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A gene from Zea mays coding a TGase was expressed in E. coli and identified by Western blotting.
Under optimal expression conditions, the production and specific activity of refolded TGZ were
1.41 mg/L and 0.34 U/mg. The activated TGZ was employed to cross-link milk proteins. The
yoghurt treated with TGZ showed a lower syneresis, higher apparent viscosity and texture than
untreated yoghurt. The properties of TGZ-treated sample were better than those of MTG-treated
samples, so TGZ may have potential as an additive in yoghurt manufacture.
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INTRODUCTION

Transglutaminase (TGase, EC 2.3.2.13) is an
important enzyme that can catalyse the acyl-
transfer reaction between c-carboxyamide groups
of glutamine residues and e-amino groups of
lysines or other primary amines (Lorand and
Graham 2003). This enzyme introduces either
intra- or intermolecular cross-links in proteins,
peptides and various primary amines, leading to
the improvement of thermal stability, solubility,
water-holding capacity and nutritional value of
proteins (Yokoyama et al. 2004; Dube et al.
2007).
TGase was first detected in the human brain

by Waelsch in 1957 and extracted from guinea
pig liver by Fork et al. in 1973 (Folk and
Chung 1973; Beninati et al. 2009). Subse-
quently, TGases from human blood and tissue,
and fish have been reported (Yokoyama et al.
2000). Eukaryotic TGases are calcium-depen-
dent and composed of several subunits (Marx
et al. 2008). The study showed that animal
TGase possess a catalytic triad comprising three
amino acids (histidine, cysteine and aspartate),
and the catalytic reaction proceeds through an

intermediate linked to cysteine (Hettasch and
Greenberg 1994). In prokaryotes, Microbial
TGases (MTGs) are mainly found in Streptover-
ticillium sp., Streptomyces sp., Physarum poly-
cephalum, Bacillus subtilis, Candida albicans
and other organisms (Ando et al. 1989; Lin
et al. 2004). MTGs are calcium independent and
consist of one subunit (Marx et al. 2007). At
present, MTG produced by Streptomyces mobar-
aensis is commercially available and widely
used in food industry (Sommer et al. 2011).
The research on structure and function in

plant TGase is less developed than in micro-
organisms and animals. Plant TGase was first
observed in pea seedlings in 1987 (Icekson and
Apelbaum 1987) and subsequently found in
Medicago sativa, Helianthus tuberosus and soy-
bean (Margosiak et al. 1990; Duca et al. 1994;
Kang and Cho 1996). Bernet et al. detected
TGase activity in maize callus and chloroplasts
in 1999 (Bernet et al. 1999), and further study
showed that the activity of this enzyme was
affected by light and 2, 4-dichlorophenoxyacetic
acid (Villalobos et al. 2001). Subsequently, two
cDNA sequences, tgz15 and tgz21 named
according to the number of B-type repeats in the
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noncatalytic domain of the enzyme, were cloned into
E. coli. The recombinant TGases were mainly presented as
inclusion bodies and only activated by a complicated refold-
ing process (Carvajal et al. 2006; Carvajal-Vallejos et al.
2007). Although subsequent studies found that nondenatur-
ing detergent triton X-100 could solubilise inclusion bodies
resulting in a relatively high production of active proteins,
the activity of refolded proteins was low and only 0.1 U/mg
(Carvajal et al. 2011).
Optimisation of the expression conditions can improve the

expression level of heterologous proteins in E. coli. The
selection of host, inductor concentration, induction time and
temperature after induction are relevant for the level of pro-
tein expression (Jana and Deb 2005; Yang et al. 2012; Ber-
lec and �Strukelj 2013). It has been shown that temperature
shift strategy could improve the expression level of soluble
protein, and higher solubility could be obtained using an
induction temperature lower than 37 °C (Kataeva et al.
2005; Marx et al. 2007).
The enzymatic properties of MTG have been extensively

studied, and this enzyme is widely used in the food indus-
try. Specific applications of MTG have been reported for the
processing of dairy, meat, fish, bread, soybean and other
foods (Yokoyama et al. 2004; Dube et al. 2007). Among
the dairy proteins, casein is a favourable substrate for MTG
mainly due to its highly accessible and flexible open-chain
structure (Jaros et al. 2006, 2007). Whey proteins are less
prone to catalysis by MTG mainly because the stability of
their native globular structure inhibits the cross-linking reac-
tion (Dejong and Koppelman 2002; Ozer et al. 2007). Ear-
lier studies have shown that using MTG in yoghurt
production increased the gel strength, stability and viscosity,
while decreasing the syneresis due to increased water-hold-
ing capacity (Lorenzen et al. 2002; Farnsworth et al. 2006;
Y€uksel and Erdem 2010; S�anlı et al. 2011).
The research on plant TGase has been greatly delayed,

and so far, only two plant TGases, AtPnglp of Arabidopsis
and TGase of Zea mays (TGZ), have been heterologously
expressed (Della Mea et al. 2004; Villalobos et al. 2004).
Although there have been more studies on TGZ, these stu-
dies only focused on the heterologous expression, lacking
property and applications research. The aim of this work was
to produce active TGZ to study the effect of enzymatic cross-
linking on the functional properties of yoghurt. In this study,
TGZ was cloned and expressed in E. coli. The expression

conditions of recombinant strain were also optimised. Finally,
the active TGZ was employed to cross-link milk proteins, to
provide experimental evidence for potential applications of
TGZ in the food industry.

