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Tissue transglutaminase (TG2) is a calcium-dependent enzyme that catalyses several acyl transfer
reactions. The most biologically relevant of these involve protein-bound Gln residues as an acyl-donor
substrate, and either water or a primary amine as an acyl-acceptor substrate. The former leads to
deamidation of Gln to Glu, whereas the latter leads to transamidation, typically resulting in protein
cross-linking when the amine substrate is a protein-bound Lys residue. In this review, we present an
overview of over fifty years of mechanistic studies that have led to our current understanding of TG2-
mediated hydrolysis and transamidation.
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1. Introduction epidermis, but little is currently known about its substrates [7]
Transglutaminases (TGases, EC 2.3.2.13) are a family of calcium-
dependent enzymes that are involved in protein cross-linking [1,2].
Their first detected activity was their ability to incorporate low-
molecular-weight primary amines into proteins [3]. More typically,
TGases catalyse transamidation between the c-carboxamide group
of a protein-bound glutamine residue and the e-amino group of a
protein-bound lysine residue, forming an Ne-(c-glutamyl)lysine
isopeptide bridge [1,2] (Scheme 1). This transamidation reaction
represents the archetypical protein ‘‘spot-welding’’ or ‘‘cross-link-
ing’’ activity shared by all members of the TGase family [1].

Several different human TGases have been characterised; in
accordance with the rest of the family, all those listed below are reg-
ulated by calcium. Keratinocyte transglutaminase (TG1) is a mem-
brane-bound and cytosolic protein, found in keratinocytes and in
the brain. It is involved in cell-envelope formation, and has been
associated with inherited lamellar ichthyosis [1]. Epidermal trans-
glutaminase (TG3) is a protease-activated cytosolic protein. It is
found in squamous epithelium and in the brain, and acts in cornified
[4] cell-envelope formation [1]. Prostate transglutaminase (TG4), is
involved in semen coagulation in rodents [1]. TG5, a recent addition
to the TGase family, is expressed in stratified squamous epithelia
such as the upper layers of the epidermis and in human hair follicle;
it has also been proposed to catalyse formation of the cornified cell
envelope, along with TG1 and TG3 [5]. TG6, another recent member
of the family, has been found in human carcinoma lines with neuro-
nal characteristics. Similarly to TG2, it has allosteric binding sites for
both Ca2+ and GTP [6]. TG7 has equally been found in the skin
and physiological significance. Plasma transglutaminase (FXIII)
[1,8] exists as a proenzyme tetramer of two pairs of non-covalently
associated subunits, A and B; the dissociated FXIIIa is the active
form. It is found in the cytosol, as well as extracellularly in blood
plasma; it is activated by thrombin, which catalyses its dissociation
to the active A subunit, and is involved in blood coagulation and the
stabilization of blood clots against plasmin degradation.

Tissue transglutaminase (TG2), the enzyme of interest in this
review, is ubiquitously expressed in tissues. It is predominantly
found in the cytosol, but it is also located in the nucleus and mem-
brane, as well as on the cell surface and even extracellularly. Given
its widespread localisation and potential context-dependent activ-
ity, it has been proposed to serve many different functions. It is acti-
vated by Ca2+ and allosterically deactivated by GTP and/or by
disulphide bond formation (see below) [1]. Furthermore, TG2 is a
unique member of the TGase family due to its apparent ability to
hydrolyse ATP and GTP; when bound to the latter, TG2 has been pro-
posed to function as a classic G-protein [9]. However, this review
will focus exclusively on its well-documented acyl transfer catalysis.

Among the acyl transfer reactions catalysed by TG2, transami-
dation and deamidation have the most obvious physiological rele-
vance. Transamidation results in protein cross-linking when the
amine substrate is a protein-bound lysine residue (Scheme 1),
and leads to post-translation modification of glutamines when
small molecule primary amines serve as acyl-acceptor substrates.
Hydrolytic deamidation of glutamine residues to glutamate
residues occurs when water acts as an acyl-acceptor ‘substrate’.
While additional acyl-transfer reactions have been proposed for
other TGases, scant evidence exists in support of TG2-mediated
intramolecular transamidation (i.e. cyclisation) [10] or transesteri-
fication [1,11,12]; this review will only discuss the mechanism of
the extensively studied transamidation and hydrolysis reactions.
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Scheme 1. Archetypical TGase-mediated protein cross-linking.
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Although TG2 is localised predominantly in the cytosol [13], its
transamidation activity in this locale is generally inferred to be
dormant, due to the low intracellular concentration of Ca2+ and
the relatively high concentration of GTP [14]. However, extracellu-
larly, where the concentration of Ca2+ is higher, its main function is
transamidation [15]. It is important to note, however, that the
extracellular activity of TG2 may be further regulated by disul-
phide bond formation and reduction (see below) [16,17]. TG2 is
involved in various processes, ranging from cellular differentiation
to apoptosis, and including cell adhesion and matrix assembly [18].
In particular, it has been associated with cell differentiation in neu-
rons, astrocytes and fibroblasts [19], and has been shown to be
necessary for neuronal differentiation in human neuroblastoma
SH-SY5Y cells [20]. TG2 has also been shown to act as an adhesion
receptor for fibronectin on the cell surface [21], and its role in pro-
grammed cell death relates to the prevention of macromolecule
leakage as well as the inflammatory response [1].

