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To investigate the site specificity of two transglutaminases (TGases), that is, the enzymes from guinea
pig liver (GTGase) and Streptoverticillium (MTGase), the acyl acceptor and donor sites in R-lactalbumin
were determined. R-Lactalbumin was cross-linked in the presence of dithiothreitol by GTGase and
MTGase for 15 and 30 min, respectively. Cross-linked R-lactalbumins by GTGase and MTGase were
digested with lysylendopeptidase followed by the separation of the resulting peptides using reverse-
phase HPLC. By the sequence analysis of the peptide fragments containing two N termini, which
indicates the presence of cross-linked peptide, the lysine residues targeted by TGases were identified
as follows: for GTGase, Lys16, Lys93, and Lys122; for MTGase, Lys5. These peptide fragments
were further digested by V8 protease. Separation and sequence analyses of the resultant peptides
were performed to identify glutamine residue involved in cross-linking. It was found that Gln54 was
cross-linked to lysine residues by GTGase and MTGase in common. It is suggested that the difference
in the numbers of lysine residues targeted by GTGase and MTGase may be responsible for the
difference in the polymerization process of R-lactalbumin between GTGase- and MTGase-catalyzed
systems.
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INTRODUCTION

Transglutaminase (protein-glutamineγ-glutamyltransferase,
EC 2.3.2.13) (TGase) primarily catalyzes an acyl transfer
reaction between theγ-carboxyamide group of peptide-bound
glutaminyl residue and a variety of primary amines (1). When
theε-amino group of the peptide-bound lysyl residue acts as a
substrate, peptide chains are covalently connected throughε-(γ-
glutamyl) lysine bonds. Although the enzyme is widely dis-
tributed in various tissues, its biological functions have not been
fully elucidated (2-5).

Recently, studies on the application of TGases have been
carried out actively. TGase has been regarded as a potential
means of improving the nutritional value and functional
properties of food proteins by catalyzing the incorporation of
biologically active amines or amino acids, the cross-linking of
protein molecules, and the deamidation of theγ-carboxyamide
group (6-11). At first, Ca2+-dependent TGases were extracted
from blood plasma or guinea pig liver to be used for the

modification of food proteins (6-11). However, the use of such
TGases of mammalian origin for food processing is impractical
because of the high cost of extraction and purification.
Therefore, the major source of TGases is shifting to microor-
ganisms (12-16). Microbial TGases (MTGases) normally do
not require Ca2+ for the expression of activity (16, 17).

Considerable work has been undertaken to understand the
sequence specificity around the glutamines in substrate proteins
of mammalian-origin TGases (18-21). On the other hand, there
have been a limited number of publications on the selectivity
toward amine donor lysine residues in substrate proteins (21-
25). Comparison of amino acid sequences around glutamine or
lysine side chains known to be modified by TGases suggests
that the chemical nature of the side chains adjacent to the target
amino acids may not be the sole determinant of specificity. In
other words, conformational factors as well as the primary
structure of substrates may play important roles in TGase
reaction. Because MTGases were recently found, there are scant
data on the sequence specificity of substrate proteins. Matsumura
et al. (26) demonstrated that Gln54 ofR-lactalbumin was
selectively modified by microbial TGase fromStreptoVerticil-
lium when the protein was transformed from the native state to
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the molten globule state. This indicates the importance of
conformational factors and sequence specificity for MTGase
reaction, too.

It is believed that MTGase may have evolved along a different
pathway from the Ca2+-dependent TGases from mammals (27).
MTGase consists of 331 amino acid residues with a molecular
weight of 37863, whereas the molecular weights of mammalian
TGases are normally 2-fold that. MTGase shows little homology
with TGases of mammalian origin (27, 28). A highly conserved
amino acid sequence 374-381 (YGQCWVF) in the active site
cysteine residue proposed for several mammalian TGases (29)
is not present in the sequence of microbial TGase, but a similar
sequence 62-66 (YGCVG) is present, which is predicted to
be located in aâ-turn (27). Kanaji et al. (27) have suggested
that Cys64 is essential for its catalytic activity. The putative
Ca2+-binding, which is widely conserved in mammalian tissue
TGases (30), is lacking in MTGase.

Little work has been done to compare the reactivity of
mammalian and microbial TGases using the same substrate
proteins under the same reaction conditions. Such comparable
work is necessary for characterizing the properties of TGases
and making full use of the activity of the enzymes in the
application. We studied the reactivity of TGase from guinea
pig liver (GTGase) and MTGase against several globular
proteins such asR-lactalbumin,â-lactoglobulin, bovine serum
albumin, and ovalbumin (unpublished data). Analyses by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) showed a higher reactivity of GTGase, that is, a more
rapid decrease of the monomeric form of substrate proteins.
Moreover, analyses on the enzyme-catalyzed polymer formation
of R-lactalbumin and bovine serum albumin using a technique
of gel permeation chromatography combined with laser light
scattering exhibited the more rapid growth of large polymers
for the GTGase-catalyzed system (31). Such differences in cross-
linking behavior may originate from the difference in the
substrate specificity of the two enzymes. In the present study,
we attempted to locate cross-linking sites inR-lactalbumin
targeted by GTGase and MTGase, respectively, to assess the
site specificity of the two enzymes.

