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The interaction of calmodulin with purified guinea pig liver transglutaminase was studied.
The nucleotide (ATP and GTP) hydrolysis activity of this tissue transglutaminase was tran-
siently increased and then gradually decreased depending on calmodulin concentration. The
peak activation was obtained in the presence of a stoichiometric amount of calmodulin. The
effect of calmodulin on the classical transglutaminase activity was minimal. Fluorescence
spectroscopy demonstrated that the enzyme produced a significant blue shift in the emission
peak of dansylated calmodulin. Interestingly, Ca®* was not required for the interaction be-
tween the two proteins. The results described here give an additional regulatory role to

calmodulin.

Introduction

Calmodulin (CaM) is a ubiquitous Ca>*-binding
protein, which regulates various Ca**-related
cellular processes (Klee and Cohen, 1988). Ca®*-
CaM complex is involved in such diverse reactions
as the activation of phosphodiesterases, adenylate
cyclases, protein kinases, phosphatases, Ca>*-
ATPases, and so forth. Transglutaminase (R-glut-
aminylpeptide :amine y-glutamyltransferase, EC
2.3.2.13) catalyzes an acyl transfer reaction be-
tween peptidyl glutamine residues and primary
amines including the e-amino group of lysine resi-
dues in proteins (Folk and Finlayson, 1977; Lorand
and Conrad, 1984). The enzyme is distributed
widely in cells, tissues, body fluids and even in
plants and bacteria (Folk and Finlayson, 1977;
Lorand and Conrad, 1984; Chung, 1975; Ando
et al., 1989; Margosiak et al, 1990). The enzyme,
with the exception of plants and bacteria, is Ca*-
dependent (Lorand and Conrad, 1984; Chung,
1975; Ando et al., 1989; Margosiak et al., 1990;
Folk and Chung, 1973). Platelet and chicken giz-
zard transglutaminases have been reported to be
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activated by CaM (Puszkin and Raghuraman,
1985). Another report showed that CaM indirectly
inhibited the activity of blood coagulating factor
XIII (a plasma transglutaminase) by lowering the
free Ca>* concentration through chelation (Cohen
et al., 1986). Here, we report (a) the effect of CaM
on the nucleotide hydrolysis activity which is a re-
cently reported activity associated with guinea pig
liver transglutaminase (Lee et al., 1989, 1993), and
(b) evidence for the direct binding of CaM to
transglutaminase.

Materials and Methods

Reagents

ATP, GTP, bovine brain CaM and its dansylated
form (dCaM) were purchased from Sigma. The pu-
rity of CaM was confirmed by sodium dodecylsul-
fate-polyacrylamide gel electrophoresis (Laemmli,
1970). Lyophilized CaM was reconstituted in TBS.
Guinea pig liver transglutaminase was purified to
homogeneity from a commercial source (Sigma)
by GTP-agarose affinity chromatography, as pre-
viously reported (Lee er al., 1989) except that 2.5 m
KCl was used to elute the protein. The purified
enzyme was stored in aliquots at —70 °C. Protein
concentration were determined by Bradford
method (Bradford, 1976).
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Enzyme assay

ATP and GTP hydrolysis activity was deter-
mined in the presence or absence of Ca** as pre-
viously reported (Lee er al, 1989; Kikuchi et al.,
1988), using 2 um [y-**P]ATP or [y-*’P]GTP (New
England Nuclear), respectively, in 100 ul TBS
containing 5SmM MgCl,. The transglutaminase
activity was measured in 0.2ml TBS as re-
ported (Lorand et al., 1972) using 1 mm [1,4-'%C]-
putrescine (Amersham) and 0.5 mg N,N-dimethyl-
ated casein (Calbiochem). In the latter assay,
Kopcarara value of 4.4x10°m-! (Puszkin and
Raghuraman, 1985) was applied to obtain the de-
sired free Ca?* concentration in the presence of
30 um EGTA. CaM was present in each assay at
the indicated concentrations. CaM itself did not
show any significant activity as nucleotidase or
transglutaminase, neither worked as a substrate
for transglutaminase.

