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Tissue transglutaminase (tTG) catalyzes a Ca21-
dependent transglutaminase reaction resulting in the
formation of g-glutamyl-e-lysine bonds and is activated
during apoptosis to catalyze the formation of apoptotic
body. We investigate whether lipids that are membrane
components and involved in cell signaling could modify
the Ca21-dependent activation of tTG. We found that
sphingosylphosphocholine (lyso-SM) was the only lipid
to activate transglutaminase at low Ca21 concentra-
tions. In the presence of lyso-SM (125 mM), transglutami-
nase was detectable at 10 mM Ca21, whereas in the ab-
sence of lyso-SM, similar activity was obtained at 160 mM

Ca21. Furthermore, in the presence of lipid vesicles
lyso-SM retained the ability to enhance the Ca21-de-
pendent activation of tTG. Lyso-SM did not significantly
change the Km for the glutamyl and primary amine sub-
strates. However, the Kact for Ca21 was reduced from 300
mM to 90 mM. Structure-function studies of lyso-SM ana-
logs indicate that phosphocholine group on C1, the free
amino group at C2 and a C4–C5 double bond are critical
for the activation of transglutaminase activity. This is
the first demonstration that a specific sphingolipid
could enhance the activity of tTG and could play a role
in vivo in activation of the tTG at physiologic Ca21

levels.

Tissue transglutaminase (tTG)1 is a calcium-dependent en-
zyme that plays an important role in many different intracel-
lular and extracellular processes ranging from apoptosis to
extracellular matrix formation (1–3). Calcium ions are required
for the enzyme to adopt the proper conformation to bind glu-
tamine and lysine residues within proteins or peptides (1–3).
The intracellular levels of calcium are much lower than the

reported calcium levels required to obtain measurable trans-
glutaminase (TGase) activity in vitro. This raises the question
of whether there are intracellular cofactor(s) that can modify
the sensitivity of tTG to Ca21. The tTG first forms a calcium-
dependent thioester bond with select protein bound glutamines
and releases ammonia (1–4). The thioester is a reactive en-
zyme-substrate intermediate that can then react rapidly with
the primary amine group of either a lysine within a protein or
a polyamine (1–4). The final reaction product contains an
isopeptide bond that stabilizes inter- and intramolecular pro-
tein structure or generates a protein-polyamine conjugate that
has unique biologic properties (1–4).

The binding of calcium ions reduces the affinity of tTG for
GTP (5). GTP binding to tTG causes a conformational change in
the protein which leads to a reduction in TGase activity (1–3).
Based upon the affinity of the tTG for both calcium ions and
GTP as well as the intracellular concentrations of these cofac-
tors, the majority of the tTG in vivo is predicted to remain
latent (1, 2, 6).

tTG is reported to associate with phospholipid bilayers in
vitro (7, 8) and with cell membranes (9, 10). The recent discov-
ery that a portion of the intracellular tTG is associated with the
cytoplasmic domain of the cell membrane and can function as a
G-protein coupled to the a1-adrenergic receptor suggests a role
of membrane lipids in regulating tTG function (10). The C-
terminal 8-amino acid residues (Leu665–Lys672) of tTG are in-
volved in the interaction and activation of phospholipase C,
which is critical for the completion of the a1-adrenergic recep-
tor signaling event (11). More recently, it is reported that the
association of tTG with membrane is stimulated by retinoic
acid treatment (12). During apoptosis, the formation of the
apoptotic envelope by tTG prevents the release of intracellular
constituents, and recent studies demonstrate that apoptotic
envelopes contain an increased content of isopeptide bonds and
the tTG antigen (13–15).

The ability of tissue transglutaminases to bind phospholipids
and the localization of tTG to the cell surface membrane com-
partment may play a role in cell receptor signaling and apo-
ptosis. This led us to examine whether lipid cofactors could
modulate the calcium-dependent cross-linking activity of tTG.
We focused our attention on molecules of cell membrane com-
ponents and molecules that are considered potential regulators
of cell receptor function and calcium-dependent signaling
events.