MATERIALS AND METHODS

Materials
Unless otherwise stated, all enzymes used in the experi-
ment were purchased from Toyobo (Shanghai, China).
Antibody specific for a His-tag was obtained from Tiangen
(Beijing, China). AP-labelled Goat Anti-Mouse IgG and
BCIP/NBT Alkaline Phosphatase Color Development Kit
were purchased from Beyotime (Nantong, China). MTG
derived from S. mobaraensis DSM40587 was extracted by
our group and the specific activity reached 2.9 U/mg
(Zhang et al. 2012). Bovine milk was obtained from Men-
gniu (Harbin, China). The protein and fat content of the
milk were 3.0% and 3.7%. Probiotic yoghurt starter
(Yo-Mix 161 LYO 375 DCU) was purchased from Danisco
(Beijing, China). All other chemical reagents were of ana-
lytical grade. Deionised water was used throughout the
experiments.

Bacterial strains, plasmids and growth conditions
ArcticExpress E. coli, E. coli BL21(DE3), E. coli BL21
(DE3)Rosetta and E. coli BL21(DE3)pLysS were purchased
from Invitrogen and used as host strains for heterologous
protein expression. E. coli DH5a was also obtained from In-
vitrogen and used for the propagation of plasmid. E. coli
was grown in Luria-Bertani (LB) medium at 37 °C. Antibi-
otic ampicillin (Amp) was used for E. coli at 100 lg/mL.

Construction of a recombinant strain
The tgz and ptgz were amplified by PCR from the cloning
plasmid pET28a-tgz and containing full length tgz were con-
structed by our laboratory (Qin et al. 2010). The primers
AF and AR (Table 1) were used to amplify tgz, and primers
PF and AR (Table 1) were used to amplify ptgz (tgz without
predicted chloroplast import peptide). The PCR reaction was
performed in a 50 lL final volume containing 0.4 lmol/L
each primer, 1 9 PCR buffer, 200 lmol/L each dNTP,
1 mmol/L Mg2+, 1 U of KOD-Plus-DNA polymerase (Toy-
obo, Shanghai, China). Thermal cycling conditions were
94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s,

Table 1 Oligonucleotide primers used in this study

Name Sequence (50-30) Length (bp) Tm(°C)

AF ACTGGATCCATGGCTCATCGTGGACATCT, a Bam HI site underlined 29 69

PF ACTGGATCCATGCAAACTACAGAAGTGGA, a Bam HI site underlined 29 66.1

AR GCAGTCGACTCACCATATTTGTCTGCTCAA, a Sal I site underlined 30 67.5

Tm, Melting temperature.
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60 °C for 30 s, 72 °C for 50 s and a final extension step of
68 °C for 5 min. The tgz and ptgz PCR products were puri-
fied using the Biospin Gel Extraction Kit (BioFlux, Hangz-
hou, China) following the instructions provided by the
manufacturer. Then, the purified PCR products were
digested with Bam HI and Sal I and cloned into the compat-
ible sites (Bam HI and Sal I) of expression vector pCold-
SUMO. Plasmid DNA was prepared and sequenced, at least
twice in both directions, using an ABI PRISM 377 DNA
sequencer (Perkin-Elmer Cetus Instruments, Norwalk, CT,
USA). The recombinant plasmids, pCold-tgz and pCold-
ptgz, were transformed into ArcticExpress E. coli for
expression of the TGZ. The resulting recombinant strains
were named ArcticExpress (pCold-tgz) and ArcticExpress
(pCold-ptgz). ArcticExpress E. coli was also introduced with
the empty plasmid pCold-SUMO to generate a control strain
ArcticExpress (pCold-SUMO).

