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Abstract y-Glutamyltranspeptidases (y-GTs) are ubiqui-
tous enzymes that catalyze the hydrolysis of y-glutamyl
bonds in glutathione and glutamine and the transfer of the
released y-glutamyl group to amino acids or short peptides.
These enzymes are involved in glutathione metabolism and
play critical roles in antioxidant defense, detoxification,
and inflammation processes. Moreover, y-GTs have been
recently found to be involved in many physiological dis-
orders, such as Parkinson’s disease and diabetes. In this
review, the main biochemical and structural properties of
y-GTs isolated from different sources, as well as their
conformational stability and mechanism of catalysis, are
described and examined with the aim of contributing to the
discussion on their structure—function relationships. Possi-
ble applications of y-glutamyltranspeptidases in different
fields of biotechnology and medicine are also discussed.
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Introduction

y-Glutamyltranspeptidases: key enzymes involved
in glutathione metabolism

Glutathione (GSH) is the most abundant anti-oxidant mol-
ecule in cells. This tri-peptide is involved in a series of
important cellular functions, such as in the storage and
transport of nitric oxide, control of sulfur assimilation, pro-
tection of cells against oxidative stress, and redox regulation
of gene expression [1]. In general, the mechanisms of
acquired resistance of tumors to many forms of treatment
involve GSH [2]. Elevated GSH levels in tumors have been
associated with resistance to chemotherapy and radiotherapy
and prevent the initiation of the apoptotic cascade [3-7].

GSH contains an unusual peptide linkage between the
amino group of cysteine and the carboxyl group of the glu-
tamate side chain, so general peptidases are not able to
hydrolyze it. In mammalian, the GSH metabolism is medi-
ated by the so-called y-glutamyl cycle [8] that includes two
ATP-dependent GSH synthesis steps, catalyzed by y-glut-
amyl Cys synthetase and GSH synthetase, and a specific GSH
degradation pathway. In particular, GSH is synthesized in the
cytosol and is then translocated out of cells, where it becomes
a substrate for y-glutamyltranspeptidase (y-GT, EC 2.3.2.2),
the first enzyme of the GSH breakdown pathway.

y-GT, an evolutionary conserved enzyme, specifically
catalyzes the cleavage of the y-glutamyl bond of GSH and
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the transfer of the y-glutamyl group to water or to some
amino acids and peptides [9, 10].

Mammalian y-GT is a glycoprotein integrated in the
plasma membrane with its active site on the outside, where
y-glutamyl moieties of GSH are supposed to be hydrolyzed
and transferred to other amino acids, leading to formation
of y-glutamyl amino acids, which are then transported into
the cell. Therefore, the cleavage of the y-glutamyl bond of
extracellular GSH enables the cell to use this antioxidant
compound as a source of cysteine for increased synthesis of
intracellular GSH. Moreover, the recovery of cysteine,
mediated by GSH metabolism becomes critical for protein
synthesis especially in rapidly dividing neoplastic cells
[11]. Human y-GT is highly represented in kidney, liver,
and brain and its expression is significantly increased in
several tumors and is related to their enhanced resistance to
cytotoxic drugs [12]. An increased level of y-GT in the
serum has also been associated with pancreatitis, type II
diabetes, cardiovascular disease, and stroke, whereas y-GT
deficiency has been linked to disruptive glutathione
homeostasis, DNA damage, reproductive defects, and cat-
aract [13]. As y-GT in serum is mainly derived from liver,
the enzyme is used in blood tests as a marker of hepatic or
biliary tract-associated diseases [14, 15]. An increase in
serum levels of y-GT has also been suggested to be a
promising biohumoral predictor of atherosclerosis [16]. y-
GT is also implicated in many physiological disorders,
such as neurodegenerative diseases [17, 18]. Finally, y-GT

is clinically significant because evaluation of its activity in
obesity is associated with insulin resistance and the meta-
bolic syndrome [19].

7-GT has also been reported as a virulence factor asso-
ciated with the colonization of the gastric mucosa by
Helicobacter pylori, the pathogen responsible for gastritis,
ulcer, and gastric cancer [20]. The reader is referred to
other reviews that address these topics [12, 21-27].

Sequences and structures

Since its discovery in the sheep kidney [28], y-GT has been
isolated from various sources, ranging from bacteria to
mammals. Table 1 is a representative list of organisms
reported to produce y-GTs. In general, these enzymes share
>25 % sequence identity, suggesting a strong conservation
of structure and function. Mammalian y-GTs are heterol-
ogously glycosylated and embedded in the plasma
membrane by a N-terminal trans-membrane peptide,
whereas bacterial homologous are generally soluble and
localized in the periplasmic space by an N-terminal signal
peptide or secreted in the extracellular environment.

All y-GTs are encoded by a single gene and are trans-
lated as a unique polypeptide, which then undergoes an
auto-proteolytic cleavage into a large and a small subunit
(see below). The molecular weights of the two chains are
generally found to be within 38-72 kDa for the large

