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Abstract: Transglutaminases are a family of “Geependent enzymes which catalyze
post-translational modifications of proteins. Thaimactivity of these enzymes is the cross-linking
of glutaminyl residues of a protein/peptide sulistréo lysyl residues of a protein/peptide
co-substrate. In addition to lysyl residues, oteecond nucleophilic co-substrates may include
monoamines or polyamines (to form mono- or bi-stisd/crosslinked adducts) or —OH groups (to
form ester linkages). In absence of co-substrabesnucleophile may be water, resulting in the net
deamidation of the glutaminyl residue. Transglutease activity has been suggested to be involved
in molecular mechanisms responsible for both phggioal or pathological processes. In particular,
transglutaminase activity has been shown to beoresiple for human autoimmune diseases, and
Celiac Disease is just one of them. Interestingbyrodegenerative diseases, such as Alzheimer’s
Disease, Parkinson’s Disease, supranuclear palsgtington’s Disease and other polyglutamine
diseases, are characterized in part by aberrapbi@@rtransglutaminase activity and by increased
cross-linked proteins in affected brains. Here wsctibe the possible molecular mechanisms by
which these enzymes could be responsible for sisgases and the possible use of transglutaminase
inhibitors for patients with diseases characterizg@berrant transglutaminase activity.
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1. Biochemistry of the Transglutaminases

Transglutaminases (TGs, E.C. 2.3.2.13) are**-@ependent enzymes which catalyze
post-translational modifications of proteins. Exdéespof TG-catalyzed reactions include: (1) acyl
transfer between thecarboxamide group of a protein/polypeptide glutayhresidue and the-amino
group of a protein/polypeptide lysyl residue; @fjachment of a polyamine to tiiearboxamide of a
glutaminyl residue; (Ill) deamidation of tlyecarboxamide group of a protein/polypeptide glutayhi
residue (Figure 1) [1,2]. The reactions catalyzgd &s occur by a two-step mechanism (ping-pong
type) (Figure 2). The transamidating activity of 8 activated by the binding of €£awhich exposes
an active-site cysteine residue. This cysteineduesireacts with thg-carboxamide group of an
incoming glutaminyl residue of a protein/peptidésttate to yield a thioacyl-enzyme intermediate and
ammonia (Figure 2, Step 1). The thioacyl-enzymermediate then reacts with a nucleophilic primary
amine substrate, resulting in the covalent attaciiraéthe amine-containing donor to the substrate
glutaminyl acceptor and regeneration of the cygtegsidue at the active site (Figure 2, Stepfahd
primary amine is donated by theamino group of a lysyl residue in a protein/poptde, a
NE-(y-L-glutamyl)-L-lysine (GGEL) isopeptide bond is foed (Figure 1, example I). On the other
hand, if a polyamine or another primary amine (bistamine, serotonin and others) acts as the amine
donor, ay-glutamylpolyamine (oy-glutamylamine) residue is formed (Figure 1, exaipl It is also
possible for a polyamine to act as an N,N-it-glutamyl)polyamine bridge between two glutaminyl
acceptor residues either on the same protein/ppligieor between two proteins/polypeptides [3]. If
there is no primary amine present, water may acthasattacking nucleophile, resulting in the
deamidation of glutaminyl residues to glutamyl dess (Figure 1, example Ill). Regarding the
physiological roles played by the transglutaminassivity, recently transglutaminase-catalyzed
polyamination of tubulin has been shown to stadiixonal microtubules, suggesting an important role
for these reactions also during some physiologitatesses, such as neurite outgrowth and axon
maturation [4]. The reactions catalyzed by TGs oaeith little change in free energy and hence
should theoretically be reversible. However, urgrsiological conditions the cross-linking reaction
catalyzed by TGs are usually irreversible. Thieuersibility partly results from the metabolic rerab
of ammonia from the system and from thermodynaroitsiderations resulting from altered protein
conformation. Some scientific reports suggest #@s may be able to catalyze the hydrolysis of
NE-(y-L-glutamyl)-L-lysine cross-links (GGEL) isopeptidbonds in some soluble cross-linked
proteins. Furthermore, it is likely that TGs canatge the exchange of polyamines onto proteins
[2]. In TG2 other catalytic activities, such as tiality to hydrolyze GTP (or ATP) into GDP (or
ADP) and inorganic phosphate (Figure 1, example &f)rotein disulfide isomerase activity (Figure
1, example V), and a kinase activity which phosplates histones, retinoblastoma (RB) and P53
(Figure 1, example VI), are present, while only soofh these activities have been identified also in
other TGs [5-8].