Small-scale expression of recombinant protein
Recombinant strains were grown in 5 mL LB medium
(ampicillin, 100 lg/mL) for 16 h at 37 °C and shaken at
160 r/min. Two mL of culture were added into 100 mL LB
medium containing ampicillin (100 lg/mL) and grown at
37 °C. When the value of OD600 reached approximately
0.6, cells were induced by adding IPTG to a final concentra-
tion of 0.2 mmol/L, followed by growth for up to 8 h at
15 °C. After induction, cells were harvested by centrifuga-
tion and then resuspended in equal volumes of 2 9 sample
buffer and boiled for 5 min.
The boiled samples were analysed by SDS-PAGE using 5%

stacking gel and 12% separating gel. Electrophoresis was per-
formed by a Mini-Protean II (Bio-Rad Laboratories Inc., Her-
cules, CA, USA), and gels were stained with Coomassie
Brilliant Blue R-250 (Laemmli 1970). After SDS-PAGE, pro-
teins were transferred into a nitrocellulose membrane. The
membrane was thereafter incubated with antibody specific for
a His-tag (1:2000, dilution) as primary antibody, followed by
incubation with AP-conjugated goat anti-mouse (1:1000, dilu-
tion) as secondary antibody. Signals were visualised by treat-
ing the membranes with NBT/BCIP stock solution, and
colour development was stopped with ddH2O.

Optimisation of expression condition of TGZ
Recombinant plasmid pCold-tgz was transformed into differ-
ent host strains, ArcticExpress E. coli, E. coli BL21(DE3),
E. coli BL21(DE3)Rosettas and E. coli BL21(DE3)pLysS,
for the expression of TGZ (Francis and Page 2010). The
selected recombinant strain was induced according to the
method mentioned above. The IPTG concentration, induc-
tion time and initial OD600 value before IPTG induction
were optimised. Along with the recombinant strain induced
by 0.2 mmol/L IPTG, cells were collected by centrifugation
every 4 h until 24 h. The recombinant strain was induced
by different IPTG concentrations (0.1, 0.2, 0.4, 0.6, 0.8,

1.0 mmol/L), and different values of OD600 (0.2, 0.4, 0.6,
0.8 and 1.0) were harvested at 8 h.

Purification of recombinant TGZ
The cultivated cells were harvested by centrifugation at
8000 9 g at 4 °C for 10 min and resuspended in buffer A
(20 mmol/L Tris-HCl, pH 8.2, 1 mmol/L MgSO4) containing
0.05% lysozyme and 0.01% DNase. The harvested cells
were disrupted by ultrasonication and centrifugated. The col-
lected inclusion bodies were washed twice with buffer B
(20 mmol/L Tris-HCl, pH 8.2, 0.2% Triton X-100) and solu-
bilised by gentle agitation in buffer C (20 mmol/L Tris-HCl,
pH 8.2, 8 mol/L urea). Then, the sample was applied to a
1 mL HisTrapTM HP (GE Healthcare, Uppsala, Sweden) col-
umn, and bound TGZ was eluted using a pH gradient (from
8.2 to 4.5). The refolding of inclusion bodies was performed
according to the method described by Carvajal et al. (2011).

Enzyme assay
The activity of TGZ was assayed according to the colori-
metric procedure using N-carboxybenzoyl-L-glutaminyl-
glycine (N-CBZ-Gln-Gly) as a substrate (Grossowicz et al.
1950). A calibration curve was prepared using L-glutamic
acid-c-monohydroxamate (Sigma, Shanghai, China). One
unit of TGase activity was defined as the amount of enzyme
which catalysed the formation of 1.0 lmol L-glutamic acid-
c-monohydroxamate per minute at 37 °C. Protein concentra-
tions were determined with a Bradford Protein Assay Kit
(Beyotime, Shanghai, China) using bovine serum albumin
as the standard.

Cross-linking effect of TGZ on yoghurt
The 100 mL milk samples were pasteurised at 95 °C for
5 min and inoculated with 0.04% probiotic yoghurt starter
culture (YO-MIXTM, Yoghurt Cultures, Yo-Mix 161 LYO
375 DCU, Danisco, Beijing, China) to produce the enzyme-
free control yoghurt samples (C). The inoculated milk was
also added into different concentrations of recombinant
TGZ and MTG (0.25, 0.5, 1 U/g protein for milk) to pro-
duce the enzyme-induced yoghurt samples. Then, the milk
was incubated at 42 °C until the pH reached 4.6, and the
resulting yoghurt was placed at 4 °C. The syneresis, appar-
ent viscosity and texture of yoghurt was analysed. Yoghurt
syneresis index was measured using the method described
by Farnsworth et al. (2006). Texture and apparent viscosity
were carried out using the method of Zhang et al. (2012).

Statistical analysis
All results represented the average of three separate experi-
ments and expressed as mean values � standard deviation
(SD). Statistical analyses were performed using the SPSS
14.0, and Duncan’s post-test was used for one-way analysis
of variance (ANOVA). Differences were considered signifi-
cant when P values were less than 0.05.

