Kaminski, M., Bockenstedt, P. and McDonagh, J. (1986). Covalent 
crosslinking o f  von Willebrand factor to fibrin. Blood, 68, 95-101

Halkier, T. and Magnusson, S. (1988). Contact activation o f  blood coagulation is 
inhibited by plasma factor M l lc  chain. Thromb. Res., 51, 313-324

Han, J.A. and Park, S.C. (2000). Transglutaminase-dependent modulation o f  
transcription factor Spl activity. Mol Cells, 10,612-618

Hand, D., Bungay, P.J., Elliott, B.M. and Griffin, M. (1985). Activation of  
transglutaminase at calcium levels consistent with a role for this enzyme as a calcium 
receptor protein. Biosc. Rep., 5, 1079-1086

Hand, D., Elliott, B.M. and Griffin, M. (1988). Expression o f the cytosolic and 
particulate forms o f transglutaminase during chemically-induced rat liver 
carcinogenesis. Biochim. Biophys. Acta., 970, 137-145

Hand, D., Elliott, B.M. and Griffin, M. (1990). Characterisation o f the cellular 
substrates for transglutaminase in normal liver and hepatocellular carcinoma. Biochim. 
Biophys. Acta., 1033, 57-64

Hansen, M .S. (1984). Fibronectin and coagulation factor XIII increases blood platelet 
adhesion to fibrin. Thromb. Res., 34, 551-556

Haroon, Z.A., Hettasch, J.M., Lai, T.S., Dewhirst, M.W. and Greenberg, C.S.
(1999). Tissue transglutaminase is expressed, active, and directly involved in rat dermal 
wound healing and angiogenesis. FASEB J., 13, 1787-1795

Harsfalvi, J., Fesus, L., Tarcsa, E., Laczko, J. and Loewy, A.G. (1991). The presence 
o f a covalently cross-linked matrix in human platelets. Biochim. Biophys. Acta, 1073, 
268-274

Herzberg, O. and Moult, J. (1991). Analysis o f  the steric strain in the polypeptide 
backbone o f  protein molecules. Proteins, 11, 223-229

Hettasch, J.M. and Greenberg, C.S. (1994). Analysis o f human factor XIRa by 
site-directed mutagenesis. J. Biol. Chem., 269, 28309-28313

Hettasch, J.M. and Greenberg, C.S. (1994). Analysis o f  the catalytic activity o f human 
factor XHIa by site-directed mutagenesis. J. Biol. Chem., 269, 28309-28313

Hilgenfeld, R., Liesum, A., Storm, R., Metzner, H.J. and Karges, H.E. (1990). 
Crystallization o f  blood coagulation factor XIII by an automated procedure. FEBS Lett., 
265,110-112

231



References

Hilgenfeld, R., Weiss, M.S. and Sicker, T. (2001). Three-dimensional structures o f  
transglutaminases. IN: Workshop on transglutaminases, protein cross-linking and celiac 
disease. September 14-15, Tampere, Finland.

Hillen, W., Gatz, C., Altschmied, L., Schollmeier, K. and Meier, I. (1983). Control o f  
expression o f the TnlO-encoded tetracycline resistance genes. Equilibrium and kinetic 
investigation o f the regulatory reactions. J. Mol Biol, 169, 707-721

Hornyak, T.A. and Shafer, I.A. (1991). Role o f calcium ion in the generation o f factor 
XIII activity. Biochemistry, 30, 6175-6182

Hsu, K.H and Friedman, H. (1983). Dimethyl sulfoxide-induced transglutaminase 
activity in murine-derived Friend erythroleukemia cells. J. Natl Cancer Inst., 70, 965- 
969

Huang, Y.P., Seguro, K., Motoki, M. and Tawada, K. (1992). Cross-linking o f  
contractile proteins from skeletal-muscle by treatment with microbial transglutaminase. 
J. Biochem., 112, 229-234

Huber, M., Rettler, I., Bernasconi, K., Wyss, M. and Hohl, D. (1995). Lamellar 
ichthyosis is genetically heterogeneous—cases with normal keratinocyte 
transglutaminase. J. Invest. Dermatol., 105, 653-654

Hynes, R.O. (1992). Integrins: versatility, modulation, and signaling in cell adhesion. 
Cell, 69,11-25

Hynes, N.E., Kennedy, N., Rahmsdorf, U. and Groner, B. (1981). Flormone- 
responsive expression o f an endogenous proviral gene o f  mouse mammary tumor virus 
after molecular cloning and gene transfer into cultured cells. Proc. Natl. Acad. Sci. U S 
A, 78, 2038-2042

Ichinose, A., Bottenus, X.E. and Davie, E.W. (1990). Structure o f  transglutaminases. 
J. Biol Chem., 265, 13411-13414

Ichinose, A. and Davie, E.W . (1988). Characterization o f  the gene for the a subunit o f  
human factor XIII (plasma transglutaminase), a blood coagulation factor. Proc. Natl 
Acad. Sci. USA,  85, 5829-5833

Ichinose, A., Hendrickson, L.E., Fujikawa, K. and Davie, E.W. (1986). Amino acid 
sequence o f the a subunit o f  human factor XIII. Biochemistry, 25, 6900-6906

Ignotz, R.A. and Massague, J. (1986). Transforming growth factor-beta stimulates the 
expression o f  fibronectin and collagen and their incorporation into the extracellular 
matrix. J. Biol Chem., 261,4337-4345

232



References

Iismaa, S.E., Chung, L.P., Wu, M.J., Teller, D.C., Yee, V.C. and Graham, R.M.
(1997). The core domain o f the tissue transglutaminase gh hydrolyzes GTP and ATP. 
Biochem., 36, 11655-11664

Iismaa, S.E., Wu, M.J., Nanda, N., Church, W.B. and Graham, R.M. (2000). GTP 
binding and signaling by Gh/transglutaminase II involves distinct residues in a unique 
GTP-binding pocket. J. Biol. Chem., 275, 18259-18265

Ikura, K., Kita, K., Fujita, I., Hashimoto, H. and Kawabata, N. (1998). Identification 
o f  amine acceptor protein substrates o f transglutaminase in liver extracts: use o f 5- 
(biotinamido) pentylamine as a probe. Arch. Biochem. Biophys., 356, 280-286

Ikura, K., Nasu, T., Yokota, H., Tsuchiya, Y., Sasaki, R. and Chiba, H. (1988). 
Amino acid sequence o f guinea pig liver transglutaminase from its cDNA sequence. 
Biochemistry, 27, 2898-2905

Im, M.J., Russell, M.A. and Feng, J.F. (1997). Transglutaminase II: a new class o f  
GTP-binding protein with new biological functions. Cell Signal., 7 ,477-482

Ishii, L. and Ui, M. (1994). Possible involvement o f GTP-binding proteins in 
1(1,25 dihydroxy vitamin D3 induction o f tissue transglutaminase in mouse peritoneal 
macrophages. Biochem. Biophys. Res. Comm., 203, 1773-1780

Isobe, T., Takahashi, H., Ueki, S., Takagi, J. and Saito, Y. (1999). Activity- 
independent cell adhesion to tissue-type transglutaminase is mediated by alpha4betal 
integrin. Eur. J. Cell Biol., 78, 876-883

Jackson, A., Tarantini, F., Gamble, S., Friedman, S. and Maciag, T. (1995). The 
release o f fibroblast growth factor-1 from NIH 3T3 cells in response to temperature 
involves the function o f cysteine residues. J. Biol. Chem., 270, 33-36

Jeong, J.M., Murthy, S.N., Radek, J.T. and Lorand, L. (1995). The fibronectin- 
binding domain o f transglutaminase. J. Biol. Chem., 270, 5654-5658

Jiang, H. and Kochhar, D.M. (1992). Induction o f tissue transglutaminase and 
apoptosis by retinoic acid in the limb bud. Teratology, 46, 333-340

Johnson, T.S., Griffin, M., Thomas, G.L., Skill, J., Cox, A., Yang, B, Nicholas, B., 
Birekbichler, P.A., Muchaneta-Kubara, C. and El Nahas, A.M. (1997). The role o f  
transglutaminase in the rat subtotal nephrectomy model o f  renal fibrosis. J. Clin. Invest., 
99, 2950-2960

