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ABSTRACT: y-Glutamyltranspeptidase (GGT) catalyzes the hydrolysis of y-glutamyl compounds and the transfer of
their y-glutamyl moiety to another amino acids or peptides. We have proposed several applications of this enzyme,
especially in food and medicine, for the wellness of humans. These applications depend on the fact that the pH optima
of the hydrolysis and transpeptidase reactions are distinctly different in E. coli GGT. The applications of bacterial GGTs

are introduced in this review.
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INTRODUCTION

y-Glutamyltranspeptidase (GGT; EC 2.3.2.2) is
widely used as a marker for hepatic diseases such
as cirrhosis and hepatoma during blood tests. There
are many studies from different groups on the func-
tion and regulation of GGT. However, no one has
elucidated the basic enzymatic properties of its (a)
active center, (b) three-dimensional structure, and
(¢) maturation. Since the author first found that
GGT is expressed in the periplasm of Escherichia coli
by culturing at 20 °C*2, further studies on bacterial
GGT, especially in E. coli, using genetic, biochemi-
cal, and structural biological techniques were per-
formed. Among the researchers who studied GGTs
from various organisms, our research group was the
first to succeed in clarifying all the points (a)-(c)
mentioned above. (a) Using a new affinity labeling
agent, it was found that the nucleophilic atom in
the enzymatic reaction was the oxygen atom of the
side chain of Thr391 at the N-terminus of the small
subunit®. (b) The three-dimensional structure of
E. coli GGT was determined and it was confirmed
that the side-chain oxygen atom of Thr391 was y-
glutamylated*. (c) A GGT precursor is translated
from a single open reading frame as an inactive
single-chain polypeptide that is subsequently pro-
cessed into an active mature enzyme consisting of
two subunits, large and small, via an ester-type in-
termediate by intramolecular autocatalysis. Further,
it was shown that GGT is an enzyme classified in
the N-terminal nucleophile hydrolase superfamily®.
The three-dimensional structure of the precursor

GGT was also determined. Comparison of three-
dimensional structures of the precursor and mature
GGTs revealed that there are no significant changes
in the overall structures due to the processing, but
that the alterations in the dynamic structure around
the active center lead to the formation of a mature
active center®.

GGT catalyzes the hydrolysis of y-glutamyl com-
pounds and transfer of their y-glutamyl moiety to
another amino acids or peptides (Fig.1). The
oxygen atom of the side chain of N-terminal Thr-
residue of the small subunit attacks the carbonyl
carbon of y-glutamyl compounds to form the y-
glutamyl-enzyme intermediate. If the intermediate
is attacked by water and glutamate is released, it
is the hydrolysis reaction. If the intermediate is
attacked by the amino group of amino acid or pep-
tide to form a new y-glutamyl compound, it is the
transpeptidation reaction. The pH optima for these
two reactions are sharply different in E. coli GGT
(Fig. 1). Therefore, by adjusting the reaction pH,
we can let E. coli GGT catalyze one of the reactions
selectively.

In this review, the examples of utilizing GGT ac-
tivity for food and medicinal applications to benefit
human life are presented.

UTILIZATION OF THE HYDROLYSIS ACTIVITY
OF GGT TO IMPROVE THE TASTE OF
FERMENTED SEASONINGS

If the initial y-glutamyl compound is glutamine,
the hydrolysis reaction is the same as the reaction
catalyzed by glutaminase, a very important enzyme
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Fig. 1 The reactions catalyzed by GGT.

