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Abstract Theanine (y-glutamylethylamide) is the main
amino acid component in green tea. The demand for
theanine in the food and pharmaceutical industries
continues to increase because of its special flavour and
multiple physiological effects. In this research, an
improved method for enzymatic theanine synthesis is
reported. An economical substrate, glutamic acid y-methyl
ester, was used in the synthesis catalyzed by immobilized
Escherichia coli cells with y-glutamyltranspeptidase
(GGT) activity. The results show that GGT activity with
glutamic acid y-methyl ester as substrate was about
1.2-folds higher than that with glutamine as substrate.
Reaction conditions were optimized by using 300 mmol/l
glutamic acid y-methyl ester, 3,000 mmol/l ethylamine,
and 0.1 g/ml of immobilized GGT cells at pH 10 and 50°C.
Under these conditions, the immobilized cells were con-
tinuously used ten times, yielding an average glutamic acid
y-methyl ester to theanine conversion rate of 69.3%. Bead
activity did not change significantly the first six times they
were used, and the average conversion rate during the first
six instances was 87.2%. The immobilized cells exhibited
favourable operational stability.
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Introduction

Theanine (y-glutamylethylamide) is a characteristic, non-
proteinous amino acid in tea plant (Camellia sinensis). It is
the main amino acid component in green tea, accounting
for 50% of the plant’s total free amino acids and 1-2% of
the dry weight of tea leaves (Graham 1992). It is also the
major flavour component of green tea. Aside from the tea
plant, theanine is also found in the mushroom Xerocomus
badius and in other species belonging to the Camellia
genus (C. japonica and C. sasanqua) (Casimir et al. 1960;
Gregory and Burgunda 2006). It can cross the blood—brain
barrier and penetrate the brain, so it exhibits psychoactive
effects (Yokogoshi et al. 1998; Kimura et al. 2007). Recent
studies suggest that theanine poses multiple physiological
and pharmacological effects on relaxation (Juneja et al.
1999; Lu et al. 2004) and assists in blood pressure reduc-
tion (Yokogoshi et al. 1995; Rogers et al. 2008), anti-
obesity (Zheng et al. 2004; Maeda et al. 2005), antitumor
efficacy enhancement (Sadzuka et al. 1996, 2000), neuro-
protection (Kakuda 2002; Nagasawa et al. 2004), and
enhancement of defence against microbes (Bukowski and
Percival 2007). Due to its special flavour and versatile
physiological effects, an increasing demand for theanine is
observed in the food and pharmaceutical industries.

Since the isolation and identification of theanine in 1949
(Sakato 1949), several methods have been developed for
the production of this amino acid. One of the most effective
methods is theanine extraction from dry tea or fresh tea
plant leaves, but this procedure is laborious and time
consuming. Other methods such as tea callus cultivation
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(Orihara and Furuya 1990; Matsuura et al. 1994) and
fermentation of the mushroom Xerocomus badius (Li et al.
2008) are also reported, but the production efficiency of
these procedures is low. Another effective method is
chemical synthesis (Lichtenstein 1942; Yan et al. 2003;
Gu et al. 2004). The earliest report on chemical theanine
synthesis is the preparation of y-glutamylethylamide by an
Israeli scientist in1942 in which he treated pyrrolidone-
carboxylic acid with aqueous ethylamine solutions
(Lichtenstein 1942). The chemical synthesis process is
simpler than that presented in the previously mentioned
method, and the main starting material, glutamic acid, is
inexpensive. However, synthetic methods also have limi-
tations including low yield, low purity, and a requirement
for the protection and unblocking of reactive groups.