Numerous experimental data indicate that some T&snaultifunctional proteins with distinct
and regulated enzymatic activities. In fact, ung@érysiological conditions, the transamidation
activity of TGs is latent [9,10], while other agties, recently identified, could be present. For
example, in some physiological states, when theeumation of C& increases, the crosslinking
activity of TGs may contribute to important biologl processes. As previously described, one of the
most intriguing properties of some TGs, such as,Ti&#he ability to bind and hydrolyze GTP and
furthermore, to bind to GTP and €aGTP and C& regulate its enzymatic activities, including pratei
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Figure 1. Examples of reactions catalyzed by TG: (I) acghsfer between thecarboxamide group of a protein/polypeptide glutayhi
residue and the-amino group of a protein/polypeptide lysyl resid(i®) attachment of a polyamine to tlyecarboxamide of a glutaminyl
residue; (Ill) deamidation of thecarboxamide group of a protein/polypeptide glutayhresidue; (IV) GTPase activity; (V) protein dide

isomerase activity; (VI) protein kinase activity.
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Figure 2. Schematic representation of a two-step transgiotse reaction. Step 1: In
the presence of &3 the active-site cysteine residue reacts withytharboxamide group
of an incoming glutaminyl residue of a protein/pept substrate to yield a
thioacyl-enzyme intermediate and ammonia. Steph#& fhioacyl-enzyme intermediate
reacts with a nucleophilic primary amine substragsulting in the covalent attachment
of the amine-containing donor to the substrateaghithyl acceptor and regeneration of
the cysteinyl residue at the active site. If thenary amine is donated by tlgeamino
group of a lysyl residue in a protein/polypeptidel\-(y-L-glutamyl)-L-lysine (GGEL)
isopeptide bond is formed.

cross-linking, in a reciprocal manner: the bindimfgCa* inhibits GTP-binding and GTP-binding
inhibits the transglutaminase cross-linking acyiviif the TG2 [5]. Interestingly, TG2 shows no
sequence homology with heterotrimeric or low-molacweight G-proteins, but there is evidence that
TG2 (TG2/Gh) is involved in signal transduction, and, therefolG2/Glu should also be
classified as a large molecular weight G-proteirthed studies, along with ours, showed that
TG2/Ghx can mediate the activation of phospholipase C (PhCihea;, -adrenergic receptor [10]
and can modulate adenylyl cyclase activity [11].2ZIGha can also mediate the activation of thie
isoform of PLC and of maxi-K channels [12]. Intanegly, the signaling function of TG2/Ghis
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preserved even with the mutagenic inactivationt®fcrosslinking activity by the mutation of the
active site cysteine residue [13].

2. Molecular Biology of the Transglutaminases

At least eight different TGs, distributed in thentman body, have been identified up to now
(Table 1) [14-19]. Complex gene expression mechasigegulate the physiological roles that these
enzymes play in both the intracellular and extlat@l compartments. In the Nervous System, for
example, several forms of TGs are simultaneouspyessed [20-22]. Moreover, in these last years,
several alternative splice variants of TGs, mostlyhe 3’-end regions, have been identified [23].
Interestingly, some of them are differently expesssn human pathologies, such as Alzheimer’s
Disease (AD) [24]. On the basis of their ubiquit@xgression and their biological roles, we may
speculate that the absence of these enzymes weuthal. However, this does not always seem to
be the case, since, for example, null mutants ef TG2 are usually phenotypically normal at
birth [12,25,26]. This result may be explained Ine texpression of other TG genes that may
substitute the TG2 missing isoform, although offi@risoform mutations have been associated with
severe phenotypes, such as lamellar ichthyosi§@dr isoform mutations. Bioinformatic studies have
shown that the primary structures of human TGseshame identities in only few regions, such as the
active site and the calcium binding regions. Howeligh sequence conservation and, therefore, a
high degree of preservation of secondary strucimneng TG2, TG3 and FXIllla indicate that these
TGs all share four-domain tertiary structures wiaobld be similar to those of other TGs [27].