Johnson, T.S., Knight, C.R., El-Alaoui, S., Mian, S., Rees, R.C., Gentile, V., Davies, 
P.J. and Griffin, M. (1994). Transfection o f  tissue transglutaminase into a highly 
malignant hamster fibrosarcoma leads to a reduced incidence o f  primary tumour growth. 
Oncogene, 9, 2935-2942

233



References

Johnson, T.S., Scholfield, C.I., Parry, J. and Griffin M. (1998). Induction o f tissue 
transglutaminase by dexamethasone: its correlation to receptor number and
transglutaminase-mediated cell death in a series o f malignant hamster fibrosarcomas. 
Biochem. J., 331, 105-112

Johnson, T.S., Skill, N.J., El Nahas, A.M., Oldroyd, S.D., Thomas, G.L., 
Douthwaite, J.A., Haylor, J.L. and Griffin, M. (1999). Transglutaminase transcription 
and antigen translocation in experimental renal scarring. J. Am. Soc. Nephrol., 10, 2146- 
2157

Johnson, G.V., Cox, T.M., Lockhart, J.P., Zinnerman, M.D., Miller, M.L. and 
Powers, R.E. (1997). Transglutaminase activity is increased in Alzheimer's disease 
brain. Brain Res., 751, 323-329

Johnson, J.D. and Davies, P.J. (1986). Pertussis toxin inhibits retinoic acid-induced 
expression o f tissue transglutaminase in macrophages. J. Biol. Chem., 261, 14982-14986

Jones, R.A., Nicholas, B., Mian, S., Davies, P.J.A. and Griffin, M. (1997). Reduced 
expression o f tissue transglutaminase in a human endothelial cell line leads to changes in 
cell spreading, cell adhesion and reduced polymerisation o f fibronectin. J. Cell Sci., 110, 
2461-2472

Joseph, B., Lefebvre, O., Mereau-Richard, C., Danze, P.M., Belin-Plancot, M.T. 
and Formstecher, P. (1998). Evidence for the involvement o f  both retinoic acid 
receptor- and retinoic X  receptor-dependent signaling pathways in the induction o f  tissue 
transglutaminase and apoptosis in the human myeloma cell line RPMI 8226. Blood, 91, 
2423-2432

Juprelle-Soret, M., Wattiaux-De Coninek, S. and Wattiaux, X. (1988). Subcellular 
localization o f transglutaminase. Biochem. J., 2 5 0 ,421-427

Kaartinen, M.T., Pirhonen, A., Linnala-Kankkunen, A. and Maenpaa, P.H. (1997). 
Transglutaminase-catalyzed cross-linking o f osteopontin is inhibited by osteocalcin. J. 
Biol. Chem., I l l ,, 22736-22741

Kaetsu, H., Hashiguchi, T., Foster, D. and Ichinose, A. (1996). Expression and 
release o f  the a and b subunits for human coagulation factor XIII in Baby Hamster 
Kidney (BHK) cells. J. Biochem., 119, 961-969

Kahlem, P., Terre, C., Green, H. and Djian, P. (1996). Peptides containing glutamine 
repeats as substrates for transglutaminase-catalyzed cross-linking: relevance to diseases 
o f the nervous system. Proc. Natl. Acad. Sci. USA,  93, 14580-14585

Kanaji, T., Ozaki, H., Takao, T., Kawajiri, H., Ide, H., Motok, M. and Shimonishi,
Y., (1993). Primary structure o f microbial transglutaminase from Streptoverticilium sp. 
Strain 5-8112, J. Biol. Chem., 268, 11565-11572

234



References

Kang, S.J., Shin, K.S., Song, W.K., Ha, D.B., Chung, C.H. and Kang, M.S. (1995). 
Involvement o f  transglutaminase in myofibril assembly o f chick embryonic myoblasts in 
culture. J. Cell Biol., 130, 1127-1136

Karpuj, M.V., Becher, M.W., Springer, J.E., Chabas, D., Youssef, S., Pedotti, R., 
Mitchell, D. and Steinman, L. (2002). Prolonged survival and decreased abnormal 
movements in transgenic model o f  Huntington disease, with administration o f the 
transglutaminase inhibitor cystamine. Nat. Med., 8, 143-149

Karpuj, M.V., Garren, H., Slunt, H., Price, D.L., Gusella, J., Becher, M.W. and 
Steinman, L. (1999). Transglutaminase aggregates huntingtin into nonamyloidogenic 
polymers, and its enzymatic activity increases in Huntington’s disease brain nuclei. Proc. 
Natl. Acad. Sci. USA,  96, 7388-7393

Katoh, S., Nakagawa, N., Yano, Y., Satoh, K., Kohno, H., Ohkubo, Y., Suzuki, T. 
and Kitani, K. (1996). Hepatocyte growth factor induces transglutaminase activity that 
negatively regulates the growth signal in primaiy cultured hepatocytes. Exp. Cell Res., 
222,255-261

Kerr, J.F., Wyllie, A.H. and Currie, A.R. (1972). Apoptosis: a basic biological 
phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer, 26, 239- 
257

Kikuchi, M., Hayashida, H., Nakano, E. and Sakaguchi, K. (1971). 
Peptidoglutaminase. Enzymes for selective deamidation o f gamma-amide o f peptide- 
bound glutamine. Biochemistry, 10, 1222-1229

Kim, H.C, Idler, W.W., Kim, I.G., Han, J.H., Chung, S.I. and Steinert, P.M. (1991). 
The complete amino acid sequence o f  the human transglutaminase K enzyme deduced 
from the nucleic acid sequences o f  cDNA clones. J. Biol. Chem., 266, 536-539

Kim, H.C., Lewis, M.S., Gorman, J.J., Park, S.C., Girard, J.E., Folk, J.E. and 
Chung, S.I. (1990). Protransglutaminase E from guinea pig skin. Isolation and partial 
characterization. J. Biol. Chem., 265, 21971-21978

Kim, I.G., McBride, O.W., Wang, M., Kim, S.Y., Idler, W.W. and Steinert, P.M.
(1992). Structure and organization o f the human transglutaminase I gene. J. Biol. Chem., 
267, 7710-7717

Kim, I.G., Lee, S.C., Lee, J.H., Yang, J.M., Chung, S.I. and Steinert, P.M. (1994). 
Structure and organization o f the human transglutaminase 3 gene - evolutionary 
relationship to the transglutaminase family. J. Invest. Dermat., 103, 137-142

Kim, P.S. and Baldwin, R.L. (1990). Intermediates in the folding reactions o f small 
proteins. Annu. Rev. Biochem., 59, 631-660

235



References

Kim, S.Y., Chung, S.L. and Steinert, P.M. (1995). Highly active soluble processed 
forms o f the transglutaminase 1 enzyme in epidermal keratinocytes. J. Biol. Chem., 270, 
18026-18035

Kitchens, C.S. and Newcomb, T.F. (1979). Factor XIII. Medicine (Baltimore), 58, 413- 
429

Kleman, J.P., Aeschlimann, D., Paulsson, M. and van der Rest, M. (1995). 
Transglutaminase catalyzed cross-linking o f fibrils o f collagen V/IX in A204 
rhabdomyosarcoma cells. Biochemistry, 34, 13768-13775

Klock, G., Strahle, U. and Schutz, G. (1987). Oestrogen and glucocorticoid responsive 
elements are closely related but distinct. Nature, 329, 734-736

Kloczko, J., Wojtukiewicz, M., Bielawiec, M., Zarzycka, B. and Kinalska, I. (1986). 
Plasma factor XIII and some other haemostasis parameters in patients with diabetic 
angiopathy. Acta Haematol, 76, 81-85

Kloczko, J., Wojtukiewicz, M., Bielawiec, M. and Zuch, A. (1988). Alterations o f  
haemostasis parameters with special reference to fibrin stabilization, factor XIII and 
fibronectin in patients with obliterative atherosclerosis. Thromb. Res., 51, 575-581

Knight, C.R.L., Rees, R.X., Elliott, B.M. and Griffin, M. (1990). Immunological 
similarities between cytosolic and particulate tissue transglutaminase. FEBS Lett., 265, 
93-96

Knight, C.R., Rees, R.C. and Griffin, M. (1991). Apoptosis: a potential role for 
cytosolic transglutaminase and its importance in tumour progression. Biochim. Biophys. 
Acta., 1096,312-318

Kohler, M., Ansieau, S., Prehn, S., Leutz, A., Haller, H. and Hartmann, E. (1997). 
Cloning o f two novel human importin-alpha subunits and analysis o f  the expression 
pattern o f the importin-alpha protein family. FEBS Lett., 417, 104-108