Recently, methods for enzymatic theanine synthesis
have also been developed and intensively investigated by
several groups. In general, three enzymes, namely, gluta-
minase (EC 3.5.1.2) (Aberlian et al. 1993; Tachiki et al.
1998), glutamine synthetase (GS, EC 6.3.1.2) (Tachiki
et al. 1986; Yamamoto et al. 2005, 2008), and y-glutam-
yltranspeptidase (GGT, EC 2.3.2.2) (Suzuki et al. 1986,
2002), can generate theanine (Fig. la, b). The reaction
catalyzed by GS can utilize glutamic acid, a cheap chem-
ical, as a substrate, but this reaction requires a continuous
supply of ATP. In a recent study (Yamamoto et al. 2008),
110 mg/ml of theanine was produced in 48 h, and a 100%
conversion rate was achieved from coupled fermentation
with energy transfer. On the other hand, the reactions
catalyzed by glutaminase or GGT require no ATP input,
but a high concentration of ethylamine is required to drive
glutamine conversion. In a previous report (Suzuki et al.
2002), a glutamine to theanine conversion rate of 60% was
obtained using a glutamine to ethylamine mole ratio of
2:15. In addition, L-amidohydrolase (EC3.5.1.14) was also
reported to be suitable for use in DL-theanine resolution
(Li et al. 2007). At any rate, enzymatic synthesis provides
another possibility for rapidly producing theanine on an
industrial scale.

We find the study of Suzuki et al. (2002) relevant as it is
our view that better conversion rates at reduced substrate
costs are still possible and will be necessary for cost-

(a) L-Gn + ethylamine — L-theanine + NH,

ADP + Pi
ATP

(b) L-Glu + ethylamine , L-theanine + H,0

(€) L-Glu-y-methyl ester + ethylamine ——» L-theanine + CH,OH

Fig. 1 Enzymatic theanine synthesis. a Catalyzed by glutaminase or
GGT; b catalyzed by GS; ¢ catalyzed by GGT
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effective industrial scale processes. In addition, an immo-
bilized cell system can increase cell concentration, enhance
bead stability, and allow easier separation for reuse.
Therefore, the immobilized cell system is a desirable
technique in enzymatic theanine production. In the present
research, we optimized the conditions for theanine syn-
thesis from a novel substrate, glutamic acid y-methyl ester
(L-Glu-y-methyl ester), catalyzed by GGT (Fig. 1c). Key
factors such as substrate specificity, pH, temperature, and
substrate mole ratio were investigated.

Materials and methods
Chemicals

Theanine was purchased from Taiyo Kagaku Co., Ltd.
Glutamine, ethylamine (65%), sodium alginate, peptone,
and yeast extract were purchased from China Medicine
(Group) Shanghai Chemical Reagent Corporation. Isopro-
pyl-p-p-thiogalactopyranoside (IPTG) (purity > 98%) was
purchased from Nanjing Jitian Biotechnology Co., Ltd.,
while L-Glu-y-methyl ester and y-L-glutamylhydrazide
were prepared as described in a previous paper (Chen et al.
1994). All other chemicals were of analytical grade.

Microorganisms

The gene encoding 7y-glutamyltranspeptidase, ggt, was
cloned from Escherichia coli k-12 MG1655. The E. coli
strain BL21 (DE3) carrying the recombinant plasmid
pET32a-ggt was constructed in our laboratory. The strain
was cultured in LB broth containing 50 pg/ml ampicillin
and induced with 0.4 mM (final concentration) isopropyl-
f-p-thiogalactopyranoside (IPTG) at 30°C.

Immobilization of cells

A modified method from Birgisson et al. (2007) was used
for cell immobilization. To make a final concentration of
3% alginate (w/v), 5 g cells (wet wt.) were mixed with
20 ml sodium alginate water solution. After stirring the
components together, the mixture was added into 500 ml of
2% (w/v) CaCl, solution by using a syringe to drip the
mixture from a 10 cm height. The average diameter of the
resulting beads was about 3 mm. Prior to use, the beads
were allowed to harden for 2 h at 4°C without agitation.

GGT activity assays
By measuring the p-nitroaniline released from y-glutamyl-

p-nitroanilide as described by Nakayama et al. (1984),
GGT activity was determined spectrophotometrically.
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The reaction mixture (final volume, 2 ml) containing
2.5 mM y-L-glutamyl-p-nitroanilide, 50 mM Tris—HC1
(pH 8.5), 100 mM glycylglycine, and enzymes (i.e. free or
immobilized cells) was incubated at 37°C for 5 min. The
reaction was discontinued by adding 1.5 mol/l acetic acid
(4 ml), and the amount of liberated p-nitroaniline was
determined from the optical density at 410 nm. One
enzyme unit (U) was defined as the amount of free or
immobilized cells that released 1 pmol of p-nitroaniline
per minute from jy-glutamyl-p-nitroanilide at 37°C. The
specific activity is defined as units/g of free or immobilized
cells.

