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NMR-Based Screening Method for Transglutaminases: Rapid
Analysis of Their Substrate Specificities and Reaction Rates

NOBUHISA SHIMBA, KEI-ICHI YOKOYAMA, AND EI-ICHIRO SuzukI*

Central Research Laboratories, Ajinomoto Company, Inc., 1-1 Suzuki-cho, Kawasaki-ku,
Kawasaki-shi 210-8681, Japan

Incorporation of inter- or intramolecular covalent cross-links into food proteins with microbial
transglutaminase (MTG) improves the physical and textural properties of many food proteins such
as tofu, boiled fish paste, and sausage. Other transglutaminases (TGases) are expected to be used
in the same way, and also to extend the scope of industrial applications to materials, drugs, and so
on. The TGases have great diversity, not only in amino acid sequence and size, but also in their
substrate specificities and catalytic activities, and therefore, it is quite difficult to estimate their reactivity.
We have developed an NMR-based method using the enzymatic labeling technique (ELT) for
simultaneous analysis of the substrate specificities and reaction rates of TGases. It is quite useful
for comparing the existing TGases and for screening new TGases or TGases variants. This method
has shown that MTG is superior for industrial use because of its lower substrate specificity compared
with those of guinea pig liver transglutaminase (GTG) and red sea bream liver transglutaminase
(FTG). We have also found that an MTG variant lacking an N-terminal aspartic acid residue has
higher activity than that of the native enzyme.
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INTRODUCTION products such as tofu, boiled fish paste, and sausage. In addition,
Transglutaminases (TGase: protein-glutaminagtutamyl- TGases originating f.rom marine organisms, including.fish,
transferase, EC 2.3.2.13) are a family of enzymes that Cataercrustaceans, and echmoderm_s, such as red sea bream liver (15,

the displacement of the amide ammonia at thposition in 16), carp dorsal musclel), limulus hemocyte1@), lobster

glutamine residues by replacing it with another amine, usually Mmuscle (9), sea urchin egg=(), and Japanese oyster gills and
an e-amino group from a suitable lysine residue (1—4). The mantles (21), have been reported. However, these TGases are
formation of e-(y-glutamyl)lysine isopeptide bonds results in quite diverse, not only in amino acid sequence and size, but
both intra- and intermolecular cross-linking of proteins, leading also in their substrate specificities and catalytic activities,
to polymerization. TGases are widely distributed in most tissues although their enzymatic reactions generally involve an acyl
and body fluids, including liver, hair follicles, epidermis, transfer.
prostate, and platelets, and are thought to be involved in diverse  One of the methods for measuring TGase activity is the
physiological functions, such as the maintenance of gross formscajorimetric hydroxamate procedure, using a small peptide
of structures and Ilmlteql glegrees of extensibildy.(They are including a glutamine residugy-carbobenzoxy-glutaminyl-
also well-known for their improvement of food texturg7). glycine (22). However, this is not adequate for an analysis of
Guinea pig liver TGase (8), human epidermis keratinocyte g psirate specificity, because the reactivity of a glutamine

TGla_se ©), %nd hu(rjnan blood coagulation factor )ém)x are residue depends on the type of TGase and the environment
caé:lutm |§)n- lepen ?.nt erﬁyn:es).qllzlor: lnstsnce, t ”e inzyn:at'csurrounding the glutamine residue in the substrate protein. If a
and structural properties o factor Al nave been Well character- ¢ qtrate protein is modified with @mamino group of a lysine
ized for the cross-linking of fibrin, which stabilizes clots against or anv compound with an amino aroun. to investidate the
redissolution by fibrinogen and plasmifil(—14). Streptover- y pounc . group, t g
ticillium sp. S-8112, microbial transglutaminase (MTG), is a substrate specificity for glutamine residues, its behavior would