Due to its role in extracellular matrix stabilisation, TG2 has
been implicated in conditions such as fibrosis and atherosclerosis
[9]; in the latter case, it may catalyse the incorporation of lipopro-
tein into atherosclerotic plaque [22]. TG2 has also been implicated
in a variety of diseases. These include Alzheimer’s and Hunting-
ton’s, but the greatest body of evidence has been gathered for its
role in celiac disease [1]. TG2 has been shown to be an autoim-
mune antigen of celiac disease, with gliadin being its preferred
substrate [23]. It has been shown that TG2 itself participates in epi-
tope selection by the hydrolytic deamidation of the glutamine res-
idues of gliadin [24]. Other studies have shown [25] that TG2
activity is increased in Alzheimer’s diseased brains. The enzyme
is associated with the accumulation of fibrillar b-amyloid in extra-
cellular plaque, as well as with the tau protein, which is involved
with the tangles; both have been shown [1,26,27] to be substrates
for TG2. Finally, huntingtin, a cytosolic protein involved in Hun-
tington’s, is also a substrate for TG2 [28]. The number of CAG
repeats in the gene coding for huntingtin is related to the age of
onset of the disease [29]; studies have shown that huntingtin con-
taining a pathological length of polyglutamine residues (coded for
by the CAG repeats) is a better substrate for TG2 transamidation
than its shorter, non-diseased counterpart [28,29].

2. Overview

2.1. Structure

TG2 is a monomeric protein composed of 685–691 amino acids,
having a molecular mass of 76–85 kDa. It contains four domains,
including an N-terminal b-sandwich, a catalytic a/b-domain, and
two C-terminal b-barrels [16,30]. All TGase enzymes are encoded
by a family of closely related genes. Alignment of these genes
reveals a high degree of sequence similarity and similar gene orga-
nisation as well as significant conservation of intron distribution
and intron splice type [31]. The active site residues that form the
catalytic triad (comprised of Cys277, His335, Asp358 in TG2) are
conserved throughout the enzyme family, as are the residues that
form the active site ‘tunnel’ that binds substrate residue side-
chains (comprised of Trp241, Trp332 and Thr360) [16].

The essential Cys residue of the catalytic triad (of guinea pig
liver TGase, gplTG2) was identified by Folk and co-workers,
through labelling experiments using 14C-labelled acyl donor sub-
strate analogues [1,32–34]. They also demonstrated the calcium
dependence of enzyme activity through the same set of seminal
experiments [9,32–34]. Much more recently, site-directed muta-
genesis studies have shown that TG2 binds up to six Ca2+ ions
and that transglutaminase activity is decreased or lost when any
of the Ca2+ binding sites were mutated, validating the essential
nature of this metal for catalysis [35].

2.2. Catalytic cycle

In general, TG2-mediated acyl transfer is known to occur via a
modified ping-pong mechanism [36]. First, the acyl donor sub-
strate is bound by the enzyme and reacts with the active site thio-
late, resulting in the release of one equivalent of ammonia and
formation of an acyl-enzyme intermediate (Scheme 2). If an amine
acyl acceptor substrate is present, it is bound by the acyl-enzyme,
whose thiolester then reacts with the bound amine, resulting in
regeneration of the free enzyme and release of the transamidation
product. In the absence of free amine, water can regenerate the free
enzyme, resulting in the hydrolytic deamidation of the initial acyl
donor substrate.

Phenomenologically, the acyl transfer reactions catalysed by
TGases and in particular the amide hydrolysis reaction, – resem-
bles that of the cysteine proteases, whose active sites comprise a
cysteine nucleophile and a basic residue that functions as a general
acid/base in the catalytic mechanism. Since TGases share a core
structural fold with the papain-like cysteine proteases, both
families have been classified within the same superfamily in the
Structural Classifications of Proteins database [37]. Bioinformatic
analysis of archaeal genomes led to the identification of a super-
family of proteins homologous to eukaryotic TGases and the sug-
gestion that eukaryotic TGases evolved from ancestral proteases
[38].



Scheme 2. Modified ping-pong mechanism of TG2-mediated acyl transfer reactions.
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2.3. Unified mechanism

A more detailed unified mechanism is shown in Scheme 3. By
way of an overview, the active form of the enzyme is the imidazo-
lium thiolate shown as form I. The side chain of a select Gln residue
is bound in a tunnel leading down to active site (see Michaelis
complex II). Nucleophilic attack by the active site thiolate on the
amide substrate carbonyl leads to formation of tetrahedral inter-
mediate III. The subsequent decomposition of III gives acyl-
enzyme IV and results in expulsion of one equivalent of product
ammonia, presumably with general acid assistance by imidazoli-
um. Acyl-enzyme IV now has two fates – either aminolysis or
hydrolysis, the selectivity of which is discussed below. If a suitable
amine acyl-acceptor substrate (such as the side chain of an acces-
sible Lys residue) is present, it is bound in a second binding tunnel
to form Michaelis complex V. The active site imidazole group now
functions as a general base to deprotonate the (neutral) amine
during its attack on the thiolester carbonyl. This attack, forming
tetrahedral intermediate VI, has been shown to be rate-limiting
for a variety of acyl-donor and acyl-acceptor substrates. The
decomposition of VI results in the release of transamidation prod-
uct and the expulsion of thiolate, regenerating the free enzyme in
its catalytically competent form. In the absence of suitable acyl-
acceptor substrate, water can infiltrate the active site of acyl-
enzyme IV. Subsequent activation by the general base imidazole,
as observed in the cysteine proteases, leads to attack on thiolester
to form tetrahedral intermediate VII. The decomposition of VII
expels thiolate to regenerate the active site and releases the deam-
idation product glutamic acid.
3. TG2 acylation