Table 1 List of organisms

known to produce 7-GTs Organism References Organism References
Allium cepa [33] Homo sapiens [53]
Aphidius ervis [76] Hordeum vulgare [77]
Arabidopsis [78] Lycopersicon esculentum [32]
Arabidopsis thaliana [79] Marthasterias glacialis [80]
Ascaris suum [81] Morchella esculenta [82]
Bacillus licheniformis [47] Mus musculus [83]
Bacillus pumilus [84] Neisseria gonorroheae [85]
Bacillus pumilus KS 12 [36] Oryctolagus cuniculus [86]
Bacillus sp. KUN-17 [87] Ovis aries [88]
Bacillus subtilis (natto) [31] Phaseolus vulgaris [89]
Bacillus subtilis 168 [90] Proteus mirabilis [29]
Bacillus subtilis NX-2 [91] Pseudomonas nitroreducens [56]
Bacillus subtilis SK11.004 [57] Raphanus sativus [92]
Bacillus subtilis TAM-4 [58] Rattus norvegicus [93]
Bos Taurus [53] Saccharomyces cerevisiae [94]
Campylobacter jejuni [95] Schizoaccharomyces pombe [96]
Deinococcus radiodurans [55] Setaria cervi [97]
Equus caballus [88] Solanum lycopersicum [98]
Escherichia coli K-12 [30] Sus scrofa [99]
Geobacillus thermodenitrificans [49] Treponema denticola [100]
Helicobacter pylori [20] Thermus thermophilus [55]
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subunit and from 20 to 66 kDa for the small subunit [20,
29-31], respectively. Such a high variation in the molec-
ular masses can be explained by the high glycosylation of
the animal and plant enzymes [32, 33].

Analysis of the primary structure of y-GTs based on
multiple alignments revealed that the sequence of the small
subunit, which contains most of the residues forming the
catalytic site, is slightly more conserved than that of the
large subunit [34]. Sequence alignments of the small sub-
units emphasize the presence of highly conserved residues,
such as the catalytic threonine (Thr391 in Escherichia coli
y-GT, EcGT), the nucleophile responsible for both the
autoprocessing and the enzymatic activity, and the two Gly
residues (Gly483—-Gly484 in EcGT) proposed to have a role
in the stabilization of the tetrahedral transition state of the
enzyme (Fig. 1) [34, 35].

The N-terminal region of the protein is highly variable
and its truncation does not hamper the auto-processing
[36]; the C-terminus, which in Helicobacter pylori (HpGT)
and in Bacillus licheniformis (BIGT) has been demon-
strated to contribute to optimal enzymatic -efficiency
and autoprocessing [37, 38], shows a low sequence
conservation.

The sequence of human y-GT contains seven N-glyco-
sylation sites [39]. In particular, the large subunit contains
six of these sites (Asn95, 120, 230, 266, 297, and 344),
whereas the small subunit contains a single site (Asn511).
Four of the N-glycosylation sites (Asn95, 120, 344, and
511) are highly conserved among eukaryotes and two
additional sites (Asn230 and 297) are conserved among
mammalian y-GTs. Furthermore, four cysteines (Cys50 and
74, and Cys192 and 196) are likely involved in the for-
mation of disulphide bonds. Cys192—-196 pair is only found
in a subset of mammalian y-GTs (see for example [40]),
whereas the Cys50-Cys74 pair is highly conserved in non-
bacterial homologues. Since these residues do not appear to
be involved in the catalytic mechanism, the Cys50-Cys74
pair has been supposed to have a structural role and/or a
regulatory function [35].

So far, no structure of mammalian y-GTs has been
determined, probably because of difficulty in crystalliza-
tion of the heavily and heterogeneously glycosylated
mammalian proteins, but their biochemical properties can
be partially explained from sequence alignment, by refer-
ring to the few three-dimensional structures of bacterial
y-GTs reported so far. Crystal structures have been solved
for EcGT (PDB code 2DBU) [34], HpGT (PDB code
2NQO) [35], and Bacillus subtilis GT (BsGT, PDB code
2V36). The structures of the putative y-GTs from Bacillus
halodurans (BhGT, PDB code 2NLZ, annotated as ceph-
alosporin acylase) and from the thermoacidophilic
archaeon Thermoplasma acidophilum (TaGT, PDB code
2I30) have been reported in the Protein Databank, but have

not been described in literature. All these y-GTs exhibit a
similar molecular architecture that consists of a four-layer
affo-structure, with two antiparallel f-sheets between
o-helical layers. In the central f-sheet sandwich, strands
are arranged in an antiparallel fashion, and both large and
small subunits contribute strands to the nearly flat 5-sheets
(Fig. 2). These features demonstrate that y-GTs belong to
the structural superfamily of the N-terminal nucleophilic
(Ntn) hydrolases [41, 42].

In the studied y-GTs, the small and the large subunits are
highly intertwined throughout the structure with a 9,000—
10,000 A? surface area buried between them.

The crystal structure of EcGT has been solved both for
the unprocessed T391A mutant (PDB code 2E0W) [43] and
for the mature enzyme (PDB code 2DBU; [34]). A detailed
comparison of these structures is reported below. Finally,
the complexes of EcGT and BsGT with glutamate (PDB
codes 2DBX and 3A75, [34, 44]) and those of HpGT with
the inhibitor acivicin (PBD code 3FNM; [37]) and of
E. coli GT with azaserine (PDB code 2Z8IA) and acivicin
(PDB code 2Z8K) have also been solved [45].

A complete list of X-ray structures of y-GTs deposited
in the Protein Data Bank is reported in Table 2.

Autoproteolytic activation

A common feature of the members of the Ntn hydrolase
superfamily is the autoproteolytic activation of inactive
precursors to release a catalytic serine, threonine, or cys-
teine at the N-terminal position [41, 42]. The proposed
mechanism for autoprocessing of y-GT is shown in Fig. 3
[46]. In detail, the hydroxyl group of the side chain of a
strictly conserved threonine (Thr391 in EcGT) of the pre-
cursor protein acts as the nucleophile for the cleavage,
attacking the carbonyl group of the preceding glutamine
residue (GIn390 in EcGT) and forming a transitional tet-
rahedral intermediate. The cleavage of the C-N bond
through protonation of the amino group of the Thr yields an
ester intermediate (N-O acyl shift), then hydrolyzed by a
water molecule to form a large subunit and a small subunit
with the Thr as the new N-terminal residue.