56 © 2014 Society of Dairy Technology

Vol 68, No 1 February 2015



RESULTS AND DISCUSSION

Expression of tgz in E. coli
TGase extraction from plant tissues was difficult, so an effi-
cient method to produce plant TGase was established in this
study. According to the previous report, the TGZ protein
sequence possessed a chloroplast import peptide made up of
the first 47 amino acids. In the chloroplast import peptide, a
casein kinase II phosphorylation, a protein kinase C and
three myristoylation sites existed (Villalobos et al. 2004).
To study the effect of the import peptide for protein expres-
sion and transport, tgz and ptgz were respectively expressed
in ArcticExpress E. coli. After induction, total cellular pro-
teins were separated by SDS-PAGE and identified by Wes-
tern blotting. Compared with the negative control (cell
fractions from ArcticExpress (pCold-SUMO) and cell frac-
tions from recombinant ArcticExpress E. coli without induc-
tion), bands of approximately 74 and 67 kDa were detected
in cell fractions from IPTG-induced ArcticExpress (pCold-
tgz) and ArcticExpress (pCold-ptgz), respectively (Fig. 1a).
The molecular weights were identical to the calculated
molecular mass of TGZ and PTGZ. The results of Western
blotting further showed that the proteins expressed by
recombinant ArcticExpress E. coli were the TGZ (74 kDa)
and PTGZ (67 kDa) (Fig. 1b), but the recombinant proteins

were mainly presented as inclusion bodies. These results
indicated that tgz and ptgz successfully expressed in the
ArcticExpress E. coli. But comparison with the recombinant
strain ArcticExpress (pCold-tgz), the expression level of
recombinant strain ArcticExpress (pCold-ptgz) did not sig-
nificantly improve. So this import peptide did not affect the
expression level and the solubility of recombinant protein,
and this result has also been reported by Carvajal-Vallejos
et al. (2007).

Optimisation of expression condition and purification of
recombinant TGZ
To overproduce the recombinant protein, host strain, IPTG
concentration, induction time and initial OD600 value before
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Figure 1 Expression and identification of recombinant proteins. (a)

Expression of TGZ in ArcticExpress E. coli detected by 12% SDS-

PAGE. (b) Western blotting analysis of the recombinant proteins. Lane

M, protein marker; lane 1, cell fractions from ArcticExpress (pCold-

SUMO); lane 2, cell fractions from recombinant ArcticExpress E. coli

induced without 0.2 mmol/L IPTG; lane 3, cell fractions from ArcticEx-

press (pCold-tgz) induced by 0.2 mmol/L IPTG; lane 4, cell fractions

from ArcticExpress (pCold-ptgz) induced by 0.2 mmol/L IPTG.
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Figure 2 The expression of different host strains containing pCold-tgz.

Recombinant strains were grown in LB medium (ampicillin, 100 lg/mL)

and induced with 0.2 mmol/L IPTG. (a) Lane M, protein marker; lane

1–3, ArcticExpress E. coli; lane 4–6, E. coli BL21(DE3)pLysS; lane 7–

9, E. coli BL21(DE3). Lane 1, 4 and 7, containing empty vector pCold-

SUMO; Lane 2, 5 and 8, without induction; Lane 3, 6 and 9, containing

pCold-tgz. (b) Lane M, protein marker; lane 1–3, E. coli BL21(DE3)

Rosettas. Lane 1, containing empty vector pCold-SUMO; Lane 2, with-

out induction; Lane 3, containing pCold-tgz. The recombinant protein

was highlighted with pane.
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Figure 3 Purification of recombinant TGZ. Lane M, protein marker;

lane 1, supernatant from ArcticExpress E. coli (pCold-tgz) induced by

0.2 mmol/L IPTG; lane 2, cell fractions from ArcticExpress E. coli

(pCold-tgz) induced by 0.2 mmol/L IPTG; lane 3, the purified TGZ.
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IPTG induction were optimised. The activity of the expressed
TGZ was detrimental to the host strain, so ArcticExpress
E. coli, E. coli BL21(DE3), E. coli BL21(DE3)Rosettas and
E. coli BL21(DE3)pLysS were selected to express TGZ.
These host strains could decrease basal expression of the tar-
get protein and could be used to express toxic proteins (Fran-
cis and Page 2010). The result showed that ArcticExpress
E. coli had a higher expression level than the other host
strains (Fig. 2), and the recombinant TGZ was mainly found
in the inclusion bodies, as also reported by Carvajal-Vallejos
et al. (2007) and Carvajal et al. (2006, 2011).
A temperature shift strategy with an induction temperature

lower than the growth temperature could improve the
expression level of soluble protein. Marx et al. (2007)
reported that soluble MTG from S. mobaraensis could be
expressed using a temperature shift strategy with an induc-
tion temperature of 24 °C, but the yield was low, only
4.5 mg/L. Yu et al. (2008) reported that MTG from Strepto-
myces netropsis was soluble when expressed under condi-
tions comprising of growth at 37 °C and induction at
20 °C, with a maximum yield 180 mg/L. We cultured

