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Action of Transglutaminase on the Constitutive Polypeptides of Pea

Legumin
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Transglutaminase catalyzes the polymerization of the constitutive polypeptides of legumin. Thisreaction
was studied with the polypeptides in three conformations: organized in the native legumin, dissociated
subunits, and separated subunits. In the native globular conformation, only the a polypeptides were
polymerized, indicating that the 8 polypeptides were buried. Among the three types of a polypeptides,
the two heavy a types were more involved in the polymerization reaction than the light type. This lesser
reactivity was related to the small amount of Gln accessible and the absence of lysyl residues in the
most flexible segments of this polypeptide. The dissociated forms were shown to be better substrates
than the native form; however, polymers were obtained with both substrates. When native legumin
was used as a substrate, only a few linkages were formed, mainly between the o polypeptides. In the
case of separated polypeptides, a number of linkages were established between both @ and 8 polypeptides.
Dissociation induced by pH did not improve polymerization.

INTRODUCTION

Transglutaminase (TGase, EC 2.3.2.13) has been ex-
tensively studied (Folk, 1980) and is known to catalyze
the transfer of the y-carboxamide group of glutaminyl
residues in proteins to primary amino groups in a variety
of compounds. Among these, [14C]putrescine and mono-
dansylcadaverine were the acyl acceptors most frequently
used to characterize in vivo the reactivity of peptides or
proteins. A number of proteins were shown to be potential
acyldonorsinthe amine incorporationreaction. Moreover,
they are potential substrates; their glutaminyl (donor)
residues and their lysyl (acceptor) residues simultaneously
lead to the formation of polymers cross-linked through -
(y-glutamyl)lysyl isopeptidic bonds. From invitrolabeling
experiments (Gorman and Folk, 1980, 1984; Berbers et
al., 1983; Wold, 1985), it appears that both the local
conformation and the amino acid sequence around a
glutaminyl residue contribute to the substrate reactivity.
More recently, taking into account the position and the
surrounding of the reactive as well as the nonreactive
glutaminyl residues in a group of 10 well-known proteins,
Coussons et al. (1992) defined some rules concerning the
reactivity of a glutaminyl residue. They applied these
rules with success to account for the nonreactivity of some
glutamines of high accessibility in the case of 8-lactoglo-
bulin, lysozyme, and phosphoglycerate kinase. When no
amine is available in the reaction mixture, water acts as
acyl acceptor, leading to the hydrolytic cleavage of the
amide group of glutaminyl residues (Neidle et al., 1958;
Mycek et al., 1959).

Ikura et al. (1980a,b) reported that transglutaminase
can be used to polymerize bovine casein components and
soybean proteins. The solubility, the emulsifying activity,
and especially the hydration properties of polymerized
proteins were greatly modified (Motoki et al., 1984). Such
products might be interesting for the production of
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intermediate moisture protein food. Transglutaminase
was also shown to be useful for preparing gels (Nio et al.,
1986) with various breaking strengths and hardnesses
(Nonaka et al.,, 1992). This enzymatic reaction is a
promising method to modify proteins and to enlarge the
application fields of seed storage proteins.

Legumin with a relative molecular weight (M;) of about
360 000 is representative of seed storage proteins of 118
type. It is composed of six (a8) subunits, each of which
consists of disulfide-linked acidic («) and basic (8)
polypeptides (Derbyshire et al., 1976; Casey, 1979). Two
types of constitutive subunits have been distinguished:
the heavy subunits consisting of « and 8 polypeptides of
respective molecular weights 40 000 and 22 000 and the
light subunits consisting of o and 3 polypeptides of lower
molecular weight, respectively, 24 500 and 21 000 (Matta
et al., 1981). The complete structure of legumin has not
yet been elucidated, but two models based on the («f)¢
oligomeric structure are generally accepted (Badley et al.,
1975; Plietz et al., 1984).

Despiteitsrelatively high content in glutaminyl residues,
legumin was shown to be a rather poor substrate in its
native conformation. One way to enhance its reactivity
is to modify its lysyl residues by acylation (Larré et al.,
1992).