3.1. Acyl-donor substrate specificity

TG2 is relatively selective regarding which Gln residues are
modified by acyl-transfer reactions, but much less selective with
regard to lysine residues or primary amines. Early studies with gui-
nea pig liver TGase (gplTG) by Folk and Cole reported that Gln
alone does not serve as a substrate, nor do the peptides Gln-Gly
and Gly-Gln-Gly; however, Cbz-Gln-Gly, Cbz-Gln-GlyOEt, and
benzoyl-Gly-Gln-Gly are functional [39]. From this work it was
noted that the N-terminal Cbz group plays an important role in
conferring affinity for small peptidic substrates. Additional insight
was provided by Chica et al. in 2004, in a kinetic study that
featured a series of synthetic dipeptides bearing an N-terminal
Cbz- or Boc-group [40]. All Cbz-peptides displayed similar KM

and kcat values, whereas the Boc-dipeptides did not appear to act
as donor substrates, showing no reactivity with gplTG. Owing to
its simple structure, reasonable affinity and commercial availabil-
ity, Cbz-Gln-Gly has been the most commonly used non-protein
acyl donor substrate for many years.

In 2000 Ohtsuka et al. studied the selectivity of gplTG towards
various synthetic glutamine peptides [41]. They noted that Cbz-
Gln-Phe and Cbz-Gln-Leu reacted more efficiently than Cbz-Gln-
Gly, while no reactivity was detected for Cbz-(D)Gln-Phe. Also,
the length of the carboxamide side chain (i.e. –(CH2)nCONH2) is
critical; Cbz-Asn-Phe (n = 1), Cbz-Adp(NH2)-Phe (n = 3) and Cbz-
Asu(NH2)-Phe (n = 4) were not recognised as acyl donor substrates.

Sugimura et al. further investigated [42] the preferred sequence
of acyl donor peptide substrates by screening of a phage-displayed
random peptide library using biotin cadaverine as an acyl acceptor
substrate. Reactive peptide sequences that were biotinylated
through TG2-mediated cross-linking were isolated and identified,
then genetically fused to GST and re-evaluated as substrates. Of
the 40 peptides identified as high-affinity substrates, 39 contained
a Gln residue close to the N-terminus (separated by one or two
residues), which is consistent with other findings [38,42–46]. Ker-
esztessy et al. also screened a phage-displayed random peptide
library and noted that about 70% of substrate sequences present
a polar residue N-terminal to the reactive Gln residue [43]. Further
specificity studies have shown a preference for Pro in the ‘Q + 2’
position (QxP), whereas QP and QxxP do not appear to serve as
substrates [42,43,45]. Affinity for the QxP peptide motif has also
been confirmed in parallel studies with gliadin peptide derivative
substrates [24,47]. Further analysis revealed the preference for a
hydrophobic residue (W, M, L, I or V) at position Q + 3 [42,43,45].
To summarise all of these studies, TG2 has a high affinity for Gln
peptides of the sequence zQxPh (where z is a polar amino acid
residue, x is any residue and h is a hydrophobic residue).

Amine probes have since been used to identify TG2-reactive Gln
residues on certain proteins in complex biological systems.



Scheme 3. Unified mechanism of TG2-mediated acyl transfer reactions.
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Although too numerous to name here, Facchiano et al. have com-
piled an impressive list of protein glutamine donor substrates
identified in this way [48].

3.2. Mechanistic studies

As mentioned above, and reviewed in 1983 [49], Folk and
coworkers definitively demonstrated the role of Cys277 as the
active site nucleophile present in the active site. More recently,
Lee et al. mutated this residue to serine [50] and demonstrated that
the C277S mutant has no transamidation activity, confirming the
Cys277 residue is essential for acyl transfer activity. Similarly,
Micanovic et al. found [51] that replacement of the catalytic His
residue of the homologous Factor XIIIa with Asn abolished enzyme
activity, suggesting by extension that His335 of TG2 is equally
important. Likewise, Hettasch and Greenberg [52] found that
replacement of the active site Asp residue of Factor XIIIa (D358
in TG2) reduced transamidation activity by more than 95%. Subse-
quently, Case and Stein [53] studied the solvent deuterium isotope
effect on kcat/KM for gplTG2-catalysed hydrolysis of Cbz-Gln-Gly.
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Similar types of isotope effects have been measured for the reac-
tions of papain and other acyl transferases that possess active site
Cys/His diads, so the authors compared their experimental value
(Dkcat/KM = 0.45) to those measured previously for mechanistically
related enzymes. This led them to propose that the Cys/His diad of
TG2 exists predominately as the neutral thiol/imidazole species in
the resting state, although the acylation step is rate-limited by
attack of the active site thiolate (I, Scheme 3) on the c-carboxam-
ide group of the substrate Gln residue in the first Michaelis com-
plex (II) [53].

The first X-ray structure of human TG2 was published in 2002
by Cerione and co-workers [30]. Their structure (PDB: 1KV3) was
found to form a complex with GDP, a known deactivating ligand
[54], suggesting that it may not represent the active form of the
enzyme (Fig. 1). But in 2007 Khosla and co-workers published
[16] a second structure of human TG2 (PDB: 2Q3Z), at 2-Å resolu-
tion and in a distinctly extended (or open) conformation (Fig. 2).
This TG2 structure was obtained after reaction between the active
enzyme and a pentapeptide irreversible inhibitor (Ac-P(DON)LPF-
NH2). From this structure the authors noted that the carbonyl of
their substrate analogue inhibitor appeared to be hydrogen bonded
to both the indole group of Trp241 and the backbone amide group
of Cys277, (Fig. 2 inset) leading the authors to suggest these inter-
actions may stabilise the oxyanion of the tetrahedral intermediate
(III of Scheme 3) and the transition state leading to its formation
(Fig. 3).