Table 1. TGs and their physiological roles when known.

TG Physiological role Gen(? map Reference
location

Factor Xllla Blood clotting 6p24-25 [14]
TG 1 (Keratinocyte TG, kTG) Skin differentiation 14911.2 [15]
TG 2 (Tissue TG, tTG, cTG)  Apoptosis, cell adhesggnal transduction 20g11-12 [16]
TG 3(Epidermal TG, eTG) Hair follicle differentiati 20p11.2 [17]
TG 4 (Prostate TG, pTG) Suppression of sperm immgeaniity 3g21-2 [18]
TG 5 (TG X) Epidermal differentiation 15915.2 [19]
TG6(TGY) Central Nervous System development 20p1 [19]
TG 7 (TG 2) Unknown function 15q915.2 [19]

3. Roleof the Transglutaminasesin Neurodegener ative Diseases

Numerous scientific data suggest that the tranagiutase activity is involved in the
pathogenesis of neurodegenerative diseases, lildtép however, still controversial experimental
findings about the role of the TGs enzymes in thgiseases have been obtained [28-30]. Protein
aggregates in affected brain regions are histopagloal hallmarks of many neurodegenerative
diseases [31]. More than 20 years ago Selkoe stiggested that TG activity might contribute to the
formation of protein aggregates in AD brain [32].slupport of this hypothesis, tau protein has been
shown to be an excellem vitro substrate of TGs and GGEL cross-links have beendon the
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Table 2. List of polyglutamine (CAG-expansion) diseases.

CAG triplet

Gene product
(Intracellular

Disease Sites of neuropathology . Reference
number localization of
protein deposits)
Normal Disease
Corea Major or Striatum (medium spiny
Huntington's Disease  neurons) and cortex in late 6-35 36-121 Huntingtin(n,c) [50]
(HD) stage
Spinocerebellar Ataxia Cerebellar cortex (Purkinje
P cells), dentate nucleus and 6-39 40-81 Ataxin-1(n,c) [51]
Type 1 (SCA1) .
brain stem
Spinocerebellar Ataxia Cerebellum, pontine nuclei, .
P . 'p 15-29 35-64 Ataxin-2 (c) [52]
Type 2 (SCA2) substantia nigra
Spinocerebellar Ataxia N
Tple 3 (SCA3) or X Substantia nigra, globus
My:cha do-Joseph diseas é)allidus, pontine nucleus, 13-42 61-84 Ataxin -3 (¢) [53]
cerebellar cortex
(MJD)
Spinocerebellar Ataxia Cerebellar and mild Calcium channel
P X | ! 4-18  21-30 r [54]
Type 6 (SCAB) brainstem atrophy Subunit & 1A)(m)
Phot t d bipol
Spinocerebellar Ataxia oloreceptor and bipotar .
cells, cerebellar cortex, 7-17 37-130 Ataxin-7 (n) [55]
Type 7 (SCA7) .
brainstem
Brain specific
Spinocerebellar Ataxia regulatory subunit of
P Cortical, cerebellar atrophy  7-32 41-78 g . y [56]
Type 12 (SCA12) protein phosphatase
PP2A (?)
Spi bellar Ataxia  Gliosi d [ i TATA-bindi
pinocerebellar Ataxia iosis a.n. neuronal loss |n29_42 46-63 . inding [57]
Type 17 (SCAL7) the Purkinje cell layer protein (TBP) (n)
Spinobulbar Muscular ~ Motor neurons (anterior Androaen recentor
Atrophy (SBMA) or horn cells, bulbar neurons) 11-34  40-62 (n, 0) g P [58]
Kennedy Disease and dorsal root ganglia '
_ Globus pallidus,
Dentatorubral-pallidolu
P y dentato-rubral and 7-35 49-88 Atrophin (n, ¢) [59]

sian Atrophy (DRPLA)

subthalamic nucleus

Cellular localization: ¢, cytosol; m, membranenogleus; ?, unknown localization.