Kojima, S., Nara, K. and Rifkin, D.B. (1993). Requirement for transglutaminase in the 
activation o f  latent transforming growth factor-beta in bovine endothelial cells. J. Cell 
Biol., 121,439-448

Korsgren, C., Lawler, J., Lambert, S., Speicher, D. and Cohen, C.M. (1990). 
Complete amino acid sequence and homologies o f human erythrocyte membrane protein 
band 4.2. Proc. Natl Acad. Sci. USA,  87, 613-617

Kram, H.B., Nathan, R.C., Stafford, F.J., Fleming, A.W. and Shoemaker, W.C.
(1989). Fibrin glue achieves hemostasis in patients with coagulation disorders. Arch. 
Surg., 124, 385-387

236



References

Krauss, K. and Altevogt, P. (1999). Integrin leukocyte function-associated antigen-1- 
mediated cell binding can be activated by clustering o f membrane rafts. J. Biol. Chem., 
274, 36921-36927

Kuncio, G.S., Tsyganskaya, M., Zhu, J., Liu, S.L., Nagy, L., Thomazy, V., Davies, 
P.J. and Zern, M.A. (1998). TNF-alpha modulates expression o f the tissue 
transglutaminase gene in liver cells. Am. J. Physiol., 274, G240-245

Laemmli, U.K. (1970). Cleavages o f  structural proteins during the assembly o f the head 
o f  bacteriophages T4. Nature, 227, 680-685

Lai, T.S., Bielawska, A., Peoples, K.A., Hannun, Y.A. and Greenberg, C.S. (1997). 
Sphingosylphosphocholine reduces the calcium ion requirement for activating tissue 
transglutaminase./. Biol Chem., 272, 16295-16300

Lai, T.S., Hausladen, A., Slaughter, T.F., Eu, J.P., Stamler, J.S. and Greenberg,
C.S. (2001). Calcium regulates S-nitrosylation, denitrosylation, and activity o f tissue 
transglutaminase. Biochemistry, 40,4904-4910

Lai, T.S., Slaughter, T.F., Peoples, K.A., Rettasch J.M. and Greenberg, C.S. (1998). 
Regulation o f  human tissue transglutaminase function by magnesium-nucleotide 
complexes. J Biol. Chem., 273, 1776-1781

Lang, J., Fukuda, M., Zhang, H. Mikoshiba, K. and Wollheim, C.B. (1997). The 
first C2 domain o f synaptotagmin is required for exocytosis o f  insulin from pancreatic 
beta-cells: action o f synaptotagmin at low micromolar calcium. EMBOJ., 16, 5837-5846

Lappalainen, K., Jaaskelainen, I., Syrjanen, K., Urtti, A. and Syrjanen, S. (1994). 
Comparison o f cell proliferation and toxicity assays using two cationic liposomes. 
Pharm.Res., 11 ,1127-1131

LaVallee, T.M., Tarantini, F., Gamble, S., Carreira, C.M., Jackson, A. and Maciag,
T. (1998). Synaptotagmin-1 is required for fibroblast growth factor-1 release. J. Biol 
Chem., 273,22217-22223

Lee, K.N., Arnold, S.A., Birckbichler, P.J., Patterson, M.K. Jr, Fraij, B.M., 
Takeuchi, Y. and Carter, H.A. (1993). Site-directed mutagenesis o f human tissue 
transglutaminase: Cys-277 is essential for transglutaminase activity but not for GTPase 
activity. Biochem. Biophys. Acta., 1202, 1-6

Lee, K.N., Birckbichler, P.J., Patterson, M.K. Jr., Conway, E. and Maxwell, M.
(1987). Induction o f  cellular transglutaminase biosynthesis by sodium butyrate. Biochim. 
Biophys. Acta., 928, 22-28

237



References

Lee, K.N., Birckbichler, P.J. and Patterson, M.K. Jr. (1989). GTP hydrolysis by 
guinea pig liver transglutaminase. Biochem. Biophys. Res. Commun., 162, 1370-1375

Lee, K.N., Chung, S.I., Girard, J.E. and Fesus, L. (1988). Evaluation o f  
phenylthiourea derivatives as inhibitors o f transglutaminase-catalyzed reaction in 
Chinese hamster ovary cells. Biochim. Biophys. Acta., 972, 120-130

Lee, F., Mulligan, R., Berg, P. and Ringold, G. (1981). Glucocorticoids regulate 
expression o f  dihydrofolate reductase cDNA in mouse mammary tumour virus 
chimaeric plasmids. Nature, 294, 228-232

Lee, M.W. and Severson, D.L. (1994). Signal transduction in vascular smooth muscle: 
diacylglycerol second messengers and PKC action. Am. J. Physiol, 267,C659-678

Leitinger, B. and Hogg, N. (2002). The involvement o f lipid rafts in the regulation o f  
integrin function. J. Cell Sci., 115, 963-972

LeMosy, E.K., Erickson, H.P., Beyer, W.F. Jr., Radek, J.T., Jeong, J.M., Murthy, 
S.N. and Lorand, L. (1992). Visualization o f purified fibronectin-transglutaminase 
complexes. J. Biol. Chem., 267, 7880-7885

Lesort, M., Attanavanish K., Zhang J.W. and Johnson, G.V.W. (1998). Distinct 
nuclear localization and activity o f tissue transglutaminase. J. Biol. Chem., 273, 11991- 
11994

Lesort, M., Chun, W., Johnson, G.V. and Ferrante, R.J. (1999). Tissue 
transglutaminase is increased in Huntington’s disease brain. J. Neurochem., 73, 2018- 
2027

Lin, L.N. and Brandts, J.F. (1984). Involvement o f prolines-114 and -117 in the slow  
refolding phase o f ribonuclease A as determined by isomer-specific proteolysis. 
Biochemistry, 23, 5713-5723

Lippincott-Schwartz, J., Yuan, L.C., Bonifacino, J.S. and Klausner, R.D. (1989). 
Rapid redistribution o f Golgi proteins into the ER in cells treated with brefeldin A: 
evidence for membrane cycling from Golgi to ER. Cell, 56, 801-813

Liu, S., Cerione, R.A. and Clardy, J. (2002). Structural basis for the guanine 
nucleotide-binding activity o f tissue transglutaminase and its regulation o f  
transamidation activity. Proc. Natl. Acad. Sci. U S A , 99, 2743-2747

Loftus, J.C., Smith, J.W. and Ginsberg, M.H. (1994). Integrin-mediated cell 
adhesion: the extracellular face. J. Biol. Chem., 269, 25235-25238

Lorand, L., Campbell-Wilkes, L.K. and Cooperstein, L. (1972). A filter paper assay 
for transamidating enzymes using radioactive amine substrates. Anal. Biochem., 50, 
623-631

238



References

Lorand, L. and Conrad, S.M. (1984). Transglutaminases. Mol. Cell Biochem., 58, 9-35

Lorand, L., Dailey, J.E. and Turner, P.M. (1988). Fibronectin as a earner for the 
transglutaminase from human erythrocytes. Proc. Natl. Acad. Sci. USA,  8 5 ,1057-1059

Lorenz, R., Heinmuller, M., Classen, M., Tornieporth, N. and Gain, T. (1991). 
Substitution o f  factor XIII: a therapeutic approach to ulcerative colitis. Haemostasis, 21, 
5-9

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951). Protein 
measurement with the Folin-Phenol reagents. J. Biol. Chem., 193, 265-275

Lu, S. and Davies, P.J.A. (1997). Regulation o f the expression o f the tissue 
transglutaminase gene by DNA methylation. Proc. Natl. Acad. Sci. U S A ,  94, 4692- 
4697

Lu, S., Saydak, M., Gentile, V., Stein, J.P. and Davies, J.P.A. (1995). Isolation and 
characterization o f the human tissue transglutaminase gene promoter. J. Biol. Chem., 
270, 9748-9756

Mariani, P., Carsughi, F., Spinozzi, F., Romanzetti, S., Meier, G., Casadio, R. and 
Bergamini, C.M. (2000). Ligand-induced conformational changes in tissue 
transglutaminase: Monte Carlo analysis o f  small-angle scattering data. Biophys. J., 78, 
3240-3251