calcium ion-independent enzyme, and is the first TGase to be change when one of the glutamine residues in the protein is
obtained from a nonmammal. Incorporation of inter- or in- modified. Because it gives rise to several variants of the substrate
tramolecular covalent cross-links into food proteins with MTG  Protein, it is impossible to find the reactivity of a specific -
improves the physical and textural properties of many food 9lutamine residue in the substrate protein. Moreover, the analysis
of the modified protein requires significant time and labor.
* To whom correspondence should be addressed. Tel: 81_44_210_5832_Therefore, itis Worthwhlle to deve'OP_a_ method for .the rapid
Fax: 81-44-210-5872. E-mail: eiichiro_suzuki@ajinomoto.com. and easy analysis of substrate specificity and reaction rate.
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Figure 1. Schematic drawing of ELT by using TGases. The labeled ammonium ion reacts with the y-carboxyamide groups of glutamine residues, and
exchanges with their amide groups.

Chemical modifications of proteins with a fluorescent reagent ~ Sample Preparation.Ovalbumin (albumin from chicken egg), which
or a chelating agent are useful for analyzing enzymatic activities, is a glycoprotein (43 kDa) including 14 glutamine residues, was used
because the absorbance or fluorescence of a substrate or &8s the substrate protein. Itis suitable for the establishment of our method
product is easy to measure, and their sensitivities are quite high.Pecause it is inexpensive and easy to use. _
However, this method is not appropriate for analyzing multiple _ 4 solution of 2.3 mM ovalbumin was prepared by adding 5 mM
reaction positions in one molecule simultaneously; for example, S2Ck 200 MMNHLCI, and 4uM MTG in 20 mM phosphate bufer,

several glutamine residues in a substrate protein that havepH 6.0, in 95% HO/5% DO. After incubation at 310 K for 3 h, 500
9 p uM of the protein solution was immediately placedart 5 mm NMR

reaCted_ With_TGaseS' In Such acase, ”Uf%'eaf _mag_netic resonanc{%be for the NMR measurements. Replicate ovalbumin solutions were
(NMR) is suitable for analyzing the reaction sites in a molecule reacted under the same conditions, except for the addition of GTG or
individually, because NMR signals can be observed for indi- FTG instead of MTG. CaGlwas added for the enzymatic activities of
vidual glutamine residues. GTG and FTG.

The proposed TGase reaction mechanism is based on the For estimation of the reaction rate, solutions of 2.3 mM ovalbumin
crystal structure of factor Xl Z3, 24). At first, the y-car- were prepared by adding 5 mM CaC200 mM *NH,CI, and 4uM
boxyamide groups interact with TGases, and subsequently theMTG or Ser-MTG in 20 mM phosphate buffer, pH 6.0, in 95%CH
primary amino groups of a variety of amines or thamino 5% D;0. After incubations at 310 K for 1 and 3 h, the protein solutions
groups of lysine residues are involved in the formation of new Were immediately placed into an NMR tube féH—"*N HSQC
covalent bonds. On the basis of the proposed reaction mecha_measurements. For continuous measurements, concentrations of MTG
nism, we have already developed an enzymatic labeling ang;eRr'm;-:Smiﬁednigri‘a;eRd ::( Qép:ilﬁnents were performed on a
technique (ELT), in which®N nuclei are incorporated into the ‘ P P

b id f the dl . id . bi Bruker DMX600 spectrometer equipped with a triple resonance probe
y-carboxyamide groups of the glutamine residues in arbitrary pq,q \ith XYz triple-axis gradient coils. All spectra were recorded at

proteins (25). In the present paper, we describe a novel methodz;g k. TheH and 5N chemical shifts were relative to the solvent
using ELT and the techniques for detection with NMR in order H,0 as 4.66 ppm28). For data processing and analysis, XWINNMR
to determine the substrate specificities for glutamine residues (Bruker Co.,29), nmrPipe (30), and PIPP (31) were used.