Fluorescence spectrophotometry

In order to detect an interaction between trans-
glutaminase and CaM, 0.4 um dCaM was incu-
bated in 0.4 ml TBS at 0 °C with (a) 30 um EDTA/
EGTA as a control, (b) 0.4 um (12.3 ug) transglu-
taminase plus 250 uv EDTA/EGTA, (c) 210 um
CaCl,/30 uv EDTA/EGTA, or (d) 0.4 um trans-
glutaminase plus 210 um CaCl/30 um EDTA/
EGTA. At the indicated times, the mixture was
excited at 340 nm and the emission spectrum was
obtained over the range of 400-600 nm (Kincaid
et al, 1982) using an Aminco-Bowman spectro-
fluorometer. Buffer alone, buffer containing
CaCl,, EDTA/EGTA, and/or transglutaminase
gave no significant fluorescence in the wave-length
range tested.

Results

CaM effect on enzymatic activities of
transglutaminase

We previously reported GTP hydrolysis activity
of guinea pig liver transglutaminase (Lee et al.,
1989). We found that ATP was similarly hy-
drolyzed by the enzyme as shown in Fig. 1. The
effect of CaM on both ATP and GTP hydrolysis
activities associated with guinea pig liver trans-
glutaminase was tested. ATP hydrolysis was tran-
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siently enhanced and then gradually decreased de-
pending on CaM concentration (Fig. 1 A and C).
The biphasic effect of CaM was also observed in
GTP hydrolysis activity, although to a lesser extent
(Fig. 1B and D). The maximal enhancement in hy-
drolytic activities was obtained at =0.1 um CaM
for 0.11 um transglutaminase and at =0.2 um CaM
for 0.22 um transglutaminase. Such a CaM effect
on nucleotide hydrolysis activity was poorly de-
pendent on the presence of Ca**. When the CaM
effect on the classical transglutaminase activity
was tested, it was small but the peak activity was
observed again around an equimolar ratio of CaM
to the enzyme (Fig. 2). We further tested Ca* de-
pendency of CaM effect on the transglutaminase
activity. However, it was only minor at a stoichio-
metric, or even excess, CaM:enzyme molar ratio
(data not shown).

Fluorescence spectrophotometry

In order to demonstrate the interaction between
transglutaminase and CaM, we employed dCaM
whose fluorescence signal was revealed to change
depending on specific CaM-binding protein
(Kincaid et al, 1982). The fluorescence spectrum
of dCaM indeed altered significantly in the pres-
ence of transglutaminase, Ca>* or both (Fig. 3A).
The emission peak shifted from 525-530 nm to
(a) 517-520 nm with the addition of an equimolar
amount of the enzyme, (b) 500-503 nm with Ca**
and (c) 488-493 nm when both transglutaminase
and Ca®* were present. The fluorescence intensity
of dCaM increased in the presence of the enzyme
and/or Ca®* (Fig.3A). The emission pattern of
dCaM did not shift when BSA, instead of trans-
glutaminase, was present (data not shown).

The time course of emission intensity of dCaM
is illustrated in Fig. 3B. The intensity decreased
gradually most likely as a consequence of the
denaturation of CaM molecule. However, the
addition of Ca®*, transglutaminase or both, all
protected dCaM from the fluorescence diminu-
tion, though to differing extents (transglutaminase
plus Ca** > transglutaminase > Ca®*). The results
shown in Fig. 3 indicate an interaction of guinea
pig liver transglutaminase with CaM. It may be
emphasized that such interaction was significant
even in the absence of Ca®".
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Fig. 1. Effect of CaM on the
nucleotide hydrolysis activi-
ty of guinea pig liver trans-
glutaminase. Purified trans-
glutaminase in 100 ul was in-
* cubated for 30 min at 37°C
as previously reported (Lee
et al., 1989) with the indicated
concentrations of CaM plus
210 um CaCly/30 um EDTA/
EGTA or 250um EDTA/
EGTA. 3?Pi released by the

enzyme action was calculated
after subtracting the spon-
taneous release of *2Pi from
non-enzymatic sample. En-
zyme amounts employed
were 0.9 ug (0.11 um, panels
A and B) and 1.8 ug (0.22 um,
panels C and D), respectively.
Panels A and C: O, ATP/
+Ca’*; @, ATP/-Ca>*; panels
B and D: A, GTP/+Ca’*; A,
GTP/-Ca?*. Values represent
mean = SEM for replicate
samples from 6-9 experi-
ments. *: Significantly differ-
ent (p < 0.02, student r-test)
from no CaM sample. Control
activities assayed in the ab-
sence of CaM were 12.40 +
0.49, 13.52 £ 0.41, 10.64 =
0.40 and 11.77 = 0.52 nmol/
mg-h for ATP/+Ca’*, ATP/
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Discussion