Martinez, J., Chalupowicz, D.G., Roush, R.K., Sheth, A. and Barsigian, C. (1994). 
Transglutaminase-mediated processing o f fibronectin by endothelial cell monolayers. 
Biochemistry, 33, 2538-2545

Marvin, K.W., George, M.D., Fujimoto, W., Saunders, N.A., Bernacki, S.H. and 
Jetten, A.M. (1992). Cornifin, a cross-linked envelope precursor in keratinocytes that is 
down-regulated by retinoids. Proc. Natl. Acad. Sci. U S A, 89, 11026-11030

Matsuki, M., Yamashita, F., Ishida-Yamamoto, A., Yamada, K., Kinoshita, C., 
Fushiki, S., Ueda, E., Morishima, Y., Tabata, K., Yasuno, H., Hashida, M., Iizuka, 
H., Ikawa, M., Okabe, M., Kondoh, G., Kinoshita, T., Takeda, J. and Yamanishi,
K. (1998). Defective stratum comeum and early neonatal death in mice lacking the gene 
for transglutaminase 1 (keratinocyte transglutaminase). Proc. Natl. Acad. Sci. USA,  95, 
1044-1049

Maxfield, F.R., Willingham, M.C., Davies, P.J. and Pastan, I. (1979). Amines inhibit 
the clustering o f  alpha2-macroglobulin and EGF on the fibroblast cell surface. Nature, 
277, 661-663

Mayo, K.E. and Palmiter, R.D. (1982). Glucocorticoid regulation o f the mouse 
metallothionein I gene is selectively lost following amplification o f  the gene. J. Biol. 
Chem., 257, 3061-3067

239



References

Mehta, K. (1994). High levels o f transglutaminase expression in doxorubicin-resistant 
human breast carcinoma cells. Int. J. Cancer, 58,400-406

Mehta, K., Claringbold, P. and Lopez-Berestein, G. (1986). Amphotericin B inhibits 
the serum-induced expression o f tissue transglutaminase in murine peritoneal 
macrophages. J. Immunol., 136,4206-4212

Mehta, K. and Lopez-Berestein, G. (1986). Expression o f tissue transglutaminase in 
cultured monocytic leukemia (THP-1) cells during differentiation. Cancer Res., 46, 
1388-1394

Mehta, K., Rao, U.R. Vickery, A.C. and Fesus, L. (1992). Identification o f  a novel 
transglutaminase and its role in growth and development. Mol. Biochem. Parasitol., 53, 
1-16

Melino, G., Annicchiarico-Petruzzelli, M., Piredda, L., Candi, E., Gentile, V., 
Davies, P.J. and Piacentini, M. (1994). Tissue transglutaminase and apoptosis: sense 
and antisense transfection studies with human neuroblastoma cells. Mol. Cell Biol., 14, 
6584-6596

Melino, G., Bernassola, F., Knight, R.A., Corasaniti, M.T., Nistico, G. and Finazzi- 
Agro, A. (1997). S-nitrosylation regulates apoptosis. Nature, 388,432-433

Melino, G., De Laurenzi, V., Bernassola, F. and Candi, E. (2001). Transglutaminases 
in cell death. IN: 9th Euroconference on Apoptosis, October 13-16,Vienna, Austria.

Melino, G. and Piacentini, M. (1998). 'Tissue' transglutaminase in cell death: a 
downstream or a multifunctional upstream effector? FEBS Lett., 430, 59-63

Mian, S., El Alaoui, S., Lawry, J., Gentile, V., Davies, P.J.A. and Griffin, M. (1995). 
The importance o f the GTP-binding protein tissue transglutaminase in the regulation o f  
cell cycle progression. FEBS Lett., 370, 27-31

Mignatti, P., Morimoto, T. and Rifkin, D.B. (1991). Basic fibroblast growth factor 
released by single, isolated cells stimulates their migration in an autocrine manner. Proc. 
Natl. Acad. Sci. USA,  88, 11007-11011

Milstein, C., Brownlee, G.G., Harrison, T.M. and Mathews, M.B. (1972). A possible 
precursor o f immunoglobulin light chains. Nat. New Biol., 239, 117-120

Mirza, A., Liu, S.H., Frizell, E., Zhu, J., Maddukuri, S., Martinez, J., Davies, P., 
Schwarting, R., Norton, P. and Zern, M.A. (1997). A role for tissue transglutaminase 
in hepatic injury and fibrogenesis, and its regulation by NF-KB. Am. J. Phys. Gastro. 
Liver Phys., 35, G281-G288

240



References

Miyakawa, K., Hatsuzawa, K., Kurokawa, T., Asada, M., Kuroiwa, T. and 
Imamura, T. (1999). A  hydrophobic region locating at the center o f  fibroblast growth 
factor-9 is crucial for its secretion. J. Biol. Chem., 274, 29352-29357

Miyake, A., Konishi, M., Martin, F.H., Hernday, N.A., Ozaki, K., Yamamoto, S., 
Mikami, T., Arakawa, T. and Itoh, N. (1998). Structure and expression o f  a novel 
member, FGF-16, on the fibroblast growth factor family. Biochem. Biophys. Res. 
Commun., 243, 148-152

Molberg, O., Mcadam, S.N., Korner, R., Quarsten, H., Kristiansen, C., Madsen, L., 
Fugger, L., Scott, H., Noren, O., Roepstorff, P., Lundin, K.E., Sjostrom, H. and 
Soliid, L.M. (1998). Tissue transglutaminase selectively modifies gliadin peptides that 
are recognized by gut-derived T cells in celiac disease. Nat. Med., 4, 713-717

Molberg, O., McAdam, S., Lundin, K.E., Kristiansen, C., Arentz-Hansen. H., Kett, 
K. and Sollid, L.M. (2001). T cells from celiac disease lesions recognize gliadin 
epitopes deamidated in situ by endogenous tissue transglutaminase. Eur. J. Immunol., 
31, 1317-1323

Monsonego, A., Shani, Y., Friedmann, I., Paas, Y., Eizenberg, O. and Schwartz, M.
(1997). Expression o f GTP-dependent and GTP-independent tissue-type 
transglutaminase in cytokine-treated rat brain astrocytes. J. Biol. Chem., 272, 3724-3732

Moore, W.T.J., Murtaugh, M.P. and Davies P.J.A. (1984). Retinoic acid-induced 
expression o f tissue transglutaminase in mouse peritoneal macrophages. J. Biol. Chem., 
259, 12794-12802

Mosher, D.F. and Schad, P.E. (1979). Cross-linking o f fibronectin to collagen by blood 
coagulation Factor XHIa. J. Clin. Invest., 64, 781-787

Mosher, D.F., Schad, P.E. and Kleinman, H.K. (1979). Inhibition o f blood 
coagulation factor XHIa-mediated cross-linking between fibronectin and collagen by 
polyamines. J. Supramol. Struct., 11, 227-235

Muesch, A., Hartmann, E., Rolide, K., Rubartelli, A., Sitia, R. and Rapoport, T.A.
(1990). A novel pathway for secretory proteins? TIBS, 15, 86-88

Murtaugh, M.P., Moore, W.T. Jr. and Davies, P.J. (1986). Cyclic AMP potentiates 
the retinoic acid-induced expression o f  tissue transglutaminase in peritoneal 
macrophages. J. Biol. Chem., 261, 614-621

Murthy, S.N., Iismaa, S., Begg, G., Freymann, D.M., Graham, R.M. and Lorand, L.
(2002). Conserved tryptophan in the core domain o f transglutaminase is essential for 
catalytic activity. Proc. Natl. Acad. Sci. USA,  99,2738-2742

Mycek, M.J. and Waelsh, H. (1960). The enzymatic deamidation o f  proteins. J.Biol. 
Chem., 235,3513-3517

241



References

Nagy, L., Saydak, M., Shipley, N., Lu, S., Basilion, J.P., Yan, Z.H., Syka, P., 
Chandraratna, R.A.S., Stein, J.P., Heyman, R.A. and Davies, P.J.A. (1996). 
Identification and characterization o f a versatile retinoid response element (retinoic acid 
receptor response element-retinoid X  receptor response element) in the mouse tissue 
transglutaminase gene promoter. J. Biol. Chem., 271, 4355-4365

Nagy, L., Thomazy, V.A., Chandraratna, R.A., Heyman, R.A. and Davies, P.J.
(1996). Retinoid-regulated expression o f BCL-2 and tissue transglutaminase during the 
differentiation and apoptosis o f  human myeloid leukemia (HL-60) cells. Leuk. Res., 20, 
499-505

