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Transglutaminase 2 (TG2) is an enzyme that catalyzes, in a calciumdependent manner, the incorporation of primary amino groups of various
compounds into glutaminyl side-chains in protein substrates. It has been
reported that TG2 is activated under oxidative stress conditions. Moreover, it
has been suggested that reduction-oxidation (redox)-sensitive cysteinyl thiols
of TG2 are involved in regulation of TG2 activity. Intracellular redox status
can be detected by various protein thiol modifications. S-glutathionylation of
proteins (PSSG) is a process in which mixed disulfide bonds are formed
between cysteinyl thiols and glutathione. PSSG can be used to modulate target
protein function and to protect proteins from irreversible oxidative damage.
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However, S-glutathionylation of TG2 and the resulting product’s effects on
protein function have not been previously reported.
In this study, TG2 is shown to undergo S-glutathionylation when purified
TG2 is treated with oxidized glutathione (GSSG). In vitro enzymatic activity
of S-glutathionylated TG2 (TG2-SG) was enhanced compared to that of the
untreated control. Treatment of TG2-SG with various thiol-containing
compounds resulted in deglutathionylation. HeLa cells cultured under
oxidative stress conditions with a high ratio of GSSG to reduced glutathione
(GSH) resulted in enhanced transamidation activity. The TG2 Sglutathionylation sites were identified by using mass spectrometry.
The results indicate that TG2 can be S-glutathionylated under oxidative stress
conditions and that S-glutathionylation of TG2 can result in enhancement of
the transamidation activity of TG2.

Key word : Transglutaminase 2, oxidative stress, S-glutathionylation,
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Introduction
1. Transglutaminase
Transglutaminases (TGs) are members of a protein family and comprise a
structural protein (protein 4.2) that lacks catalytic activity and eight enzymes.
All of the enzymes have been encoded in the human genome. Members of the
TG family catalyze, in a calcium (Ca2+) dependent manner, the incorporation
of the primary amino groups of various compounds into glutaminyl sidechains in protein substrates.
TGs are involved in various biological processes such as blood coagulation,
skin barrier formation, and extracellular matrix (ECM) assembly. TG
participation in such activities is generally attributed to their proteinmodifying potential. Moreover, TGs can contribute to the pathophysiology of
various inflammatory, autoimmune, and degenerative conditions. In some
instances, some members of the TG family can participate in biological
processes through specialized non-catalytic actions, such as those related to
cell adhesion, scaffolding of the cytoskeleton to maintain membrane integrity,
and possibly signal transduction.
The human TG family comprises nine members. Eight of which (TG1 through
TG7 and coagulation factor XIIIa) encode potential Ca2+-activated
transamidating enzymes and one (Band 4.2) encodes the catalytically inactive



homologue erythrocyte membrane protein band 4.2. Characteristics of the TG
family members are described in the following and are summarized in Table 1.
TG1 (encoded by the gene TGM1 on human chromosome 14q11.2) is
synthesized as an inactive zymogen, is expressed in most kinds of epithelial
cells, and is associated with adherens junctions of epithelial cells in lung,
kidney, and liver (1). It is also expressed at a low level in proliferating
keratinocytes and is induced during keratinocyte differentiation (2). TG1 is
typically in a membrane-bound state in proliferating or differentiating cells.
During terminal differentiation of cells, TG1 activity is increased several fold
by proteolysis. TG1 functions mainly in the formation of cornified cell
envelopes or of terminally differentiated epidermal keratinocytes (3). It has
been reported that mutations in the TG1 gene are associated with lamellar
ichthyosis and autosomal recessive skin disease. That finding indicates that
TG1 has esterase enzyme activity in addition to its transamidation activity,
which is associated with lipid and protein barrier formation.
TG2 (encoded by gene TGM2 on human chromosome 20q11-12) is a 74 kDa
to 80 kDa protein ubiquitously expressed and found in all mammalian tissues
(4). It is located at various sites including the cytosol and in nuclear,
membrane, cell surface, and extracellular sites; however, it is not present in
mitochondria (5). TG2 is a multifunctional enzyme that has transamidating,




hydrolyzing, and guanosine 5'-triphosphate (GTP) binding activities that
mediate signal transduction (6). Their transamidation activity is inhibited by
their GTP binding capacity. The extracellular transamidation activity of TG2
is associated with matrix stabilization, which is important in wound healing,
angiogenesis, and bone remodeling. The predominant intracellular activity of
TG2 is in the cross-linking of proteins during apoptosis.
TG3 (encoded by TGM3 on human chromosome 20q11-12) is synthesized as
an inactive zymogen that is activated by cathepsin L. TG3 is expressed in
epidermis and hair follicle (7). It has been reported that while TG3 has a
unique functional importance in hair development, loss of TG3 in the
epidermis can be compensated for by other TG family members. Fur and
whiskers of lacking TG3 have a curled structure (8).
TG4 (encoded by TGM4 on human chromosome 3q21-22) is distinct from
other TG family members in that it is found in the prostate and in prostatic
fluid. Recently, it was reported that TG4 might be involved in prostate cancer
cell growth, cell migration, invasiveness, tumor-endothelial interaction, and
epithelial-mesenchymal

transition.

Moreover,

TG4

has

wide-ranging

interactions with other molecular complexes, implying that TG4 could
function as a possible biomarker of aggressive cancer as well as potentially
being used as a therapeutic factor (9).