In this report, we demonstrate that sphingosylphosphocho-
line (lyso-SM) can serve as specific cofactor that reduces the
calcium ion requirement for expression of intracellular tissue
transglutaminase activity in the presence or absence of phos-
pholipid vesicles. Lyso-SM is specific in its interaction with the
tTG and induces a conformational change in the protein that
selectively influences calcium binding, but does not influence
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the enzyme for its substrates. Lipid cofactors could play a
major role in regulating tissue transglutaminase associated
with the cytoplasmic domain of the cells surface. The specific-
ity, biochemistry, and functional biologic role of the interaction
of lyso-SM will be discussed.

EXPERIMENTAL PROCEDURES

Materials—Sodium salts of GTP were purchased from Sigma.
[3H]Putrescine dihydrochloride (35.5 Ci/mmol) was purchased from
NEN Life Science Products. Monoclonal antibody against guinea pig
liver tTG (CUB 7401) was kindly provided by Dr. P. Birckbichler (16).

Lipids—Cholesterol, phosphatidylserine, phosphatidylethanolamine
(PE, sodium salt), phosphotidylinositol (PI), phosphatidylcholine (PC),
and sphingomyelin (bovine brain, SM) were purchased from Sigma.
Lysophosphatidylcholine (lyso-PC) and lyso-platelet-activating factor
(lyso-PAF) were purchased from Avanti. Sphingosine 1-phosphate was
from Biomol, Plymouth Meeting, PA. Sphingosine stereoisomers were
obtained in stereoselective synthesis starting from L- or D-serine, re-
spectively (17). Dihydrosphingosine stereoisomers were prepared by
hydrogenation over Pd/C (palladium on activated charcoal) of an ade-
quate sphingosines. Ceramide stereoisomers were prepared by acyla-
tion of sphingosines with an adequate acid chlorides or anhydrides (18,
19). Lyso-SM was purchased from Sigma or Matreya Inc., Pleasant Gap,
PA or was prepared by acid hydrolysis of bovine brain sphingomyelin, a
procedure that has been established to yield ;7:3 D-erythro/L-threo
mixture (20). D-Erythro and L-threo- stereoisomers of lyso-SM were
kindly provided by Dr. Tigyi (21). Lyso-dihydrosphingomyelin (lyso-
dihydro-SM) was prepared by hydrogenation of bovine brain lyso-SM
and structure of the synthesized compounds was verified by mass
spectroscopy and 1H NMR analysis. All the lipids were dissolved in 95%
ethanol except sphingosine 1-phosphate (in 80% methanol) and phos-
phatidylethanolamine (in chloroform).

Expression and Purification of Recombinant Human tTG—The con-
ditions for growing Escherichia coli and the purification of the GST-tTG
protein were performed as described previously (22). Protein concentra-
tions were determined by Bradford’s method (23) using bovine serum
albumin as standards (Bio-Rad).

Effect of Lipids on Calcium-dependent Transglutaminase Activity—
TGase activity was determined by quantitating the incorporation of
5-biotin (amido) pentylamine (BP) into N,N9-dimethylcasein-coated mi-
crotiter plate as described previously (24). The Km for N,N9-dimethyl-
casein was determined using the [3H]putrescine incorporation assay
(25). For the BP incorporation assay, lipids were added directly to the
buffer containing 20 mM Tris-Cl, pH 7.5, 100 mM NaCl, and GST-tTG (2
mg/ml) to the desired concentration and applied to the N,N9-dimethyl-
casein coated microtiter plate, and the remaining procedures were the
same as described previously (24). To determine the effect of lyso-SM on
the activation of factor XIIIa, recombinant GST-factor XIII A-chains (4
mg/ml) were treated with 20 units/ml of thrombin at 37 °C for 15 min in
a final volume of 50 ml to generate factor XIIIa as described previously
(22). After the reaction, 10 mM thromstop (American Diagnostic, New
York) was added and factor XIIIa generated was used immediately to
test the effect of lyso-SM on TGase activity as described earlier. PC:PE
(80:20) vesicles were generated immediately before use by mixing 8 mM

PC and 2 mM PE and probe sonication on ice for 5 s for five times with
a 20-s break in between.