Nakajima, Y., Miyazono, K., Kato, M., Takase, M., Yamagishi, T. and Nakamura,
H. (1997). Extracellular fibrillar structure o f latent TGF beta binding protein-1: role in 
TGF beta-dependent endothelial-mesenchymal transformation during endocardial 
cushion tissue formation in mouse embryonic heart. J. Cell Biol., 136, 193-204

Nakanishi, K., Nara, K., Hagiwara, H., Aoyama, Y., Ueno, H. and Hirose, S. (1991). 
Cloning and sequence analysis o f cDNA clones for bovine aortic-endothelial-cell 
transglutaminase. Eur. J. Biochem., 202, 15-21

Nakaoka, H., Perez, D.M., Baek, K.J., Das, T., Husain, A., Misono, K., In, M.J. and 
Graham, R.M. (1994). Gh: a GTP-binding protein with transglutaminase activity and 
receptor signaling function. Science, 264, 1593-1596

Nanda, N., Iismaa, S.E., Owens, W.A., Husain, A., Mackay, F. and Graham, R.M.
(2001). Targeted inactivation o f Gh/tissue transglutaminase II. J. Biol. Chem., 276, 
20673-20678

Negi, M., Colbert, M.C. and Goldsmith, L.A. (1985). High molecular weight human 
epidermal transglutaminase. J. Invest. Dermatol, 85, 75-78

Nemes, Z. Jr., Friis, R.R., Aeschlimann, D., Saurer, S., Paulsson, M. and Fesus, L.
(1996). Expression and activation o f  tissue transglutaminase in apoptotic cells o f  
involuting rodent mammary tissue. Eur. J. Cell Biol, 70, 125-133

Nemes, Z., Marekov, L.N., Fesus, L. and Steinert, P.M. (1999). A novel function for 
transglutaminase 1: attachment o f  long-chain omega-hydroxyceramides to involucrin by 
ester bond formation. Proc. Natl Acad. Sci. USA,  96, 8402-8407

Noguchi, K., Ishikawa, K., Yokoyama, Ki., Ohtsuka, T., Nio, N. and Suzuki, E.
(2001). Crystal structure o f red sea bream transglutaminase. J. Biol Chem., 276, 12055- 
12059

Nouer, L. (1991). Heat Shock Responses, ed. Nouer, L. (CRC, Boca Raton, FL) 167- 
220.

242



References

Nurminskaya, M., Magee, C., Nurminsky, D. and Linsenmayer, T.F. (1998). Plasma 
transglutaminase in hypertrophic chondrocytes: expression and cell-specific intracellular 
activation produce cell death and externalization. J. Cell Biol, 142, 1135-1144

Ogawa, H. and Goldsmith, L.A. (1976). Human epidermal transglutaminase. 
Preparation and properties. J. Biol. Chem., 251, 7281-7288

Oliverio, S., Amendola, A., DiSano, F., Farrace, M.G., Fesus, L., Nemes, Z., 
Piredda, L., Spinedi, A. and Piacentini, M. (1997). Tissue transglutaminase-dependent 
posttranslational modification o f the retinoblastoma gene product in promonocytic cells 
undergoing apoptosis. Mol. Cell. Biol, 17, 6040-6048

Oppen-Berntsen, D.O., Helvik, J.V. and Walther, B.T. (1990). The major structural 
proteins o f cod (Gadus morhua) eggshells and protein crosslinking during teleost egg 
hardening. Dev. Biol., 137, 258-265

Palade, G. (1975). Intracellular aspects o f  the process o f  protein synthesis. Science, 189, 
347-358

Palecek, S.P., Loftus, J.C., Ginsberg, M.H., Lauffenburger, D.A. and Horwitz, A.F.
(1997). Integrin-ligand binding properties govern cell migration speed through cell- 
substratum adhesiveness. Nature, 385, 537-540

Pappenberger, G., Aygun, H., Engels, J.W., Reimer, U., Fischer, G. and Kiefhaber,
T. (2001). Nonprolyl cis peptide bonds in unfolded proteins cause complex folding 
kinetics. Nat. Struct. Biol., 8,452-458

Parameswaran, K.N., Cheng, X.F., Chen, E.C., Velasco, P.T. Wilson, J.H. and 
Lorand, L. (1997). Hydrolysis o f the epsilon-gamma isopeptides by cytosolic 
transglutaminases and by coagulation factor X llla. J. Biol. Chem., 272, 10311-10317

Park, E.S., Won, J.H., Han, K.J., Suh, P.G., Ryu, S.H., Lee, H.S., Yun, H.Y., Kwon, 
N.S. and Baek, K.J. (1998). Phospholipase C-deltal and oxytocin receptor signalling: 
evidence o f its role as an effector. Biochem. J., 331,283-289

Pedersen, L.C., Yee, V.C., Bishop, P.D., Le Trong, I., Teller, D.C. and Stenkamp, 
R.E. (1994). Transglutaminase factor XIII uses proteinase-like catalytic triad to 
crosslink macromolecules. Protein Sci., 3, 1131-1135

Peng, X.J., Zhang, Y.H., Zhang, H.F., Graner, S., Williams, J.F., Levitt, L. and 
Lokshin, A. (1999). Interaction o f tissue transglutaminase with nuclear transport protein 
importin-alpha 3. FEBS Lett., 446, 35-39

Penneys, N.S., Rademaker, B., Jackson, I.T. and Fasching, M.C. (1991). Loss o f  
factor X llla  in pig dermis during tissue expansion. J. Dermatol. Sci., 2, 62-65

243



References

Perry, Mahoney, S.A. and Haynes, L.W. (1995). Transglutaminase-C in
cerebellar granule neurons-regulation and localization o f substrate cross-linking. 
Neuroscience, 65, 1063-1076

Peters, L.L., Jindel, H.K., Gwynn, B., Korsgren, C., John, K.M., Lux, S.E., 
Mohandas, N., Cohen, C.M., Cho, M.R., Golan, D.E. and Brugnara, C. (1999). Mild 
spherocytosis and altered red cell ion transport in protein 4. 2-null mice. J. Clin. Invest., 
103, 1527-1537

Phillips, M.A., Qin, Q., Mehrpouyan, M. and Rice, R.H. (1993). Keratinocyte 
transglutaminase membrane anchorage: Analysis o f site-directed mutants. Biochemistry, 
32,11057-11063

Phillips, M.A., Stewart, B.E., Qin, Q., Chakravarty, R., Floyd, E.E., Jetten, A.M. 
and Rice, R.H. (1990). Primaiy structure o f  keratinocyte transglutaminase. Proc. Nat. 
Acad. Sci. USA, 87, 9333-9337

Piacentini, M., Annicchiarico-Petruzzelli, M., Oliverio, S., Piredda, L., Biedler, J.L. 
and Melino, E. (1992). Phenotype-specific "tissue" transglutaminase regulation in 
human neuroblastoma cells in response to retinoic acid: correlation with cell death by 
apoptosis. Int. J. Cancer, 52, 271 -278

Piacentini, M., Farrace, M.G., Hassan, C., Serafini, B. and Autuori, F. (1999). 
'Tissue' transglutaminase release from apoptotic cells into extracellular matrix during 
human liver fibrogenesis. J. Pathol, 189, 92-98

Piacentini, M. and Melino, G. (1994). Role o f tissue transglutaminase in 
neuroblastoma cells undergoing apoptosis. Prog. Clin. Biol. Res., 385, 123-129

Piotrowicz, R.S., Maher, P.A. and Levin, E.G. (1997). Dual activities o f  22-24 kDA  
basic fibroblast growth factor: inhibition o f migration and stimulation o f proliferation. J. 
Cell Physiol., 178, 144-153

Piredda, L., Farrace, M.G., Lo, Bello, M., Malorni, W., Melino, G., Petruzzelli, R. 
and Piacentini, M. (1999). Identification of'tissue' transglutaminase binding proteins in 
neural cells committed to apoptosis. FASEB J., 13, 355-364

Pisano, J.J, Finlayson, J.S. and Peyton, M.P. (1968). Cross-link in fibrin polymerized 
by factor 13: epsilon-(gamma-glutamyl)lysine. Science, 160, 892-893

Polakowska, R.R., Eickbush, T., Falciano, V., Razvi, F. and Goldsmith, L.A. (1992). 
Organization and evolution o f  the human epidermal keratinocyte transglutaminase I 
gene. Proc. Natl. Acad. Sci. USA,  89,4476-4480