TG5 (encoded by TGM5 on human chromosome 15q15.2) is similar to TG1 in
its association with tissue distribution and tissue function (10). TG5 is widely
expressed in the epidermis and is involved in protein cross-linking. It has been
suggested that TG5 is required for structural integrity of the outermost
epidermal layers (11). Recently, it was reported that TGM5 mutations were
present in subjects with acral peeling skin syndrome (12).
TG6 (encoded by TGM6 on human chromosome 20q11) is expressed in a
human carcinoma cell line with neuronal characteristics and in mouse brain.
Biochemical data show that TG6 is allosterically regulated by Ca2+ and by
guanine nucleotides (13).
TG7 is encoded by TGM7 on human chromosome 15q15.32. The enzymatic
properties and biological functions of TG7 have not been fully described.
Factor XIIIa (encoded by F13A1 on human chromosome 6q24-25) is
expressed in hematopoietic cells and in placenta. Factor XIIIa is a zymogen
that is activated by thrombin-dependent proteolysis. Activated Factor XIIIa
cross-links fibrin aggregates in order to stabilize blood clotting (14). Factor
XIIIa consists of 731 amino acids and has a molecular mass of 83 kDa.
Band 4.2 (encoded by EPB42 on human chromosome 15q15.2) is a TG-like
protein. It has strong sequence identity with the TG family of proteins, but is
inactive because of a substitution of alanine for the active-site cysteine (Cys).




Band 4.2 contributes to membrane shape and stability and is associated with
the Rhesus protein complex in red blood cell membranes (15).







1.1. Catalytic activity of transglutaminases
Transglutaminases catalyze protein cross-linking at least five kinds of posttranslational reaction. All such reactions have a common, two-step
mechanism. First is an acylation step in which an acyl-enzyme is formed by
the reaction of a TG with substrate 1, a Gln-containing protein or peptide. In
this step, the substrate 1 protein binds to the active-center Cys residue of TG
with the Gln residue. The formation of the acyl-enzyme intermediate is
thought to be the rate-limiting step in such reactions. The second step is
deacylation in which substrate 2 breaks the thioester bond formed between
TG and substrate 1. As a result, a cross-linked product is formed between
substrate 1 and substrate 2 and is dissociated from the TG. At the end of step
2, a TG active site is regenerated, allowing the TG to participate in another
two-step catalysis cycle.
These reactions can be divided into three types: transamidation, esterification,
and hydrolysis. This classification is based on the chemical species within
substrate 2. Transamidation reactions involve substrate 2 proteins that contain
a primary amine group. Esterification and hydrolysis involve substrate 2
proteins that contain an alcohol or water group, respectively. Transamidation
can be subclassified into three reaction types: cross-linking, amine




incorporation, and acylation whereas hydrolysis can be subclassified into
deamidation and isopeptide cleavage reactions.
With regard to TG-catalyzed deamidation reactions, changing a single
substrate residue from a positive to a negative charge can have important
biological effects. Such a change may only have a small (~2 kcal/mol) effect
on the thermodynamic energy of the side chain, but such a change can induce
a 100-fold shift in the substrate’s equilibrium, which can influence protein
solubility, conformation, and stability, and it can affect interactions of the
protein with other macromolecules. In the same vein, amine incorporation,
which imposes a positive charge on a neutral glutamine (Gln) side chain, can
influence the biochemical properties of the target protein (16). In the case of
cross-linking, the covalent isopeptide bond is resistant to proteolysis and is
stable. As a result, the supramolecular structure may increase which may
provide structural resistance to proteolytic degradation.
Such reactions are essential for biological processes such as blood coagulation,
skin barrier formation, and ECM assembly. Moreover, in such reactions
different TGs generally exhibit different substrate specificity. If the same
substrate encounters different TGs then different reaction products may be
created as TGs have different affinities and/or specificities toward reactive
Glns and lysines.




In addition to the enzymatic actions of TGs, some TG family members have
actions that are unrelated to transamidase catalytic activity. For example, TG2
(6), TG4 (17), and TG5 (18) have exhibited GTP binding and hydrolysis
activity.







1.2. Genomic organization, tertiary structure, and protein
domains of transglutaminases
The genes encoding FXIII-A (F13A1) and TG1 (TGM1) consist of 15 exons
and 14 introns, whereas those for TG2–TG7 (TGM2–TGM7) and Band 4.2
(EPB4.2) consist of 13 exons and 12 introns (Figure 2). Genes F13A1 and
TGM1 have exon 1 as a non-coding region while a NH2-terminal propeptide is
encoded in exon 2. This propeptide is cleaved upon initiation of TG activity.
In addition, one intron is present between exons 10 and 11 in F13A1 and
TGM1, but that intron is not present in TGM2–TGM7 or in EPB4.2. All TG
family members share four sequential and structurally distinct domains
comprised of an N-terminal ȕ-sandwich, a catalytic core domain, and two Cterminal ȕ-barrel domains (Figure 3A). Transition-state-stabilizing tryptophan
(Trp) and the catalytic triad Cys, histidine (His), and aspartic acid (Asp) are
located in the core domain.
Among the TGs, TG2 can undergo a remarkably large conformational change
from a closed to an open conformation (Figure 3B). The open form was
solved via complex formation with a molecule that mimics a natural substrate.
In the open conformation, a TG2 active site is exposed, suggesting that TG2 is
converted into an open conformation upon activation (19). Based on the




distinct characteristics of TG2, this paper focuses on that member of the TG
family.










2. Transglutaminase 2
Transglutaminase 2, the first member of the TG family to be described, is an
intriguing member of the TG family. TG2 has characteristics that distinguish
it from other TGs. For example, it is ubiquitously expressed, has widespread
localization, and it binds to and hydrolyzes guanine nucleotides.
.

2.1.

Distribution

and

subcellular

localization

of

transglutaminase 2
TG2 is expressed throughout the body due to its widespread distribution in a
variety of body organs. This is paralleled by its universal occurrence in many
cell types including endothelium, smooth muscle cells, and fibroblasts. Some
aspects of TG2 expression are different among various cell types. For
example, TG2 is constitutively expressed in mesangial cells, renomedullary
interstitial cells, colonic pericryptal fibroblasts, and in thymic subcapsular
epithelium while it is expressed upon stimulus in the epithelium of the female
breast or as part of developmental process (20). TG2 has both intracellular
and extracellular localization. The pathways and molecular mechanisms of
TG2 secretion have not been reported. Extracellular TG2 is present at the
ECM or in cell surface associated ECM (21). Extracellular TG2 play a role in
matrix stabilization, a role that is related to wound healing, angiogenesis, and



bone remodeling and is related to TG2’s transamidase activity. Intracellularly,
cytosolic TG2 is the predominant type of TG2, but it also is present in the
inner face of the plasma, or in the nuclear membrane. TG2 interacts with
importin-Į3, a nuclear transport protein (22). Through that interaction, TG2 is
transported into the nucleus. Notably, TG2 is not present in mitochondria (23).