It is noteworthy that without the benefit of this structure, Iis-
maa et al. had noted [55] in 2003 that Trp241 is conserved in all
enzymatically active forms of eukaryotic TGases and conspicuously
absent from the catalytically inactive member of the TGase family,
band 4.2 [56], strongly suggesting that this residue plays an impor-
tant role during catalysis. Indeed, when the authors prepared a ser-
ies of mutants they found the substitution of the Trp241 side chain
had little effect on the Michaelis constant but significant lowering
of the catalytic rate constant, suggesting the involvement of this
residue in transition state (rather than ground state) stabilization.
Of the potential interactions proposed by the authors, the one that
Fig. 1. Crystal structure [30] of TG2 in its ‘closed’ conformation
would lead to transition state stabilization is the formation of a
hydrogen bond with the developing oxyanion (Fig. 3).

Additional evidence that this transition state is rate-limiting
was provided by the work of Gravel et al. [57]. They synthesised
a variety of acyl-donor substrate analogues bearing a p-nitro-
phenol leaving group, with different heteroatoms substituting
for the c–methylene group on the glutamyl side chain; rates
for pre-steady state acylation were then measured by stopped-
flow techniques. The KM values measured for glutamyl and
carbonate esters (X = CH2 and O, respectively, in Fig. 4) were
found to be nearly identical at 1.5 mM and 1.6 mM respectively.
However, the catalytic constant measured for the more electro-
philic glutamyl ester was 85 s�1, whereas the same rate constant
was only 35 s�1 for the less electrophilic carbonate ester. This
dependence on electrophilicity is more consistent with rate-lim-
iting formation of tetrahedral intermediate III rather than its
decomposition.

Molecular modelling has also been used to formulate hypothe-
ses of how different residues of TG2 may participate in the acyla-
tion step. For example, in 2004 Chica et al. constructed a model
of Michaelis complex II by docking Cbz-Gln-Gly into the active site
tunnel [40]. However, without the insight provided by Khosla’s
‘open’ structure [16] from 2007, Chica exposed the active site tun-
nel of the available ‘closed’ structure of Cerione [30] by rotating
Trp241 out of position, rather than by displacing Tyr516 in an
unforeseen and unusually large conformational change [40]. While
this may diminish the relevance of Chica’s conclusions, the
approach remains valid. To that end, for this review we used the
‘open’ structure [16] of Pinkas et al. as a more appropriate starting
point, removed the irreversible inhibitor and docked the simple
substrate Cbz-Gln-Gly in its place. Specifically, the active site for
the docking experiments was first defined to include all residues
located within 8 Å of Cys277 (38 residues including Trp241,
His335, and Trp332) and flexible ligand docking was conducted
using the Molecular Operating Environment (MOE) suite of soft-
ware. From the resulting lowest energy model, shown in Fig. 5,
one can see that the distance between the thiol of active site
(PDB: 1KV3). Inset: residues involved in binding of GDP.



Fig. 2. Crystal structure [16] of TG2 in its ‘open’ conformation (PDB: 2Q3Z). Inset: residues interacting with bound irreversible inhibitor Ac-P(DON)LPF-NH2.
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Cys277 and the imidazole of His355 is 3.2 Å, while the indole
nitrogen of Trp241 is within 3.6 Å of the carboxamide carbonyl
(see Fig. 3). Furthermore, the proximity between His335 and the
carboxamide NH2 group (4.9 Å) illustrates the feasibility of the
imidazolium group acting as a general acid in the expulsion of
ammonia (III to IV), playing the same role as the analogous residue
of the cysteine proteases.
4. TG2 deacylation

4.1. Hydrolysis

In the absence of a primary amine acceptor, the acyl-enzyme
intermediate can undergo hydrolysis to regenerate free enzyme,
albeit much more slowly than aminolysis [58]. Fleckenstein et al.
studied [24] these deacylation reactions in the presence of excess
free amine by capillary zone electrophoresis and noted that trans-
amidation was favoured over hydrolysis by a ratio of 6:1. However,
upon lowering the pH from 7.5 to 6.0, the ratio of the initial rates of
transamidation to hydrolysis dropped to 1:2. The authors sug-
gested that at the lower pH, His335 of the catalytic triad would



Fig. 5. Cbz-Gln-Gly docked (herein) into the active site of ‘open’ form TG2, using
PDB structure 2Q3Z.
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be increasingly protonated, and less capable of acting as a general
base in the aminolysis reaction (see V to VI in Scheme 3). However,
this explanation does not account for the increase in hydrolytic
activity, for which the active site histidine is presumably also
required as a general base, as it is in the cysteine protease mecha-
nism. It seems more likely that a second basic residue that is
required only for deprotonation of alkyl ammonium substrate
(prior to further deprotonation by the active site general base)
may be more affected by the drop in pH over this range (see
below).