In the present study, we were interested in comparing
the types of polymers obtained when native or modified
legumin was used as substrate, and the results were
interpreted in terms of structure. The highest levels of
polymerization were obtained with the modified protein.
To avoid chemical modification, we tried to enhance the
polymerization level of native legumin by inducing con-
formational changes by pH variations (Gueguen et al,,
1988).

MATERIALS AND METHODS

Transglutaminase. Transglutaminase (TGase) was purified
from fresh guinea pig liver according to the method of Brookhart
et al. (1983) as modified by Larré et al. (1992).

Substrate Proteins. Native and citraconylated legumins
(Pisum sativum L. cv. Amino) were prepared according to the
methods of Larré and Gueguen (1986) and Larré et al. (1992).
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The citraconylated legumin used in this study had only 90% of
its lysyl residues blocked and was completely dissociated into 3S
components which were rather unfolded (Larré et al., 1992).

The various («B) subunits were obtained after fractionation
of native legumin in 0.1 M phosphate buffer, pH 7.6, and 6 M
urea by anion-exchange chromatography (Dudek, unpublished
data). The sequences used for the different subunits were those
established by Domoney et al. (1986), Gatehouse et al. (1988),
and Lycett et al. (1984). The flexibility at each point of aselected
protein sequence was predicted by the method of Karplus and
Schultz (1985) using PCGENE software (Flexpro). The chain
flexibility at an amino acid was measured from the average value
of the atomic temperature factor (also called the B value) of the
a carbon atom taking into account the seven neighboring amino
acids. A normalized B value greater than 1 indicates a flexible
amino acid. In the case of legumin polypeptides, the highest B
value obtained was 1.143.

Transglutaminase Activity Assay. Kinetic reactions were
performed in 0.2 M Tris-HCI buffer, pH 7.0, whereas the action
of TGase depending on the pH was studied with the following
buffer systems: citric acid-NaOH from pH 5 to 6.5 and Tris-HC1
from pH 6.5 to 9. In every case, the enzymatic reaction was
carried out in 0.2 M buffer, 7.5 mM CaCl;, 1 mM DTT, 3.33
mg/mL protein substrate, and 0.2 unit of TGase/mg of substrate.
Legumin was solubilized in 0.05 M Tris-HCI buffer, pH 7.5, and
incubation was performed at 37 °C in the conditions described
above. The reaction was stopped by adding EGTA at a final
concentration of 20 mM. The zero time product was obtained
by adding EGTA to the reaction mixture before the enzyme was
added. The reaction was followed by the amount of ammonia
released, and the reaction products were characterized by SDS-
PAGE.

Determinationof Ammonia. The amount ammoniareleased
during the transglutaminase reaction was determined using
glutamate dehydrogenase (EC 1.4.1.2) according to the method
of Kun and Kearney (1974). .

SDS-Polyacrylamide Gel Electrophoresis. SDS-PAGE
was carried out in homogeneous polyacrylamide (13%) slab gels
as described by Laemmli (1970) after reduction by mercapto-
ethanol of the TGase reaction products. The gels were stained
for2hwith0.1% Coomassie blue G 250 solubilized in a methanol-
acetic acid-water mixture (25/10/65 v/v/v). The destaining was
performed overnight in 5% acetic acid. The gel was analysed by
densitometry. For each scan, the baseline was subtracted and
itstotal area was normalized to a standard value of 1. To analyze
the action of the TGase on the substrates at various pH values,
the pattern of the time zero assay was subtracted from each scan
of the corresponding products. In this way the appearance and
disappearance of component were calculated as positive or
negative values. The resulting pattern was then integrated by
sections. Four sections were retained: above 100 000 Da, from
100 000 to 45 000 Da, from 45 000 to 22 000 Da, and below 22 000
Da.

RESULTS AND DISCUSSION

Behavior of Native and Dissociated Legumin and
the Separated Subunits during the Enzyme Reaction.
In this study, the enzyme kinetics were performed on native
legumin or on the constitutive subunits prepared by two
different ways. The first type of modified substrate used
was composed of subunits obtained after complete dis-
sociation of the protein by partial acylation of its amino
groups (Larré et al,, 1992). The second type of substrate
was composed of different subunits respectively separated
by chromatography, the heavy (MW 62 000) or light (MW
46 500) subunits as described by Matta et al. (1981).