Porta, R., Gentile, V., Esposito, C., Marinello, L. and Auriccjio, S. (1990). Cereal 
dietary proteins with sites for cross-linking by transglutaminase. Phytochemistry, 29, 
2801-2804

244



References

Porta, R., De Santis, A., Esposito, C., Draetta, G.F., Di Donato, A. and Iiliano, G.
(1986). Inhibition o f  adenylate cyclase by transglutaminase-catalyzed reactions in 
pigeon erythrocyte ghosts. Biochem. Biophys. Res. Commun., 138, 596-603

Puszkin, E.G. and Raghuraman, V. (1985). Catalytic properties o f  a calmodulin- 
regulated transglutaminase from human platelet and chicken gizzard. J. Biol. Chem., 
260, 16012-16020

Quarsten, H., Molberg, O., Fugger, L., McAdam, S.N. and Sollid, L.M. (1999). HLA 
binding and T cell recognition o f a tissue transglutaminase-modified gliadin epitope. 
Eur. J. Immunol., 29, 2506-2514

Radek, J.T., Jeong, J-M., Murthy, S.N.P., Ingham, K.C. and Lorand, L. (1993). 
Affinity o f  human erythrocyte transglutaminase for a 42-kDa gelatin-binding fragment 
of human plasma fibronectin. Proc. Nad. Acad. Sci. USA, 90, 3152-3156

Raghunath, M., Hopfner, B., Aeschlimann, D., Luthi, U., Meuli, M., Altermatt, S., 
Gobet, R., Bruckner-Tuderman, L. and Steinmann, B. (1996). Cross-linking o f  the 
dermo-epidermal junction o f  skin regenerating from keratinocyte autografts. Anchoring 
fibrils are a target for tissue transglutaminase. J. Clin. Invest., 98, 1174-1184

Ramachandran, G.N. and Sasisekharan, V. (1968). Conformation o f  polypeptides and 
proteins. Adv. Protein. Chem., 2 3 ,283-438

Reed, G.L., Matsueda, G.R. and Haber, E. (1991). Fibrin-fibrin and alpha 2- 
antiplasmin-fibrin cross-linking by platelet factor XIII increases the resistance o f platelet 
clots to fibrinolysis. Trans. Assoc. Am. Physicians, 104, 21-28

Reiner, A.P., Frank, M.B., Schwartz, S.M., Linenberger, M.L., Longstreth, W.T., 
Teramura, G., Rosendaal, F.R., Psaty, B.M. and Siscovick, D.S. (2002). Coagulation 
factor XIII polymorphisms and the risk o f myocardial infarction and ischaemic stroke in 
young women. Br. J. Haematol., 116, 376-382

Revest, J.M., DeMoerlooze, L. and Dickson, C. (2000). Fibroblast growth factor 9 
secretion is mediated by a non-cleaved amino-terminal signal sequence. J. Biol. Chem., 
275, 8083-8090

Ritter, S.J. and Davies, P.J.A. (1998). Identification o f a transforming growth factor- 
BI/ Bone morphogenetic protein 4 (TGF-BI/BW4) response element whithin the mouse 
tissue transglutaminase gene promoter. J.Biol. Chem., 273, 12798-12806

Romanic, A.M., Arleth, A.J., Willette, R.N. and Ohlstein, E.H. (1998). Factor X llla  
cross-links lipoprotein(a) with fibrinogen and is present in human atherosclerotic 
lesions. Circ. Res., 83,264-269

Romijn, J.C. (1990). Polyamines and transglutaminase actions. Andrologia, 22, 83-91

245



References

Ross, R. (1968). The fibroblast and wound repair. Biol. Rev. Camb. Philos. Soc., 43, 51- 
96

Rubartelli, A., Bajetto, A., Allavena, G., Wollman, E. and Sitia, R. (1992). Secretion 
o f thioredoxin by normal and neoplastic cells through a leaderless secretory pathway. J. 
Biol. Chem., 267,24161 -24164

Rubartelli, A., Bajetto, A., Bonifaci, N., Di Bias, E., Solito, E. and Sitia, R. (1993). A 
novel way to get out o f the cell. Cytotechnology, 11, S37-40

Rubartelli, A., Cozzolino, F., Talio, M. and Sitia, R. (1990). A novel secretory 
pathway for interleukin-1 beta, a protein lacking a signal sequence. EMBO J., 9, 1503- 
1510

Russell, L.J., DiGiovanna, J.J., Rogers, G.R., Steinert, P.M., Hashem, N., Compton, 
J.G. and Bale, S.J. (1995). Mutations in the gene for transglutaminase 1 in autosomal 
recessive lamellar ichthyosis. Nat. Genet., 9, 279-283

Rybicki, A.C., Musto, S. and Schwartz, R.S. (1995). Decreased content o f protein 4.2 
in ankyrin-deficient normoblastosis (nb/nb) mouse red blood cells: evidence for ankyrin 
enhancement o f  protein 4.2 membrane binding. Blood, 86, 3583-3589

Sane, D.C., Moser, T.L. and Greenberg, C.S. (1991). Vitronectin in the substratum of  
endothelial cells is cross-linked and phosphorylated. Biochem. Biophys. Res. Commun., 
174,465-469

Sane, D.C., Moser, T.L., Pippen, A.M.M., Parker, C.J, Achyuthan, K.E. and 
Greenberg, C.S. (1988). Vitronectin is substrate for transglutaminases. Biochem. 
Biophys. Res. Commun., 57, 115-120

Schittny, J.C., Paulsson, M., Vallan, C., Burri, P.H., Kedei, N. and Aeschlimann, D.
(1997). Protein cross-linking mediated by tissue transglutaminase correlates with the 
maturation o f extracellular matrices during lung development. Am. J. Respir. Cell Mol. 
Biol., 17, 334-343

Schmid, F.X. and Baldwin, R.L. (1978). Acid catalysis o f the formation o f the slow- 
folding species o f RNase A: evidence that the reaction is proline isomerization. Proc. 
Natl. Acad. Sci. USA,  75,4764-4768

Scholz, C., Scherer, G., Mayr, L.M., Schindler, T., Fischer, G. and Schmid, F.X.
(1998). Prolyl isomerases do not catalyze isomerization o f  non-prolyl peptide bonds. 
Biol. Chem., 379,361-365

Schroff, G., Neumann, C. and Sorg, C. (1981). Transglutaminase as a marker for 
subsets o f  murine macrophages. Eur. J. Immunol., 11, 637-642

246



References

Schuppan, D., Ruehl, M., Somasundaram, R. and Hahn, E.G. (2001). Matrix as a 
modulator o f hepatic fibrogenesis. Semin. Liver Dis., 21, 351-372

Schwartz, M.L., Pizzo, S.V., Hill, R.L. and McKee, P.A. (1973). Human Factor XIII 
from plasma and platelets. Molecular weights, subunit structures, proteolytic activation, 
and cross-linking o f  fibrinogen and fibrin. J. Biol. Chem., 248, 1395-1407

Searle, P.F., Stuart, G.W. and Palmiter, R.D. (1985). Building a metal-responsive 
promoter with synthetic regulatory elements. Mol. Cell Biol., 5, 1480-1489

Seitz, J., Keppler, C., Huntemann, S., Rausch, U. and Aumuller, G. (1991). 
Purification and molecular characterisation o f a secretory transglutaminase from 
coagulating gland o f  the rat. Biochim. Biophys. Acta., 1078, 139-146

Seiving, B., Ohlsson, K., Linder, C. and Stenberg, P. (1991). Transglutaminase 
differentiation during maturation o f  human blood monocytes to macrophages. Eur. J. 
Haematol., 46, 263-271

Sener, A., Dunlop, M.E., Gomis, R., Mathias, P.C., Malaisse-Lagae, F. and 
Malaisse, W.J. (1985). Role o f  transglutaminase in insulin release. Study with glycine 
and sarcosine methylesters. Endocrinology, 117, 237-242

Shainoff, J.R., Urbanic, D.A. and DiBello, PM. (1991). Immunoelectrophoretic 
characterizations o f  the cross-linking o f fibrinogen and fibrin by factor X llla  and tissue 
transglutaminase. Identification o f a rapid mode o f hybrid alpha-/gamma-chain cross- 
linking that is promoted by the gamma-chain cross-linking. J. Biol. Chem., 266, 6429- 
6437