R-Lactalbumin was chosen as a substrate for the following
reasons.R-Lactalbumin consists of single polypeptide without
any chemical modification such as glycosylation and phospho-
rylation. Its molecular weight is 14200, and it exists essentially
as a monomeric form. Not only its amino acid sequence but
also its three-dimensional structure have already been deter-
mined (32, 33). These available data enable us to locate the
target sites easily using peptide sequencing and to discuss the
environment around the target sites. Moreover, we found that
GTGase could act onR-lactalbumin even in the absence of Ca2+

(31), although this enzyme normally requires Ca2+ to exhibit
activity as described above. We speculate that Ca2+ included
in theR-lactalbumin molecule can be used by the enzyme. This
situation enables us to compare the reactivity of GTGase and
MTGase clearly without the influence of aggregates of substrate
proteins caused by Ca2+ addition. Such aggregates were
suggested to mask reactive glutamine and lysine residues during
TGase reaction (16). Therefore, in the present study, TGase
reaction was done in a Ca2+-free system.

MATERIALS AND METHODS

Mammalian TGase (EC 2.3.2.13) (GTGase) was prepared from
guinea pig liver by one-step purification using a monoclonal antibody
immunoadsorbent according to the method of Ikura et al. (34). The
specific activity was 6.4 units/mg, indicating almost homogeneous

TGase (figure not shown) in a yield of 28.3%. Microbial TGase (specific
activity ) 1.5 units/mg) derived fromStreptoVerticillium sp. strain
S-8112 (MTGase) was prepared according to the method of Ando et
al. (17) and supplied by Ajinomoto Co., Inc. (Kawasaki, Japan). The
specific activity was measured by using the method of Folk and Cole
(35). BovineR-lactalbumin (catalog no. L-5385, type I) was purchased
from Sigma (St. Louis, MO).Achromobacterprotease I andStaphy-
lococcus aureusV8 protease were purchased from Wako Chemical
(Osaka, Japan). Other reagents of analytical reagent grade were
purchased from Wako Chemical and Nakarai Tesque (Kyoto, Japan).

Measurement of Circular Dichroism (CD). The far-UV CD spectra
of R-lactalbumin solutions (0.2 mg/mL) were recorded at 37°C with
a spectropolarimeter (JASCO, J-720).R-Lactalbumin was solubilized
in 200 mM Tris-HCl buffer (pH 7.5) with and without 15 mM
dithiothreitol (DTT). The CD data were expressed as mean residue
ellipticity (degrees‚cm2/dmol) by using 115.5 as the mean residue weight
of R-lactalbumin.

Polymerization of R-Lactalbumin by Transglutaminase.TGase-
catalyzed polymerization ofR-lactalbumin was carried out in 200 mM
Tris-HCl buffer (pH 7.5) containingR-lactalbumin (5 mg/mL), TGases
(0.64 units/mL), and 15 mM DTT. The enzymatic reaction was carried
out at 37°C for 15 and 30 min for GTGase and MTGase, respectively.
The reaction was stopped by adding 40 mM ethylenediaminetetraacetic
acid (EDTA) and 10 mMN-ethylmaleimide (NEM) for GTGase and
MTGase reaction, respectively, followed by heating at 100°C for 5
min.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis.The
reaction mixture was added with the equal volume of SDS solution
(125 mM Tris-HCl, pH 6.8, containing 20% glycerol, 4% SDS, and
2% mercaptoethanol). SDS-PAGE was performed on gradient gel (5-
20%) according to the method of Laemmli (36). The gel was fixed
and stained in 50% methanol and 10% acetic acid with 0.1% Coomassie
Brilliant Blue R-250

Reduction of Intact Disulfide Bonds ofr-Lactalbumin. Disruption
of disulfide bonds and carboxymethylation of generated sulfhydryl
groups in nonmodified and modifiedR-lactalbumins were carried out
by the following procedures, that is, incubation ofR-lactalbumin (1
mg/mL) with 100 mM Tris-HCl buffer (pH 8.0) containing 8 M urea
and 10 mM EDTA, followed by the addition of 100 mM iodoacetamide.
After incubation at 37°C for 2 h in thedark, the solution was dialyzed
against 0.1 N acetic acid and lyophilized.

Digestion with Lysylendopeptidase.Lyophilized nonmodified and
modified R-lactalbumins (10 mg) were dissolved in 0.9 mL of 8 M
urea solution and added with 0.1 mL of 500 mM Tris-HCl buffer (pH
9.0), respectively. After incubation at 37°C for 30 min, they were
diluted with 1.25 mL of 50 mM Tris-HCl buffer (pH 9.0) to reduce
the urea concentration to∼3 M and digested with lysylendopeptidase
[Achromobacterprotease I (2.8 AU/mg)] to give a 1:280 (w/w, protease/
substrate) ratio for 6 h at 37°C. Digestion was terminated by the
addition 0.1% trifluoroacetic acid (TFA) for reducing the pH, and the
reaction mixtures were loaded onto a reverse-phase high-performance
liquid chromatography (RP-HPLC) column as described below.

Digestion with V8 Protease.HPLC fractions containing peptides
cross-linked via isopeptide bonds from the lysylendopeptidase digests
were redigested withS. aureusV8 protease for identifying glutamine
site targeted by TGases as follows. The HPLC fractions selected for
redigestion were dried under nitrogen gas. Part of each dried fraction
was hydrolyzed in a vacuum for 24 h at 110°C with 6 N HCl containing
0.1% phenol followed by analysis with a Hitachi model 835 amino
acid analyzer to determine the amount of peptide. Other parts of dried
fractions were solubilized in 0.15 M sodium phosphate buffer (pH 7.8)
containing 3 M urea and incubated withS. aureusV8 protease (enzyme/
substrate) 1:50 w/w) at 37°C for 24 h. For inactivation of enzyme,
reaction mixtures were heated at 100°C for 5 min followed by addition
of TFA to 0.1%. Then the digests were loaded onto an RP-HPLC
column.