Kinetics were performed on native and dissociated
legumins at pH 7 to keep the nonmodified protein with
its globular conformation. The electrophoretic patterns
of the reaction products revealed the main classical bands
obtained for native legumin corresponding to the acidic
and basic polypeptides (Figure 1) and also bands of higher
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Figure 1. Densitometric profiles of control legumin (—) and
native (- - -) and citraconylated (- - -) legumin products after 1 h
of TGase reaction at pH 7. Experimental conditions: 0.2 M
appropriate buffer, 10mM CaClz, 1 mM DTT, 3.3 mg/mL protein
substrate, and 0.2 unit of TGase/mg at 37 °C.
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Figure 2. Kinetics of legumin polypeptide disappearance and
polymer formation during the TGase reaction: (a) nativelegumin;
(b) citraconylated legumin. (0) « polypeptides; (¢) 8 polypep-
tides; (A) polymers.

molecular weights which are characteristic of polymerized
forms. The bands observed in the molecular weight range
of 67 000-90 000 should correspond to two polypeptides
linked together through an isopeptidic bond, while those
of molecular weight above 100 000 correspond to three or
more cross-linked polypeptides. The bands observed for
the reaction products obtained with the other substrates
were analyzed by referring tothese patterns. Quantitative
analysis of polypeptide bands of the electrophoretic
patterns gives evidence for different behaviors between
native and citraconylated legumin in the polymerization
reaction (Figure 2). When native legumin was substrate,
the acidic polypeptides were clearly involved in the
polymerization reaction; 54% of them were cross-linked
after 1 h of reaction (Figure 2a). On the contrary, the
basic polypeptides remained almost unchanged during the
enzymatic reaction. This phenomenon did not occur for
the citraconylated legumin in which both acidic and basic
polypeptides participated in the cross-linking reaction
(Figure 2b).
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The same experiment was done with two separated («f3)
subunits, the heavy one (MW 62 000) and the light one
(MW 46 500). Polymerization occurred in both cases, but
the behaviors of the a and 8 polypeptides differed,
depending on the type of subunit to which they belonged.
In the case of the heavy subunit both polypeptides
participated at the samerate in the polymerization process.
In the case of the light subunit, the « polypeptide was
more quickly involved in the polymerization than the 3
one.

The results obtained with citraconylated legumin sug-
gested that its high reactivity should be related to the
dissociation induced by the chemical modification or to
acharge effect due to the introduction of citraconyl groups.
Moreover, when the separated subunits were substrates,
both acidic and basic polypeptides were involved in the
polymerization reaction, indicating that some of their
glutaminyl and lysyl residues can act in the TGase reaction
as acyl donor and acyl acceptor, respectively. The
behaviors of separated subunits strengthen the hypothesis
that the increased reactivity is due to the dissociation
phenomenon and not to sequence characteristics. It is
interesting to point out that the 10% unblocked lysyl
residues became highly reactive in the T'Gase reaction.
Even with 90% lysyl residues blocked, the citraconylated
legumin was highly polymerized; 69 % of its $ and 78 % of
its o polypeptides were involved in the reaction after 2 h
(Figure 2b).

Our results established clearly that the participation of
the constitutive polypeptides of legumin in the polymer
formation is dependent on the legumin conformation.
Information of two types can be deduced: onthesubstrate
structure and on the type of polymers obtained. When
the substrate was in its native conformation, the 3
polypeptides were not involved in the polymerization
reaction, even though they were when legumin was
dissociated or when purified subunits were substrates. We
can therefore presume that this nonreactivity is related to
the native legumin structure. This lower reactivity of the
8 polypeptides was also previously observed by chemical
glycosylation of legumin (Caer et al., 1990). These results
are in agreement with the model of Plietz (1984), who
proposed that the 8 polypeptides are buried in the center
of the structure while the « polypeptides are located in
the periphery. Depending on the substrate conformation,
different polymers should be obtained. In one case, the
basic monomers are 6(a3) globular hexameric forms (11S)
with a quaternary structure and the isopeptidic bonds are
established only between the peripheral a polypeptides. In
the other case, the basic monomers are «f3 subunits (3S)
with a tertiary structure and both polypeptide types («
and B) participate in the polymer formation. Moreover,
it seems likely that these constituent monomers (3S) are
simultaneously largely deamidated (Larré et al., 1991).
The geometric arrangement of the constituent protein
units of these two types of polymers was not character-
ized.