recombinant strain at 37 °C and induced at 15 °C according
to the instruction of plasmid pCold-SUMO. The result indi-
cated that the expression of soluble TGZ failed under the
temperature shift strategy (data not shown) and recombinant
protein was mainly expressed as inclusion bodies. For
expression of soluble MTG, most attempts in E. coli have
failed and a Corynebacterium expression system was estab-
lished in recent years to secrete the soluble pro-MTG (Kiku-
chi et al. 2003; Itaya and Kikuchi 2008). The amount of
pro-MTG was higher, approximately 900 mg/L (Date et al.
2004), and these results suggested that this was a useful
method for efficient production of soluble MTG. In future
work, the Corynebacterium expression system will be used
to express soluble TGZ, but the advantages of fast cell
growth, an inexpensive medium and the relatively simple
gene manipulation of expression in E. coli would be lost
using this gram-positive strain.
To obtain a large amount of TGZ, the expression conditions

of the recombinant strain were optimised. In this work, three
essential conditions for a higher yield of recombinant TGZ,
including IPTG concentration, induction time and initial
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Figure 4 Cross-linking effect of recombinant TGZ and MTG on yoghurt. (a) Effect of TGZ and MTG on the syneresis of yoghurt. (b) Effect of

TGZ and MTG on the apparent viscosity of yoghurt. C: cow’s milk yoghurt without enzyme addition; 0.25–1.0: different concentrations of recombi-

nant TGZ and MTG (0.25, 0.5 and 1.0 U/g). The bars with different letters are different (P < 0.05) based on the Duncan’s post-test.

Table 2 Texture analysis of cow’s milk yoghurts cross-linked by different concentrations of recombinant TGZ and MTG

Cow milk yoghurt Firmness (g) Consistency (gs) Cohesiveness (g) Index of viscosity (gs)

C 192.94 � 2.69a 4642.43 � 67.66a 179.93 � 1.59a 352.12 � 1.04a

T0.25 281.67 � 4.84c 4904.66 � 133.46bc 278.47 � 4.74c 384.1 � 2.89b

T0.5 423.59 � 5.02e 5005.61 � 85.98bc 376.84 � 4.41d 433.39 � 7.21c

T1.0 528.92 � 3.45f 5112.17 � 96.78c 464.32 � 5.79e 441.53 � 6.83c

M0.25 198.31 � 3.06a 4784.52 � 40.23ab 218.80 � 9.03b 388.05 � 19.09c

M0.5 254.94 � 8.26b 4816.94 � 91.18ab 263.40 � 14.33c 418.34 � 16.12bc

M1.0 403.55 � 8.33d 5137.48 � 143.59c 364.61 � 13.02d 443.97 � 29.53c

C, cow milk yoghurt without enzyme addition; T0.25–T1.0, different concentrations of recombinant TGZ (0.25, 0.5 and 1.0 U/g); M0.25–M1.0,

different concentrations of MTG (0.25, 0.5 and 1.0 U/g). All data were showed as mean values � S.D (n = 3). Values followed by different let-

ters in the same row are significantly different (P < 0.05).
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OD600 value before IPTG induction were studied. Although
different IPTG concentrations did not affect the expression
level of recombinant protein, higher IPTG concentration
might be deleterious for the host cell (Takehana et al. 1994),
so we chose a lower inducer concentration of 0.2 mmol/L as
induction concentration. The results of induction time showed
that there was an increased expression of recombinant TGZ
along with time, but there was no significant increase after
16 h. Because the accumulation of recombinant protein might
have an adverse effect on the cell, we should try to reduce the
induction time. But, if the induction time is too short, the
expression level of recombinant protein is also reduced (Jana
and Deb 2005; Marx et al. 2007). So, 16 h was chosen for
the induction time. When the recombinant strain was induced
to an OD600 of 0.4, the amount of recombinant TGZ reached
the maximum. This might be because the host strain reached
a logarithmic growth phase at the OD600 of 0.4, which pro-
moted the expression of recombinant TGZ. Therefore, an
OD600 value of recombinant strain ArcticExpress (pCold-tgz)
of 0.4, and IPTG concentration of 0.2 mmol/L and expression
time of 16 h were judged to be the optimal conditions for the
TGZ expression.
The recombinant strain ArcticExpress (pCold-tgz) was

cultured using a shake flask for the purification. The
expressed TGZ was solubilised in 8 mol/L urea and purified
by HisTrapTM HP column as described in the Materials and
methods. The TGZ was captured by Ni-NTA column and
eluted by a pH gradient. The fractions containing purified
TGZ were analysed by SDS-PAGE, and only a band of
74 kDa corresponding to TGZ was found (Fig. 3). To
achieve higher active protein, TGZ was renatured using Tri-
ton X-100 (Carvajal et al. 2011). The production of purified
TGZ was 1.41 mg/L, and the specific activity of refolded
TGZ was 0.34 U/mg, which was onefold higher than the
activity before optimisation.