Kinetic Analysis of the Effect of Lyso-SM on TGase Activity—To
determine the Km for the glutamine substrate, the concentration of
N,N9-dimethylcasein was varied from 1.1 to 24.4 mM. To determine the
Km for primary amine substrate, the concentration of BP was varied
from 16 to 1000 mM. The Kact for Ca21 was determined using Ca21

concentrations that varied from 40 to 5000 mM. The Km, and Kact values
were obtained using the Eadie-Hofstee plot (26).

Binding of Lyso-SM to tTG and Effect on Protease-dependent Degra-
dation—The cleaved tTG was obtained by incubating GST-tTG with
factor Xa (Hematologic Tech. Inc., Essex Jct., VT) (1%; w/w) overnight
at 4 °C and applied to glutathione resins to remove the GST protein.
The trypsin digestion experiment was performed by incubating 1 mg of
cleaved tTG, 50 ng of trypsin (Calbiochem, high performance liquid
chromatography-purified), and different concentrations of lyso-SM at
37 °C for 1 h. The reaction was stopped by the addition of SDS-PAGE
loading buffer and products were separated on 9% SDS-PAGE and
transferred to a nitrocellulose paper. The tTG antigen was probed using
a monoclonal antibody against tTG (CUB 7401) and alkaline phos-
phatase-conjugated goat anti rabbit IgG and was visualized using nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate. The inten-
sity of full-length tTG was quantified using a scanning densitometer

(model GS300, Hoefer Scientific, San Francisco, CA). Control experi-
ments using chromogenic substrate of trypsin, N-a-benzoyl-D-L-argi-
nine p-nitroanilide (Sigma), that measured an increase in OD405 read-
ing in the presence of trypsin indicated that lyso-SM did not affect the
trypsin activity at concentrations tested.

RESULTS

Effects of Lipids on Activation of TGase Activity at Low
Calcium Ion Concentration—A wide variety of lipids, which are
components of the cell membrane and are involved in all sig-
naling, were examined to determine whether they altered the
TGase activity of tTG at low calcium ion concentrations (Table
I). In the initial screening, we tested the lipid’s ability to acti-
vate latent tTG at suboptimum concentration of calcium ions
(100 mM) with 1 mM lipids. The tTG showed ,5% of maximum
TGase activity at 100 mM calcium ions. We found that only
lyso-SM produced a major increase in the activation of latent
tTG. Therefore, we investigated the minimum concentration of
lyso-SM required to activate the TGase activity of tTG (Fig. 1).
We found that optimum TGase activity occurred at ;125 mM

lyso-SM and then plateaued (Fig. 1). In the absence of lyso-SM,
the maximum TGase activity was ;85% lower than that
achieved with the addition of 125 mM lyso-SM to the reaction
(Fig. 1). Table I summarizes the effects of the various lipids on
calcium-dependent activation of the TGase activity. The results
summarized in Table I at 125 mM lipids were similar to that
obtained in the initial screening reaction with 1 mM amounts of
the lipids.

We then examined the effect of varying the calcium ion
concentration on TGase activity in the presence of these lipids.
All lipids listed in Table I were tested and Fig. 2 shows repre-
sentative of these results. We found that at 125 mM lyso-SM,
measurable TGase activity occurred at 10 mM of Ca21, whereas
in the absence of lyso-SM there was no measurable TGase
activity until Ca21 was increased to 160 mM (Fig. 2). Further-
more, the TGase activity obtained at 160 mM of Ca21 was
;16-fold lower than the activity measured in the presence of

TABLE I
Effects of lipids on the activation of transglutaminase activity at low

calcium ion concentrations

Transglutaminase activitya

-fold increase

tTG 1
Lyso-SM 22 6 4
Cholesterol 1.4 6 0.1
Phosphatidylserine NA
PE 0.6 6 0.1
Phosphatidylinositol 0.7 6 0.1
PC 0.91 6 0.04
D-e-Sphingosine 0.8 6 0.8
L-e-Sphingosine 1.3 6 0.6
L-t-Sphingosine 2.1 6 1.3
D-t-Sphingosine 2.6 6 1.4
D-e-Dihydrosphingosine ppt
L-e-Dihydrosphingosine 0.6 6 0.4
L-t-Dihydrosphingosine 0.13 6 0.05
D-e-C2 ceramide 0.76 6 0.06
DL-t-Dihydro C2 ceramide 1.9 6 0.2
D-e-C6 ceramide 0.8 6 0.1
D-e-C18 ceramide 0.3 6 0.1
L-e-C18 ceramide 0.4 6 0.1
L-t-C18 ceramide 0.4 6 0.1
D-t-C18 ceramide 0.5 6 0.1
Phytosphingosine ppt
SM 1.0 6 0.1
Arachidonic acid 2.1 6 0.9