In the case of native legumin, some differences in the
behavior of the various « polypeptide types during the
polymerization reaction can be observed (Figure 3). Three
a polypeptides of different molecular weights were dis-
tinguished (am;, 43 000, ays, 38 000; and «y, 21 500).
According to Matta et al. (1981) the first two are
considered heavy polypeptides and the third one a light
polypeptide. The heavy a polypeptides participated
similarly in the polymerization. After 2hofreaction,75%
and 86% of these two forms had disappeared, while only
30% of the light « polypeptide had polymerized.

Larré et al.

relative density (%)

0 20 40 60 80 100 120
L time (min)

Figure 3. Quantitative analysis of the time-dependent decrease
of the bands corresponding to the constitutive polypeptides of
native legumin during the polymerization induced by TGase on
three experiments. The 100% value was calculated for each band
at the time zero of the first experiment. (a) 8 polypeptides; (©)
am; polypeptides; () an; polypeptides; (O) ar, polypeptides.

The sequences of the three types of a polypeptides
checked in this study are described in the literature
(Domoney et al., 1986; Lycett et al., 1984; Gatehouse et
al., 1988), but nothing is known on their position in the
structure. Their relative proportions in the legumin
structure varied with the genotype; in our case, the light
a polypeptide represented about 20% of the total «
fraction. From the different behaviors observed between
the two a polypeptide types a hypothesis may be formu-
lated. Assuming that the « polypeptides are equally
distributed on the periphery of the native protein, it is
possible to estimate the potential reactivity of a glutaminyl
residue in the TGase reaction by using the rules proposed
by Coussons et al. (1992). According to the first rule we
have screened the sequences and obtained the list of
flexible segments. Only the sequence segments with a B
value above 1.1 were taken into account to analyze those
of greatest flexibility. As we were interested in polym-
erization, the lysyl residues were considered to be reactive
if located in flexible segments of the protein and if not
preceded by aleucine residue in the sequence (Folk, 1980).
Among the 18 flexible segments predicted, having the
defined criteria (B = 1.1), 16 were located on the two heavy
a polypeptides (8 on ay; and 8 on ays) and only 2 on the
light (ar) a polypeptide sequence. Considering the amount
of Gln and Lys potentially reactive in these segments, it
appears that the ay; polypeptide contained 8 Gln and 3
Lys potentially reactive, the ang 5 Gln and 5 Lys, and the
a;, 1 Gln and no Liys. These results in addition to the low
proportion of light « polypeptides in our legumin sample
can explain the better reactivity of the heavy « polypep-
tides.

Effect of the Reaction pH on the Polymerization.
The substrate effectiveness of native and modified legumin
was examined at various pH values, first by measuring the
amount of ammonia released and second by characterizing
the obtained polymerized products.

Under the action of TGase, the amount of ammonia
liberated from citraconylated legumin was higher than
that from the native protein (Figure 4) for pH 6.5-9.0.
The maximum reactivity, obtained at pH 7 (30 nmol of
NH3/mg), was 3.6 times higher than that of the native
protein.

The e amino groups of protein-bound lysine are known
to act in the transglutaminase reaction as acyl acceptors
and to participate to the formation of e(y-glutamyl)lysyl
cross-links. Because citraconylated legumin has 10% of
its lysyl residues unblocked and potentially reactive, all
reaction products were subjected to SDS electrophoresis
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Figure 4. Ammonia liberated after 2 h of TGase reaction at
various pH values. Experimental conditions: 0.2 M appropriate
buffer, 10 mM CaCly, 1 mM DTT, 3.3 mg/mL protein substrate,
and 0.2 unit/mg T'Gase at 37 °C. (@) Native; (B) citraconylated.

0,3
02 |
0,1

0
20,1

0,2

0,3

0,3 I- 'D (b)
0,2
0,1

0

0,1

0,2

03!