Cross-linking effect of TGZ on yoghurt
The cross-linking reaction of TGase was used to modify the
hydration, emulsifying and rheological properties of proteins
(Lauber et al. 2000). To estimate the effect of TGZ on
yoghurt, MTG was chosen for another control. Different
concentrations of recombinant TGZ and MTG were added
into the milk; syneresis, apparent viscosity and texture of
yoghurt were analysed.
The results of syneresis indicated that syneresis of yoghurt

treated with TGZ and MTG was both reduced compared
with the enzyme-free control yoghurt samples (Fig. 4a). The
result showed that a lower concentration of MTG had a sig-
nificant effect on the yoghurt compared with recombinant
TGZ. But, when TGZ was added to 1.0 U/g protein for
cow’s milk, the syneresis of TGZ-treated yoghurt sample
was significantly reduced (Fig. 4a). The apparent viscosity
of the milk yoghurt treated with recombinant TGZ and
MTG was studied (Fig. 4b). The apparent viscosity of

yoghurt treated with TGZ and MTG increased with the
amount of enzyme added. However, a significant increase
was observed in different samples at an enzyme level of 0.5
U/g protein. The apparent viscosity of the cow’s milk with
added recombinant TGZ at the level of 1.0 U/g protein was
increased more than 3.75 times compared with the untreated
sample. As shown in Fig. 4b, the effect catalysed by TGZ
was higher than that treated with MTG. Texture analysis
was an important way to evaluate the quality of the yoghurt.
Ozer et al. (2007) and B€onisch et al. (2007) demonstrated
that rheological properties could be improved by forming a
denser and finer gel network. And Gauche et al. (2009) fur-
ther indicated that these improvements might be caused by
the formation of e-(c-glutamyl) lysine bonds.
The parameters including firmness, consistency, cohesive-

ness and index of viscosity of the different treatments were
significantly higher compared to the enzyme-free control
yoghurt samples (Table 2). Increasing the amount of TGZ
and MTG was shown to improve yoghurt texture. A signifi-
cant increasing was observed at 1.0 U/g protein.

CONCLUSION

In this paper, a method for producing TGZ in E. coli with a
good yield was described. Although the majority of TGZ
was found in the insoluble inclusion bodies, we were able
to obtain active enzyme by refolding of urea-extracted inclu-
sion bodies. In addition, the active recombinant TGZ was
used to cross-link proteins in the yoghurt, and the properties
of TGZ-treated yoghurt was improved compared with the
negative control, and higher than that of the MTG-treated
samples. This further indicated that plant TGase could
potentially be used in the food industry in the future.

ACKNOWLEDGEMENTS

This work was supported by National Nature Science Founda-
tion of China (Grant No. 30972041/C110602), the Foundation
of Harbin city (2010RFXXN039) and the Foundation of Hei-
longjiang province (ZJN0605-02).

REFERENCES

Ando H, Adachi M, Umeda K, Matsuura A, Nonaka M, Uchio R,

Tanaka H and Motoki M (1989) Purification and characteristics of a

novel transglutaminase derived from microorganisms. Agricultural

and Biological Chemistry 53 2613–2617.

Beninati S, Bergamini C M and Piacentini M (2009) An overview of the

first 50 years of transglutaminase research. Amino Acids 36 591–598.

Berlec A and �Strukelj B (2013) Current state and recent advances in bio-

pharmaceutical production in Escherichia coli, yeasts and mammalian

cells. Journal of Industrial Microbiology & Biotechnology 40 257–

274.

Bernet E, Claparols I, Dondini L, Santos M A, Serafini-Fracassini D and

Torn�e J M (1999) Changes in polyamine content, arginine and

© 2014 Society of Dairy Technology 59

Vol 68, No 1 February 2015



ornithine decarboxylases and transglutaminase activities during light/

dark phases (of initial differentiation) in maize calluses and their

chloroplasts. Plant Physiology and Biochemistry 37 899–909.

B€onisch M P, Huss M, Weitl K and Kulozik U (2007) Transglutaminase

cross-linking of milk proteins and impact on yoghurt gel properties.

International Dairy Journal 17 1360–1371.

Carvajal P, Villalobos E, Campos A, Torn�e J M, Barber�a E and Santos

M (2006) Zea mays L. transglutaminase expression in Escherichia

coli. Microbial Cell Factories 5 P8.