Recently, a water molecule has been suggested to play a
critical role in the autocatalytic activation by enhancing the
nucleophilicity of the hydroxyl group of the Thr [38, 43,
47]. Finally, in human y-GT, glycosylation is required to
produce the mature enzyme [39, 48].

The proenzyme and the activated y-GT have distinct
features in different organisms. In mammalians, as well as
in many bacteria like E. coli, the proenzyme is a dimer of
two identical monomers (af3),, whereas the activated y-GT
is a heterodimer of the small and large subunits («—f) [34].
However, it has been recently found that y-GT from
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> > = = Cco
hGT TAHLSVVAEDGSAVSATSTINLYFGSKVRSPVSGILFNNEMDDEFSS-PSITNEFGVPPSP 59
ratGT TAHLSVVSEDGSAVAATSTINLYFGSKVLSRVSGILFNDEMDDFSS-PNFTNQFGVAPSP 59
D.rerioGT TAHLSVIAEDGSAVAATSTINLYFGSKVMSRSTGIIFNDEMDDESS-PYITNGFGVPPSP 59
D.melaGT TAHMNVLATNGDAVSITSTINNYFGSKVASTQTGIILNDEMDDEST-PGVINGFGVPASP 59
S.cerGT TAHFSIVDSHGNAVSLTTTINLLFGSLVHDPKTGVIFNNEMDDFAQ-FNKSNSFELAPSI 59
EcGT TTHYSVVDKDGNAVAVTYTLNTTFGTGIVAGESGILLNNQMDDFSAKPGVPNVYGLVGGD 60
HpGT TTHYSVADRWGNAVSVTYTINASYGSAASIDGAGFLLNNEMDDFSIKPGNPNLYGLVGGD 60
BsGT TTHETVADRWGNVVSYTTTIEQLFGTGIMVPDYGVILNNELTDFDA---—————-—— IPGG 50
BIGT TTHETVIDQWGNVVSYTTTIEQLFGTGILVPGYGLFLNNELTDFDA---—————-—— IPGG 50
GthGT TVYLAAADGEGNMVSFIQSNYMGFGSGLVVPGTGIALHNRGHNFVE-—=——==———— DENH 50
DrGT TVYLAAADDEGGMVSMIQSNYMGFGSGVVVPGTGIALHNRGHNFHT - —-—-—————-—— DPAH 50
TtGT TVYLAAADGE-VMVSLIQSNYQGFGSGVLVPGTGIALONRGLGFSL-—-=-—==-———-— EEGH 49
TaGT TTYFSISDSEGRSVSIIQSNYMGFGSGIVPKGTGEFVLONRGSYFTL---—————-—— QRDH 50

o *: : HagH oot *

Catalytic residue Lid loop
> > — = o
hGT ANFIQPGKQPLSSMCPTIMVGQDGQVRMVVGAAGGTQITTATALAIIYNLWFGYDVKRAV 119
ratGT ANFIKPGKQPLSSMCPSIIVDKDGKVRMVVGASGGTQITTSVALAIINSLWEFGYDVKRAV 119
D.rerioGT NNFIQPGKRPLSSMCPTIIFDKHNRVKMVVGASGGTKITTATALVILNSLFFNYDLKKAV 119
D.melaGT ANYIYPGKRPMSSMSPCIIVDQEGNVRLLVGAAGGTRITTSVAAVIMKYLLRKESLTAAV 119
S.cerGT YNFPEPGKRPLSSTAPTIVLSELGIPDLVVGASGGSRITTSVLQTIVRTYWYNMPILETT 119
EcGT ANAVGPNKRPLSSMSPTIVVKD-GKTWLVTGSPGGSRIITTVLOMVVNSIDYGMNVAEAT 119
HpGT ANAIEANKRPLSSMSPTIVLKN-NKVFLVVGSPGGSRIITTVLQVISNVIDYNMNISEAV 119
BsGT ANEVQPNKRPLSSMTPTILFKD-DKPVLTVGSPGGATIISSVLQTILYHIEYGMELKAAV 109
BIGT ANEVQPNKRPLSSMTPTIVFKD-EKPVLTVGSPGGTTIIASVFQTILNYFEYGMSLQDATI 109
GthGT PNGLAPRKKPYHTIIPGFLTKGG-KPIGPFGVMGGFMQPQGHMQVIMNTVDFALNPQAAL 109
DrGT PNALAPGKRPYHTIIPGFLGRADGTPVGPFGVMGGFMQPQGQLQVVVNTVRYGMNPQQAL 110
TtGT PNRVGPGKRPFHTIIPGFLAREG-KPLGPFGVMGGFMQPQGHVQVVVGLADFGLNPQAAL 108
TaGT PNALMPGKRTFHTLAACMVEKEH-DLYASLGSMGGDIQPQVQOMQOILMEILKDNTDPQAIL 109
* * . . .. * * % .
> —> [ — —
hGT EEPRLHNQLLPNVTTVERN--IDQAVTAALET-—-—-—-—— RHHHT---QIASTFIAVVQAIV 168
ratGT EEPRLHNQLLPNTTTVEKN--IDQVVTAGLKT-—-——-—-— RHHHT---EVTPDFIAVVQAVV 168
D.rerioGT TEPRVHNQLNPNMTVVEQD--FEQSVLDGLEQ-—-—-——— KNHVT---ELQRTPGAVVQAIV 168
D.melaGT NNGRLHHQLAPMRVSYEQE--VDSSVTDYLKQ—-—--—-—- VGHEMYE-EPVGSSFAAVTAIG 170
S.cerGT AYPRIHHQLLPDRIELESFPMIGKAVLSTLKE-—--—-—- MGYTMK--EVFPK--SVVNAIR 169
EcGT NAPRFHHQWLPDELRVEK--GFSPDTLKLLEA-—--—-—— KGQKVALKEAMGSTQSIMVGPD 171
HpGT SAPRFHMOWLPDELRIEKF-GMPADVKDNLTK-——-—— MGYQIVTKPVMGDVNAIQVLPK 172
BsGT EEPRIYTNSMSSYRYEDG---VPKDVLSKLNG-—-—---— MGHKFGT-SPVDIGNVQSISID 159
BIGT EEPRIYTNSLTSYRYESG---MPEDVRRKLND-—-—-—-—— FGHKFGS-NPVDIGNVQSIFID 159
GthGT DAPRWQWMEGKTVLVEPH---FPRHIAEALAR-—-—-——— KGHDICVALDGGPFGRGQIIWR 160
DrGT DAPRWOWLQGRTVEVEPA---LGDQLARALVA-—-—-——— RGHDVRVQLDPGSFGRGQOMIRR 161
TtGT DRPRWQVVPGDEVLLEPG---IPQOATALFLKD---—-—-— LGHRVRYEAEYGLFGRGQVVFR 159
TaGT DKPRWTEP--YTIYEAPG---AVYVESEELYRNVSKQISGRKVVLRDVSQEFGTAQITTL 164
* *