Separation of Digested Peptides.The peptide mixtures obtained
by lysylendopeptidase or V8 protease were separated by RP-HPLC on
a YMC-Pack ODS-AP column of dimensions 250× 4.6 mm i.d. and
particle size 5µm. Elution of peptides from the column was carried
out by applying a two-step linear gradient of acetonitrile in 0.1% TFA.
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First, a linear gradient of between 100% solvent A (0.1% TFA, v/v)
and 75% solvent A/25% solvent B (0.1% TFA in 70% acetonitrile,
v/v) was applied over a period of 5 min. Then the second linear gradient
between 75% solvent A/25% solvent B and 15% solvent A/85% solvent
B was applied from 5 to 90 min. Elution of peptides was monitored by
measuring UV absorption (215 nm). For the further purification of
separated peptides, rechromatography was carried out using the same
elution gradients but a different column, that is, a YMC Pack Protein-
RP column.

Determination of Amino Acid Sequence.The fractions collected
by RP-HPLC were applied to a protein sequencer, model 492 Procise
(Applied Biosystems), which employs highly sensitive detection for
phenylthiohydantoin (PTH) amino acids. PTH derivatives produced at
each cycle were identified by using an Applied Biosystems model 785A
programmable absorbance detector by reference to standard derivatives
of amino acid.

RESULTS

Changes in CD Spectra ofR-Lactalbumin Induced by
Dithiothreitol. In the present study, the TGase reaction was
carried out in the presence of 15 mM DTT. It is likely that
DTT could alter the conformation ofR-lactalbumin by disruption
of intact disulfide bonds, thereby influencing the susceptibility
to TGase reaction ofR-lactalbumin. Therefore, the structural
change ofR-lactalbumin induced by DTT was investigated by
measuring far-UV CD spectra.

Figure 1 shows the CD spectra ofR-lactalbumin in the
presence or absence of DTT at 37°C. The CD curve in the
absence of DTT resembled those reported in the previous studies
(37, 38). There are two negative peaks around 208 and 222 nm
in the CD spectrum, indicating the presence ofR-helical
structure. The estimatedR-helix content was 26.3%, using the
curve-fitting method of Yang et al. (39). DTT addition altered
the shape of the CD spectra substantially. The intensity around
222 nm decreased, and the peak at 208 nm shifted to the
direction of lower wavelength. The estimatedR-helix content
by Yang et al. (39) decreased to 15.2%. The simple calculation
using the [θ]222 value based on the method of Chen et al. (40)
also confirmed the decrease ofR-helix content from 27.3 to
14.9%. The decrease ofR-helix content was accompanied with
the increment ofâ-sheet content from 13 to 22% by the addition
of DTT. The increase ofâ-sheet can be partially attributed to
the formation of intermolecularâ-structure. However, we cannot
avoid the inaccuracy for the estimation of contents ofâ-sheet,

turn, and random coil using CD data. Therefore, in this case, it
is appropriate to emphasize only the unfolding ofR-helical
structure inR-lactalbumin being induced by the addition of DTT
and disrupting the intact disulfide bonds.

Reactivity of R-Lactalbumin as Substrate of GTGase and
MTGase. The reactivity of R-lactalbumin as substrate of
GTGase and MTGase was evaluated by SDS-PAGE (Figure
2). The patterns show that dimer, trimer, and polymers including
oligomers larger than tetramer were formed via intermolecular
cross-linkings by the TGases. The oligomers and polymers were
not observed whenR-lactalbumin was incubated with the
TGases in the absence of DTT (data not shown), indicating the
conformational change by disruption of intact disulfide bond
of R-lactalbumin is essential for the induction of TGase-
catalyzed polymerization. It should be noted that the longer
incubation time for MTGase (30 min) was necessary to form

Figure 1. CD spectra of R-lactalbumin in the presence (- - -) and absence
(s) of DTT. R-Lactalbumin was solubilized in a 0.2 M Tris-HCl buffer
(pH 7.5) with and without 15 mM DTT. The far-UV CD spectra were
recorded at 37 °C with a spectropolarimeter (JASCO, J-720).

Figure 2. SDS-PAGE of R-lactalbumin cross-linked by TGases. TGase-
catalyzed polymerization of R-lactalbumin was carried out in a 0.2 M Tris-
HCl buffer (pH 7.5) containing 15 mM DTT. R-Lactalbumin was incubated
with GTGase and MTGase at 37 °C for 15 and 30 min, respectively. The
products were separated by electrophoresis using a gradient gel (5−20%).
Ma, molecular weight marker; A, product from GTGase-catalyzed reaction;
B, product from MTGase-catalyzed reaction. M, D, T, and P indicate
monomer, dimer, trimer, and polymers (including oligomers larger than
tetramer) of R-lactalbumin, respectively.

Figure 3. Separation by RP-HPLC of peptides produced by lysylen-
dopeptidase digestion of nonmodified R-lactalbumin. Digestion of R-lac-
talbumin by lysylendopeptidase was performed as described under
Materials and Methods. Peptides were eluted with a two-step gradient of
acetonitrile (0−45%) in 0.1% TFA (- - -) on a YMC-Pack ODS-AP column
and detected by recording the absorbance at 215 nm.
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almost the same amount of oligomers and polymers produced
by GTGase for 15 min. This result is consistent with the
previous finding that GTGase showed the higher efficiency in
cross-linking reaction ofR-lactalbumin than MTGase, that is,
the more rapid decrease of monomeric form and the more rapid
growth of large polymers (31). The reaction mixtures ofFigure
2 were used for the digestion by the proteases and determination
of cross-linking sites in the following sections.