Case and Stein also studied the deacylation reaction with the
goal of determining its rate-limiting step [53]. Specifically, they
studied the solvent deuterium isotope effect on the rate constant
for enzymatic hydrolysis. Similarly to their study of enzymatic
acylation, they estimated the kinetic isotope effects (KIEs) for each
microscopic rate constant, using fractionation factors, in order to
compare the experimental value with those calculated for different
rate-limiting scenarios. We propose that one can assume that the
decomposition of the tetrahedral intermediate (VII in Scheme 3)
to yield products would not involve general acid-assisted depar-
ture of thiolate, since in the microscopic reverse reaction, thiols
do not require general base assistance in nucleophilic attacks,
but rather react as their thiolates. With this assumption, we may
re-visit the authors’ calculations and suggest that the predicted
KIE for breakdown of the tetrahedral intermediate would be close
to 1. From that, we can show that the experimentally obtained KIE
of 3.6 corresponds closely to a single mechanistic scenario, where
decomposition of the tetrahedral intermediate to give the product
is faster than its decomposition to return to the acyl enzyme, sug-
gesting general-base assisted attack by water is the rate-limiting
step for hydrolytic deacylation (Fig. 6).
4.2. Acyl-acceptor substrate specificity

Some of the first experiments to characterise the amine sub-
strate specificity of TGases were carried out by Gross et al. on FXIIIa
and guinea pig liver (tissue) TGase [11]. After testing series of alkyl
amines as acyl-acceptor substrates, they concluded that the speci-
ficity for branched aliphatic amines depended on the length of the
carbon chain, with a preference for those with a chain length iden-
tical to that found in lysine, the protein’s natural substrate. This
trend was still present, though less dramatic, for straight-chain
amines. Na-hippuryl-L-lysine amide was found to be favoured over
the D-isomer, although this stereospecificity is not absolute, as
opposite preferences have been observed for different substrate
analogues with gplTG. The authors also found that peptides having
a Lys residue flanked on both sides by Gly residues served as sub-
strates of similar efficiency as straight-chain aliphatic amines.
However, they noted that having a Leu residue N-terminal to the
Lys residue improved substrate affinity, while having the Leu in
the C-terminal position was detrimental.

Lorand and co-workers [59] studied aB-crystallin as an acyl-
acceptor substrate, while Groenen et al. [60] studied bA3-crystallin
as an acceptor substrate. Both groups showed that both proteins
contain multiple reactive Lys residues, located in the C- and N-
terminal regions, respectively. Sequence analysis did not reveal a
consensus motif, but rather suggested that conformational flexibil-
ity and accessibility may be the most important factors for reactive
Lys residues. However, Groenen et al. [60] also noted that not all
Lys residues in the same protein domains act as amine substrates,
suggesting that a certain degree of sequence specificity may exist.

In further work, Groenen et al. also probed [61] the impact of
residues N-terminal to the amine donor Lys; while the authors ini-
tially found that significant variability could be tolerated in this
position, suggesting that TG2 did not require a strict consensus
sequence, they did note that a Pro residue hampered the transami-
dation reaction. Additional experiments showed that both Pro and
Gly in this position had the greatest adverse effect, which is unsur-
prising given their influence on secondary structure [62]. Further
studies by Grootjans et al. showed [63] that in aA-crystallin
mutants bearing a reactive Lys as the penultimate residue of the
accessible C-terminus [60], the following relative reactivity was
observed for the preceding position: Gly, Asp < Pro, His, Trp < Ser,
Ala, Leu, Tyr, Asn < Val, Arg, Phe [63]. These results are in agree-
ment with the early work of Gross et al. [11] as well as that of
Groenen et al. [61,62].

Finally, Csósz et al. recently attempted [64] to statistically ana-
lyse the structural motifs of both Gln and Lys residues that are
TG2-reactive, and showed that the reactive residues are often
located in regions that are not well-resolved in crystal structures.
Lys substrate residues were found to be located in both ordered
and intrinsically disordered regions, less specificity than that for
the glutamine acyl donor substrate, referring to the previous work
of Grootjans et al. [63] Overall, the authors concluded that, instead
of looking only at amino acid sequences, it is also necessary to con-
sider other spatial features to explain the interactions observed
between TG2 and its substrates [64]. This conclusion would appear
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to summarise the results of most investigations within the admit-
tedly broad specificity shown by TG2 for its amine substrates.
4.3. Transamidation mechanistic studies

As mentioned above, the first reported crystal structure of the
‘open’ form of the enzyme, notably with ligand bound in the acces-
sible active site, was not published until 2007 by Pinkas et al. [16]
From this structure (Fig. 2), it was shown [16] that the catalytic
Cys277 is located in a hydrophobic tunnel bridged by residues
Trp241 and Trp332, which reside on separate loops in the active
site (Fig. 7). Trp241 was proposed to guide donor substrate bind-
ing, whereas Trp332 was postulated to regulate acyl acceptor sub-
strate binding. Mutants W241A and W332A showed [16] no
detectable activity, according to a coupled enzyme assay for
ammonia detection [65], presumably due to perturbation of sub-
strate binding sites and/or the active site pocket itself. Interest-
ingly, Keillor et al. would later show [66] that the W332F mutant
retained significant activity (also observed [55] by Iismaa et al.)
but with distinctly different amine substrate specificity, confirming
the importance of this residue to substrate binding. Pinkas et al.
proposed [16] that these bridging Trp residues and their corre-
sponding loops separate, analogous to a drawbridge, in order to
release the enzyme-bound transamidated product after transami-
dation completion (Fig. 7). Additional mutagenesis experiments
showed that Thr360 is also involved in transamidation; its replace-
ment by alanine resulted in the ratio of transamidation to hydroly-
sis dropping from 3.6 to 0.11. Thr360 is conserved across all
catalytically active members of the TGase family, and is located
[16] on the solvent-exposed entrance of the putative acyl accep-
tor-binding tunnel (see Fig. 7), suggestive of a specific role in amine
binding.