neurofibrillary tangles and paired helical filamewf AD brains [33-35]. Interestingly, a recent wor
showed the presence of bisglutamyl putrescine in human CSF, which was inseéain

Huntington’s Disease (HD) CSF [36]. This is an imtpat evidence that protein/peptides
crosslinking by polyamines does indeed occur inbitaén, and that this is increased in HD brain. TG
activity has been shown to induce also amyf®igrotein oligomerization [37] and aggregation at
physiologic levels [38]. By these molecular meckars, TGs could contribute to AD symptoms and
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progression [38]. Moreover, there is evidence th&s also contribute to the formation of
proteinaceous deposits in Parkinson’s Disease (B®)40], in supranuclear palsy and in HD, a
neurodegenerative disease caused by a CAG expainstbe affected gene [41-43]. For example,
expanded polyglutamine domains have been repartbé substrates of TG2 and therefore aberrant
TG activity could contribute to CAG-expansion dises, including HD (Figure 3) [45-46]. However,
although all these studies suggest the possibtaviement of the TGs in the formation of deposits of
protein aggregates in neurodegenerative diseds®sdb not indicate whether aberrant TG activity
per se directly determines the disease progres$ion.example, several experimental findings
reported that TG2 activityn vitro leads to the formation of soluble aggregates-synuclein or polyQ
proteins [47-49]. To date, as previously reportdleast ten human CAG-expansion diseases have
been described (Table 2) and in at least eighterhttheir neuropathology is caused by the expansion
in the number of residues in the polyglutamine dan@aa value beyond 35-40 [50-59]. Remarkably,
the mutated proteins have no obvious similaritiesept for the expanded polyglutamine domain. In
fact, in all cases except SCA 12, the mutation au the coding region of the gene. However, in
SCA12, the CAG triplet expansion occurs in the amgtated region at the 5’ end of the PPP2R2B gene.
It has been proposed that the toxicity results frmrerexpression of the brain specific regulatory
subunit of protein phosphatase PP2A [56]. Mosthef inutated proteins are widely expressed both
within the brain and elsewhere in the body. A majoallenge then is to understand why the brain is
primarily affected and why different regions withithe brain are affected in the different
CAG-expansion diseases, i.e., what accounts fanghieotoxic gain of function of each protein and fo
a selective vulnerability of each cell type. Possithe selective vulnerability [60] may be explkethin

part by the susceptibility of the expanded polygtine domains in the various CAG-expansion
diseases to act as cosubstrates for a brain T@ré~#). To strengthen the possible central rolthef
TGs in neurodegenerative diseases, a study by \adjliou et al. showed that anti-TG2 IgA
antibodies are present in the gut and brain okptiwith gluten ataxia [61], a non-genetic sparadi
cerebellar ataxia, but not in ataxia control pasieRecently, anti-TG2, -TG3 and -TG6 antibodiesgeha
been found in sera from CD patients, suggestingssible involvement also of other TGs in the
pathogenesis of dermatitis herpetiformis and glataria, two frequent extra intestinal manifestagio

of gluten sensitivity [62,63]. These last findingsuld suggest also a possible role of the “gutrbrai
axis” for the etiopathogenesis of human neurodegéine diseases, in which the TG enzymes, in
particular the TG2 enzyme, could play an importald [64-66].

In support of the hypothesis of the toxic effect @& activity in other neurodegenerative
diseases, such as Alzheimer’s disease and ParlsriBsease, TG activity has been shown to induce
amyloid beta-protein ang-synuclein oligomerization and aggregation at pblggjic levels [67-69].