Theanine assay

The concentrations of theanine and glutamic acid y-methyl
ester were determined by high-performance liquid chro-
matograph (HPLC) as previous described (Suzuki et al.
2002). The IR spectra of theanine in KBr was recorded on a
Perkin—-Elmer 297 spectrometer calibrated with polysty-
rene. '"HNMR spectra was recorded on a Bruker 400
(400 MHz).

Results
GGT substrate specificity

To investigate GGT substrate specificity, five different
y-glutamyl compounds (y-glutamyl-p-nitroanilide, L-Gln,
GSH (glutathione), L-Glu-y-methyl ester, and y-L-glutam-
ylhydrazide) were used as substrates in the enzymatic
synthesis of theanine catalyzed by GGT. As shown in
Table 1, all of these compounds could serve as y-glutamyl
donors in theanine synthesis. The GGT activity with L-Glu-
y-methyl ester as substrate was about 1.2-folds higher than
that with glutamine as substrate.

The reaction was carried out in a 10 ml mixture con-
taining 1,000 mmol/l ethylamine and 100 mmol/l y-glut-
amyl donors, and 1 g immobilized GGT cells at pH 9 and
37°C. A gram of immobilized cells contains 550 units
of enzymes. Theanine concentrations were measured by
HPLC after 20 min.

Table 1 GGT substrate specificity

Substrate Theanine (mmol/l) Relative activity (%)
y-Glutamyl-p-nitroanilide 15.9 100

L-Gln 11.5 72.5

GSH (glutathione) 14.3 89.9
L-Glu-y-methyl ester 13.5 85.4
y-L-Glutamylhydrazide 7.0 442

pH and temperature effect

Enzyme activity can be affected by environmental factors,
such as pH and temperature. In this study, using L-Glu-
y-methyl ester and ethylamine as the substrates, a pH range
from 7 to 11 was used to determine the optimal initial pH.
As shown in Fig. 2, with the initial pH increasing from 7 to
10, GGT activity increased significantly and reached its
maximum at pH10. An activity decrease was observed at
pH 11. The optimal temperature for the reaction was sub-
sequently optimized. When assayed at pH 10, the optimal
temperature for the reaction was about 50°C (Fig. 3).
These results indicate that the optimal reaction conditions,
with glutamic acid y-methyl ester as y-glutamyl donor,
were similar to those with glutamine as y-glutamyl donor
(Suzuki et al. 2002).

Effect of substrate mole ratio

In enzymatic synthesis, a frequently used means to increase
production is in excess of one substrate. In this study, the
mole ratios of L-Glu-y-methyl ester to ethylamine varied
from 1:4 to 1:12. The relationship between the conversion
rate of L-Glu-y-methyl ester and the mole ratios is shown in
Fig. 4. Ethylamine excess could significantly promote
theanine synthesis. The highest conversion rates of 96.1
and 96.3% occurred at mole ratios of 1:10 and 1:12.

Substrate concentration effect

The substrate concentration effect on the conversion rate
from L-Glu-y-methyl ester to theanine was studied. The
conversion rate time course under different substrate con-
centrations is shown in Fig. 5. The results indicate that
with a substrate concentration increase, the conversion rate
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Fig. 2 Effect of pH on GGT activity. The reaction was carried out in
a 10 ml mixture containing 1,000 mmol/l ethylamine, 100 mmol/l
L-Glu-y-methyl ester, and 1 g immobilized GGT cells. The mixture
was kept in a plastic tube at 37°C as it was being shaken. Theanine
concentrations were measured after 20 min. The highest relative
activity of 100% denoted 15.4 mmol/l of theanine
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Fig. 3 Effect of temperature on GGT activity. The mixture compo-
nents were the same as those mentioned in Fig. 2. The mixture was
kept in a plastic tube at pH 10 as it was being shaken. Theanine
concentrations were measured after 20 min. The highest relative
activity of 100% denoted 27.9 mmol/l of theanine
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Fig. 4 Effect of the initial mole ratios of L-Glu-y-methyl ester to
ethylamine on the conversion rate of L-Glu-y-methyl ester. The
reaction was carried out in a 10 ml mixture containing two substrates
and 1 g immobilized GGT cells at pH10. The L-Glu-y-methyl ester
concentration fixed at 100 mmol/l and ethylamine concentrations
were 400, 600, 800, 1,000, and 1,200 mmol/l, respectively. The
mixture was kept at 50°C as it was being shaken. Theanine
concentrations were measured after 8 h. The highest conversion rate
of 100% denoted 100 mmol/l of theanine