Shimizu, T., Takao, T., Hozumi, K., Nunomura, K., Ohta, S., Shimonishi, Y. and 
Ikegami, S. (1997). Structure o f a covalently cross-linked form o f core histones present 
in the starfish sperm. Biochem., 36, 12071-12079

Simon, M. and Green, H. (1988). The glutamine residues reactive in transglutaminase- 
catalyzed cross-linking o f involucrin. J. Biol. Chem., 263, 18093-18098

Simon, M., Haftek, M., Sebbag, M., Montezin, M., Girbal-Neuhauser, E., Schmitt, 
D. and Serre, G. (1996). Evidence that filaggrin is a component o f comified cell 
envelopes in human plantar epidermis. Biochem. J., 317, 173-177

Simons, K. and Ikonen, E. (1997). Functional rafts in cell membranes. Nature, 387, 
569-572

Singh, U.S., Erickson, J.W. and Cerione, R.A. (1995). Identification and biochemical 
characterization o f  an 80 kilodalton GTP-binding/transglutaminase from rabbit liver 
nuclei. Biochemistry, 34, 15863-15871

247



References

Singh, R.N. and Mehta, K. (1994). Purification and characterisation o f a novel 
transglutaminase from filarial nematode Brugia Malayi. Eur. J. Biochem., 225, 625-634

Sjostrom, H., Lundin, K.E., Molberg, O., Korner, R., McAdam, S.N., Anthonsen, 
D., Quarsten, H., Noren, O., Roepstorff, P., Thorsby, E. and Soliid, L.M. (1998). 
Identification o f  a gliadin T-cell epitope in coeliac disease: general importance o f gliadin 
deamidation for intestinal T-cell recognition. Scand. J. Immunol, 48,111-115

Skubitz, K.M., Campbell, K.D. and Skubitz, A.P. (2000). CD63 associates with 
CD11/CD18 in large detergent-resistant complexes after translocation to the cell surface 
in human neutrophils. FEBS Lett., 469, 52-56

Slife, C.W, Dorsett, M.D., Bouquett, G.T., Register, A., Taylor, E. and Conroy, S.
(1985). Subcellular localization o f a membrane-associated transglutaminase activity in 
rat liver. Arch. Biochem. Biophys., 241, 329-336

Slife, C.W, Dorsett, M.D. and Tillotson M.L. (1986). Sub-cellular location and 
identification o f a large molecular weight substrate for the liver plasma membrane 
transglutaminase. J. Biol. Chem., 261, 3451-3456

Sloan, P., Picardo, M. and Sclior, S.L. (1991). The structure and function o f oral 
mucosa. Dent. Update, 18,208-212

Small, K., Feng, J.F., Lorenz, J., Donnelly, E.T., Yu, A., Im, M.J., Dorn, G.W. 2nd 
and Liggett, S.B. (1999). Cardiac specific overexpression o f  transglutaminase II (G(h)) 
results in a unique hypertrophy phenotype independent o f  phospholipase C activation. J. 
Biol. Chem., 274,21291-21296

Smallwood, P.M., Munoz-Sanjuan, I., Tong, P., Macke, J.P., Hendry, S.H., Gilbert, 
D.J., Copeland, N.G., Jenkins, N.A. and Nathans, J. (1996). Fibroblast growth factor 
(FGF) homologous factors: new members o f  the FGF family implicated in nervous 
system development. Proc. Natl. Acad. Sci. USA,  93, 9850-9857

Smethurst, P.A. and Griffin, M. (1996). Measurement o f  tissue transglutaminase 
activity in a permeabilized cell system: its regulation by Ca2+ and nucleotides. Biochem. 
J., 313, 803-808

Soliid, L.M. (2000). Molecular basis o f celiac disease. Annu. Rev. Immunol, 18, 53-81

Steinert P.M., Marekov L.N. (1995). The proteins Elafin, Filaggrin, Keratin 
Intermediate Filaments, Loricrin and Small Proline-rich Proteins 1 and 2 are 
isodipeptide cross-linked components o f the human epidermal comified cell envelope. J  
Biol. Chem., 270, 17702-17711

Stewart, D.E., Sarkar, A. and Wampler, J.E. (1990). Occurrence and role o f cis 
peptide bonds in protein structures. J. Mol Biol., 2 1 4 ,253-260

248



References

Stoddard, B.L. and Pietrokovski, S. (1998). Breaking up is hard to do. Nat. Struct. 
Biol., 5, 3-5

Sulkanen, S., Halttunen, T., Laurila, K., Kolho, K.L., Korponay-Szabo, I.R., 
Sarnesto, A., Savilahti, E., Collin, P. and Maki, M. (1998). Tissue transglutaminase 
autoantibody enzyme-linked immunosorbent assay in detecting celiac disease. 
Gastroenterology, 115, 1322-1328

Sung, L.A., Chien, S., Fan, Y.S., Lin, C.C., Lambert, K., Zhu, L., Lam, J.S. and 
Chang, L.S. (1992). Human erythrocyte protein 4.2: isoform expression, differential 
splicing, and chromosomal assignment. Blood, 79, 2763-2770

Suto, N., Ikura, K. and Sasaki, R. (1993). Expression induced by interleukin-6 o f  
tissue transglutaminase in human hepatoblastoma, HepG2 cells, J. Biol. Chem., 268, 
7469-7473

Taipale, J., Miyazono, K., Heldin, C.H. and Keski-Oja, J. (1994). Latent 
transforming growth factor-beta 1 associates to fibroblast extracellular matrix via latent 
TGF-beta binding protein. J. Cell Biol., 124, 171-181

Takagi, T. and Doolittle, R.F. (1974). Amino acid sequence studies on factor XIII and 
the peptide released during its activation by thrombin. Biochemistry, 13, 750-756

Takahashi, R., Takahashi, Y. and Putnam, F.W. (1986). Primary structure o f blood 
coagulation factor XHIa (fibrinoligase, transglutaminase) from human placenta. Proc. 
Nat. Acad. Sci., 83, 8019-8023

Takaku, K., Futamura, M., Saitoh, S. and Takeuchi, Y. (1995). Tissue-type 
transglutaminase is not a tumor-related marker. J. Biochem. (Tokyo), 118, 1268-1270

Takashi, R. (1988). A novel actin label: a fluorescent probe at glutamine-41 and its 
consequences. Biochemistry, 27, 938-943

Tarantini, F., Gamble, S., Jackson, A. and Maciag, T. (1995). The cysteine residue 
responsible for the release o f fibroblast growth factor-1 residues in a domain 
independent o f  the domain for phosphatidylserine binding. J. Biol. Chem., 270, 29039- 
29042

Tarantini, F., LaVallee, T., Jackson, A., Gamble, S., Carreira, C.M., Garfinkel, S., 
Burgess, W.H. and Maciag, T. (1998). The extravesicular domain o f  synaptotagmin-1 
is released with the latent fibroblast growth factor-1 homodimer in response to heat 
shock. J. Biol. Chem., 273, 22209-22216

Tartakoff, A.M. and Vassalli, P. (1983). Lectin-binding sites as markers o f Golgi 
subcompartments: proximal-to-distal maturation o f  oligosaccharides. J. Cell Biol., 97, 
1243-1248

249



References

Teshigawara, K., Kannagi, R., Noro, N. and Masuda, T. (1985). Possible 
involvement o f  transglutaminase in endocytosis and antigen presentation. Microbiol 
Immunol, 29, 737-750
Thacher, S.M. (1989). Purification o f keratinocyte transglutaminase and its expression 
during squamous differentiation. J. Invest. Dermatol, 92, 578-584

Thacher, S.M. and Rice, R.H. (1985). Keratinocyte-specific transglutaminase o f  
cultured human epidermal-cells - relation to cross-linked envelope formation and 
terminal differentiation. Cell, 40, 685-695

Thomazy, V. and Fesus, L. (1989). Differential expression o f  tissue transglutaminase 
in human cells. An immuno-histochemical study. Cell Tissue Res., 255, 215-221

Towbin R., Dumbar J.S. and Bove K. (1979). Antrochoanal polyps. AJR Am. J.
Roentgenol., 132, 27-31

Triezenberg, S.J., LaMarco, K.L. and McKnight, S.L. (1988). Evidence o f DNA: 
protein interactions that mediate HSV-1 immediate early gene activation by VP 16. 
Genes Dev, 2, 730-742