in food industry. Soy sauce and miso (fermented soy
beans) are typical Japanese fermented seasonings.
In the case of soy sauce, soy proteins are hydrolyzed
by proteases and peptidases produced by Aspergillus
oryzae or Aspergillus sojae, releasing amino acids
especially glutamate that contributes to the umami
taste. Glutamine which is also liberated from soy
protein can be further hydrolyzed to glutamate by
glutaminase produced by the fungi, leading to the
addition of umami taste. However, the soy sauce
and miso are fermented in the presence of high
salt concentration, in such condition the fungal glu-
taminase is strongly inhibited and a non-negligible
amount of liberated glutamine is chemically con-
verted to pyroglutamate, which cannot give umami
taste. Concerning the problem of enzyme inhibition
at high salt concentration, we found GGTs from
Bacillus species are salt-tolerant. GGT from Bacillus
subtilis, for example, retained 76% of hydrolysis
activity even in the presence of 18% salt which is
the salt concentration for soy sauce fermentation
mixture’. Hence, B. subtilis GGT, as a salt-tolerant
glutaminase was added to the fermentation mixture
at the beginning of soy sauce fermentation, and
glutamate was continuously monitored. We found
that, after 3 months, glutamate concentration of soy
sauce with the addition of GGT with salt-tolerant
glutaminase activity was obviously higher than that
without the enzyme (about 50 mM). Nine out of
ten panel members evaluated that soy sauce with
the addition of B. subtilis GGT had stronger umami
and more preferable taste in comparison to that
without GGT®. We also got similar results on miso
fermentation®. These results indicate that B. subtilis
GGT is a useful enzyme to improve the taste of
Japanese fermented seasonings, soy sauce and miso.
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UTILIZATION OF THE TRANSPEPTIDATION
ACTIVITY OF GGT TO SYNTHESIZE VARIOUS
v-GLUTAMYL COMPOUNDS

v-Glutamylation improves the taste of food

Theanine (y-glutamylethylamide) is the major
umami component of green tea'®, a positive cor-
relation between the grade of Japanese green tea
and the concentration of theanine was reported!!.
It also decreases blood pressure of spontaneously
hypertensive rats'? and causes a feeling of relax-
ation'®. The enzymatic method to synthesize L-
theanine from L-glutamine and ethylamine by GGT
was developed 4.

Basic, aromatic and branched-chain amino acids
taste bitter and some of them are essential amino
acids. The bitter taste is a problem when we take
these amino acids orally. We showed that bitterness
of some amino acids was dramatically reduced and
a refreshing lemon-like sourness was increased by
their y-glutamylation '°

Recently, several reports indicated that y-
glutamyl compounds are kokumi substances 6%,
Kokumi substances are defined as having a weak
taste, but addition of even small amounts of them
to the meal enhances their flavor character, such
as continuity, mouthfulness, and thickness2°. Since
kokumi substances enhance especially saltiness and
sweetness, their additions give similar saltiness
and sweetness taste even if the amount of salt
and sugar in cooking is reduced. By adding
kokumi substances to food, we can ameliorate
the taste of diets for patients with diabetes and
hypertension, and thereby improve their quality
of life. Commercially available kokumi season-
ings in Japan usually contain various combina-
tions of broths, yeast extracts, Maillard-reacted
peptides, and protein hydrolysates. Glutathione
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(y-glutamylcysteinylglycine) has been known as a
kokumi substance?’. However, since glutathione
is categorized as a pharmaceutical compound by
the Ministry of Health, Labor and Welfare of Japan
(MHLW), pure glutathione is not allowed to be
used as a food additive in Japan. That is why
yeast extracts are usually included in kokumi sea-
sonings because of their high content of glutathione.
Recently, y-glutamylvalylglycine has been listed in
food additive category by the MHLW and commer-
cialized as a kokumi seasoning. We have shown
that valylglycine is an ideal y-glutamyl acceptor for
E. coli GGT?!. Although y-glutamylvalylglycine is
the strongest kokumi substance known so far'?,
kokumi seasoning does not necessarily have to be
pure substance. Protein hydrolysates are commer-
cially available for food manufacturers and widely
added to processed food to increase the complexity
of umami taste in Japan. Therefore, we developed
a new method to produce kokumi seasoning by
y-glutamylation of protein hydrolysates made by
bacterial protease .