0o /> >
hGT RTAGGWAAASD-SRKGGEPAGY —-—=———-——-- 189
ratGT RTSGGWAAASD-SRKGGEPAG-—-—-=-————— 188
D.rerioGT ROGDKLCAECD-PRKGGYPAGY———————— 189
D.melaGT -ALEQPEPFYD-RRRIGSALTLAKTNKMQH 198
S.cerGT NVRGEWHAVSDYWRKRGISSVY-—-————-—— 191
EcGT GE---LYGASDPRSVDDLTAGY-——=-—-——-— 190
HpGT TKGSVFYGSTDPR--KEF-—-——=——————— 188
BsGT HENGTFKGVADSSRNGAAIGINLKRK---- 185
BI1GT RENKTEFMGVADSSGNGTAVGVNNKTSAE— 187
GthGT DPDTGVLAAGTEPRTDGAVAAW-——————— 182
DrGT DPDTGVLEGGTESRTDGHIALW--—-—=-—-—— 183
TtGT --LGEALVGASDPRAEGLALAW-—-———-——— 179
TaGT -IRGDVVVGAADPRGDGIAIPYS——————— 186
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«Fig. 1 Multiple alignment of amino acid sequences of the small
subunits of some y-GTs. The amino acid sequences of y-GT from H.
sapiens (Swiss-Prot P19440), R. norvegicus (Swiss-Prot P07314), D.
rerio (Swiss-Prot Q7T2A1), D. melanogaster (Swiss-Prot QOVWT3), S.
cerevisiae (Swiss-Prot Q05902) E. coli (Swiss-Prot P18956), H. pylori
(Swiss-Prot 025743), B. subtilis (Swiss-Prot P54422), B. licheniformis
(Swiss-Prot Q62WE3), G. thermodenitrificans (YP001127364.1), D.
radiodurans (PIR: D75385), T. thermophylum (NCBI Reference
Sequence: YP_144021.1) and T. acidophilum (NCBI Reference
Sequence: NP_394454.1) are included. The alignment was performed
by using the ClustalW method (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). The conserved threonine residues responsible for autopro-
cessing of the enzyme and the two strictly conserved glycine residues
involved in binding of the y-glutamyl moiety (T391, G483, and G484 in
EcGT) are highlighted in yellow. The other residues responsible for
substrate binding and catalytic activity of y-GTs are highlighted in cyan
(T409, N411, D433, S462, and S463 in EcGT). The lid loop extending
towards the active site (spanning from P438 to G449 of EcGT) and
absent in some y-GTs is underlined. The secondary structure elements
are shown above the alignment. The numbering scheme reported in the
figure refers to the small subunit

Geobacillus thermodenitrificans (GthGT) assumes a
homotetrameric structure as precursor (of); and a hetero-
tetrameric structure formed by two small and two large
subunits (o,—f,) as mature enzyme [49]. Interestingly,
evidences for the existence of heterotetrameric mature
7-GTs also come from gel filtration and dynamic light
scattering data on HpGT [50] and from the X-ray structures
of both EcGT and HpGT that revealed the presence of two
heterodimeric molecules in the asymmetric unit with
identical relative arrangement of heterodimers [34, 35]. A
detailed analysis of the structures shows that, if the het-
erotetramer were the biologically relevant form of these
enzymes, this arrangement would be scarcely stable since
the two heterodimers bury a surface area of only about
1,600 A,

The substitution of the conserved Thr results in a protein
unable to undergo the autocatalytic maturation: the T — A
substitution leads to the formation of an inactive and
homodimeric precursor in HpGT, EcGT and BIGT [35, 43,
47], whereas the same replacement leads to a homotetra-
meric pro-enzyme, which keeps a reduced but significant
hydrolase activity, in GthGT [49]. In this case, the small
observed catalytic activity might be due to a solvent mol-
ecule that mimics the hydroxyl group of the catalytic
threonine side chain [49].