The dCaM fluorescence study revealed an inter-
action between transglutaminase and CaM
(Fig. 3). Fig. 1 demonstrates regulation of the nu-
cleotide hydrolysis activity of guinea pig liver
transglutaminase by CaM. Interestingly, this CaM
effect was biphasic. On the contrary to the re-
ported CaM activation of platelet and chicken giz-
zard enzymes (Puszkin and Raghuraman, 1985),
the CaM effect on the “classical” transglutaminase
activity of guinea pig liver enzyme was small
(Fig. 2). It is unlikely that the CaM effect was due

02 03 04 05

' _Ca?", GTP/+Ca?* and GTP/
(CaM] (uM)

—Ca?* samples, respectively.

to its Ca?*-chelating ability, since (a) a large excess
of Ca’* to CaM was used in assay mixtures and
(b) the biphasic CaM effect was also observed in
the nucleotide hydrolysis assay from which Ca®*
was omitted (Fig. 1). Rather the biphasic CaM ef-
fect probably suggests that guinea pig liver trans-
glutaminase contains multiple CaM-binding sites.
As shown in Fig. 1 (and also in Fig. 2, though ap-
parently less effective compared to Fig. 1), the
maximal effect of CaM on the enzymatic activities
of transglutaminase was observed around a stoi-
chiometric ratio of the two proteins. It is also of
interest to note that CaM site(s) of guinea pig liver
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Fig. 2. Effect of CaM on the classical transglutaminase
activity. In 200 ul, 0.53 pg (33 nm, —O—) or 1.6 ug
(100 nm, —@—) of purified enzyme was assayed for
transglutaminase activity in the presence of 60 um CaCl,
and 30 um EGTA (thus, free Ca’>* =~ 30 um) and indi-
cated concentrations of CaM. Values represent mean *
SEM for replicate samples from 5 experiments. *: Signif-
icantly different (p < 0.02, student t-test) from no CaM
sample. Control activity assayed in the absence of CaM
was 6.41 + 0.21 umol/mg-h.

transglutaminase is essentially Ca’*-independent
as shown in Fig. 1 and 3. Further physicochemical
and protein chemical studies are required to clar-
ify the interaction between these two proteins. The
physiological concentration of free Ca®* in cells is

at most 10 um (usually =1 um or lower), although
Ca®* concentration may oscillate during cellular
processes (Berridge, 1990). In in vitro assay, the
“classical” transglutaminase activity at 10 um free
Ca®* was less than 10% of the full activity obtain-
able at >200 um Ca’*, and CaM showed only a
small effect in a tested range (0.1-100 um) of Ca**
concentration (data not shown). Furthermore,
GTP exists in a significant concentration to suffi-
ciently suppress the tissue type transglutaminase
activity (Achyuthan and Greenberg, 1987; Berga-
mini et al., 1987). Thus, the tissue transglutaminase
may not efficiently function as “classical” trans-
glutaminase in a constant manner. To the contrary,
the nucleotide hydrolysis activity of guinea pig
liver enzyme is essentially Ca®>*-independent (Lee
et al., 1989 and Fig. 1). Hence, the enzyme may be
more physiological as a nucleotidase rather than
as a “classical” transglutaminase. Recent reports
have proposed that tissue transglutaminase ap-
pears to be involved in various cellular processes
that depend on growth factors and cytokines
(Greenberg et al., 1991; Piacentini et al, 1991;
Nara et al., 1989; Kojima et al., 1993; Fukuda et al.,
1993; Suto et al, 1993). The fundamental role of
tissue transglutaminase may be associated with a
novel aspect of the enzyme as a nucleotidase.
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Fig. 3. Fluorescence spectrum of dCaM. A: Fluorescence spectroscopy of 0.4 um dCaM was achieved as described
in Materials and Methods in the presence of 250 um EDTA/EGTA as a control ( ): 0.4 um transglutaminase plus
250 um EDTA/EGTA (---); 210 um CaCl,/30 um EDTA/EGTA (---): and 0.4 um transglutaminase plus 210 um
CaCl,/30 um EDTA/EGTA (--.-). Arrows indicate the emission peaks of each spectrum. B: Protection of dCaM
by Ca®* and transglutaminase from denaturation. Fluorescence spectrum of dCaM was produced at the indicated
times. Peak height relative to 0 time peak was plotted. O, control; @, +CaCl,: A, +transglutaminase: A, +CaCl, +
transglutaminase. Values represent mean = SEM from four separate experiments. No significant loss of enzymatic
activities was observed during the assay period depicted in B.
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