and the reaction rates of TGases simultaneously. The method The HSQC method is convenient for detection 18R labeled

is quite useful for comparing existing TGases and for screening glutamine residues in a substrate protein; i.e., a two-dimensional NMR
new TGases or TGase variants. By using this method, we havespectrum like an HSQC spectrum of tH#\ labeled sample reduces
characterized the enzymatic properties of various TGases, andhe overlap of the cross-peaks, and facilitates the observation of each
found one that would be preferred for improving the physical Signal separately, as shown Figure 2. In addition, the HSQC
and textural properties of many food products, including tofu, measurement can be done in a short time, compared with the time

boiled fish paste, and sausage required for one-dimensionaiN NMR.
' ’ The HSQC spectra were recorded with spectral widths of 8400 Hz

for *H and 1400 Hz fof*N. The pulse sequence for the HSQC spectra

MATERIALS AND METHODS was as described by Bodenhausen and Rud2n The WATERGATE

Materials. Expression and purification of MTG and TGase from water suppression scheme with the 3-9-19 refocusing pulse was
red sea bream liver (fish-derived transglutaminase, FTG) were per- incorporated into the reverse INEPT step (33). A total of 2048 data
formed as described previously (185, 26). TGase from guinea pig points were used in thig dimension, and 200 transients were acquired
liver (GTG) was purchased from Sigma Chemical Co. The MTG variant for thet; points. Prior to 2D Fourier transformation, the acquired data
lacking the N-terminal aspartic acid residue has a serine residue as thevere multiplied by Gaussian functions ta andt;, and were zero-
N-terminus, and thus will hereafter be referred to as “Ser-MTG”. filled to yield a 1024 E;) x 512 (F) matrix of the real data points.
Recombinant Ser-MTG was expressed and purified as described H-!N HSQC spectra in the presence of MTG and Ser-MTG were
previously (27). measured after incubations for 1 or 3 h, and continuously 20 times, for
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Figure 3. Amino acid sequences neighboring the active cysteine residue 0 10 20 30 40 50

in MTG, GTG, and FTG. The active residues, Cys64, Cys276, and Cys272,

. ) Time (hour)
are boxed in MTG, GTG, and FTG, respectively.

Figure 5. Sums of the intensities for the pair of signals indicated by 6 in

the estimation of reaction rate. Continuous measurements were started:'_gure 2a, and those for the corr_espondlng sgnalg n ovqlbum!n rea(;t_ed
within 20 min after the addition of the enzyme, and each measuring with Ser-MTG, were plotted against the reaction time. Signal intensities
time was about 135 min. A series of peak intensities was extracted in Were fitted for the estimation of the relative reaction rates, using a single-
a set of 2D data with the utility in nmrPipe, and are plottedFigure exponential model function.

5.
(Figure 2a). Labeling according to the enzymatic reaction of

MTG was confirmed by measuring a spectrum of the same
sample in the absence of MTG (data not shown). On the other
Figure 1 depicts the reaction mechanism for ELT using hand, only four pairs of cross-peaks, in which the three pairs
TGases. The labeled ammonium ion reacts withytHearboxya- shown as 1, 3, and 4 correspond to the glutamine residues
mide groups of glutamine residues and exchanges with theirlabeled with MTG, were detected in the presence of GTG and
amide groups. A large excess BN labeled ammonium ion  FTG (Figure 2b,c). As a result, among the glutamine residues
increases the incorporation of th nucleus. Thé®N labeled 1 to 6 that were capable of being isotopically labeled using
glutamine residues, corresponding to the TGase substrate, aréTG, only glutamine residues 1, 3, and 4 were labeled. The
easily and rapidly observed in il edited spectra using NMR.  glutamine residue 7 was newly labeled, in the presence of GTG
Six pairs of cross-peaks were observed in the presence ofand FTG. The results proved that when ovalbumin is the
MTG, showing that the correspondiygcarboxyamide groups  substrate protein, many glutamine residues may react with MTG,
of the glutamine residues in ovalbumin were labeled Wt compared with GTG and FTG. In other words, MTG has a lower