Figure 5. Quantitative analysis of the densitometric patterns
obtained at each pH after 2 h of TGase reaction: (a) native
legumin; (b) citraconylated legumin. (m) MW > 100 000; (@)
100 000 > MW > 45 000; (O) « polypeptides; (2) 8 polypeptides.

to evaluate the proportion of polymers resulting from the
cross-linking. Two types of bands were distinguished,
those that did not even penetrate the gel and those of
apparent molecular weight from 50 000 to 95 000. The
relative densities of the bands are reported in Figure 5.
Polymerization occurred for both substrates over the whole
range of pH, with a maximum between pH 6.5 and 7.5 for
native legumin (Figure 5a). In the case of citraconylated
legumin, polymerized products were obtained in a wide
range of pH, from 6 to 8.5 (Figure 5b). The citraconylated
protein is completely dissociated and soluble over the whole
range of pH; therefore, the reaction was mainly dependent
on the activity of the enzyme at the various pH values.
The products obtained from native or modified legumin
were quite different.

When native legumin was the substrate, most of the
polymers were characterized by a main electrophoretic
band of a molecular weight around 85 000 (Figure 5a). As
far as the accessibility of 8 polypeptides was shown to be
lower for the reaction, this band can be mostly attributed
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to two a polypeptides linked together through at least one
isopeptide bond. Bands with a molecular weight higher
than 95000 were also detected on the electrophoretic
pattern; they correspond to polymers resulting from the
cross-linking of more than two polypeptides. The polymers
obtained with citraconylated legumin were characterized
by the same electrophoretic bands, but their relative
proportions were different, showing mainly higher mo-
lecular weight components (Figure 5b).

Despite the blockage of most of the lysyl residues, a
higher density of linkages was catalyzed for the citraco-
nylated substrate in all pH conditions. The dissociation
and the partial unfolding of the subunits allow a higher
accessibility of the reactive sites. Many polypeptides can
be bound together through isopeptidic bonds. Inthe case
of native legumin most of the polymerized products
characterized by a band around 80000 MW may be
attributed mainly to two « polypeptides linked together
through an e-(y-glutamyl)lysyl bond. We can presume
that the molecular size of native legumin added to its
compact structure avoids the linkage of more than two
polypeptides together in most cases. At pH <6.5 native
legumin begins to dissociate but, unfortunately, did not
give rise to an increased polymerization because of its
partial insolubilization (Gueguen et al., 1988). At pH
values higher than 8.5 dissociation also occurred but did
not improve polymerization.

Conclusion. The analysis of the polymerized products
supplies information on the structure of native legumin.
Inagreement with Plietz’s model (1984), the nonaccessible
8 polypeptides should be buried in the structure and the
a hydrophilic polypeptides mainly located at the periphery
of the protein. The differences observed between the
various types of polypeptides should be related to their
amino acid composition rather than to their different
locations on the surface of legumin. The g polypeptides
should be buried in the structure and the a hydrophilic
polypeptides mainly located at the periphery of the protein.
The differences observed between the various types of «
polypeptides should be related to their amino acid
composition rather than to their different locations on
the surface of legumin.

Polymerization by TGase occurred even if native
legumin is a rather poor substrate. In the range of pH
values used, dissociation was obtained for pH lower than
6.5and pHhigher than 8.5. Attheacidic pH tested, TGase
was highly reactive, but unfortunately the partial disso-
ciation of legumin did not improve its ability to act as a
substrate. This can be related to a partial insolubilization
in these conditions. Basic pH induced dissociation and
maintained a better solubility of the legumin; however,
the enzyme was rapidly denatured in these conditions.
Dissociation induced by pH did not improve polymeri-
zation, as was the case with dissociation obtained by
chemical modifications. With native legumin as substrate,
the polymers obtained were formed with very few bonds
established through their « polypeptides, whereas those
obtained with dissociated legumin were highly reticulated.
It seems likely that the native legumin polymers are
stabilized through the interactions involved in the qua-
ternary structure as well as the isopeptidic bonds. The
polymers obtained with the legumin subunits are stabilized
by disulfide bridges between « and § polypeptides and
isopeptidic bonds. High molecular weight polymers
differing in their glutamine and glutamic acid content and
presenting various geometric arrangements can be formed
using this technique. Their functional properties, such as
solubility, hydration properties, or interfacial behavior
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should be quite different, and further investigations are
needed before they can be put to practical use. Moreover,
the introduction of covalent isopeptidic bonds into pro-
cessing gels or films might be useful to obtain various
textural properties.
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