Carvajal P, Gibert J, Campos N, Lopera O, Barber�a E, Torn�e J M and

Santos M (2011) Activity of maize transglutaminase overexpressed in

Escherichia coli inclusion bodies: an alternative to protein refolding.

Biotechnology Progress 27 232–240.

Carvajal-Vallejos P K, Campos A, Fuentes-Prior P, Villalobos E, Almeida

A M, Barber�a E, Torn�e J M and Santos M (2007) Purification and in

vitro refolding of maize chloroplast transglutaminase over-expressed

in Escherichia coli. Biotechnology Letters 29 1255–1262.

Date M, Yokoyama K I, Umezawa Y, Matsui H and Kikuchi Y (2004)

High level expression of Streptomyces mobaraensis transglutaminase

in Corynebacterium glutamicum using a chimeric pro-region from

Streptomyces cinnamoneus transglutaminase. Journal of Biotechnol-

ogy 110 219–226.

Dejong G and Koppelman S (2002) Transglutaminase catalyzed reac-

tions: impact on food applications. Journal of Food Science 67
2798–2806.

Della Mea M, Caparr�os-Ruiz D, Claparols I, Serafini-Fracassini D and

Rigau J (2004) AtPng1p The first plant transglutaminase. Plant Phys-

iology 135 2046–2054.

Dube M, Sch€afer C, Neidhart S and Carle R (2007) Texturisation and

modification of vegetable proteins for food applications using micro-

bial transglutaminase. European Food Research and Technology 225
287–299.

Duca S D, Tidu V, Bassi R, Esposito C and Serafmi-Fracassini D (1994)

Identification of chlorophyll-a/b proteins as substrates of transgluta-

minase activity in isolated chloroplasts of Helianthus tuberosus L.

Planta 193 283–289.

Farnsworth J P, Li J, Hendricks G M and Guo M R (2006) Effects of

transglutaminase treatment on functional properties and probiotic cul-

ture survivability of goat milk yogurt. Small Ruminant Research 65
113–121.

Folk J E and Chung S L (1973) Molecular and catalytic properties of

transglutaminases. Advances in Enzymology and Related Areas of

Molecular Biology 38 109–191.

Francis D M and Page R (2010) Strategies to optimize protein expression

in E coli. Cell & Molecular Biology Unit 5.24 21–29.

Gauche C, Tomazi T, Barreto P L M, Ogliari P J and Bordignon-Luiz M

T (2009) Physical properties of yoghurt manufactured with milk

whey and transglutaminase. LWT-Food Science and Technology 42
239–243.

Grossowicz N, Wainfan E, Borek E and Waelsch H (1950) The enzy-

matic formation of hydroxamic acids from glutamine and asparagine.

The Journal of Biological Chemistry 187 111–125.

Hettasch J M and Greenberg C S (1994) Analysis of the catalytic activity

of human factor XIIIa by site-directed mutagenesis. The Journal of

Biological Chemistry 269 28309–28313.

Icekson I and Apelbaum A (1987) Evidence for transglutaminase activity

in plant tissue. Plant Physiology 84 972–974.

Itaya H and Kikuchi Y (2008) Secretion of Streptomyces mobaraensis

pro-transglutaminase by coryneform bacteria. Applied Microbiology

and Biotechnology 78 621–625.

Jana S and Deb J K (2005) Strategies for efficient production of heterol-

ogous proteins in Escherichia coli. Applied Microbiology and Bio-

technology 67 289–298.

Jaros D, Partschefeld C, Henle T and Rohm H (2006) Transglutaminase

in dairy products: chemistry, physics, applications. Journal of Texture

Studies 37 113–155.

Jaros D, Heidig C and Rohm H (2007) Enzymatic modification through

microbial transglutaminase enhances the viscosity of stirred yogurt.

Journal of Texture Studies 38 179–198.

Kang H and Cho Y D (1996) Purification and properties of transgluta-

minase from soybean (Glycine max) leaves. Biochemical and Bio-

physical Research Communications 223 288–292.

Kataeva I, Chang J, Xu H et al. (2005) Improving solubility of Shewa-

nella oneidensis MR-1 and Clostridium thermocellum JW-20 proteins

expressed into Esherichia coli. Journal of Proteome Research 4
1942–1951.

Kikuchi Y, Date M, Yokoyama K I, Umezawa Y and Matsui H (2003)

Secretion of active-form Streptoverticillium mobaraense transgluta-

minase by Corynebacterium glutamicum: processing of the pro-trans-

glutaminase by a cosecreted subtilisin-like protease from

Streptomyces albogriseolus. Applied and Environmental Microbiology

69 358–366.

Laemmli U K (1970) Cleavage of structural proteins during the assembly

of the head of bacteriophage T4. Nature 227 680–685.

Lauber S, Henle T and Klostermeyer H (2000) Relationship between the

crosslinking of caseins by transglutaminase and the gel strength of

yoghurt. European Food Research and Technology 210 305–309.