Crystal structure of mature y-GTs from E. coli and
H. pylori showed that the C-terminal regions of the large
subunits are far from the N-terminal region of the small
subunits (>35A) [34, 35], thus suggesting that large con-
formational changes are necessary upon processing.
Structural comparison of T391A unprocessed enzyme and
mature EcGT demonstrated that the structures of the core
regions in the two proteins are unchanged, but marked dif-
ferences are found near the active site [43]. In particular, in
the precursor analog, the segment corresponding to the

Fig. 2 Diagram showing a schematic representation of the precursor
(a) and mature (b) forms of EcGT. In panel b, the large subunit is
shown in violet and the small subunit in yellow

C-terminal region of the large subunit occupies the site
where a loop (residues 438-449 in EcGT, hereafter denoted
as lid loop) forms the lid of the y-glutamyl group-binding
pocket in the mature y-GT (Fig. 4). This feature demon-
strates that, upon cleavage of the N-terminal peptide bond of
Thr391, the newly produced C-terminus (residues 375-390
in EcGT), hereafter denoted as P-segment, flips out, allowing
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Table 2 List of y-GT structures deposited in the Protein Databank

Enzyme Structure description PDB code References

EcGT Ligand-free form 2DBU [34]

EcGT Complex with hydrolyzed glutathione 2DGS5 [34]

EcGT Complex with acivicin 278K [45]

EcGT Complex with L-glutamate 2DBX [34]

EcGT Complex with azaserine 2781 [45]

EcGT Acyl-enzyme intermediate 2DBW [34]

EcGT Monoclinic form 2E0X [43]

EcGT Samarium derivative 2E0Y [43]

EcGT Complex with azaserine prepared in the dark 278] [45]

EcGT T391A mutant 2E0W [43]

HpGT Ligand-free form 2NQO [35]

HpGT Complex with glutamate 2QM6 [101]

HpGT Complex with acivicin 3FNM [37]

HpGT Mature T380A mutant in complex with S(nitrobenzyl)glutathione 2QMC [101]

BsGT Ligand-free form 2V36 Sharath et al., to be published

BsGT Complex with glutamate 3A75 [44]

TaGT Ligand-free form 2130 Rao et al., to be published

BhGT Ligand-free form 2NLZ Patskovsky et al., to be published
Gin390 Gin390

Small

The391 Formation of a tetrahedral Thr391

\/ Base intermediate

Abstraction of the proton of
the hydroxyl group of Thr391

by a base
Small
G390 HzN subunit
DS
<SSl . .
S hydrolysis
Small
subunit

Subunit assembly

Fig. 3 Proposed mechanism for autocatalytic processing of y-GTs

Gm3%0
0

B
H,O "')

i Small
subunit

Thr391

Formation of an ester

intermediate

the formation of the y-glutamyl group-binding pocket. The ~ shows low conservation among y-GT members, mutational
mobile P-segment has been shown to be positioned by sev-  studies have confirmed that it can play an important role for
eral electrostatic interactions. Although this latter region  autoprocessing in HpGT [37] and BIGT [38].
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P-segment

Fig. 4 Superimposed structure of precursor (green) and mature forms
of EcGT. In the mature enzyme, the large subunit is shown in violet
and the small subunit in yellow

The above described conformational changes associated
with autoprocessing could be not a general property of
7-GTs, since the determination of the structure of the enzyme
from B. subtilis has recently revealed that the C-terminal
segment of the large subunit, which in this enzyme has extra
residues when compared to EcGT, appears to be changed
little after autocatalytic processing, being located close to the
N-terminal region of the small subunit [44].

The reaction mechanism

The highly conserved Thr is not only responsible for
autoproteolytic processing into the small and large sub-
units, but also for the catalysis. This residue is essential for
enzymatic activity, because most of the unprocessed pro-
teins, in which this residue was mutated, were found to
become completely or partially inactive [43, 50].

The enzymatic reactions catalyzed by 7-GTs are
reported in Fig. 5. These enzymes catalyze the cleavage
of the y-glutamyl linkage of y-glutamyl compounds, such
as GSH, and the transfer of the y-glutamyl moiety to
other amino acids or short peptides. In vivo, the primary
reaction catalyzed by human y-GT is the hydrolysis, in
which water, rather than amino acids, acts as the
acceptor molecule during the cleavage of the y-glutamyl
bond [39].

In the first step of a ping-pong mechanism, the oxygen
atom of the N-terminal Thr residue attacks the carbonyl of
the y-glutamyl-compound to form a y-glutamyl-enzyme
intermediate. This intermediate can then react with water to
release glutamate in a hydrolysis reaction or with an amino

acid or di-peptide to give a transpeptidation reaction
forming new y-glutamyl compounds (Fig. 5).

Barycki and coworkers [35] have proposed a mechanism
for hydrolysis of GSH by y-GT, in which the residues
adjacent to the catalytic Thr affect the enzymatic activity.
This hypothesis is supported by kinetic and mutagenesis
studies on HpGT and on BIGT [51], which reveal that a
Thr—Thr dyad is critical for efficient cleavage of the
y-glutamyl peptide bond of GSH. In particular, the hydroxyl
group of a Thr (the second one in the sequence of the small
subunit) forms two hydrogen bonds with the catalytic Thr,
by increasing the reactivity of its hydroxyl group. Then, this
hydroxyl group attacks the y-glutamyl peptide bond of GSH
and leads to the formation of a tetrahedral transition state
that is stabilized through interactions with two conserved
glycines. The two threonines are rather well conserved in
y-GT family (see Fig. 1). Interestingly, in BIGT, the
replacement of the second Thr of the catalytic dyad with
lysine, also impairs the autoprocessing of the enzyme [51].

Since the mechanism of transpeptidation has not been
clarified yet, further studies are needed to verify the
speculative aspects of this model on the basis of new
structural insights. Moreover, it remains to discover why
the absence of any single glycosylation in mammalian
enzymes affects both the transpeptidation and hydrolysis
reactions [39].