2.2. Regulation of enzymatic activity
Enzymatic activity of TG2 is regulated by Ca2+ and GTP, in a reciprocal
manner. Binding of GTP inhibits the catalytic activity of TG2, whereas Ca2+
binding prevents GTP binding. TG2, when activated by Ca2+, exhibits an
expanded ellipsoid structure, while TG2 when bound to GTP exhibits a
compact, transamidase-inactive conformation (24).
The threshold Ca2+ concentration for TG2 activation is relatively high (16).
The Ca2+ required for the activation of TG2 can be released from intracellular
stores to enter the cytosol, or it can be present outside of the cell. Latent TG
activities can be initiated without resulting in an increase in protein synthesis.

2.3. Function of transglutaminase 2
2.3.1 Physiological function
TG2 is involved in several diverse cellular processes such as cell adhesion,
ECM formation, apoptosis, and the cell cycle. TG2 has a pivotal role in



apoptosis as overexpression of TG2 in various cell types leads to rapid cell
death or to altered susceptibility to various apoptotic stimuli (25). For
example, TG2 expression is positively correlated with apoptotic signals in
cardiomyocytes under oxidative stress (26). Moreover, TG2 knockdown by
small interfering RNA decreases the rate of apoptosis (27). In addition, Nİ(Ȗglutamyl)lysine cross-links have been detected in apoptotic bodies. Crosslinked protein polymers from TG2 are thought to be responsible for
stabilizing apoptotic bodies. It is thought that cross-linked protein polymers
prevent leakage of intracellular contents into surrounding tissues (28).

TG2 may also be involved in wound healing through its role in endothelial
basement membrane biogenesis, cell adhesion, and ECM assembly. TG2knockout mice exhibit defective fibroblast adhesion in vitro and impaired
wound healing in vivo. Several ECM proteins (e.g., fibronectin, vitronectin,
collagen types II and III, osteonectin, and osteopontin) are reported to be
substrates for TG2. It is thought that TG2 is involved in stabilizing the ECM
by making the matrix resistant to mechanical and proteolytic degradation.

2.3.2 Pathological funcion

Activation of latent TG2 is related to many pathologic processes including
gluten sensitivity, cataract formation, and inflammation. In celiac disease
patients, immunoglobulin A antibodies against TG2 have been identified,
suggesting that TG2 plays a role in the pathogenesis of that disease (29).



Digested

gluten

peptides

(Q-containing

immunotoxic

peptides)

are

deamidated to glutamic acid by TG2, which is then internalized by APC (30).
The subsequent T cell-mediated adaptive immune response results in a
humoral response that stimulates gluten-specific and TG2-specific B cells to
produce gluten-specific and TG2-specific antibodies. Propagation of celiac
disease is facilitated by such actions.
Age-related cataracts are characterized by an aggregation of lens proteins (ȕcrystallin, ĮB-crystallin, and vimentin). High, non-physiological levels of
oxidative stress can stimulate in situ TG2 catalytic activity in human lens
epithelial cells (31), resulting in the formation of lens protein aggregates via
transforming growth factor–ȕ (TGF-ȕ) mediated responses (32).
It has also been reported that TG2 has a stimulatory role in inflammation. For
example, cytokines and growth factors such as TGF-ȕ and tumor necrosis
factor-Į act to increase TG2 expression (33,34). Enhancement of TG2 activity
results in polymerization of various substrate proteins (e.g., IțBĮ, PPAR-Ȗ,
Sp1), thereby promoting an inflammatory response (35).

3. Redox Sensitive protein
Cells maintain homeostasis, which assists in defense of the cell against
reactive oxidants such as reactive oxygen species (ROS) and reactive nitrogen




species (RNS). However, when oxidant levels exceed normal physiological
levels cells may undergo oxidative stress, through ageing or by impairment of
the cell’s defense system. Excessive levels of ROS may react with several
proteins or may modify proteins, thus affecting the function of that protein.

3.1. Oxidative modifications of protein thiols
A protein site at which oxidative modification can occur is a cysteine residue
site that includes a sulphydryl group. The protein of the cysteine thiol group is
labile, thus it has a high level of reactivity to biochemical interactions.
However, not all protein sulphydryl groups undergo such modification.
Because most protein thiols have a pKa value of approximately 8.5, their
protons are less labile in the reducing environment of cell cytoplasm (36).
However, certain cysteine thiols are highly acidic because of local charge
interactions due to the surrounding basic amino acid residues. These so-called
reactive thiols may form thiolate anions at a physiological pH level. Therefore,
certain cysteine residues of several proteins are vulnerable to oxidative
modification under oxidative stress conditions.
Thiol oxidative modifications occur either directly by exposure to ROS and/or
RNS or indirectly by exposure to byproducts of oxidative stress (Figure 4).