As discussed above for the acylation step, Pinkas et al. also
observed [16] that the carbonyl of their enzyme-bound inhibitor
formed hydrogen bonds with the indole of Trp241 and the back-
bone amide of Cys277, leading them to propose that these residues
stabilize the oxyanion intermediates for both enzyme acylation
and deacylation (both III and VI in Scheme 3) in a similar fashion.
Fig. 7. Close-up view of putative acyl-acceptor substrate binding site of TG2 ‘open’
form structure [16].
This proposal is consistent with the previous results of Iismaa et al.,
[55] showing importance of Trp241 catalytic efficiency (see above
and Fig. 5).

In one of the first detailed structure–function studies of TG2-
mediated transamidation, Leblanc et al. used a p-nitrophenyl ester
substrate analogue as an acyl-donor substrate and as acyl-acceptor
substrates, a series of six different primary amines, whose pKNH+

values ranged from 5.6 to 10.5 [58]. Under these conditions, acyl-
ation was rapid and deacylation was rate-limiting and dependent
on amine basicity (nucleophilicity). Using a rate law including total
amine concentration, a Brønsted plot was constructed for kcat/KM

that gave a slope of bnuc = �0.37 ± 0.08; however, if only the basic
form of the amine is considered, this slope changes to
bnuc = 0.7 ± 0.1. Later, Case and Stein extended this investigation
by a similar approach, but using different acyl-donor substrates
(namely Cbz-Gln-Gly and N,N-dimethylcasein, NMC) [53]. Even
under their conditions, using amide acyl-donor substrates, acyla-
tion was still faster than deacylation, which showed a similar
dependence on acyl-acceptor amine basicity. Adding their data to
those obtained by Leblanc et al., [58] they constructed a Brønsted
plot whose slope was bnuc = 0.51 ± 0.07. The fact that the Cbz-
Gln-Gly data points fell on the same line as that of the Leblanc
study strongly suggests that acylation is rapid and deacylation is
rate-limiting for both of the acyl donor substrates studied [53],
while the linearity of the Brønsted plot indicates that no change
in the rate-limiting step occurred over the series of amines studied,
and deacylation remains the rate-limiting step [58]. The shallow
positive slopes of the Brønsted plots suggest a moderate degree
of positive charge buildup on the attacking amine nitrogen, consis-
tent with a proposed transition state structure, in which the charge
is delocalised between the attacking amine and the His335 imidaz-
ole that acts as a general base for catalysis (Fig. 8). Fleckenstein
et al. later concurred with this proposed mechanism for transami-
dation, where His335 removes a proton from the amine substrate
during the rate-limiting step of the deacylation reaction [24]. Case
and Stein also noted [53] that while acylation from NMC was still
faster than rate-limiting deacylation, rate differences were
observed relative to the glutamyl dipeptide series. This serves as
an important reminder that different acyl donor substrates may
form different acyl-enzyme intermediates, having different confor-
mations and dynamics, resulting in a difference in reaction rates
with the second (amine donor) substrate.

Leblanc et al. also used solvent kinetic isotope effects (KIEs) to
study the proton in flight at the transition state of the purported
rate-limiting step (Fig. 8). Since the experiments were performed
at a pH (or pD) of 7.0, within the broad plateau of the pH-rate
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Fig. 8. Rate-limiting transition state for deacylation by transamidation.
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profile [65,67,68], the effect on enzyme ionisation state was
assumed to be negligible, assuring that the observed reaction rates
were due to kinetic effects, and not equilibrium effects. For each
acceptor substrate (aminoacetonitrile, glycine methyl ester and
N-acetyl-L-lysine methyl ester) studied, a significant KIE was
observed (5.9, 3.4, 1.2 respectively), suggesting that there was
indeed a proton in flight at the rate-limiting transition state. Fur-
thermore, the magnitude of the observed KIE was found to vary
with amine acidity and therefore degree of proton transfer at the
transition state [58].

Finally, a key feature of the aminolysis mechanism noted by
many authors [24,53,58] is the requirement for initial deprotona-
tion of acyl-acceptor substrate, which exists predominantly as its
alkyl ammonium form in bulk solution, prior to a second deproto-
nation by the active site general base during nucleophilic attack on
the acyl-enzyme thiolester (see Scheme 4). High-resolution struc-
tural data recently obtained [69] for FXIII, a closely related TGase,
may provide insight regarding the double deprotonation. Specifi-
cally, the authors proposed [69] that in addition to the well-
established catalytic triad, two other residues, His342 and
Glu401, facilitate nucleophilic attack by the amine substrate. This
pair of residues attains a productive spatial arrangement upon cal-
cium binding in their structure, and is highly conserved across all
human TGases. In Khosla’s ‘open form’ structure [16], the corre-
sponding putative base is His305, although it is not immediately
adjacent to the acyl-donor binding site. It is important to note that
as long ago as 1994, Yee [70] noted the catalytic function of corre-
sponding residue His342 of FXIII, while Hettasch and Greenberg
[52] showed that the H342A mutant showed strikingly reduced
activity. This suggests by extension that His305 of TG2 may be
important to its mechanism, possibly in the role proposed in
Scheme 4. Given the symmetry of the acylation and deacylation
steps in the transamidation reaction, in this role His305 would
probably also participate, in its imidazolium form, in the proton-
ation of ammonia during its departure, prior to its release into bulk
solvent as ammonium.
5. Conformational regulation

5.1. Structural considerations

As mentioned above, early studies revealed that TG2 is acti-
vated by Ca2+ binding [32] and deactivated by GDP/GTP binding
[54]. In terms of TG2 conformation, early SAXS results suggested
the existence of a compact form of TG2 in the presence of GDP
Scheme 4. Proposed role for His305 as a second base in the
[71]. These results, in combination with fluorescence and dynamic
CD studies, also suggested that TG2 may show conformational flex-
ibility and the ability to adopt an alternative extended conforma-
tion upon exposure to Ca2+ [71,72]. More recently, X-ray
crystallography has shown [16,30] that human TG2 can adopt at
least two dramatically different tertiary structures that may be
representative of large conformational changes related to ligand
binding and the regulation of activity.