RESULTS AND DISCUSSION
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substrate specificity for ovalbumin, compared with that of GTG TGases and for screening new TGases or TGase variants. As a

and FTG. In addition, the resonances 2, 5, and Bigure 2a, practical matter, we have characterized and classified the

and 7 in Figure 2b,c, were observed only in the presence of enzymatic properties of various TGases, such as MTG, GTG,

MTG and GTG/FTG, respectively, thus revealing that this and FTG, and have identified a preferable TGase variant, Ser-

method is superior for identifying TGases with different MTG, which is expected to improve the physical and textural

substrate specificities. properties of many food products, compared with the native
It is difficult to assign thel>NH signals, i.e., specific ~ TGase.

glutamine residues in the substrates for TGases. However, each

15NH signal corresponding to a specific glutamine residue in a ABBREVIATIONS USED

substrate protein is always observed at the same position in the  TGase, transglutaminase; MTG, microbial transglutaminase;

HSQC spectrum, even if any TGases are used for labeling. g T, enzymatic labeling technique; GTG, guinea pig liver

Therefore, we can easily and rapidly classify the substrate yansglutaminase; FTG, red sea bream liver transglutaminase;
specificities for TGases based on the resonances ofite HSQC, heteronuclear single quantum coherence.

signals. In reality, we could elucidate the difference in the

substrate specificities among MTG, GTG, and FTG, and classify ockNOWLEDGMENT

them based on the resonances of tidH signals. This is the

first example of an easy and rapid analysis of the substrate We are grateful to Ms. Tomoko Ohtsuka for providing the FTG

specificities for TGases using the protein substrate.

sample.

GTG and FTG share high sequence homology, especially in | ;)TERATURE CITED

the vicinity of their putative active cysteine residue, suggesting
their similar substrate specificitieBigure 3). On the other hand,
the amino acid sequence of MTG is quite different from those
of GTG and FTG 84). It has been reported that the thiol group
of Cys64 in MTG is also essential for enzymatic activity, but

the amino acid sequence around Cys64 is considerably different

from those surrounding the active cysteine residue in GTG and
FTG. This suggests that MTG evolved by a pathway different
from that of GTG and FTG, and thus their substrate specificities
are quite different, although they acquired acyl transfer activity
during evolution.

ELT is useful not only for analyses of the substrate specificity,
but also for the estimation of the reaction rate, becauséthe
labeling ratio is calculated from the signal intensity in the NMR
spectrum. In this example, the reaction rates were compared
with those of MTG and its variant, Ser-MTG, which lacks the
N-terminal aspartic acid residue. Six pairs of cross-peaks were
also observed in bottH-1°N HSQC spectra in the presence of
MTG and Ser-MTG, respectively, and the intensity ratios are
shown inFigure 4. The sums of the intensities of the signals,
indicated by 6 irFigure 2a, are plotted irFigure 5. We found
that the reaction rate for Ser-MTG is higher than that observed
for MTG, at least at the site corresponding to the glutamine
residue representing the signals indicated as 1 and=&@jmre
2a. Thus, the method based on ELT permits monitoring of the
reaction rate of any glutamine residue present in a substrate
protein.

As a practical matter, the polymerization of several proteins
with MTG progressed rapidly in comparison with the rate for
GTG (35). It is quite easy to explain the lower substrate
specificity of MTG, as compared with those of the GTG and

FTG, as shown using ELT, because the polymerization proceeds

according to the amount of cross-linking and the reaction rates.
Our results show that in comparison with MTG, GTG or FTG
would be restricted with regard to such industrial use, because
of their high substrate specificities. However, GTG and FTG
could be useful in a different field, as diverse glutamine residues
reacted with GTG and FTG. On the other hand, Ser-MTG is
expected to catalyze the protein polymerization rapidly, because
the reaction rate for Ser-MTG was higher than that observed
for MTG at the site described above, and their substrate
specificities are identical to each other.

In conclusion, we have developed a novel method using ELT
for analysis of the substrate specificities and reaction rates of
TGases simultaneously. It is quite useful for comparing existing

(1) Lorand, L.; Konishi, K.; Jacobsen, A. Transpeptidation mech-
anism in blood clottingNature 1962,194, 1148—1149.