Fractionation of Peptides ofR-Lactalbumin Digested by
Lysylendopeptidase.The digestion by lysylendopeptidase of
nonmodifiedR-lactalbumin was performed prior to the digestion
of R-lactalbumin polymerized by TGases in order to compare
the peptide maps between nonmodifiedR-lactalbumin and
polymerized R-lactalbumin. Figure 3 shows the RP-HPLC
profile of peptide fragments produced by the digestion of
nonmodifiedR-lactalbumin using an ODS type column. Most
of peaks were eluted by 40 min, but one large peak appeared at
∼50 min, indicating the presence of a large and/or hydrophobic
peptide.

Next, R-lactalbumin polymerized by GTGase and MTGase
as shown inFigure 2 was digested by lysylendopeptidase, and
the generated peptides were fractionated by RP-HPLC using
the same chromatographic conditions. Parts A and B ofFigure
4 show the profiles of digests fromR-lactalbumin polymerized
by GTGase and MTGase, respectively. Comparing the patterns
of nonmodified (Figure 3) and GTGase-polymerizedR-lactal-
bumin (Figure 4A), we could not find any difference except
that three peaks newly appeared after 50 min in the digests from
the polymerized one. Comparing the patterns of nonmodified
(Figure 3) and MTGase-polymerizedR-lactalbumin (Figure
4B), the differences were observed in the elution profile at
around 10-40 and 50 min. However, the newly appeared peaks
at ∼10-40 min in Figure 4B were not recognized as cross-
linked peptides in the subsequent analyses, so they were
excluded from our targets. Consequently, only the new peaks
appearing at∼50 min were further analyzed. These peaks newly
appeared inFigure 4 were collected and purified to remove
minor components by RP-HPLC using a different type of
column (YMC Pack Protein-RP column). Identification of the
resultant peptides was attempted using the amino acid sequencer
as described in the next section.

Identification of Targeted Lysine Residues by GTGase
and MTGase in R-Lactalbumin. It is expected that lysine
residues involved in the isopeptide bonds are not acted on by
lysylendopeptidase. Therefore, the fraction containing cross-
linking isopeptide should be recognized by detection of two N
termini. The peptide fractions found only in the digests of
polymerized R-lactalbumin and separated as new peaks as
described in the previous section were analyzed using the amino
acid sequencer to determine whether they have two N termini
or not and to identify amino acid sequences of cross-linked
peptides. For each sample, at least a 15 amino acid sequence
from the N terminus was analyzed. Peaks 1-3 in Figure 4A
were shown to have two N termini. On the basis of the data of
amino acid sequence (32) and the expected peptide fragments
from the digestion of nonmodifiedR-lactalbumin shown in
Figure 5, the peptides of the three new peaks 1-3 of Figure
4A were identified as follows:

Xaa could not be identified, but it should be lysine from the
sequence of the expected peptide fragments inFigure 5.

Figure 4. Separation by RP-HPLC of peptides produced by lysylen-
dopeptidase digestion of TGase-modified R-lactalbumin. (A, B) Separations
of peptides for cross-linked R-lactalbumin by GTGase and MTGase,
respectively. Digestion of R-lactalbumin and elution conditions were as
described in Figure 3. Numbers in (A) and (B) indicate the peaks
containing cross-linked peptides (see text).

Figure 5. Amino acid sequence and expected peptide fragments produced
by lysylendopeptidase digestion of R-lactalbumin.

Peak 1. Asp14-Leu-Xaa(Lys)- - -
Gly17-Tyr - - - -Lys58

Peak 2. Phe80-Leu- - - -Val92-Xaa(Lys)- - -
Gly17-Tyr- - - -Lys58

Peak 3. Leu115-Asp- - - -Glu121-Xaa(Lys)- - -
Gly17-Tyr- - - -Lys58
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The peak eluting just before these peaks and appearing also
in the HPLC pattern of nonmodifiedR-lactalbumin as shown
by the arrow (Figures 3and4) was sequenced for comparison.
This peak was found to be a peptide of Gly17-Lys58, not cross-
linked. On the bais of the results of identification of peaks 1-3
as shown above, we conclude that three different peptides,
namely, Asp14-Leu-Xaa(Lys)- - -, Phe80-Leu- - -Val92-Xaa-
(Lys)- - -, and Leu115-Asp- - -Glu121-Xaa(Lys)- - -, are linked
to the same peptide Gly17-Lys58 to form the cross-linked
peptides of peaks 1-3, respectively, via isopeptide bonds.
Because one peptide involved in peak 3 (Leu115- - -Lys122)
contains one glutamine residue, this glutamine residue could
be a potential cross-linking site. However, Gln117 was detected
by amino acid sequencer, and we could exclude the possibility
of the cross-linking of this glutamine residue. Therefore, we
have shown that Lys16, Lys93, and Lys122 are targeted sites
of GTGase.

The new peaks appearing from the digest ofR-lactalbumin
polymerized by MTGase were also analyzed by the amino acid
sequencer, and peak 1 (inFigure 4B) was found to have two
N termini. This fraction contained the following two peptides:
Glu1- - -Xaa (Lys5)- - - and Gly17- - -Lys58. Analysis of the
two starred peaks inFigure 4B showed the same sequence data
as that from peak 1, indicating the peptides in these two peaks
are the derivatives of the peptides in peak 1. Therefore, it was
demonstrated that MTGase could act on Lys5.

We could identify amine donor lysine sites by sequence
analyses of cross-linked peptides liberated fromR-lactalbumin
polymerized by GTGase and MTGase. We also showed that
amine acceptor glutamine site was positioned in the sequence

from Gly17 to Lys58. Becasue this peptide contains three
glutamines, Gln39, Gln43, and Gln54, we could not know which
was the glutamine residue(s) targeted by TGases. Therefore,
all of the cross-linked peptides were further digested to smaller
peptides and separated using RP-HPLC to identify amine
acceptor glutamine residue(s) as described in the next section.