The y-glutamyl-enzyme intermediate structure

As described above, the reaction catalyzed by y-GTs pro-
ceeds via the formation of a y-glutamyl-enzyme intermediate
followed by nucleophilic substitution by water, amino acids
or short peptides.

The structures of EcGT crystals soaked in the solutions
containing GSH (y-glutamyl-enzyme intermediate, PDB
code 2D5G) and vr-glutamate (PDB code 2DBX) have
provided a clear illustration of the y-glutamyl-enzyme
intermediate (Fig. 6). The substrate-binding pocket is
located at the bottom of a deep groove, where the catalytic
Thr resides (Fig. 6). When bound within the enzymatic
pocket, the carbonyl group of the y-glutamyl moiety is
covalently linked to the Oy atom of the catalytic Thr. The
y-glutamyl moiety is held in position by many hydrogen
bonds and salt bridges (Fig. 7). In particular, in the com-
plex of EcGT with L-glutamate, the carboxyl group of the
ligand is bonded with Argl14, Ser462 and Ser463, whereas
the amino group interacts with Asn41l, GIn430 and
Asp433. The y-glutamyl carbonyl oxygen is hydrogen
bonded with the main-chain atoms of Gly483 and Gly484.
Except for Argll4, all residues involved in y-glutamyl
binding belong to the small subunit.
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Role of the lid loop

The lid loop, conserved in all eukaryotic y-GTs and only in
some bacterial counterparts, has been proposed to play a
role in regulating the access of the substrate to the active
site or the binding of the substrate to the active site cleft
[44, 49, 52]. Upon cleavage, the C-terminal segment of the
large subunit seems to move away from the N-terminal
threonine of the small subunit, thus forming the y-glutamyl
binding pocket. In the meanwhile the lid loop could form a
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Mature enzyme

lid upon the pocket. When the pocket is occupied by a
substrate or inhibitor, the lid loop shields the catalytic
pocket from the solvent, otherwise, when the pocket is
empty the lid loop is flexible. In EcGT, Tyr444, located at
the middle of this loop, is hydrogen-bonded with Asn411,
thus forming the wall of the substrate binding pocket.

In BsGT [44] and in several extremophilic y-GTs, such
as GthGT, BhGT, TaGT and those from Deinococcus ra-
diodurans (DrGT) and Thermus thermophilus (TtGT) the
lid loop is absent [49, 52].
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lid loop

Fig. 6 Glutamate binding in the active site of EcGT. The stick model
of L-glutamate, nucleophile Thr391 and of Tyr444 are shown. The
large subunit is shown in violet and the small subunit in yellow

L-glutamate

‘rigl‘,

\

Gind30

1 l

Fig. 7 Binding mode of L-glutamate in the catalytic pocket of EcGT.
Carbon, nitrogen and oxygen atoms are colored cyan, blue and red.
The stick models of residues involved in the ligand binding and
enzyme reaction are shown

Recently, the structure of the L-glutamate-bound BsGT
revealed that, in this protein, neither the lid loop nor
alternative ordered segments cover that active site. There-
fore, in this case, the binding pocket remains exposed to
solvent [44] and could accept other potential substrates.
This result prompts questions about the role and signifi-
cance of the lid loop in y-GT catalysis.

Biochemical properties of y-glutamyltranspeptidases

A direct comparison of the biochemical features of the
enzymatic activity of different y-GTs is difficult, because
of the different experimental conditions and substrate
molecules used to study each enzyme.

The enzymatic activity determination has been generally
performed using the substrate analogous L-glutamic acid

Table 3 Values of T;,; and T}, characterizing the thermal-induced
denaturation of y-GTs from different sources

Mature protein T (°C) T2 (°C) References
EcGT 50.1 [62, 66]
52.5
S463T-EcGT 48.9 [62]
BIGT 61.4 [38, 62]
64.8
A(581-585)BIGT 64.7 [38]
A(577-585)BIGT 51.0 [38]
GthGT 63.2 95.4 [67]
Precursor
S463D-EcGT 36.1 [66]
S463 K-EcGT 38.2 [66]
T399A-BIGT 68.1 [38]
A(576-585)BIGT 45.1 [38]
A(566-585)BIGT 44.9 [38]
A(558-585)BIGT 43.9 [38]
A(523-585)BIGT 32.6 [38]
A(479-585)BIGT 31.7 [38]
T353A-GthGT 66.5 88 [67]

Table 4 Values of denaturant concentration at half-completion of the
transition characterizing the chemical-induced denaturation of y-GTs
from different sources

Mature protein GdnHCI, pH 8.0 References
Cip M)
EcGT 0.8 [62]
BIGT 2.7-2.8 [38]
A(581-585)BIGT 2.9 [38]
A(577-585)BIGT 14 [38]
GthGT 14 [67]
Precursor
T399A-BIGT 3.7-3.9 [62]
A(576-585)BIGT 0.4 [38]
A(566-585)BIGT 0.6 [38]
A(558-585)BIGT 0.6 [38]
A(523-585)BIGT 107° [38]
A(479-585)BIGT 107° [38]
T353A-GthGT 1.7 [67]

p-(4-nitroanilide) [53, 54]. The release of 4-nitroaniline
was monitored by spectrophotometer at 412 nm. When the
activity of the recombinant proteins was too low to allow
continuous monitoring, the release of 4-nitroaniline was
assessed by end point assay after 10 min of incubation with
the substrate [49, 52]. Transpeptidase activity is generally
defined as the ratio between the activity of the enzyme in
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the presence of an acceptor substrate and the activity of the
enzyme in the absence of this acceptor (hydrolase activity).