(2) Dadabay, C. Y.; Pike, L. Purification and characterization of a
cytosolic transglutaminase from a cultured human tumour-cell
line. Biochem. J1989,264, 679—685.

(3) Folk, J. E. Transglutaminase (Guinea Pig Livek¥)ethods
Enzymol.1970,17, 889—894.

(4) Folk, J. E. Transglutaminasesnnu. Rev. Biochen1980,49,
517-531.

(5) lkura, K.; Kometani, T.; Yoshikawa, M.; Sasaki, R.; Chiba, H.
Cross-linking of casein components by transglutaminagec.

Biol. Chem.1980,44, 1567—1573.

(6) Motoki, M.; Nio, N. Cross-linking between different food
proteins by transglutaminasé. Food Sci.1983,48, 561—566.

(7) Kurth, L.; Rogers, P. J. Transglutaminase catalyzed cross-linking
of myosin to soya protein, casein and gluténtFood Sci1984,

49, 573—576.

(8) Ikura, K.; Nasu, T.; Yokota, H.; Tsuchiya, Y.; Sasaki, R.; Chiba,
H. Amino acid sequence of guinea pig liver transglutaminase
from its cDNA sequenceBiochemistry1988,27, 2898—2905.

(9) Thacher, S. M. Purification of keratinocyte transglutaminase and
its expression during squamous differentiatidnlnyest. Der-
matol. 1989,92, 578—584.

(10) Ichinose, A.; Hendrickson, L. E.; Fujikawa, K.; Davie, E. W.
Amino acid sequence of the subunit of human factor XIIlI.
Biochemistry1986,25, 6900—6906.

(11) Francis, C. W.; Marder, V. J. Increased resistance to plasmic
degradation of fibrin with highly cross-linked alpha-polymer
chains formed at high factor XIII concentratior@lood 1988,

71, 1361—1365.

(12) Sakata, Y.; Aoki, N. Significance of cross-linking of alpha
2-plasmin inhibitor to fibrin in inhibition of fibrinolysis and in
hemostasisJ. Clin. Invest.1982,69, 536—542.

(13) Reed, G. L.; Matsueda, G. R.; Haber, E. Platelet factor XllI
increases the fibrinolytic resistance of platelet-rich clots by
accelerating the cross-linking of alpha 2-antiplasmin to fibrin.
Thromb. Haemostasit992, 68, 315—320.

(14) Barry, E. L.; Mosher, D. F. Factor Xlll cross-linking of
fibronectin at cellular matrix assembly sitdsBiol. Chem1988
263, 10464—10469.

(15) Yasueda, H.; Kumazawa, Y.; Motoki, M. Purification and
characterization of a tissue-type transglutaminase from red sea
bream (Pagrus major)Biosci. Biotechnol. Biochemi994,58,
2041-2045.

(16) Yasueda, H.; Nakanishi, K.; Kumazawa, Y.; Nagase, K.; Motoki,
M.; Matsui, H. Tissue-type transglutaminase from red sea bream
(Pagrus major) sequence analysis of the cDNA and functional
expression ifescherichia coliEur. J. Biochem1995 232 411—

419.



1334 J. Agric. Food Chem., Vol. 50, No. 6, 2002

(17) Kishi, H.; Nozawa, H.; Seki, N. Reactivity of muscle trans-
glutaminase on carp myofibrils and myosin in kamaboko
“suwari” gels.Nippon Suisan Gakkaisti991,57, 1203—1210.

(18) Tokunaga, F.; Yamada, M.; Miyata, T.; Ding, Y. L.; Hiranaga,
M.; Muta, T.; lwanaga, S. Limulus hemocyte transglutaminase.
J. Biol. Chem.1993,268, 252—261.

(19) Myhrman, R.; Bruner-Lorand, J. Lobster muscle transpeptidase.
Methods Enzymoll970,19, 765—770.