from L-Glu-y-methyl ester to theanine decreased. Reaction
inhibition was observed at a high substrate concentration.
Taking production efficiency into consideration, the opti-
mal substrate concentration would be 300 mmol/l. The
optimal reaction time was prolonged with substrate con-
centration increase. When the L-Glu-y-methyl ester con-
centration was 300 mmol/l, the optimal reaction time was
18 h.

Operational stability of immobilized cells

In evaluating immobilized cell stability, the beads were
continuously used ten times. As shown in Fig. 6, bead
activity did not change significantly during the first six
times the beads were used, and the average conversion rate
from L-Glu-y-methyl ester to theanine during these times
was 87.2%. When the beads were used more than six times,
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Fig. 5 Conversion rate time course of L-Glu-y-methyl ester. The
reaction was carried out in a 10 ml mixture containing 1 g immo-
bilized GGT cells at pH10. The L-Glu-y-methyl ester concentrations
were 100 mmol/l (filled circle), 200 mmol/l (cross), 300 mmol/l
(empty square), and 400 mmol/l (filled triangle), respectively. The
ethylamine concentrations were tenfolds higher than those of L-Glu-y-
methyl ester, correspondingly. The mixture was kept at 50°C as it was
being shaken. The highest conversion rate of 100% denoted
100 mmol/l of theanine
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Fig. 6 Operational stability of the immobilized cells. The reaction
was carried out in a 10 ml mixture containing 300 mmol/l glutamic
acid y-methyl ester, 3,000 mmol/l ethylamine, and 1 g immobilized
cells at pH10. The mixture was kept at 50°C as it was being shaken.
Theanine concentrations were measured after 18 h

a significant enzyme activity degradation was observed.
Upon tenth usage, the conversion rate reduced to 12.8%.
The average conversion rate during the ten-time usage was
69.3%. The immobilized cells exhibited favourable oper-
ational stability.

Isolation and identification of theanine

The reaction mixture (60 ml) containing 261.6 mmol/l
theanine was concentrated, crystallized from 80% ethanol
and dried in vacuum for 2 h to give 1.9 g (69%) of white
crystals. Above crystals were dissolved with water and
applied to a column (30 ml) of Dowex 1 x 8, which had
been prepared as the Cl1~ form. Theanine was eluted with
water and the fractions containing theanine were collected
and lyophilized to give 1.1 g (57%) of white crystals, IR
(KBr): 3,443, 3,300, 2,969, 1,647, 1,582 cm™'. '"HNMR
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Scheme 1 GGT reaction mechanism

(D,0): § 3.75 (t, 1H), 3.20 (q, 2H), 2.14-2.38 (m, 4H), 1.11
(t, 3H).

Discussion

Animals, plants, and microorganism have been found to
extensively contain y-glutamyltranspeptidases (GGT)
(Taniguchi and Ikeda 1998). The GGT catalyzes the
hydrolysis of yp-glutamyl compounds and the transfer of
their y-glutamyl components to various primary amine
acceptors including amino acids, peptides, or other amino
compounds. As shown in Scheme 1, the catalytic mecha-
nism involves the activated oxygen atom of the side chain
of the N-terminal Thr-391 of the small sub-unit attacks the
carbonyl carbon of y-glutamyl compounds to form a
y-glutamyl-enzyme intermediate (Inoue et al. 2000; Okada
et al. 2006; Suzuki et al. 2007). When this intermediate is
exposed to a nucleophile, a y-glutamyl acceptor, a trans-
peptidation reaction takes place, and a new y-glutamyl
compound is formed. A series of y-glutamyl compounds
including y-L-glutamyl-L-DOPA, theanine, y-pD-glutamyl-
L-tryptophan (SCV-07), and y-L-glutamyltaurine can be
produced in this manner (Suzuki et al. 2007).