Despite the considerable sequence identity, significant
catalytic differences exist between y-GTs. In particular,
plant y-GTs are similar to the mammalian enzymes in their
biochemical characteristics [55], whereas bacterial y-GTs
have been shown to react poorly with amino acid acceptor
substrates compared to plant and mammalian enzymes. For
example, HpGT is 100-fold less and EcGT is several
hundred-fold less effective at catalyzing transpeptidation
with respect to human y-GT [50]. Large differences in
catalytic activities also exist when bacterial homologues
are compared. For example, EcGT is 33-fold less active
than BsGT [51]; furthermore, extremophilic bacterial
y-GTs display reduced hydrolase activities, when com-
pared to the other bacterial and eukaryal counterparts, and
do not display any ability to transfer the y-glutamyl group
to several acceptors [49, 52]. Under this aspect, transpep-
tidase activity could be a feature appeared later during the
enzyme evolution [52].

The optimal pH of the reactions catalyzed by y-GTs is
generally between 8 and 9, with the exceptions of the
enzymes from Bacillus subtilis SK 11.004 and Pseudomo-
nas nitroreducens which have an optimum pH of the
transfer reaction of 10 and 10.5, respectively [56, 57]. It is
interesting to note that, in many cases, the pH optima of the
hydrolysis and transfer reactions are different. Therefore,
by adjusting the pH of the reaction mixture, it is possible to
make the enzyme able to catalyze one of the two reactions
selectively.

The optimum temperatures for y-GT activities range
from 37 to 60 °C. Some enzymes are highly stable around
50 °C [57], whereas others are highly sensitive to thermal
inactivation [31, 58]. For example, the enzyme from
Bacillus pumilus KS is highly thermostable retaining 50 %
of the original activity at 70 °C [36], whereas BIGT shows
~40 % of the original catalytic activity at 45 °C [47].
GthGT retains 83 % of activity even after 24 h at 45 °C
[49].

Altogether these features could reflect different mecha-
nisms of adaptation of the enzyme to colonize different
niches. Otherwise, they could remark different evolution-
ary relationships in y-GT family, with extremophilic y-GTs
as the ancient progenitors [52].

Since salt-tolerant y-GTs may play a potential role in
industrial processes that require high-salt conditions, such
as in the manufacture of fermented foods, the activity of
some y-GTs has been studied in presence of different salt
concentrations. It has been found that very few y-GTs are
halotolerant: examples are limited to BsGT, BIGT and a
monomeric 30 kDa y-GT purified from B. licheniformis,
probably generated by proteolytic digestion of the mature
BIGT by subtilisin [59—62]. A hypothesis on the structural
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basis for the salt tolerance of BsGT has also been proposed:
the protein possesses strong acid patches on the surface that
may allow it to remain in the hydrated state and avoid self-
aggregation even under high-salt conditions [44]. This
finding is in line with the results of several independent
studies which suggest that halophilic enzymes present
higher proportion of acid residues on the surface than their
non-halophilic homologues [63, 64].

The catalytic assays of many 7-GTs have also been
performed in the presence of metal ions. EcGT was
reported to be activated by several cations, for example
Lit, Rb", KT, Na™, Cs*, Mg*", Ca®>", Co* and Mn>"
[65]. On the contrary, the enzymatic activity of BsGT
enhances in the presence of AI*", Mg®", K, Na™, whereas
it is inhibited by Cu®*", Fe*™ and Zn>" [57]. Addition of
Co>" has no effects on the enzymatic activity of BIGT,
while Hg*", Zn*", Pb>* and Ni*" have a inhibitory effect
and Mg>", K™ and Na™ enhance its original activity [47].

Conformational stability of y-glutamyltranspeptidases

Few reports deal with biophysical characterization of pre-
cursors and mature forms of y-GTs. This is in part due to
the fact that it is difficult to purify y-GTs at homogeneity,
since a mixture of the unprocessed and mature protein is
often obtained [36, 49, 52]. Unfolding analyses using cir-
cular dichroism and tryptophan emission fluorescence have
revealed that members of the y-GT family display different
sensitivity towards temperature and guanidinium hydro-
chloride induced-denaturation [62, 66, 67]. Thermal
denaturation of EcGT and BIGT follows a simple irre-
versible two-state mechanism [62], whereas that of GthGT
was described using a three-state model involving the
formation of a stable intermediate [67]. T,, values of both
precursor analogues and mature forms of the studied y-GTs
and of some mutants are reported in Table 3, and the
values of denaturant concentration at half-completion of
the transition characterizing the chemical-induced dena-
turation of the same proteins are summarized in Table 4.
Among the characterized enzymes, GthGT is the most
thermostable, in line with its thermophilic origin, whereas
BIGT is the most resistant to the chemical denaturation
with guanidinium hydrochloride.

In recent years, demands for thermostable enzymes have
increased in industrial fields. Thermostability of biocatalyst
allows a higher operation temperature, which is clearly
advantageous because of a higher reactivity and process
yield (increased solubility of substrates and products and
favorable equilibrium displacement in endothermic reac-
tions), lower viscosity, and fewer contamination problems.
Thus, it is important to purify and characterize thermo-
stable y-GTs.
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Pharmaceutical and biotechnological applications

The biochemical properties of y-GTs to cleave the unusual
peptide bond of GSH and to transfer the y-glutamyl moiety
to some acceptors for producing y-glutamyl compounds
can be exploited in different ways for pharmaceutical and
biotechnological interests.