(20) Cariello, L.; Wilson, J.; Lorand, L. Activation of transglutaminase
during embryonic developmerBiochemistryl984,23, 6843—
6850.

(21) Kumazawa, Y.; Sano, K.; Seguro, K.; Yasueda, H.; Nio, N.;
Motoki, M. Purification and characterization of transglutaminase
from Japanese oyste€(assostrea gigas)l. Agric. Food Chem.
1997,45, 604—610.

(22) Folk, J. E.; Cole, P. W. Mechanism of action of guinea pig liver
transglutaminase. |. Purification and properties of the enzyme:
identification of a functional cysteine essential for activify.
Biol. Chem.1966,241, 5518—5525.

(23) Yee, V. C.; Pedersen, L. C.; Le Trong, l.; Bishop, P. D;
Stenkamp, R. E.; Teller, D. C. Three-dimensional structure of a
transglutaminase: human blood coagulation factor XHoc.
Natl. Acad. Sci. U.S.A1994,91, 7296—7300.

(24) Pedersen, L. C.; Yee, V. C.; Bishop, P. D.; Le Trong, |.; Teller,
D. C.; Stenkamp, R. E. Transglutaminase factor XlIl uses
proteinase-like catalytic triad to cross-link macromolecules.
Protein Sciencd 994,3, 1131—1135.

(25) Shimba, N.; Yamada, N.; Yokoyama, K.; Suzuki, E. Enzymatic
labeling of arbitrary proteinsAnal. Biochem2002,301, 123—
127.

(26) Ando, H.; Adachi, M.; Umeda, K.; Matsuura, A.; Nonaka, M.;
Uchio, R.; Tanaka, H.; Motoki, M. Purification and characteriza-
tion of a novel transglutaminase derived from microorganisms.
Agric. Biol. Chem.1989,53, 2613—2617.

(27) Yokoyama, K.; Nakamura, N.; Seguro, K.; Kubota, K. Over-
production of microbial transglutaminase lscherichia coli,
in vitro refolding, and characterization of the refolded form.
Biosci. Biotechnol. Biochen2000,64, 1263—1270.

Shimba et al.

(28) Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson,
H. J.; Oldfield, E.; Markley, J. L.; Sykes, B. BH, *C and**N
chemical shift referencing in biomolecular NMR. Biomol.
NMR 1995,6, 135—140.

(29) XWINNMR Software Manual (Bruker Co); http://www.bruker-
.com.

(30) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.;
Bax, A. NMRPipe: a multidimensional spectral processing
system based on UNIX pipes. Biomol. NMR1995,6, 277—
293.

(31) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, G. M. A
common sense approach to peak picking in two-, three, and four-
dimensional spectra using automatic computer analysis of contour
diagrams.J. Magn. Reson1991,95, 214—220.

(32) Bodenhausen, G.; Ruben, D. J. Natural abundance nitrogen-15

NMR by enhanced heteronuclear spectrosc@tem. Phys. Lett.

1980,69, 185—189.

Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, V. Gradient-tailored

water suppression fdH-"N HSQC experiments optimized to

retain full sensitivity.J. Magn. Reson. Ser. 2093,102, 241—

245,

Kanaji, T.; Ozaki, H.; Takao, T.; Kawajiri, H.; Ide, H.; Motoki,

M.; Shimonishi, Y. Primary structure of microbial transglutami-

nase fromStreptoverticilliumsp. strain s-8112]. Biol. Chem.

1993,268, 11565—11572.

Nonaka, M.; Tanaka, H.; Okiyama, A.; Motoki, M.; Ando, H.;

Umeda, K.; Matsuura, A. Polymerization of several proteins by

Ca™-independent transglutaminase derived from microorgan-

isms.Agric. Biol. Chem.1989,53, 2619—2623.

(33)

(34

=

(35)

Received for review July 30, 2001. Revised manuscript received
November 27, 2001. Accepted December 18, 2001.

JF010995K