Identification of Glutamine Residue Involved in Cross-
Linking. Peptides of peaks 1-3 of Figure 4A and of peak 1
of Figure 4B were digested by V8 protease, and the resultant
peptide fragments were separated using RP-HPLC as shown in
panels A, B, C, and D ofFigure 6, respectively. The conditions
and column used were the same as those ofFigures 3 and4.
Peaks a-d were found to have two N termini and thought to
be cross-linked peptides. These fractions contained peptides
(YGLF- - -) in common. This peptide can be identified as
Tyr50- - -Lys58 on the basis of the expected peptide fragment
(Figure 5). Therefore, it is thought that Gln54 should be the
common site targeted by GTGase and MTGase.

DISCUSSION

The results reported here showed that, of 12 lysine residues
in R-lactalbumin, 3 lysine residues (Lys16, 93, and 122) and
one lysine residue (Lys5) could be selectively modified by
GTGase and MTGase, respectively, whenR-lactalbumin was
treated by the addition of DTT. Only one glutamine residue
was available to the enzymes, although six glutamine residues
are present inR-lactalbumin. The low numbers of lysine and
glutamine residues available to both GTGase and MTGase may
restrict the rapid cross-linking ofR-lactalbumin as compared

Figure 6. Separation by RP-HPLC of peptides produced by the V8 protease digestion of the cross-linked peptides. Cross-linked peptides separated and
purified from lysylendopeptidase digests of R-lactalbumin polymerized by GTGase and MTGase were further cleaved by V8 protease as described under
Materials and Methods. (A, B, C) Separations of peptides produced by V8 protease digestion of peak 1, peak 2, and peak 3 of Figure 4A, respectively,
that is, cross-linked peptides originating from GTGase-induced R-lactalbumin polymer. (D) Separation of peptides produced by V8 protease digestion of
peak 1 of Figure 4B. Elution conditions and column were the same as those of Figure 3. (a−d) Peaks containing cross-linked peptides.
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to the case of using caseins as substrates (11). A number of
glutamine residues, at least three, are found to be TGase-reactive
for each casein (20). Flexible conformation of caseins may
enable lysine and glutamine residues to be modified by TGases,
whereas globular proteins such asR-lactalbumin cannot be good
substrates of TGases even if the proteins are partially denatured.

It is worthwhile to note the difference in the number and the
site of reactive lysine residues between GTGase- and MTGase-
catalyzed systems in relation to the efficiency of polymer
formation. In our previous studies, polymer formation of
R-lactalbumin caused by incubation with GTGase and MTGase
was investigated using SDS-PAGE (unpublished data) and gel
permeation chromatography combined with a multiangle laser
light scattering detector system (31). GTGase showed the high
cross-linking activity at the early stages of incubation within
60 min, namely, the more rapid decrease of monomeric
R-lactalbumin and the more rapid growth of large polymers.
Such a difference in the efficiency of polymer formation should
originate from the difference in the number of TGase-reactive
lysine residues inR-lactalbumin demonstrated in the present
study. It is thought that GTGase can catalyze cross-linking of
R-lactalbumin more efficiently acting on three lysine residues
than MTGase, which can use only one lysine residue.

There are limited data about the sequence specificity around
lysine residues targeted by TGases (22-25). Grootjans et al.
(25) investigated the primary structure requirements around
amine donor lysines inR-crystallin using a site-directed mu-
tagenesis technique. On the basis of their results, they pointed
out the trends on the influence of the residue preceding the
amine donor lysine site. That is, glycine and aspartic acid before
the amine donor lysine have strong adverse effects on substrate
reactivity, and proline, histidine, and tryptophan are less
favorable. In contrast, valine, arginine, and phenylalanine and,
to a lesser extent, serine, alanine, leucine, tyrosine, and
asparagine were shown to have an enhancing effect. This pattern
of preference was shown to be largely in agreement with that
previously observed for the limited number of characterized
amine donor lysines in protein substrates for TGases. We discuss
the applicability of this finding to our data as follows.

The amino acid residues preceding Lys93 and Lys16 were
valine and leucine, satisfying the requirement suggested by
Grootjans et al. (25). The residue preceding Lys5 is threonine.
The preference of this amino acid residue was not studied by
Grootjans et al. (25), but they confirmed the appearance of
threonine as a preceding residue in the past data. Therefore,
our data about substrate requirement around lysine residues in
R-lactalbumin for GTGase and MTGase are consistent with the
suggestion of Grootjans et al. (25), except Lys122.

The residue preceding Lys122 was glutamic acid. There is
no example that glutamic acid precedes a lysine targeted by
TGases. For instance, the sequence of - - -Glu-Lys- - - was found
in rat seminal vesicle SV-IV protein, but this lysine residue was
not attacked by TGase (22). As described above, aspartic acid
before the amine donor lysine has strong adverse effects. It is
possible that the negative charge of glutamic acid and aspartic
acid discourages the reactivity of lysine against TGases.
Actually, Lys79, Lys98, and Lys114 after aspartic or glutamic
acids inR-lactalbumin (seeFigure 5) were not modified by
both of the TGases. Therefore, it seems to be unusual that
GTGase attacks lysine residues after glutamic acid in substrate
proteins.