Thiol modifications can be categorized based on two factors: reversibility and
bond type.
There are irreversible and reversible thiol modifications. Irreversible
modifications are associated with protein damage, permanent loss of protein
function, and protein degradation. Reversible modifications may have dual
roles in which they protect proteins from irreversible modification and
regulate protein functions. In addition, reversible thiol modifications can
allow the thiols to react with other thiol compounds to form disulfide bonds.
With regard to the type of thiol molecule binding, there are protein disulphide
bonds or bridges and mixed disulphide bonds. The protein disulphide bridges
are formed within a protein or between two proteins. Such disulphide bridges
can result in protein aggregation, conformational changes, or may affect the
regulatory function of the protein. In contrast, mixed disulfide bonds are
formed between protein Cys thiols and low-molecular-mass thiols such as Cys,
homocysteine, and glutathione.
To summarize, some proteins contain reactive thiols due to the presence of a
charge interaction with a surrounding site. Most redox-sensitive proteins have
reactive thiols. In an oxidative environment, various oxidative modifications
to reactive thiols may occur and these modifications can affect protein
function. Irreversible thiol modification typically induces protein damage,




whereas reversible thiol modification protects proteins from irreversible
modification or regulates protein function.







3.2. Redox sensitivity of TG2
It has been suggested that there is a strong association between oxidative
stress and TG2 activation. Many in vitro and in vivo studies have shown that
the transamidation activity of TG2 can be elevated by oxidative stress. For
example, a low degree of oxidative stress has been shown to trigger the
release of TGF- ȕ, which, in turn, activated TG2 via translocation of SMAD3
from cytosol to nucleus (37). In addition, TG2 is reported to have a role in
diseases that are accelerated by oxidative stress, such as neurodegenerative
disorders, inflammation, autoimmune diseases, and cataractogenesis.
The main factor in TG2 activation in cells under oxidative stress conditions is
related to an increase in intracellular Ca2+ levels. A high degree of oxidative
stress induces an increase in cytosolic Ca2+ levels, which results in initiation
of TG2’s transamidase activity (38). In cells under normal physiological
conditions, the transamidation activity of TG2 is very low because
physiological Ca2+ levels (100–200 nM) are lower than GTP levels (50–300
μM) (39). When oxidative stress increases the cytosolic Ca2+ level above a
certain threshold, the transamidation activity of TG2 is activated.
Protein thiol oxidation is another important factor affecting TG2
transamidation activity. Previous studies have shown that oxidation of
sulfhydryl groups by several oxidizing agents results in the loss of TG2




catalytic activity (40,41,42). In addition, TG2 Cys residues can be Snitrosylated by NO carriers. Such modifications are factors regulating the
transamidation activity of TG2 in a Ca2+-dependent manner (43).
Recently, the vicinal disulphide bond sites associated with oxidative
inactivation of TG2 were identified. The formation of a Cys230-Cys371
disulphide bond appears to promote formation of a Cys370-Cys370 disulphide
bond and thereby results in TG2 inactivation. Redox-sensitive Cys triads are
close to each other in the three-dimensional structure of both open and closed
forms of TG2 (44). The redox potential of the vicinal disulphide bond formed
in human TG2 is approximately í190 mV, which is higher than the redox
potential for most protein disulphide bonds. Thus, there is a high probability
of TG2 activity regulation in response to environmental redox signals.
Therefore, it has been suggested that thiol groups are important in the redox
regulation of TG2 activity (45).
In a normal physiological state, intracellular TG2 transamidation activity is
inhibited by relatively high GTP levels. However, extracellular TG2 may be
inactivated by its oxidative environment resulting in the formation of
disulphide bonds. In contrast, if a vicinal disulphide bond is formed, TG2
becomes inactive, although it may still be active in its Ca2+ binding form.
Therefore, the study of thiol modification of TG2 might provide information




of TG2 activation mechanisms. However, among the various reports on
modification of protein thiols, there is little information on S-glutathionylation
mediated regulation of TG2 function.

4. Protein S-glutathionylation
4.1. Glutathione

Glutathione in its thiol-reduced state (GSH) is tripeptide molecule comprised
of Gln, Cys, and glycine. It is the most abundant low molecular weight thiol
in cells. The sulphydryl group in GSH has a pKa of 9.4 (46). As a result, the
thiol reactivity of GSH is relatively low, but its overall activity level is
compensated for by the relatively high concentration (millimolar range) of
GSH in cells and by its rapid enzymatic regeneration by glutathione reductase.
The synthesis of GSH involves a regulated series of enzymatic and plasma
membrane transport steps typically referred to as the Ȗ-glutamyl cycle (Figure
5) (47). GSH is assembled in the cell cytosol from precursor amino acids by
the actions of Ȗ-glutamyl cysteine synthase (Ȗ-GCS) and GSH synthetase.
After GSH synthesis, some of the GSH is delivered to other intracellular
compartments (mitochondria, endoplasmic reticula, and nuclei), but most
GSH is delivered to extracellular spaces (blood plasma, exocrine secretions,




lung lining fluid, and cerebrospinal fluid) for utilization by other cells and
tissues.
Within the cell, most glutathione (>98%) is present as the thiol-reduced form
(GSH), but some is present in the oxidized form (GSSG) or in other thioester
forms. The ratio of GSH to GSSG is critical to maintenance of the cellular
redox balance (48). When the cell is exposed to oxidative stress or
electrophilic chemicals, GSSG and glutathione S-conjugates are generated.
The materials that may be conjugated to GSH include cellular peptides and
proteins as well as endogenous reactive intermediates, endogenous metals, or
foreign chemicals. Therefore, a low GSH/GSSG ratio can be an indicator of
cellular oxidative stress conditions (49).







4.2. S-glutathionylation
Protein S-glutathionylation is the formation of a disulphide bond between
GSH and the low pKa Cys residues in proteins. S-glutathionylation occurs not
only during periods of redox stress, but also under normal physiological
situations.
Reactive thiols of some proteins are vulnerable to irreversible modification
when in oxidative stress conditions. On the other hand, S-glutathionylation of
proteins is a reversible modification. It is thought that S-glutathionylation can
modulate protein function as well as protect target proteins from irreversible
damage. For example, SSG is involved in various physiological processes
such as growth, differentiation, cell cycle progression, transcriptional activity,
cytoskeletal functions, and metabolism. Such activities suggest that Sglutathionylation has a modulatory effect on protein function.
S-glutathionylation can regulate, either positively or negatively, the structure
and/or function of a target protein. There are many proteins that can undergo
S-glutathionylation; for example, enzymes, transcription factors, signaling
proteins, ion channels and Ca2+ pumps, heat shock proteins, mitochondrial
proteins, and cytoskeletal proteins (50).