In fact, TG activity induces protofibril-like amylb beta-protein assemblies that are
protease-resistant and inhibit long-term poterdrafB8]. Therefore, by these molecular mechanisms,
TG activity could also contribute to Alzheimer'selise symptoms and progression. Very recently,
TG2 and its product isopeptide have been foundeaswd in Alzheimer’s disease and
APPswe/PS1dE9 double transgenic mice brains [70]eveatalytically active TG2 colocalizes with
AB pathology in Alzheimer’s disease mouse models. [Figrestingly, other works are suggesting
that also other TGs could be involved in the mdEcumechanisms responsible for
neurodegenerative diseases [72]. In particulagcant work by Basso et.dbund that in addition to
TG2, TG1 gene expression level is significantlyuoed following stroken vivo or due to oxidative
stresgn vitro [73]. Moreover, structurally diverse inhibitors,agsat concentrations that inhibit TG1
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and TG2 simultaneously, are neuroprotective. Tagethese last studies suggested that multiple TG
isoforms, not only TG2, participate in oxidativeests-induced cell death signalling, and that isafor
nonselective inhibitors of TG will be most efficaus in combating oxidative death in neurological
disorders. These are interesting and worthwhileist) suggesting that multiple TG isoforms can
participate in neuronal death processes. Therefdlr¢éhese studies suggest that the involvement of
brain TGs could represent a common denominatogversal neurological diseases, which can lead to
the determination of pathophysiological consequenitgough different molecular mechanisms
(Table 3).

Huntington’s Disease

Hippi

Clathrin |
AP2 HIP1 —> | CASP8 |—>| CASP3

CBP proapoptotic S
protein ta
CASP —_— ,
runcated nuclear Apoptosis
—_— N - . -
DCTNI | € HAPI Q0 HD proteins >inclusions ~>

Huntingti
/ untingtin \ HIP2
TPS53 SH3 E2
4 RasGAP|[ DNA NCORI1
B/’:X SH3
GRB2 | CBS
y
BDNF GAPD
CALM

Figure 3. Possible physiopathological effects of the mutdtedtingtin. Some of the
physiopathological roles of mutated huntingtin, luging the formation of nuclear
inclusions, have been described in the Figure APadipocyte Protein 2; BAX =
bcl-2-like protein 4; BDNF = brain-derived neurgitoc factor; CALM =calmodulin;
CASP = caspasesCASP3 = caspase 3(CASP8 = caspase 8; CBP = CREB binding
protein; CBS = cystathioningsynthase; DCTN1 = dynactin subunit 1; GAPD =
glyceraldehyde-3-phosphate dehydrogenase; GRB2 owtlgr factor receptor-bound
protein 2; HAP1 = huntingtin associated proteirHIP1 = huntingtin interacting protein
1; HIP2 = huntingtin interacting protein 2; Hippi HIP1 protein interactolNCOR1 =
nuclear receptor corepressor 1; RasGAP = p21Rasiprand GTPase-activating protein
complex; TGs = transglutaminases; TP53 = tumorgimd3.

Table 3. Relations between TG2 and neurodegenerativestisea

Associations/cause Effects
Gluten intolerance Gluten ataxia
Neuroinflammation Alzheimer’s disease and otherodegenerative diseases

AIMS Molecular Science Volume 4, Issue 4, 399-414.
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4. Roleof the Transglutaminase Activity in Neuroinflammation

Neuroinflammation plays an important role in vasochronic neurodegenerative diseases,
characterized also by the pathological accumulatibrspecific protein aggregates. In particular,
several of these proteins have been shown to b&ratds of transglutaminases. Interestingly, it has
recently been demonstrated that transglutaminag€G2) may also be involved in molecular
mechanisms underlying inflammation. In the cenmterlvous system, astrocytes and microglia are the
cell types mainly involved in this inflammatory pess. The transcription factor NB- is
considered the main regulator of inflammation ant iactivated by a variety of stimuli including
calcium influx, oxidative stress and inflammatomgtakines. Recently, in addition to these stimuli,
TG2 has been shown to activate KB-both via a canonical pathway [74] and via a nanemical
pathway [75]. On the other hand, MB- regulatory response elements are present algben
Transglutaminase 2 promoter [76]. Under these tmmdi, the over-expression of TG2 results in the
sustained activation of NkB. Several findings emphasize the possible rolehef TG2/NF«xB
activation pathway in neurodegenerative diseaseduding Alzheimer's disease, Parkinson’s
disease, multiple sclerosis and amyotrophic latecldrosis. Together, these evidences suggest that
TG2 could play a role in neuroinflammation and coobntribute to the production of compounds
that are potentially deleterious to neuronal dé1§.