As mentioned above, Cerione’s structure of human TG2 in com-
plex with GDP [30] provided a picture of how guanine nucleotide
binding diminishes TG2 activity. This structure comprises four
structural domains: an N-terminal b-sandwich, a catalytic core,
and two C-terminal b-barrel domains that are folded back over
the core domain, giving a compact or ‘closed’ conformational form
(Fig. 1). The GDP binding site is a hydrophobic pocket located in a
groove between the catalytic core (Ala147 to Asn460) and the first
b-barrel (Gly472 to Tyr583) domains [30], made up of residues
Phe174, Val479, Met483, Leu582, and Tyr583 (see inset, Fig. 1).

In this conformation, flexible loops located within the first b-
barrel effectively block substrate access to the active site. Further-
more, these loop rearrangements appear to be ‘latched’ in place by
the formation of a dipole interaction between the phenol side
chain of re-positioned Tyr516 and the nucleophilic thiol group of
active site Cys277 (Fig. 9) [30]. The authors also proposed that res-
idues Ile416-Ser419 may form a cavity in which the binding of Ca2+

could weaken GDP binding and allow for ‘‘activation’’ of TG2 [30].
Fig. 2 shows Khosla’s structure of human TG2, irreversibly

inhibited by pentapeptide Ac-P(DON)LPF-NH2, in a dramatically
different ‘open’ conformation [16]. To ensure that this structure
was not an artefact of crystallography, the authors measured the
hydrodynamic radii (Rh) of TG2 in solution, in the presence of
GDP and after reaction with their inhibitor. These values were
found [16] to be in excellent agreement with the initial ‘closed
form’ structure of the enzyme [30] and the authors’ ‘open form’
structure, respectively. The latter values are also in good agree-
ment with previous small angle neutron scattering measurements
obtained for TG2 activated by calcium in solution [73].

Structural overlay and comparison of the open and closed forms
of TG2 shows that although the C-terminal b-sandwich domains
are displaced by approximately 120 Å, the N-terminal and catalytic
domains remain largely unchanged, suggesting the conformational
regulation of activity may be due to occlusion of substrate binding
sites rather than perturbation of the catalytic machinery [30].
However, as mentioned above, it has also been noted that the
‘open’ crystal structure of TG2 also differs from the ‘closed’ struc-
ture in that it contains an additional disulphide bond, namely
reaction of alkyl ammonium acyl-acceptor substrates.



Fig. 9. Tyr516 (from b-barrel 1) inserts into the active site of the ‘closed’ (inactive)
conformation of TG2 [30].

J.W. Keillor et al. / Bioorganic Chemistry 57 (2014) 186–197 195
between vicinal cysteine residues Cys370 and Cys371 [16,17]. This
disulphide bond has been suggested to act as a redox activated
conformational switch, in that it must be reduced in order to allow
the enzyme to adopt an open and catalytically active conformation.
In this way, this disulphide bond may serve as an additional mode
for regulation of activity in vivo [16,17].
Fig. 10. Separation of families of ‘closed’ and ‘open’ conformations of TG2 by
capillary electrophoresis.
5.2. Gel electrophoresis studies

In order to directly monitor how ligand binding may affect TG2
conformation under native conditions, several groups have con-
ducted native PAGE (nPAGE) studies. In a detailed study by Begg
et al. [74] nPAGE gels were run for wild-type and mutant variants
of TG2 in the absence and presence of GTP (5, 25 and 500 lM). In
the absence of GTP, TG2 was found to migrate predominantly in a
single band, whereas the addition of 500 lM GTP resulted in the
appearance of a faster migrating (presumably ‘closed’) form of
TG2. Subsequently, the groups of Keillor and Khosla independently
performed additional nPAGE studies to determine the influence of
GDP, CaCl2 and synthetic reversible and irreversible inhibitors on
TG2 conformation [16,75]. Both research groups found that in the
absence of ligand, TG2 presented two bands by nPAGE, correspond-
ing to a population of (slowly interconverting) open and closed
forms. Further, running gels in the presence of GDP/GTP resulted
in a shift in TG2 conformation to the faster migrating species
(closed form) while incubation of TG2 with CaCl2 resulted in a shift
to the slower migrating (open) form of TG2. When Khosla et al.
incubated TG2 with the same irreversible inhibitor they used in
their crystallographic studies, they observed that TG2 showed a
single slower migrating band on nPAGE, presumably correspond-
ing to the open conformation X-ray structure [16].