4.3. S-glutathionylated proteins in human disease




Variation in the level of S-glutathionylated proteins suggests that such levels
may serve as indicators of diseases that are related to exposure to oxidative
stress. For example, S-glutathionylated hemoglobin (SSG-Hb) levels are
increased in patients with type I and type II diabetes, Friedreich's ataxia,
hyperlipidemia, and uremia, as well as in patients undergoing hemodialysis or
peritoneal dialysis (51–55). In contrast, in children with Down's syndrome,
the basal concentration of SSG-Hb is decreased (56).




Purpose

Under various oxidative stress conditions, it has been reported that
transglutaminase 2 (TG2) is activated. TG2 has a role in oxidation-accelerated
diseases, such as neurodegenerative disorders, inflammation, autoimmune
diseases, and cataractogenesis.
Protein S-glutathionylation (SSG) is an important process involved in the
intracellular redox-state sensing system. Thiol modification through Sglutathionylation can affect the activity and/or function of a target protein.
The aim of this study is to examine whether TG2 can undergo Sglutathionylation under oxidative stress conditions, and to evaluate the effect
of S-glutathionylation on the function of TG2.




Materials and Methods
materials
BP (Biotinylated pentylamine) : Pierce, Rockford, IL, USA ;
L-GLUTATHIONE OXIDIZED (GSSG) : Sigma, G4376
NEM (N-ETHYLMALEIMIDE) : Sigma, 04259
BCNU :Sigma, C0400
NAC (N-acetylcysteine), CTM(Cystamine)

: Sigma

ECL (Super signal west pico chemiluminescent substrate) : Thermo,
NCI4080KR
Dialysis cassette (Slide-A-Lyzer Dialysis cassette) : Thermo, 66005

Thiol modification of TG2.
To induce protein S-glutathionylation in vitro, purified TG2 was incubated
with the specified GSSG concentration in 50 mM Tris-HCl pH 7.4 at room
temperature.
For TG2 enzyme assay, GSSG incubation time was 20 min.
For just SDS-PAGE, GSSG incubation time was 1 hr. Then, to blocking the
remaining protein thiol, N-ethylmaleiamide (NEM) was added to final
concentration 1 mM. And incubated for 20 min at room temperature.
To test effect of thiol compounds to S-glutathionylation, three thiol containing
compound were used. GSSG (2 mM) and thiol compounds (NAC, CTM, CEA)
for each experimental group were added to purified TG2 (25 nM), followed
by incubation for 20 min at room temperature.



Non-reducing SDS-PAGE and western blotting or CBB
staining.
For non-reducing SDS-PAGE, the reaction mixture was boiled in ȕmercaptoethanol free 5x Laemmli buffer at 70ଇ for 10 min (to minimize
unstabilization of modified thiols). Samples were separated on a 8% SDSPAGE using Tris/Glycine running buffer. 100 V was applied for 75 min.
Coomassie Brilliant Blue G250 (CBB) staining : The gel was stained with
Coomassie brilliant blue G250 for 30 min at RT, followed by destaining with
distilled water.
Western blotting : The proteins were transferred to a nitrocellulose membrane
in 25 mM Tris-HCl, 192 mM glycine, 20% methanol with 100 V constant for
2 hr. Membranes were blocked with 5% dried milk dissolved in Tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBS-T) for 1 hr at room temperature.
Then, membrane were incubated overnight with anti-glutathione mouse
monoclonal antibody (Abcam, Product #. ab19534) or TG2 ab4 rabbit
polyclonal antibody (Neomarkers, Product #. RB-060-P1) or TG2 monoclonal
antibody (culture sup) at 4ଇ. Membranes were washed three times in TBS-T,
followed by incubation for 1 hr with horseradish peroxidase-conjugated antimouse or anti rrabit IgG in TBS-T at room temperature. Then, membranes
were washed three times in TBS-T. Finally, membranes were detected with
ECL Super signal west pico chemiluminescent substrate (Thermo, Product #.
NCI4080KR).




The signal intensity of CBB staining and western blotting were quantified
with ImageJ from the National Institues of Health.

TG2 conformational change in solution.
GTP or CaCl2 were used to give a conformational change to TG2. For closed
conformation, GTP (250, 500, 100 uM) were added to 5 ug of purified TG2. 2
mM MgCl2 was added as a binding cofactor. For opened coformation, CaCl2
(0.125, 0.25, 0.5, 1, 2 mM) were added. The, thiol modification was
performed as said above.

Dialysis.
For dialysis experiments, 380 nM of purified TG2 were used for Sglutathionylation reaction. Then, some of sample was conserved for control
non-dialyzed group in deep freezer, the rest was dialyzed by PBS buffer
containing PMSF. Dialysis was conducted at 4ଇ in 2 L of PBS for 2 hr.
Dialysis buffer was changed once to freash one. Dialyzed sample was
recoverd, follwowed by freezing. All the samples were thawed, and used to in
vitro TG activity assay as the said above.

pH measurement
GSSG(2, 3, 4, 5, 8, 10 mM) were added to 50 mM Tris-Cl buffer pH 7.4. pH
of this mixture were measured.




50 mM Tris-Cl buffer(pH 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8) were prepared. pH of
this mixture were measured. And, in vitro activity assay was performed as
will be discused below.

S-glutathionylation in cultured HeLa.
HeLa cells were grown in Dlubecco's modified Eagle's medium with 10%
FBS and 1% penicillin/streptomycin in an atmosphere of 95% CO2/5%
oxygen. When cells reached ~80% confluence, they were splitted at 20%
confluence.
For S-glutathionylation of cellular TG2, HeLa cell were prepared in 6-well
plate to make approximately 80% confluence next day. The next day, culture
medium was substituted with 2ml medium containing a various concentration
of BCNU (20, 80, 160, 320 uM). Total treat volume were adjusted with 100%
ethanol, followed by incubation at 37ଇ for 2,4, or 8 hr. After the incubation,
BP (1 mM) was simply added. BP incorporation was incubated for 1 hr at
37ଇ.