5. Transglutaminase Inhibition as Possible Therapeutical Approach

In consideration to the fact that up to now theseenbeen no long-term effective treatments for
the human neurodegenerative diseases previoustyteep then the possibility that selective TG
inhibitors may be of clinical benefit has been @asly considered. In this respect, some encouraging
results have been obtained with TG inhibitors ieliprinary studies with different biological models
of CAG-expansion diseases. For example, cystanftiiguie 5) is a potenin vitro inhibitor of
enzymes that require an unmodified cysteine atattteve site [78]. Inasmuch as TGs contain a
crucial active-site cysteine, cystamine has theemal to inhibit these enzymes by a
sulfide-disulfide interchange reaction. A sulfidewdfide interchange reaction results in the
formation of cysteamine and a cysteamine-cysteinxedndisulfide residue at the active site. Recent
studies have shown that cystamine decreases thbemush protein inclusions in transfected cells
expressing the atrophin (DRPLA) protein containirsg pathological-length polyglutamine
domain [79]. In other studies, cystamine adminigira to HD-transgenic mice resulted in an
increase in life expectancy and amelioration ofrakagical symptoms [80,81]. Neuronal inclusions
were decreased in one of these studies [81]. Athall these scientific reports seem to support the
hypothesis of a direct role of transglutaminasevégtin the pathogenesis of the polyglutamine
diseases, cystamine is also found to act in thetdd@sgenic mice by mechanisms other than the
inhibition of TGs, such as the inhibition of caspa$82], suggesting that this compound can have an
additive effect in the therapy of HD. Currentlystyamine is already in phase | studies in humans
with HD [83], but several side effects, such asseal motor impairment and dosing schedule have
been reported as reasons for non-adherence duniagep! studies in human patients affected by
cystinosis [84,85]. Another critical problem in tlwlse of TG inhibitors in treating neurological
diseases relates to the fact that, as previouplgrred, the human brain contains at least four TGs,
including TG1, 2, 3 and TG6, and a strong non-sekeanhibitor of TGs might also inhibit plasma
Factor Xllla, causing a bleeding disorder [22,88]erefore, from a number of standpoints it would
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Figure 4. Possible mechanisms responsible for protein agtgeigrmation catalyzed by
TGs. Transglutaminase activity could produce insl@uaggregates both by the
formation of N-(y-L-glutamyl)-L-lysine (GGEL) isopeptide bonds (lefide of the
figure) and by the formation of N,N-big-[-glutamyl)polyamine bridges (right side of
the figure) in the mutated huntingtin.

seem that a selective inhibitor, which discrimisateetween TGs, would be preferable to an
indiscriminate TG inhibitor. In fact, although mast the TG activity in mouse brain, at least as
assessed by an assay that measures the incorpoohtradioactive putrescine (amine donor) into
N,N-dimethyl casein (amine acceptor), seems tousetd TG2 [87], no conclusive data have been
obtained by TG2 gene knock-out experiments abauirtiolvement of this TG in the development
of the symptoms in HD-transgenic mice [26,88,89pr&bver, a recent scientific report showed that
cystamine reduces aggregate formation in a mousielhad oculopharyngeal muscular dystrophy
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(OMPD), in which also the TG2 knockdown is capabfesuppressing the aggregation and the
toxicity of the mutant protein PABPNL1 [90], suggegtthis compound as a possible therapeutic for
OMPD.

S NH,
HzN/\/ \8/\/

Figure 5. Chemical structure of cystamine.
6. Conclusions

Numerous scientific reports have implicated aberias activity in neurodegenerative diseases,
but still today we are looking for experimentaldings which could definitely confirm the direct
involvement of TGs in the pathogenetic mechanisespansible for these diseases. However, as
result of the putative role of specific TG isoformnssich as TG2, in some human diseases, there is a
considerable interest in developing inhibitorstegde enzymes [91,92]. Of those currently available,
cystamine is the most commonly used experimentlyinhibit TG2 activity. In addition to
cystamine, several types of TG2 inhibitors havenkba®veloped up to now [93]. Interestingly, some
of these inhibitors have shown promising resultexperimental diabetic models [94]. Therefore, the
use of these inhibitors of TGs could be then usafs for other clinical approaches. To minimize
the possible side effects, however, more seledtifagbitors of the TGs should be required in the
future. Progress in this area of research could dohieved, if possible, also through
pharmaco-genetic approaches.
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