r-Glutamylation increases the solubility of some
compounds with low solubility in water

Solubility in water is very important for the use of
a compound. If the substance has low solubility; it
will become a large volume when use as an aqueous
solution. One good example to illustrate the role
of GGT in solving such disadvantage is shown by
the work of Hara et al who reported that the sol-
ubility of cystine in water is extremely low, but the
dramatic increase in solubility was observed upon
y-glutamylation 23,

r-Glutamylation increases the stability of
compounds in blood flow

Since normal peptidases in blood are not able
to cleave y-glutamyl linkage and this linkage is
first cleaved in organs, such as the kidneys, ¥y-
glutamylation increases the stability of compounds
in blood flow?3. Furthermore, administration of
y-glutamyl-L-dihydroxyphenylalanine increased the
dopamine concentration in brain, which indicates
that it can be used as a pro-drug for Parkinson’s
disease. Therefore, y-glutamyl-L- dihydroxypheny-
lalanine was synthesized by GGT .

Synthesis of other y-glutamyl compounds of
interest

Tuberculosis is not a disease of the past. In fact,
the MHIW reported 15 580 new cases occur during
the year 2018 in Japan. y-D-Glutamyl-L-tryptophan
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in combination with standard chemotherapy was
very effective in the treatment of tuberculosis in
the phase 2 clinical trials®>, which indicates its
potential to be an effective medicine for tubercu-
losis. Its chemical synthesis, however, is not easy
because y-D-glutamyl-L-tryptophan has several re-
active groups and consists of D- and L-amino acids,
connected by a y-glutamyl linkage. In contrast,
y-D-glutamyl-L-tryptophan is an ideal compound
produced by E. coli GGT?°. GGT can use both L- and
D-y-glutamyl compounds as y-glutamyl donor, but
is not able to use D-amino acids as y-glutamyl ac-
ceptor?’. When D-glutamine is used as a y-glutamyl
donor, y-glutamylglutamine is not synthesized as a
byproduct. Since L-tryptophan is an aromatic amino
acid, it is also a good y-glutamyl acceptor.

Glutamine is not an essential amino acid for
healthy people, but it may be an essential one in pa-
tients receiving enteric nutrition for recovery from
certain pathological conditions?® or injuries?’. Pre-
operative enteral supplementation of glutamine at-
tenuates intestinal and lung damage during surgical
manipulation®°. In case of athletes, oral glutamine
administration after intense exercise decreases the
risk of developing infections caused by immuno-
suppression®!. Though these favorable effects of
glutamine are known, it is not added to aqueous
supplements or infusion solution. Solubility of glu-
tamine in water is relatively low and it is easily con-
verted to pyroglutamic acid because of its instability
in aqueous solution®>23. As mentioned above, y-
glutamylation improves solubility of compounds in
water. And we also found that y-glutamylglutamine
is far more stable in aqueous solution than glu-
tamine, although not as much as alanylglutamine.
Therefore, we developed the enzymatic synthesis
method of y-glutamylglutamine using GGT with the
maximum yield of 110 mM and a high conversion
rate of 88%34.

MUTAGENIC CONVERSION OF GGT TO
GLUTARYL-7-AMINOCEPHALOSPORANIC ACID
ACYLASE FOR PHARMACEUTICAL APPLICATION

Today, cephem antibiotics provided by the chemo-
enzymatic process are the most widely used an-
tibiotics around the world. They are made by
the modification of the third and seventh po-
sitions of 7-aminocephalosporanic acid (7-ACA).
Cephalosporin C is synthesized by a fungus Acre-
monium chrysogenum and D-amino acid oxidase
converts it to 7P-(5-carboxy-5-oxopentanamido)-
cephalosporanic acid, followed by autoconversion
to glutaryl-7-ACA. Then, glutaryl-7-ACA is deacy-
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Fig. 2 Development of the effective screening method for glutaryl-7-ACA acylase activity. Mutations were introduced
by PCR with degenerated primers. Colonies were picked up with a membrane filter and then the membrane was placed
on a paper filter presoaked with the reaction mixture containing glutaryl-a-naphthylamide and fast garnet GBC salt.
Released by glutaryl acylase activity, a-naphthylamine reacted with fast garnet GBC by the diazo coupling reaction and
formed deep red colonies. We selected 178 out of 26 500 colonies.