Although the amino acid sequence before the reactive lysine
satisfies the requirement of Grootjans et al. (25), some lysine

residues ofR-lactalbumin were not attacked by the TGases. For
instance, Lys13 after leucine was not found to be cross-linked.
This indicates that conformational factor as well as primary
sequence may also affect the reactivity of lysine for TGases.
Our result thatR-lactalbumin was not cross-linked by the TGases
in the absence of DTT also supports the importance of
conformational factor with respect to the induction of the
enzyme reaction. The data and discussion on the conformational
environment of reactive lysine residues were scant, but it is
suggested that TGase may prefer solvent-exposed lysine residues
(21). As for the case of TGase-reactive glutamine residues, the
secondary structure around the target lysine might be also
important for determining the susceptibility of proteins to TGase
reactions.

The data on three-dimensional structure (32, 33) show that
all of the lysine residues inR-lactalbumin are exposed to solvent
in the native state. GTGase-reactive Lys16 is involved in the
sequence forming turn structure, and GTGase-reactive Lys122
is positioned in the flexible region of C termini, which are
predicted to show no structural preferences. Such secondary
structural environment probably encourages the susceptibility
to the enzyme reaction. Furthermore, the disruption of super-
reactive Cys6-Cys120 disulfide bond, which is 140 times more
reactive than normal disulfides in the fully accessible state and
easily reduced by 1 mM DTT at pH 7.0 (37), should occur in
the presence of 15 mM DTT, thereby enhancing the accessibility
of TGases to Lys122.

On the other hand, Lys5 and Lys93 are positioned in the
N-terminal end ofR-helix (5-11, called the A-helix) and the
center of theR-helix (85-98, called the C-helix), respectively.
It has been suggested that glutamine residues inR-helices are
difficult to be attacked by TGase. On the basis of our results,
we can speculate that lysine residues inR-helices are available
to TGases, in contrast to the case of glutamine residue. However,
the results of CD spectra (Figure 1) suggest the unfolding of
R-helices ofR-lactalbumin in the reduced form to greater extent,
and it is also likely that such unfolding enhances the reactivity
of Lys5 and Lys93. Chyan et al. (41) demonstrated that the
C-helix was not persistent in partially denatured states, that is,
the molten globule state, using a hydrogen exchange technique
combined with a NMR spectroscopy. Judging from the sub-
stantial change of far-UV CD spectra (Figure 1), the secondary
structure of reducedR-lactalbumin seems to be more unfolded
than theR-lactalbumin molecule in the molten globule state,
which does not affect far-UV CD spectra (41). Therefore, Lys93
in the C-helix ofR-lactalbumin should be susceptible to TGase
reaction in the reduced condition because of unfolding of the
helix. The A-helix ofR-lactalbumin is found to be persistent in
the partially denatured state (41). However, disruption of the
superreactive disulfide bond (Cys6-Cys120) may weaken a
native-like tertiary fold, thereby partially destabilizing the
A-helix structure. It is unlikely, therefore, that lysine residues
in persistentR-helices are susceptible to TGase reactions.

In the present study, only Gln54 was modified by GTGase
and MTGase in the presence of DTT. This is consistent with
the previous result, that is, the selective modification of Gln54
by MTGase whenR-lactalbumin is in the molten globule state
(26). These results imply that TGases are much more selective
toward amino acceptor glutamine residues in proteins than they
are toward the lysine substrates, irrespective of the origin of
the enzyme. It is interesting that the specificity on reactive
glutamine residues has been conserved, although MTGases have
evolved along a different pathway from the Ca2+-dependent
TGases.
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Coussons et al. (19) derived some rules to identify “discour-
aging” sequence features for the TGase reaction. For substrates
with little ordered structure, they claimed that the positively
charged amino acids within the five positions next to the
C-terminal side of a glutamine residue are a discouraging
feature. Gln54 does not follow this charge rule, because the
fourth position after Gln54 is lysine. Several TGase-reactive
glutamines in the caseins (29) and histones (42) were found to
not follow the charge rule, too. Coussons et al. (18) also
discussed conformational factors affecting reactivity of glutamine
residues. According to their criteria, the glutamine must satisfy
an accessibility either by being in a highly flexible region of
polypeptide chain or by being clearly exposed to solvent in a
more structured region. Furthermore, the target glutamine side
chains should be in regions that are predicted to be reverse turns,
at the end ofâ-sheet structure, or to show no structural
preferences. Gln54 ofR-lactalbumin is involved in a type-I turn
structure and exposed to the solvent in the native state, satisfying
the requirement on the secondary structure to be attacked by
TGase (32, 33). However, our present and previous results have
shown that Gln54 cannot be modified by TGase whenR-lac-
talbumin is in the native state. Tertiary and/or secondary
structural change induced by disruption of intact disulfide
bond(s) may be essential for the full exposure of Gln54 to be
available to TGases. Possible reasons of no reaction of other
glutamine residues inR-lactalbumin were already discussed in
detail in the previous paper (26).

In conclusion, the present results showed that there were a
limited number of potential GTGase- and MTGase-reactive
lysine and glutamine residues in the bovineR-lactalbumin: in
the case of 12 lysine residues, 3 residues and 1 residue were
used for GTGase and MTGase, respectively; and in the case of
6 glutamine residues, only 1 was used for both of them.
Although the same site was recognized commonly as a reactive
glutamine residue by both of the TGases, the site specificities
for reactive lysine residue were completely different. The reason
for variable lysine substrates should be due to the difference in
the amino acid sequence and secondary structural environment
around active site pocket between GTGase and MTGase (27).
In addition, it is possible that two regions outside the active
site pocket that are important for substrate recognition play
dominant roles in determining the specificity for amine donor
lysine sites, because these regions are lacking in MTGase,
whereas they are present in factor XIIIa and tissue TGases (43).