In y-glutamyl compound synthesis by GGT, the optional
y-glutamyl donors could be glutamine, glutathione (GSH),
y-L-glutamylmethylamide, and glutamic acid y-methyl
ester (Suzuki et al. 1986; Bridge and Zarka 2006). Among
all these donors, glutamic acid y-methyl ester may be the
cheapest because it can be easily prepared from glutamic
acid and methanol through esterification reaction. In pre-
vious literature, GGT activity with glutamine as the
y-glutamyl donor was about 4.4-folds higher than that that
with glutamic acid y-methyl ester as substrate (Lin et al.
2006). In contrast, our result displayed a 1.2-folds higher
GGT activity with glutamic acid y-methyl ester as y-glut-
amyl donor as compared to that using glutamine as sub-
strate. The inconsistency might be caused by the difference
in measurement methods. In our method, the y-glutamyl

acceptor was exceedingly more excessive over y-glutamyl
donors. Side reactions were avoided this way.

The speed of transpeptidation reaction, a nucleophilic
substitution, catalyzed by GGT is significantly affected by
pH. Generally, a high pH inhibits nucleophile ionization,
and the attack of the nucleophile, the y-glutamyl acceptor,
will be more efficient at a high pH. In our study’s result, an
acceleration of transpeptidation reaction was observed with
pH increase. The GGT activity reached its maximum at
pH10, which agreed with the results of a previous report
(Suzuki et al. 2002).

In previous literature, glutamine as the y-glutamyl donor
was used in the enzymatic synthesis of theanine catalyzed
by GGT, and the glutamine to theanine conversion rates
ranged from 60% (Suzuki et al. 2002) to 27% (Hung et al.
2008). The low conversion rate in previous studies could
have resulted from the low glutamine to ethylamine mole
ratio, which could be verified indirectly by our present
results. In our research, a glutamic acid y-methyl ester to
ethylamine substrate mole ratio of 1:10 enabled an
enhanced conversion of 96.1%.

In our study, glutamic acid y-methyl ester instead of
glutamine was used in theanine synthesis, and immobilized
Escherichia coli cells with GGT activity were used as
catalysts. The results demonstrate an improvement in
enzymatic theanine synthesis and display vast potential in
industrialization. Our results also suggest an improvement
in y-glutamyl compound preparation.

Acknowledgments We thank Ji-Bing Xiong for synthesizing L-Glu-
y-methyl ester. This work was supported by the National Technology-
Innovation Fund of P R China (02CJ-13-01-16).

References

Aberlian VH, Okubo T, Mutoh K, Chu DC, Kim M, Yamamoto T
(1993) A continuous production method for theanine by
immobilized Pseudomonas nitroreducens cells. J Ferment Bio-
eng 76:195-198

Birgisson H, Wheat JO, Hreggvidsson GO, Kristjansson JK, Mattias-
son B (2007) Immobilization of a recombinant Escherichia coli
producing a thermostable o-L-rhamnosidase: creation of a
bioreactor for hydrolyses of naringin. Enzyme Microb Technol
40:1181-1187

Bridge WIJ, Zarka MH (2006) Process for the production of
y-glutamylcysteine. WO patent 2006/102722 Al

Bukowski JF, Percival SS (2007) L-theanine intervention enhances
human yd T lymphocyte function. Nutr Rev 66:96-102

Casimir J, Jadot J, Renard M (1960) Separation and characterization
of N-ethyl-gamma-glutamine from Xerocomus badius. Biochim
Biophys Acta 39:462-468

Chen ZJ, Zhang M, Zhou KY (1994) Synthesis of L-glutamine. Chin J
Pharm 25:491-492