Lin Y S, Chao M L, Liu C H and Chu W S (2004) Cloning and expres-

sion of the transglutaminase gene from Streptoverticillium ladakanum

in Streptomyces lividans. Process Biochemistry 39 591–598.

Lorand L and Graham R M (2003) Transglutaminases: crosslinking

enzymes with pleiotropic functions. Nature Reviews Molecular Cell

Biology 4 140–156.

Lorenzen P C, Neve H, Mautner A and Schlimme E (2002) Effect of

enzymatic cross-linking of milk proteins on functional properties of

set-style yoghurt. International Journal of Dairy Technology 55 152–

157.

Margosiak S A, Dharma A, Bruce-Carver M R, Gonzales A P, Louie

D and Kuehn G D (1990) Identification of the large subunit of ri-

bulose 1, 5-bisphosphate carboxylase/oxygenase as a substrate for

transglutaminase in Medicago sativa L (Alfalfa). Plant Physiology

92 88–96.

Marx C K, Hertel T C and Pietzsch M (2007) Soluble expression of a

pro-transglutaminase from Streptomyces mobaraensis in Escherichia

coli. Enzyme and Microbial Technology 40 1543–1550.

Marx C K, Hertel T C and Pietzsch M (2008) Purification and activation

of a recombinant histidine-tagged pro-transglutaminase after soluble

expression in Escherichia coli and partial characterization of the

active enzyme. Enzyme and Microbial Technology 42 568–575.

Ozer B, Kirmaci H A, Oztekin S, Hayaloglu A and Atamer M (2007)

Incorporation of microbial transglutaminase into non-fat yogurt pro-

duction. International Dairy Journal 17 199–207.

Qin L X, Wang L and Zhang LW (2010) Cloning and expression of maize

transglutaminase in Escherichia coli. Food Science 31 177–181.

60 © 2014 Society of Dairy Technology

Vol 68, No 1 February 2015



S�anlı T, Sezgin E, Deveci O, S�enel E and Benli M (2011) Effect of using

transglutaminase on physical, chemical and sensory properties of set-

type yoghurt. Food Hydrocolloids 25 1477–1481.

Sommer C, Volk N and Pietzsch M (2011) Model based optimization of

the fed-batch production of a highly active transglutaminase variant

in Escherichia coli. Protein Expression and Purification 77 9–19.

Takehana S, Washizu K, Ando K, Koikeda S, Takeuchi K, Matsui H, Mot-

oki M and Takagi H (1994) Chemical synthesis of the gene for microbial

transglutaminase from Streptoverticillium and its expression in Escheri-

chia coli. Bioscience, biotechnology, and biochemistry 58 88–92.
Villalobos E, Torn�e J M, Rigau J, Oll�es I, Claparols I and Santos M (2001)

Immunogold localization of a transglutaminase related to grana devel-

opment in different maize cell types. Protoplasma 216 155–163.
Villalobos E, Santos M, Talavera D, Rodrıguez-Falc�on M and Torn�e J M

(2004) Molecular cloning and characterization of a maize transgluta-

minase complementary DNA. Gene 336 93–104.

Yang Y, Zhang D, Liu S, Jia D, Du G and Chen J (2012) Expression

and fermentation optimization of oxidized polyvinyl alcohol hydro-

lase in E coli. Journal of Industrial Microbiology & Biotechnology

39 99–104.

Yokoyama K I, Nakamura N, Seguro K and Kubota K (2000) Overpro-

duction of microbial transglutaminase in Escherichia coli, in vitro

refolding, and characterization of the refolded form. Bioscience, bio-

technology, and biochemistry 64 1263–1270.

Yokoyama K, Nio N and Kikuchi Y (2004) Properties and applications

of microbial transglutaminase. Applied Microbiology and Biotechnol-

ogy 64 447–454.

Yu Y J, Wu S C, Chan H H, Chen Y C, Chen Z Y and Yang M T

(2008) Overproduction of soluble recombinant transglutaminase from

Streptomyces netropsis in Escherichia coli. Applied Microbiology and

Biotechnology 81 523–532.

Y€uksel Z and Erdem Y (2010) The influence of transglutaminase treat-

ment on functional properties of set yoghurt. International Journal of

Dairy Technology 63 86–97.

Zhang L, Zhang L, Yi H, Du M, Ma C, Han X, Feng Z, Jiao Y and

Zhang Y (2012) Enzymatic characterization of transglutaminase from

Streptomyces mobaraensis DSM 40587 in high salt and effect of

enzymatic cross-linking of yak milk proteins on functional properties

of stirred yogurt. Journal of Dairy Science 95 3559–3568.

© 2014 Society of Dairy Technology 61

Vol 68, No 1 February 2015