LITERATURE CITED

(1) Folk, J. E.; Chung, S. I. Molecular and catalytic properties of
transglutaminase.AdV. Enzymol. 1973, 38, 109-191.

(2) Lorand, L.; Conrad, S. M. Transglutaminases.Mol. Cell.
Biochem. 1984, 58, 9-35.

(3) Kim, S.-Y.; Kim, I.-G.; Chung, S.-I.; Steinert, P. M. The structure
of the transglutaminase 1 enzyme.J. Biol. Chem. 1994, 269,
27979-27986.

(4) Nakaoka, H.; Perez, D. M.; Baek, K. J.; Das, T.; Husain, A.;
Misono, K.; Im, M-J.; Graham, R. M. Gh: A GTP-binding
protein with transglutaminase activity and receptor signaling
function.Science1994, 264, 1593-1596.

(5) Shimizu, T.; Hozumi, K.; Horiike, S.; Nunomura, K.; Ikegami,
S.; Takano, T.; Shimonishi, Y. A covalently cross-linked histone.
Nature1996, 380, 32.

(6) Ikura, K.; Kometani, T.; Sasaki, R.; Chiba, H. Crosslinking of
soybean 7S and 11S proteins by transglutaminase.Agric. Biol.
Chem. 1980, 44, 2979-2984.

(7) Ikura, K.; Yoshikawa, M.; Sasaki, R.; Chiba, H. Incorporation
of amino acids into food proteins by transglutaminase.Agric.
Biol. Chem. 1981, 45, 2587-2592.

(8) Motoki, M.; Nio, N. Crosslinking between different food proteins
by transglutaminase.J. Food Sci. 1981, 48, 2587-2592.

(9) Nio, N.; Motoki, M.; Takinami, K. Gelation mechanism of
protein solution by transglutaminase.Agric. Biol. Chem. 1986,
50, 851-855.

(10) Alexandre, M.-C.; Larre, C.; Viroben, G.; Popineau, Y.; Guegen,
J. Modification of a wheat gliadin by bovine plasma factor XIII.
In Food Proteins. Structure and Functionality; Shwenke, K. D.,
Mothes, R., Eds.; VCH: Weinheim, Germany, 1993; pp 172-
179.

(11) Traore, F.; Meunier, J.-C. Cross-linking activity of placental F
XIIIa on whey proteins and caseins.J. Agric. Food Chem. 1992,
40, 399-402.

(12) Nonaka, M.; Tanaka, H.; Okiyama, A.; Motoki, M.; Ando, H.;
Umeda, K.; Matsuura, A. Polymerization of several proteins by
Ca2+-independent transglutaminase derived from microorgan-
isms.Agric. Biol. Chem. 1989, 53, 2619-2623.

(13) Sakamoto, H.; Kumazawa, Y.; Motoki, M. Strength of protein
gels prepared with microbial transglutaminase related to reaction
conditions.J. Food Sci. 1994, 59, 866-871.

(14) Chanyongvorakul, Y.; Matsumura, Y.; Nonaka, M.; Motoki, M.;
Mori, T. Physical properties of soybean and broad bean 11S
globulin gels formed by transglutaminase reaction.J. Food Sci.
1995, 60, 483-488, 493.

(15) Chanyongvorakul, Y.; Matsumura, Y.; Sawa, A.; Nio, N.; Mori,
T. Polymerization ofâ-lactoglobulin and bovine serum albumin
at oil-water interfaces in emulsions by transglutaminase.Food
Hydrocolloids1997, 11, 449-455.

(16) Faergemand, M.; Otte, J.; Qvist, K. B. Enzymatic cross-linking
of whey proteins by a Ca2+-independent microbial transglutami-
nase fromStreptmyces lydicus. Food Hydrocolloids1997, 11,
19-25.

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

(18) Coussons, P. J.; Kelly, S. M.; Price, N. C.; Johnson, C. M.; Smith,
B.; Sawyer, L. Selective modification by transglutaminase of a
glutamine side chain in the hinge region of the histidine 388-
glutamine mutant of yeast phosphoglycerate kinase.Biochem.
J. 1991, 273, 73-78.

(19) Coussons, P. J.; Price, N. C.; Kelly, S. M.; Smith, B.; Sawyer,
L. Factors that govern the specificity of transglutaminase-
catalyzed modification of proteins and peptides.Biochem. J.
1992, 282, 929-930.

(20) Christensen, B. M.; Sorensen, E. S.; Hojrup, P.; Petersen, T. E.;
Rasmussen, L. K. Localization of potential transglutaminase
cross-linking sites in bovine caseins.J. Agric. Food Chem.1996,
44, 1943-1947.

(21) Robinson, N. A.; Eckert, R. L. Identification of transglutaminase-
reactive residues in S100A11.J. Biol. Chem. 1998, 273, 2721-
2728.

(22) Porta, R.; Esposito, C.; Metafora, S.; Malorni, A.; Pucci, P.;
Siciliano, R.; Marino, G. Mass spectrometric identification of
the amino donor and acceptor sites in a transglutaminase protein
substrate secreted from rat seminal vesicles.Biochemistry1991,
30, 3114-3120.

(23) Steinert, P. M.; Marekov, L. N. The proteins elafin, filaggrin,
keratin intermediate filaments, loricrin and small proline-rich
proteins 1 and 2 are isopeptide cross-linked components of the
human epidermal cornified cell envelope.J. Biol. Chem. 1995,
270, 17702-17711.

(24) Candi, E.; Melino, G.; Mei, G.; Tarcsa, E.; Chung, S.-I.;
Marekov, L. N.; Steinert, P. M. Biochemical, structural, and
transglutaminase substrate properties of human loricrin, the major
epidermal cornified cell envelope protein.J. Biol. Chem.1995,
275, 26382-26390.