Graham HN (1992) Green tea composition and polyphenol chemistry.
Prev Med 21:334-350

Gregory E, Burgunda VS (2006) Pharmacology and therapeutic uses
of theanine. Am J Health-Syst Pharm 63:26-30

@ Springer



1182

F. Zhang et al.

Gu HN, Jiang YX, Wang J (2004) A practical synthesis of ethyl
L-glutamine (r-theanine). Org Prep Proced Int 36:182—-185
Hung CP, Lo HF, Hsu WH, Chen SC, Lin LL (2008) Immobilization
of Escherichia coli novablue y-glutamyltranspeptidase in
Ca-alginate-k-carrageenan beads. Appl Biochem Biotech
150:157-170

Inoue M, Hiratake J, Suzuki H, Kumagai H, Sakata K (2000)
Identification of catalytic nucleophile of Escherichia coli
y-glutamyltranspeptidase by y-monofluorophosphono derivative
of glutamic acid: N-terminal thr-391 in small subunit is the
nucleophile. Biochemistry 39:7764-7771

Juneja LR, Chu DC, Okubo T, Nagato Y, Yokogoshi H (1999)
L-Theanine—a unique amino acid of green tea and its relaxation
effect in humans. Trends Food Sci Technol 10:199-204

Kakuda T (2002) Neuroprotective effects of the green tea components
theanine and catechins. Biol Pharm Bull 25:1513-1518

Kimura K, Ozeki M, Juneja L, Ohira H (2007) L-Theanine reduces
psychological and physiological stress responses. Biol Psychol
74:39-45

LiJY, Guo LY, Jiao QC (2007) A novel biocatalyst and its optimized
process for preparing L-theanine. China Biotech 27:34-38

LiJ, Li P, Liu F (2008) Production of theanine by Xerocomus badius
(mushroom) using submerged fermentation. LWT 41:883-889

Lichtenstein N (1942) Preparation of y-alkylamides of glutamic acid.
J Am Chem Soc 64:1021-1022

Lin LL, Chou PR, Hua YW, Hsu WH (2006) Overexpression, one-
step purification, and biochemical characterization of a recom-
binant y-glutamyltranspeptidase from Bacillus licheniformis.
Appl Microbiol Biotehnol 73:103-112

Lu K, Gray MA, Oliver C, Liley DT, Harrison BJ, Bartholomeusz CF,
Phan KL, Nathan PJ (2004) The acute effects of L-theanine in
comparison with alprazolam on anticipatory anxiety in humans.
Hum Psychopharmacol 19:457-465

Maeda K, Hasegawa T, Murabayashi K, Fukuyama A, Ohya M
(2005) Effects of long-term oral administration of green tea
cultivated in different districts in Japan on body weight, blood
lipid and glucose levels on db/db mice. J Food Biochem 29:295-
304

Matsuura T, Sakane I, Kakuda T, Kitada T, Kinoshita T, Takeuchi N
(1994) Effects of plant growth regulators and carbon sources on
theanine formation in callus cultures of tea (Camellia sinensis).
Biosci Biotech Biochem 58:1519-1521

Nagasawa K, Aoki H, Yasuda E, Nagai K, Shimohama S, Fujimoto S
(2004) Possible involvement of group I mGluRs in neuropro-
tective effect of theanine. Biochem Biophys Res Commun
320:116-122

Nakayama R, Kumagai H, Tochikura T (1984) Leakage of glutathi-
one from bacterial cells caused by inhibition of y-glutamyltrans-
peptidase. Appl Environ Microbiol 47:653-657

Okada T, Suzuki H, Wada K, Kumagai H, Fukuyama K (2006)
Crystal structures of y-glutamyltranspeptidase from Escherichia
coli, a key enzyme in glutathione metabolism, and its reaction
intermediate. PNAS 103:6471-6476

Orihara Y, Furuya T (1990) Production of theanine and other
y-glutamyl derivatives by Camellia sinensis cultured cells. Plant
Cell Rep 9:65-68