Recently a method based on kinetic capillary electrophoresis
(KCE) was adapted to allow for the real-time monitoring of effec-
tor-induced conformational dynamics of TG2 [76]. When purified
TG2 was analysed by CE, two peaks were observed, where the fas-
ter migrating peak corresponds to a family of extended (open) con-
formations and the slower eluting peak corresponds to a family of
more compact (closed) conformations (Fig. 10). This observation is
in excellent agreement with the separation achieved previously by
native PAGE [16,74,75]. Supplementation of the KCE running buffer
with effector ligands known to influence TG2 conformation (either
Ca2+ or GDP) resulted in a shift in the relative populations of the
migrating species. Measuring this shift in the conformational equi-
librium allowed ligand titration experiments to be performed,
resulting in the determination of a Kd value for calcium (39 lM)
in good agreement with previous work. This method also allowed,
for the first time, the determination of rate constants for the con-
formational opening and closing of TG2 (kopen = 0.138 min�1 and
kclose = 0.050 min�1 respectively) [76]. Importantly, since these rate
constants are slower than kcat values observed for TG2-mediated
hydrolysis or transamidation, these conformational changes can-
not take place during the catalytic cycle. Rather, it seems more
likely that the conformational change occurs as part of the tight
functional regulation of TG2.

5.3. FRET-based conformational assays

FRET-based assays have also been developed in order to study
TG2 conformational changes. Shakhparonov and co-workers [77]
modified the gene encoding for TG2 in order to fuse yellow fluores-
cent protein (YFP) and cyan fluorescent protein (CFP) to its N- and
C-termini, respectively. In this design, the closed form of TG2
should allow FRET to take place between the two fluorescent pro-
teins (due to the close proximity of the N- and C-termini of TG2 in
this conformation) while the extended form would separate the
fluorescent proteins and prevent FRET between the pendant fluo-
rescent proteins (Scheme 5). This fusion protein was then
expressed inside mammalian cells. Treatment of these cells with
calcium ionophore A23187 resulted in rapid decrease in FRET, pre-
sumably due to the conformational shift from closed to open form
TG2.

Independently, Truant and co-workers [78] prepared a similar
fluorescence-based TG2 conformational sensor, also by fusing CFP
and YFP to the N- and C-termini, respectively. They then used
FRET-FLIM (fluorescent lifetime imaging microscopy) to determine
TG2 conformation inside living cells. When these cells were treated
with A23187 to increase intracellular Ca2+ levels, a decrease in
FRET was observed, indicative of a conformational shift to open
form TG2. Analysis of mutant variants of TG2 revealed that the
R580A mutation (known to have compromised GDP/GTP binding)
showed significantly less FRET compared to wild-type enzyme,
suggesting this mutation shifts the TG2 conformational equilib-
rium towards the open form (in agreement with earlier nPAGE
studies [74]). By way of contrast, the mutant W241A, known have
compromised TG2 transamidation activity, did not show different
conformational behaviour (presumably because the W241A
mutant is still able to bind GDP).



Scheme 5. FRET-based conformational assay [77,78]. Excitation of CFP leads to
FRET with YFP and yellow emission in closed form, but only cyan emission in open
form.
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This biosensor system was then applied to study the conforma-
tional effects of known TG2 inhibitors. When cells expressing the
CFP-TG2-YFP fusion protein were treated with NC9, an irreversible
inhibitor developed in the Keillor group [66,79], a significant
decrease in FRET was observed, relative to untreated cells,
indicating the irreversibly inhibited TG2 adopts a more extended
conformation. Treatment of these cells with CP4d, a reversible
and TG2-selective inhibitor [80] led to an enhanced FRET signal rel-
ative to untreated cells. This provides evidence for the intracellular
efficacy of this inhibitor (EC50 � 1 lM), which may affect TG2
activity by stabilizing a closed (inactive) conformation. Currently
the mechanism of this conformational effect is not known – for
example, inhibitor binding may result in a large-scale conforma-
tional change directly, or alternatively it may favour GDP binding.
However, it raises the possibility that conformational stabilization
may play a role in the mode of action of a small molecule TG2
inhibitor.

6. Perspectives

Judging from the topics that are presented above, and those that
are noticeably absent, it is obvious that there remain several unan-
swered mechanistic questions. For example, what are the struc-
tural determinants for the selectivity of transamidation over
hydrolysis? Where, and precisely how, is the amine substrate
bound? To what extent is the transamidation reaction reversible?
Furthermore, if one considers the biological roles of TG2, how is
its mechanistic behaviour structurally controlled by its conforma-
tional dynamics and regulation?

However, in addition to these questions, there is another
emerging physiological function that bears consideration. Namely,
mounting evidence suggests that TG2 may play alternative non-
catalytic roles within cells, ‘moonlighting’ as a conformation-
dependent scaffold protein [81,82]. For example, in a recent study
published by Ahn and co-workers [83], nuclear TG2 was found to
modulate MMP-9 expression levels in cardiomyoblast cells via
non-covalent interactions. Immunoprecipitation showed that TG2
in its closed form may affect the formation of a protein dimer com-
plex that serves as a transcription modulator [83], potentially
through protein–protein interactions. The ability of TG2 to form
non-covalent (protein–protein) interactions within cells was also
suggested in work published by Johnson and co-workers [84]
who used yeast 2-hybrid screening to detect the association of
TG2 with a subunit of the hypoxia inducible factor 1 (HIF1), pre-
venting the formation of a heterodimer and resulting in reduced
neuronal death under ischemic conditions. Finally, in further stud-
ies [85] probing the role of TG2 in ischemic cell death, Johnson and
coworkers independently manipulated the conformation and
transamidation activity of various TG2 mutants, allowing them to
speculate that the primary functional role of TG2 in cell survival/
death processes may be as a non-catalytic scaffold protein,
although the exact nature of the binding partners remains
unknown.

In this light, one may hope that future bioorganic mechanistic
investigations may not only answer the remaining questions
regarding TG2’s catalytic behaviour, but also provide tools for
studying the non-catalytic, conformation-dependent biological
function of this complex and fascinating enzyme.
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