(25) Grootjans, J. J.; Groenen, P. J. T. A.; De Jong, W. W. Substrate
requirements for transglutaminases. Influence of the amino acid
residue preceding the amine donor lysine in a native protein.J.
Biol. Chem. 1995, 270, 22855-22858.

7418 J. Agric. Food Chem., Vol. 50, No. 25, 2002 Lee et al.



(26) Matsumura, Y.; Chanyongvorakul, Y.; Kumazawa, Y.; Ohtsuka,
T.; Mori, T. Enhanced susceptibility to transglutaminase reaction
of R-lactalbumin in the molten globule state.Biochim. Biophys.
Acta 1996, 1292, 69-76.

(27) Kanaji, T.; Ozaki, H.; Takao, T.; Kawajiri, H.; Ide, H.; Motoki,
M.; Shimonishi, Y. Primary structure of microbial transglutami-
nase fromStreptoVerticillium sp. strain s-8112.J. Biol. Chem.
1993, 268, 11565-11572.

(28) Washizu, K.; Ando, K.; Koikeda, S.; Hirose, S.; Matsuura, A.;
Takagi, H.; Motoki, M.; Takeuchi, K. Molecular cloning of the
gene for microbial transglutaminase fromStreptoVerticillium and
its expression inStreptomyces liVidans. Biosci., Biotechnol.,
Biochem. 1994, 58, 82-87.

(29) Yamanishi, K.; Liew, F. M.; Konishi, K.; Yasuno, H.; Doi, H.;
Hirano, J.; Fukushima, S. Molecular cloning of human epidermal
transglutaminase cDNA from keratinocytes in Culture.Biochem.
Biophys. Res. Commun. 1991, 175, 906-913.

(30) Gentile, V.; Saydaku, M.; Chiocca, E. A.; Akande, O.; Birck-
bichler, P. J.; Lee, K. N.; Stein, J. P.; Davies, P. J. A. Isolation
and characterization of cDNA clones to mouse macrophage and
human endothelial cell tissue transglutaminases.J. Biol. Chem.
1991, 266, 478-483.

(31) Matsumura, Y.; Lee, D.-S.; Mori, T. Molecular weight distribu-
tions of R-lactalbumin polymers formed by mammalian and
microbial transglutaminases.Food Hydrocolloids2000, 14, 49-
59.

(32) Acharya, K. R.; Stuart, D. I.; Walker, N. P. C.; Lewis, M.;
Phillips, D. C. Refined structure of baboon ofR-lactalbumin at
1.7A resolution.J. Mol. Biol. 1989, 208, 99-127.

(33) Acharya, K. R.; Ren, J.; Stuart, D. I.; Phillips, D. C.; Fenna, R.
E. Crystal structure of humanR-lactalbumin at 1.7A resolution.
J. Mol. Biol. 1991, 221, 571-581.

(34) Ikura, K.; Sakurai, H.; Okumura, K.; Sasaki, R.; Chiba, H. One-
step purification of guinea pig liver transglutaminase using a
monoclonal-antibody immunoadsorbent.Agric. Biol. Chem.
1985, 49, 3527-3531.

(35) Folk, J. E.; Cole, P. W. Mechanism of action of guinea pig liver
transglutaminase.J. Biol. Chem. 1966, 241, 5518-5525.

(36) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4.Nature 1970, 227,
680-685.

(37) Kuwajima, K.; Ikeguchi, M.; Sugawara, T.; Hiraoka, Y.; Sugai,
S. Kinetics of disulfide bond reduction inR-lactalbumin by
dithiothreitol and molecular basis of superreactivity of the Cys6-
Cys120 disulfide bond.Biochemistry1990, 29, 8240-8249.

(38) Matsumura, Y.; Mitsui, S.; Dickinson, E.; Mori, T. Competitive
adsorption ofR-lactalbumin in the molten globule state.Food
Hydrocolloids1994, 8, 555-566.

(39) Yang, J. T.; Wu, C.-S. C.; Martinez, H. M. Calculation of protein
conformation from circular dichroism. InMethods Enzymology.
Vol. 130, Macromolecular Conformation: Spectroscopy; Hirs,
C. H. W., Timasheff, S. N., Eds.; Academic Press: New York,
1986; pp 208-263.

(40) Chen, Y.-H.; Yang, J. T.; Chau, K. H. Determination of the helix
andâ form of protein in aqueous solution by circular dichroism.
Biochemistry1974, 13, 3350-3359.

(41) Chyan, C.-L.; Wormald, C.; Dobson, C. M.; Evans, P. A.; Baum,
J. Structure and stability of the molten globule state of guinea-
pig R-lactalbumin: a hydrogen exchange study.Biochemistry
1993, 32, 5681-5691.

(42) Ballestar, E.; Abad, C.; Franco, L. Core histones are glutaminyl
substrates for tissue transglutaminase.J. Biol. Chem.1996, 271,
18817-18824.

(43) Achyuthan, K. E.; Slaughter, T. F.; Santiago, M. A.; Enghild, J.
J.; Greenberg, C. S. Factor XIIIa-derived peptide inhibit trans-
glutaminase activity. Localization of substrate recognition sites.
J. Biol. Chem.1993, 268, 21284-21292.

Received for review May 6, 2002. Revised manuscript received August
29, 2002. Accepted September 19, 2002. This research was partially
supported by a Grant-in-Aid from the Program for Promotion of Basic
Research Activities for Innovative Biosciences in Japan.

JF020529A

Identification of Cross-Linking Sites by Transglutaminases J. Agric. Food Chem., Vol. 50, No. 25, 2002 7419