@ Springer

Rogers PJ, Smith JE, Heatherley SV, Pleydell-Pearce CW (2008)
Time for tea: mood, blood pressure and cognitive performance
effects of caffeine and theanine administered alone and together.
Psychopharmacology 195:569-577

Sadzuka Y, Sugiyama T, Miyagishima A, Nozawa Y, Hirota S (1996)
The effects of theanine as a novel biochemical modulator on the
antitumor activity of adriamycin. Cancer Lett 105:203-209

Sadzuka Y, Sugiyama T, Sonobe T (2000) Improvement of idarubicin
induced antitumor activity and bone marrow suppression by
theanine, a component of tea. Cancer Lett 158:119-124

Sakato Y (1949) Studies on the chemical constituents of tea. Part III.
On a new amide theanine. Nippon Nogeikagaku Kaishi 23:262—
267

Suzuki H, Kumagai H, Tochikura T (1986) y-Glutamyltranspeptidase
from Escherichia coli K-12: purification and properties. J Bac-
teriol 168:1325-1331

Suzuki H, Izuka S, Miyakawa N, Kumagai H (2002) Enzymatic
production of theanine, an ‘‘umami’’ component of tea, from
glutamine and ethylamine with bacterial y-glutamyltranspepti-
dase. Enzyme Microb Technol 31:884-889

Suzuki H, Yamada C, Kato K (2007) y-Glutamyl compounds and
their enzymatic production using bacterial y-glutamyltranspep-
tidase. Amino Acids 32:333-340

Tachiki T, Suzuki H, Wakisaka S, Yano T, Tochikura T (1986)
Production of y-glutamylmethylamide and y-glutamylethylamide
by coupling of baker’s yeast preparations and bacterial gluta-
mine synthetase. J Gen Appl Microbiol 32:545-548

Tachiki T, Yamada T, Mizuno K, Ueda M, Shiode J, Fukami H
(1998) y-Glutamyl transfer reactions by glutaminase from
Pseudomonas nitroreducens 1IFO12694 and their application
for the syntheses of theanine and g-glutamylmethylamide. Biosci
Biotech Biochem 62:1279-1283

Taniguchi N, Ikeda Y (1998) y-Glutamyl transpeptidase: catalytic
mechanism and gene expression. Adv Enzymol Relat Areas Mol
Biol 72:239-278

Yamamoto S, Wakayama M, Tachiki T (2005) Theanine production
by coupled fermentation with energy transfer employing Pseu-
domonas taetrolens Y-30 glutamine synthetase and baker’s yeast
cells. Biosci Biotech Biochem 69:784-789

Yamamoto S, Morihara Y, Wakayama M, Tachiki T (2008) Theanine
production by coupled fermentation with energy transfer using
y-glutamylmethylamide synthetase of Methylovorus mays No. 9.
Biosci Biotech Biochem 72:1206-1211

Yan SH, Dufour JP, Meurens M (2003) Synthesis and characteriza-
tion of highly pure theanine. J Tea Sci 23:99-104

Yokogoshi H, Kato Y, Sagesaka YM, Takihara-Matsuura T, Kakuda
T, Takeuchi N (1995) Reduction effect of theanine on blood
pressure and brain 5-hydroxyindoles in spontaneously hyperten-
sive rats. Biosci Biotech Biochem 59:615-618

Yokogoshi H, Kobayashi M, Mochizuki M, Terashima T (1998)
Effect of theanine, y-glutamylethylamide, on brain monoamines
and striatal dopamine release in conscious rats. Neurochem Res
23:667-673

Zheng G, Sayama K, Okubo T, Juneja LR, Oguni I (2004) Anti-
obesity effects of three major components of green tea,
catechins, caffeine and theanine, in mice. In vivo 18:55-62



	Enzymatic synthesis of theanine from glutamic acid gamma -methyl ester and ethylamine by immobilized Escherichia coli cells with gamma -glutamyltranspeptidase activity
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Microorganisms
	Immobilization of cells
	GGT activity assays
	Theanine assay

	Results
	GGT substrate specificity
	pH and temperature effect
	Effect of substrate mole ratio
	Substrate concentration effect
	Operational stability of immobilized cells
	Isolation and identification of theanine

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