Homogenization of cell.
Cell homogenates re prepared, using lysis buffer (50 mM Tris-Cl, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100). Cell lysate were prepared by




sonication, followed by centrifugation (14,000 xg, 10 min at 4ଇ). Then,
protein concentration was measured by the BCA method.

In vitro Transamidation activity assay.
100 ul of 0.1 ug/ul dimethyl casein were added to coating each well of a 96well immunoplate (Nunc, Product #. 439454). The coating was conducted for
overnight at 4ଇ. Next day, extra uncoating dimethyl casein were washed out
with PBS containing 0.1% Tween 20 (PBS-T). Each well were blocked with 3%
BSA-PBST for 30 min at RT, followed wash out with PBST.
For sample preparation, 25 nM of purified TG2 were reacted with a range of
concentration of GSSG (0~10 mM) for 20 min at RT. Then, add the TG assay
buffer (1.5 M NaCl, 20 mM CaCl2, 10% Tx-100) and BP (100 uM) to reacted
sample. Directly mix and add the reaction mixture to well, followed by
incubation for 30 min at 37ଇ. In vitro transamidation activity was evaluated
by determining the incorporated BP using horseradish peroxidase (HRP)conjugated streptavidin, followed by the reaction with O-phenylenediamine
dihydrochloride. The assays were quantitated by measuring the absorbance at
490 nm.

In vivo Transamidation activity assay.




Cell lysates (0.2 mg/ml, 50 ul/well) were mixed with coating buffer (50 mM
Tris-Cl, pH .5, 150 mM NaCl, 5 mM EGTA), and added to each well of a 96well immunoplate (Nunc). In situ TG2 activity was measured as said above.

Identification of S-glutathionylated cystein sites in
purified TG2.
S-glutathionylated TG2 (100 ug) was prepared in 50 mM ABC buffer, pH 7.5
containing 2 mM GSSG. Control TG2 (100 ug) non reacted with GSSG was
also prepared. The mixtures were incubated for 1 hr at room temperature.
Remaining thiols were labeled with 9 mM iodoacetamide (IAA) for 25 min at
room temperature in a dark place. 2 ug of sample were used for confirm Sglutathionylation by western blotting. The rest were analyzed by mass
spectrometry.
For mass analysis, enzymatic digest of TG2 was accomplished by trypsin
(12.5 ng/ul, 37ଇ overnight incubation), or chymotrypsin (25 ng/ul, 25ଇ
overnight incubation). The digested samples were analyzed by mass
spectrometry (LTQ linear ion-trap mass spectrometer (Finnigan CA) equipped
with a nono-electrospray ion source). GSS-Cys containing peptides of TG2
were detected by calculating the average mass shift.




Results

Transglutaminase 2 is S-glutathionylated by oxidized glutathione.
The formation of an intramolecular disulfide bridge in TG2 molecules has
been reported, but there are no reports on SSG of TG2. Chemical reaction to
the SSG process is varied; for example, the reactions between protein thiyl
radicals and GSH and between protein thiols and GSSG, S-nitrosoglutathione
(GSNO), hydroxylated glutathione (GSOH), et cetera (57,58) From among
these reactions, we selected GSSG as an in vitro S-glutathionylating reagent.
Purified TG2 was incubated with 1, 2, or 3 mM GSSG, followed by masking
of the remaining thiol by using N-ethylmaleimide (NEM) to prevent
additional thiol modification. Creation of S-glutathionylated TG2 by using
GSSG was reversed by using a thiol-reducing agent such as ȕmercaptoethanol. The production of S-glutathionylated TG2 peaked when
TG2 was incubated with 2 mM GSSG.







Open conformation of Transglutaminase 2 is favorable to Sglutathionylation.

Upon activation, TG2 conformation is largely changed (19). To investigate Sglutathionylation of TG2 in its different conformations, TG2 was preincubated with GTP (for closed conformation investigation), or CaCl2 (for
open conformation investigation), followed by incubation with 2 mM GSSG.
While GTP treatment resulted in a decrease in S-glutathionylated TG2
production, CaCl2 treatment increased the production of S-glutathionylated
TG2, a production that peaked under treatment with 0.5 mM CaCl2.







Transglutaminase 2 transamidation activity is enhanced by Sglutathionylation.

Protein S-glutathionylation can result in activation, inactivation, or alteration
of protein activity. To determine the effect of S-glutathionylation on the
transamidation activity of TG2, S-glutathionylated TG2 and control TG2 were
separately assayed in well plates. S-glutathionylation of TG2 induced by
GSSG treatment showed GSSG dose-dependent activation of TG2 enzymatic
activity that peaked with 4 mM GSSG treatment (Figure 8A-1). To remove
the remaining unbound GSSG, the reaction mixture (380 nM TG2) was
dialyzed in phosphate buffered saline (PBS) buffer at 4°C; no dialysis controls
were assayed. Following PBS dialysis, GSSG induced dose-dependent
activation of TG2 enzymatic activity. None of the dialyzed TG2 showed
highly saturated activity (Figure 8B). In vitro transamidation activity
increased as the TG2 concentration increased. Among the tested TG2
concentrations, enzymatic activity increased to a greater extent in Sglutathionylated TG2 than in the control TG2. However, as TG2
concentration approached to 100 nM, enzyme activity in the two groups
became similar (Figure 8C).
Enzyme assays can be influenced by different pH levels. Initially, the pH
values of the reaction mixtures (Tris-Cl pH 7.5 buffer mixed with 2, 3, 4, 5, 8,
or 10 mM GSSG) were determined. When low GSSG concentrations (2, 3, 4,