First of all, the increasing synthesis of y-GT in many
human tumors has been correlated with their enhanced
resistance to chemotherapy [68]. Therefore, it has been
suggested that inhibiting y-GT prior to chemotherapy or
radiation would sensitize y-GT-positive tumors to treat-
ment [6]. In other words, inhibitors of y-GT activity could
be used prior to the administration of chemotherapy to limit
the supply of cysteine to the tumor, thereby blocking the
tumor’s ability to maintain high levels of intracellular
GSH. Inhibitors of y-GTs include the glutamine analogues
acivicin and azaserine, that compete with the substrate for
the y-glutamyl binding site. However, the glutamine ana-
logues evaluated in clinical trials are too toxic: acivicin, the
most potent inhibitor of y-GT is a neurotoxin [69]. Recently,
rational design of y-GT inhibitors based on studies of the
active site has led to the identification of other y-glutamyl
analogues: sulfur derivatives of L-glutamic acid, y-(mon-
ophenyl)phosphono glutamate analogues and a novel class
of uncompetitive inhibitors of y-GT [70], less toxic than the
glutamine analogues.

Recently, the exploitation of y-GT has also been pro-
posed to improve the therapeutic efficacy of selected drugs.
As y-GTs are differently expressed in several tumors, it is
possible to speculate on the possibility to design pro-drugs
that can be activated by y-GT expressed over the surface of
the y-GT-positive tumors. Since the y-glutamyl linkage
cannot be cleaved off by normal peptidase in serum,
the half lives of such compounds become much longer with
y-glutamylation. Indeed, y-glutamyl compounds are more
soluble and stable in blood respect to the non modified
precursors [65]. The goal is to add a y-glutamyl group at a
site making the drug inactive until the y-GT cleaves it off.

Bacterial y-GTs display a lot of advantageous industrial
properties; they are soluble (periplasmic or extracellular)
and non-glycosylated proteins and have a broad substrate
specificity for y-glutamyl acceptors, with respect to the
mammalian counterparts. Thus, employing various accep-
tors, one can synthesize various 7y-glutamyl compounds
using bacterial y-GTs. These y-GTs have been used as
catalysts for the synthesis of pharmaceutically important
peptides through the transpeptidation reaction [65, 71]. For
example, y-Glu-Trp (SCV-07) and y-glutamyltaurine were
synthesized with EcGT using inexpensive L-glutamine as a
y-glutamyl donor [65, 71]. These y-glutamyl compounds
have been reported to have physiological effects on
mammals: for example, SCV-07 and 7y-glutamyltaurine

have a broad spectrum of immunostimulatory activities
against murine tuberculosis [72] and an antagonistic effect
against excitatory amino acids [73], respectively. Another
example is the production of y-L-glutamyl-dihydrox-
yphenylalanine (L-DOPA), a molecule able to increase the
concentration of dopamine in the brain, and for this reason
a promising pro-drug for Parkinson’s disease [74].

Finally, bacterial y-GTs can also be employed as glu-
taminase in food industry [75]. In fact, y-GT catalyzes the
hydrolysis of glutamine to glutamic acid, an important
flavor component during wheat fermentation in the manu-
facture of bread and soy sauce. In particular, BsGT was
found resistant to high salt concentrations, used during
these processes, and a mutant specialized in hydrolase
activity was produced thus avoiding the production of
undesired by-products [59]. Recently, y-GTs isolated from
extremophilic sources, such as GthGT, DrGT and TtGT,
have been found to naturally display the advantage of
lacking transpeptidase activity [49, 52].

Conclusions and perspectives

In the last few years, several y-GTs from different organ-
isms have been studied. Consequently, our knowledge of
y-GTs at enzymatic and structural level, has increased.

y-GTs are synthesized as a single polypeptide that
undergoes autocatalytic cleavage, which results in the
formation of the large and small subunits that comprise the
mature enzyme. The two subunits remain associated with
each other after the cleavage. The structural features of the
precursor and of the catalytically competent protein, which
can adopt different oligomeric states, have been elucidated.
However, y-GTs have received scarce attention from
investigators when compared to other potentially important
industrial enzymes and a number of questions on these
proteins remain unanswered.

First of all, the interplay between the small and the large
subunits needs to be addressed and further studies on the
role of the unprocessed precursor are required to obtain a
deeper insight into the properties and functions of these
enzymes, which could be also involved in different meta-
bolic pathways.

Future experiments must be performed to elucidate the
thermodynamics of folding/unfolding processes and sub-
sequently evaluate the contributions of the small and large
subunits and of specific amino acid residues on them.
Further thermodynamic data on the separated subunits
could also provide useful information on the energetic
forces that drive the assembly of the subunits upon the
autoprocessing.

Moreover, the catalytic differences in y-GT activities
between bacterial and eukaryal counterparts emphasize the
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importance of further kinetic and structural studies on these
enzymes to determine the mechanisms and the relative
importance of the transpeptidation and hydrolysis reac-
tions. In this respect, it is important to remark that the
mechanism of transpeptidation still remains unclear. The
structural comparison between bacterial mesophilic and
extremophilic y-GTs, the first displaying and the latter
lacking transpeptidase activity, could be fundamental to
unravel the structural mechanism of such a reaction and the
molecular bases of their different behavior.

Finally, while the physiological role of the hydrolysis
reaction seems to be universally accepted, the physiological
role of transpeptidation remains controversial. In mammals,
the transfer reaction catalyzed by y-GTs out of the cell, that is
y-glutamylation of the amino acids, produced upon the
hydrolysis of GSH, seems to be a strategy adopted to favor
their re-uptake in the cell. In unicellular organisms, trans-
peptidase reaction is poor or absent and could play a marginal
role. These speculations need further studies to be confirmed.
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