lated to 7-ACA by glutaryl-7-ACA acylase. D-
Amino acid oxidase is detected in various microor-
ganisms, but glutaryl-7-ACA acylase (cephalosporin
acylase) is only found in limited bacterial species.
The only difference between the glutaryl moiety
and y-glutamyl moiety is the existence of an a
amino group. E. coli GGT is very likely to cleave
y-glutamyl-7-ACA to glutamate and 7-ACA. How-
ever, it is not able to cleave glutaryl-7-ACA. Com-
parison of the amino acid sequences of class IV
cephalosporin acylases (glutaryl-7-ACA acylases)
with those of GGTs revealed their surprisingly high
similarity®°. Asp-433 of E. coli GGT is one of the
residues that are completely conserved in GGTs,
but not in class IV cephalosporin acylases. The
corresponding residue of human GGT was suggested
to interact with the o amino group of the y-glutamyl
moiety of the substrate®®, and the corresponding
residue of class IV cephalosporin acylases is Asn.
Therefore, a mutant E. coli GGT with D433N muta-
tion was made and it was found to have glutaryl-
7-ACA acylase activity, albeit very weak. In the
meantime, the three-dimensional structure of E. coli
GGT was determined* and more rational substi-
tutions of amino acid residues became available.
Effective screening method for glutaryl-7-ACA acy-
lase activity using glutaryl-a-naphthylamide was
also developed. Liberated a-naphthylamide makes
a diazo compound of a deep red color with Fast
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Garnet GBC sulfate salt, which allows screening of
a mutant with high glutaryl acylase activity against
whitish background (Fig. 2). The k., and k.,./Ky
values of the best mutant were 18- and 50-fold
higher than D433N mutant, respectively®”. Since
we found B. subtilis GGT has inherent glutaryl-7-
ACA acylase activity and we also determined its
three-dimensional structure®®, mutations were in-
troduced into B. subtilis GGT and eventually the
enzyme catalytic efficiency k., /K, became higher
than class IV cephalosporin acylase from Pseu-
domonas sp. V22°3°. Our mutation work on GGTs
thus made the enzymes exert the acylase activity
capable of making cephalosporin antibiotic.

FUTURE PERSPECTIVE

The cost of enzyme preparation is the biggest barrier
to the practical application of substance production
by enzymatic methods. The cost of enzyme purifi-
cation and the difficulty of recovering and reusing
the enzyme after the reactions hinder the spreading
of the enzymatic synthesis. Currently, immobiliza-
tion of an enzyme is one of the widely performed
methods. GGTs from Bacillus species have also
been immobilized “°*?, but the authors provide data
of the total enzymatic activity, which implies both
transpeptidation and hydrolysis activities. Unlike
E. coli GGT, GGTs from Bacillus species have pH
optima of both activities at basic pH. Therefore,
without evaluations of the transpeptidation and hy-
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drolysis activities separately, it is difficult to assess
the effect of immobilization for practical use. Since
immobilization of an enzyme also requires its pu-
rification, use of cells can be considered. However,
though GGT purified from E. coli shows practically
only transpeptidation activity at basic pH, the intact
E. coli cells show only hydrolysis activity even at
basic pH. It is likely that the outer membrane has
some influence due to the fact that E. coli GGT
is a periplasmic enzyme. Since E. coli GGT is
a promising enzyme for production of y-glutamyl
compounds, removal of barrier is awaited.
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