or 5 mM) were added to the buffer, the pH of the mixture was approximately
pH 7.5. When a high concentration of GSSG (10 mM) was added, the pH of
the mixture decreased to pH 4.39 (Figure 8A-2), and TG2 enzyme activity
was absent. To confirm the relationship of pH with TG2 activity, an in vitro
assay was performed using a range of Tris-Cl buffer pH values (Figure 8D,
right). Following addition of 2 mM GSSG (or not), the final pH of each buffer
was determined (Figure 8D left). In a Tris-Cl buffer with pH above 7.5, the
final pH after adding 2 mM GSSG was buffered. Within this buffered pH
range, transamidation activity of the GSSG-treated group was higher than that
in the non-GSSG-treated group. In contrast, in a Tris-Cl buffer with pH below
7.5, the final pH after adding 2 mM GSSG was lower than that in the nonGSSG-treated group. Because in a T
ris-Cl buffer with pH below 7.5, the final pH after adding 2 mM GSSG was
not buffered, it have no meaning that a comparison enzymatic activity at this
pH range. These observations suggest that the enhancement of transamidation
activity at pH 7.5 and higher is the result of S-glutathionylation of TG2.







S-glutathionylation of Transglutaminase 2 is affected by several thiol
compounds.

The effects of several thiol compounds on SSG of TG2 and on TG2’s
enzymatic activity were also assessed. In all experimental groups 25 nM of
purified TG2 was used. In the GSSG-only treatment group, a SSG-TG2 band
was detected; however, in each of the thiol compound treatment groups, there
was no SSG-TG2 band detected.
In addition, TG2 transamidation activity was affected differently among the
treatment groups. When TG2 was S-glutathionylated, its enzyme activity
increased by approximately 3 to 4 times over that in the non-treatment control
group. Deglutathionylation of TG2 in the cystamine (CTM) and CEA
treatment groups resulted in very low levels of TG2 enzyme activity, while in
the NAC treated group, deglutathionylation of TG2 resulted in enhancement
of enzyme activity to approximately 4 times that in the GSSG-only treatment
group.







Redox stress based on inhibition of glutathione reductase activates
transamidation activity in vivo.
To determine whether TG2 transamidation activity is changed by SSG in vivo,
cultured HeLa cells were treated with BCNU (a glutathione reductase
inhibitor) at various dosages and for various durations. In vivo transamidation
activity levels were measured by using well-plate assays (Figure 10A) and
western blotting (Figure 10B). The results indicated that the transamidation
activity increased following BCNU treatment. The highest level of activation
was detected following treatment with 80 ȝM BCNU for 8 h (Figure 10).
These activation increases were the result of glutathione reductase inhibition
rather than the result of an increase in TG2 levels.







Transglutaminase 2 S-glutathionylated sites.

To identify the Cys sites within TG2 that underwent SSG, purified TG2 was
reacted with or without GSSG and the product analyzed by using mass
spectrometry. Locations Cys285 and Cys620 were identified as the Sglutathionylated sites (Figure 11).










Discussion
Previous research into disulfide bond formation and consequent inactivation
of TG2 has lead to the suggestion that the formation of an intramolecular
disulfide bridge in TG2 leads to its enzymatic inactivation. In addition, a
strong association between oxidative stress and TG2 up-regulation has been
reported (61). TG2 affects redox-state balance under normal physiological
conditions as well as under pathological conditions, such as those in
inflammation, autoimmune diseases, and cataractogenesis. On that basis, Sglutathionylation of TG2 was thought to be important as it could elucidate the
relationship between TG2 thiol modification and TG2 enzymatic activation
under oxidative stress conditions.
In this study, S-glutathionylation of TG2 with GSSG resulted in enhancement
of enzymatic activity in GSSG-dose-dependent manner (Figure 8A). It was
hypothesized that the decrease in activity following high concentration GSSG
dosages is the result of a pH decrease. To investigate that hypothesis, the
GSSG remaining in the reaction mixture was removed by dialysis, thus
excluding the possibility that the assay was affected by residual GSSG.
However, after dialysis, enhancement of enzymatic activity remained (Figure
8B). This result implied that the observed increase in activity was based on the
presence of S-glutathionylated TG2. Because dialysis can be accompanied by



a loss of protein, a large mass of purified TG2 (380 nM) was used in the
reactions. Then, in the no-dialysis control group it appeared that the TG2
activity was at the saturation point. In addition, under various stoichiometric
conditions, TG2 enzyme activity was more enhanced in the S-glutathionylated
group than in the control group (Figure 8C). However, in the comparison of
GSSG-treated and control 100 nM TG2 groups, there was no difference in
transamidation activity levels, similar to that in the no-dialysis group (Figure
8B) that showed saturation due to a high TG2 concentration. These results
suggest that GSSG was the limiting reactant.
In a previous study (32), NAC and CTM were reported to suppress the
activation of TG2 when induced by TGF-ȕ2 in situ, while other tested
antioxidants, under the same conditions, did not affect TG2 activation. The
characteristic of NAC and CTM that distinguished them from the other tested
antioxidants was that they are thiol group containing compounds. Based on
those results, it was hypothesized that NAC and/or CTM would have an effect
on S-glutathionylation of TG2 and would affect enzyme activation of TG2.
Thus CTM was used to determine if it could inhibit TG activity in both in
vitro and in vivo assay systems.
It has been suggested that the inhibitory effect of CTM is related to its
disulphide bond (62). However, the inhibition mechanism of CTM has not