Tucholski, J., Kuret, J. and Johnson, G.V. (1999). Tau is modified by tissue 
transglutaminase in situ: possible functional and metabolic effects o f  polyamination. J. 
Neurochem., 73,1871-1880

Turner, P.M. and Lor and, L. (1989). Complexation o f  fibronectin with tissue 
transglutaminase. Biochemistry, 24, 628-635

Tyrrell, D.J., Sale, W.S. and Slife, C.W. (1988a). Fibronectin is a component o f the 
sodium dodecyl sulfate-insoluble transglutaminase substrate. J. Biol. Chem., 263, 8464- 
8469

Tyrrell, D.J., Sale, W.S. and Slife, C.W. (1988b). Isolation o f  a sodium dodecyl 
sulfate-insoluble transglutaminase substrate from liver plasma membranes. J. Biol. 
Chem., 263, 1946-1951

Tyrrell, D.J., Sale, W.S. and Slife, C.W. (1986). Localization o f a liver 
transglutaminase and a large molecular weight transglutaminase substrate to a distinct 
plasma membrane domain. J. Biol. Chem., 261,14833-14836

Upchurch, H.F., Conway, E., Patterson, M.K.Jr. and Maxwell, M.D. (1991). 
Localization o f cellular transglutaminase on the extracellular matrix after wounding: 
characteristics o f the matrix bound enzyme. J. Cell. Phys., 149, 375-383

van de Wal, Y., Kooy, Y., van Veelen, P., Pena, S., Mearin, L., Papadopoulos, G. 
and Koning, F. (1998a). Selective deamidation by tissue transglutaminase strongly 
enhances gliadin-specific T cell reactivity. J. Immunol., 161, 1585-1588

250



References

van de Wal, Y., Kooy, Y.M., van Veelen, P.A., Pena, S.A., Mearin, L.M., Molberg, 
O., Lundin, K.E., Soliid, L.M., Mutis, T., Benckhuijsen, W.E., Drijfhout, J.W. and 
Koning, F. (1998b). Small intestinal T cells o f celiac disease patients recognize a 
natural pepsin fragment o f gliadin. Proc. Natl. Acad. Sci. USA,  95, 10050-10054

van de Wal, Y., Kooy, Y.M., van Veelen, P., Vader, W., August, S.A., Drijfhout, 
J.W., Pena, S.A. and Koning, F. (1999). Glutenin is involved in the gluten-driven 
mucosal T cell response. Eur. J. Immunol., 29, 3133-3139

Verderio, E., Gaudry, C., Gross, S., Smith, C., Downes, S. and Griffin, M. (1999). 
Regulation o f cell surface tissue transglutaminase: effects on matrix storage o f latent 
transforming growth factor-beta binding protein-1. J. Histochem. Cytochem., 47, 1417- 
1432

Verderio, E., Nicholas, B., Gross, S. and Griffin, M. (1998). Regulated expression o f  
tissue transgiutaminase in Swiss 3T3 fibroblasts: effects on the processing o f  
fibronectin, cell attachement and cell death. Exp. Cell Res., 239, 119-138

Verma, A.K., Shoemaker, A., Simsiman, R., Denning, M. and Zachman, R.D.
(1992). Expression o f retinoic acid nuclear receptors and tissue transglutaminase is 
altered in various tissues o f  rats fed a vitamin A-deficient diet. J. Nutr., 1 2 2 ,2144-2152

Vezza, R., Habib, A. and FitzGerald, G.A. (1999). Differential signaling by the 
thromboxane receptor isoforms via the novel GTP-binding protein, Gh. J. Biol. Chem., 
274, 12774-12779

Weinberg, J.B., Pippen, A.M. and Greenberg, C.S. (1991). Extravascular fibrin 
formation and dissolution in synovial tissue o f patients with osteoarthritis and 
rheumatoid arthritis. Arthritis Rheum., 34, 996-1005

Weisberg, L.J., Shiu, D.T., Conkling, P.R. and Shuman, M.A. (1987). Identification 
o f  normal peripheral blood monocytes and liver as sites o f synthesis o f coagulation 
factor XHIa chain. Blood, 70, 579-582

Weiss, M.S., Metzner, H.J. and Hilgenfeld, R. (1998). Two non-proline cis peptide 
bonds may be important for factor XIII function. FEBS Lett., 4 2 3 ,291-266

Weraarchakul-Boonmark, N., Jeong, J.M., Murthy, S.N., Engel, J.D. and Lorand,
L. (1992). Cloning and expression o f chicken erythrocyte transglutaminase. Proc. Natl. 
Acad. Sci. USA,  89, 9804-9808

Weller, M., Bresgen, M., Heimann, K. and Wiedemann, P. (1990). Blood coagulation 
factor XIII contributes to the development o f traction retinal detachment. Acta 
Ophthalmol. (Copenh)., 68, 246-252

Williams-Ashman, H.G. (1984). Transglutaminase and the clotting o f  mammalian 
seminal fluids. Mol. Cell. Biochem., 58, 51-61

251



References

Wilson, E.M. and French, F.S. (1980). Biochemical homology between rat dorsal 
prostate and coagulating gland. Purification o f a major androgen-induced protein. J. 
Biol. Chem., 255, 10946-10953

Woodley, D.T., Chen, J.D., Kim, J.P., Sarret, Y., Iwasaki, T., Kim, Y.H. and 
O'Keefe, E.J. (1993). Re-epithelialization. Human keratinocyte locomotion. Dermatol. 
Clin., 11,641-646

Wyllie, A.H., Kerr, J.F. and Currie, A.R. (1980). Cell death: the significance o f  
apoptosis. Int. Rev. Cytol., 68, 251-306

Yamaguchi, S., Jeenes, D.J. and Archer, D.B. (2001). Protein-glutaminase from 
Chryseobacterium proteolyticum, an enzyme that deamidates glutaminyl residues in 
proteins. Purification, characterization and gene cloning. Eur. J. Biochem., 268, 1410- 
1421

Yasueda, H., Kumazawa, Y. and Motoki, M. (1994). Purification and characterization 
o f a tissue-type transglutaminase from red sea bream (Pagrus major). Biosci. Biotechnol. 
Biochem., 58,2041-2045

Yee, V.C., Pedersen, L.C., Le Trong, L., Bishop, P.D., Stenkamp, R.E. and Teller,
D.C. (1994). Three dimensional structure o f a transglutaminase: human blood 
coagulation factor XIII. Proc. Natl. Acad. Sci. USA, 91, 7296-7300

Yee, Y.C., Le Trong, L.C., Bishop, P.D., Pedersen, L.C., Stenkamp, R.E. and 
Teller, D.C. (1996). Structure and function studies o f factor M i l a  by x-ray 
crystallography. Seminars Thromb. Remos., 22, 377-384

Zatloukal, K., Fesus, L., Denk, H., Tarcsa, E., Spurej, G. and Bock, G. (1992). High 
amount o f epsilon-(gamma-glutamyl)lysine cross-links in Mallory bodies. Lab. Invest., 
66, 774-777

Zhang, W., Johnson, B.R., Suri, D.E., Martinez, J. and Bjornsson, T.D. (1998). 
Immunohistochemical demonstration o f tissue transglutaminase in amyloid plaques. 
Acta Neuropathol., 96, 395-400

Zhang, J. and Masui, Y. (1997). Role o f amphibian egg transglutaminase in the 
development o f secondary cytostatic factor in vitro. Mol. Reprod. Dev., 47, 302-311

Zhang, L.X., Mills, K.J., Dawson, M.I., Collins, S.J. and Jetten, A.M. (1995). 
Evidence for the involvement o f retinoic acid receptor RARa-dependent signaling 
pathway in the induction o f tissue transglutanminase and apoptosis by retinoids. J. Biol. 
Chem., 270, 6022-6029

252



References

Zirvi, K.A., Keogh, J.P., Slomiany, A. and Slomiany, B.L. (1991). Transglutaminase 
activity in human colorectal carcinomas o f differing metastatic potential. Cancer Lett., 
60, 85-92

Ziyadeh, F.N., Sharma, K., Ericksen, M. and Wolf, G. (1994). Stimulation o f  
collagen gene expression and protein synthesis in murine mesangial cells by high 
glucose is mediated by autocrine activation o f transforming growth factor-beta. J. Clin. 
Invest., 93, 536-542

253