been fully described. Thus, it was not known whether the inhibitory effects of
CTM or CEA were reproducible on thiol-modified (i.e., S-glutathionylated)
TG2. In this study, deglutathionylation of TG2 by CTM or CEA resulted in
enzymatic inhibition, suggesting that these compounds may function as
competitive inhibitors via prevention of S-glutathionylation. Indeed, a
previous kinetic study showed that CTM contributes to competitive inhibition
(62). TG2 incubated with NAC also resulted in deglutathionylation, but in this
case, the enzymatic activity of TG2 significantly increased. In previous study,
NAC inhibited TGF-ȕ2-stimulated TG2 activation in situ, whereas in vitro
NAC did not have an effect on enzyme activity; thus suggesting that NAC
maybe disturb ROS-inducing TGF-ȕ2 rather than directly interacting at the
molecular level with TG2. However, the results in this study suggest that
NAC has a direct inhibitory effect on TG2 enzyme activity in situations in
which there is no other source of cell signaling. A noticeable difference in the
in vitro system in this study is that it was dithiothreitol (DTT)-free, suggesting
that NAC may have similar effects to those of DTT and may act as a reducing
agent on TG2 thiols. These results indicate that in vitro SSG of TG2 is
affected by such thiol compounds, resulting in alteration of enzyme activity
through mechanisms that correspond to each compound.




The glutathione reductase inhibitor BCNU induces oxidative stress by
increasing the intracellular GSSG/GSH ratio. Importation of GSSG into
intracellular regions is difficult, but BCNU can be used to induce such a
GSSG increase. In this study, BCNU treatment enhanced in vivo TG2 activity
in dose-dependent and time-dependent manners indicating that an increase in
the intracellular GSSG level is coincident with TG2 activation. Because the
propensity to undergo S-glutathionylation increases when the GSSG/GSH
ratio increases, it can be concluded that in vivo S-glutathionylation of TG2
enhances enzyme activity. Such a relationship should be manifested as a
direct correlation between S-glutathionylation of TG2 and the amount of TG2
activation in vivo.
In conclusion, the results show that cysteine sites Cys285 and Cys620 in TG2
are the amino acid locations that are S-glutathionylated by GSSG treatment of
TG2. Moreover, S-glutathionylation of TG2 was shown to result in
enhancement of the enzymatic activity of TG2.
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㣪㟓(ῃⶎ 㽞⪳)

䔎⧲㓺⁖⬾䌖⹎⍺㧊㯞 2(TG2)⓪ 䃒㓮 㧊㡾 㦮㫊㩗㧎 㔳㦒⪲ ┺㟧䞲
䢪䞿ⶒ㦮 㧒㹾 㞚⹒₆⯒ ₆㰞 ┾⺇㰞㦮 ⁖⬾䌖⹒ 㧪₆㠦 ㌓㧛䞮⓪ 㦧㦚
㽟ⰺ䞮⓪ 䣾㏢㧊┺. TG2 ⓪ ㌆䢪 㓺䔎⩞㓺 㫆Ị䞮㠦㍲ 䢲㎇䢪 ♲┺ἶ
⽊ἶ♮㠊 㢪┺. ⡦䞲, TG2 㦮 ㌆䢪䢮㤦-⹒Ṧ㎇ cysteinyl thiol 㧊 㧊 䣾㏢㦮
䢲㎇ 㫆㩞㠦 ὖ㡂䞲┺ἶ 㿪䁷♮ἶ 㧞┺. ㎎䙂 ⌊㦮 ㌆䢪䢮㤦 㩫☚⓪
┺㟧䞲 ┾⺇㰞 㕎㧊㢂 㑮㔳㠦 㦮䟊 Ṧ㰖♶ 㑮 㧞┺. ┾⺇㰞㦮 Sglutathionylation (PSSG)㧊⧖ ┾⺇㰞㦮 cysteinyl thiol ὒ ⁖⬾䌖䂮㡾 Ṛ㦮
䢒䞿♲ 㧊䢿䢪 ἆ䞿㦮 䡫㎇㧊┺. PSSG ⓪ 䚲㩗 ┾⺇㰞㦮 ₆⓻㦚
㫆㩫䞮Ệ⋮ ゚Ṗ㡃㩗 ㌆䢪 ㏦㌗㦒⪲䎆 䚲㩗┾⺇㰞㦚 ⽊䢎䞲┺. ⁎⩂⋮,
TG2 㦮 S-glutathionylation ὒ ⁎ộ㧊 㧊 䣾㏢㦮 ₆⓻㠦 ⹎䂶 㡗䟻㠦
╖䞮㡂⓪ ⽊ἶ♲ Ṗ 㠜┺.
⽎ 㡆ῂ㠦㍲⓪ 㩫㩲♲ TG2 㠦 GSSG ⯒ 㻮Ⰲ䞮㡖㦚 ➢, TG2 Ṗ Sglutathionylation ♾㦚 ⽊㡖┺. S-glutathionylation ♲ TG2 㦮 in vitro 䣾㏢
䢲㎇㦖 㞚ⶊộ☚ 㻮Ⰲ䞮㰖 㞠㦖 ╖㫆ῆ⽊┺ 㯳╖♮㠞┺. Thiol 㦚 䞾㥶䞮⓪
ⳝ Ṗ㰖 䢪䞿ⶒ㦮 㻮Ⰲἆὒ, glutathionylation 㧊 㩲Ệ♮㠞┺. GSSG/GSH
゚㥾㧊 ⏨㦖 ㌆䢪 㓺䔎⩞㓺 㫆Ị 䞮㠦㍲ ⺆㟧♲ HeLa cell 㦖 transamidation
䢲㎇㧊 㯳╖♮⓪ ộ㦚 ⽊㡖┺. ⡦, 㰞⨟㍳⻫㦚 䐋䞮㡂 TG2 㠦㍲ Sglutathionylation 㧊 㧒㠊⋮⓪ 㥚䂮⯒ ☯㩫䞮㡖┺.
㧊⩂䞲 ἆὒ✺㦖 TG2 Ṗ ㌆䢪 㓺䔎⩞㓺 㫆Ị 䞮㠦㍲ S-glutathionylation
♮Ⳇ, ⁎ ἆὒ transamidation 䢲㎇㧊 㯳╖♶ Ṗ⓻㎇㦚 ⋮䌖⌎┺.
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