a TGase activity of tTG at 100 mM Ca21 was 5 mOD/min. All the
transglutaminase activity measurements were performed at 100 mM

Ca21 and 125 mM lipids. NA, the chloroform that was used to dissolve PS
inhibited the TGase activity. ppt, precipitates formed when these lipids
were added to the reaction mixture.
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lyso-SM (Fig. 2). The TGase activity obtained at 160 mM of Ca21

was similar to the activity measured at 10 mM of Ca21 in the
presence of lyso-SM (Fig. 2). D-e-C2 ceramide, D-e-C6-ceramide
and other lipids did not have effect on activation of TGase
activity (Fig. 2).

Effects of Lyso-SM Analogs in Activating the TGase Activity
of tTG—To examine the specificity of the lyso-SM effect fur-
ther, other lyso-SM analogs, including lyso-PAF, lysophos-
phatidylcholine (lyso-PC), lyso-dihydro-SM, sphingosine
1-phosphate and lyso-SM stereoisomers (D-erythro- and
L-threo-) were also tested (Table II and Fig. 3A). The results
demonstrated that none of the lyso-SM analogs displayed any
activation of tTG and the lyso-PAF had a slightly inhibitory
effect on TGase activity (Fig. 3B). The ability of lyso-SM to
serve as an activator of the tTG was lost when lyso-SM was
replaced with sphingosine 1-phosphate in the calcium-depend-
ent reaction, demonstrating that the choline group of lyso-SM
was necessary in regulating the calcium dependent activation
of the tissue TG. The free amino group was also necessary for
the activation, since SM was not able to enhance the TGase
activity (see Fig. 3A and Table II). Lyso-PC and lyso-PAF do not
have free amino group at C2 and have different side chain at C3
and were not able to produce a calcium-dependent activation of

the TGase activity. The double bond at C4–C5 was important
for the reaction, since dihydrolyso-SM was not able to activate
the TGase activity (Fig. 3B and Table II). Two stereoisomers of
lyso-SM showed similar activation curve demonstrated that
stereospecificity at C2, but not at C3, was important for the
specificity (Table II). Glycerol 1-phosphate and phosphorylcho-
line were not able to activate the TGase activity, further dem-
onstrating the specificity of lyso-SM in inducing the calcium-
dependent activation of tTG (Table II).

Effects of Lyso-SM in Activating the TGase Activity in the
Presence of PC:PE Vesicles—To examine whether lyso-SM re-
tain an effect in activating the TGase activity in the presence of
membrane lipids, TGase activity was measured in the presence
of 100 mM of PC:PE (80:20) vesicles and 0–160 mM of lyso-SM
(Fig. 4, A and B). We found that the TGase activity of tTG
increased in the presence of increasing concentrations of lyso-
SM. The activity was increased 310% by 160 mM lyso-SM (Fig.
4A). In addition, the calcium requirement to achieve half-max-
imal TGase activity was decreased in the presence of increasing
concentrations of lyso-SM (Fig. 4B).

Effects of Lyso-SM on Activation of Recombinant Factor XIII
A-Chains—The ability of lyso-SM to stimulate the calcium-de-
pendent activation of the plasma transglutaminase, factor
XIIIa, was also studied by the same assay as used for tTG. We
found no enhancement in the calcium-dependent activation of
plasma factor XIIIa using 125 mM of lyso-SM and Ca21 concen-
tration up to 1 mM.

Lyso-SM Reversed the Inhibition of TGase Activity by GTP—
GTP is an important negative regulator of TGase activity and
functions by binding to tTG (27). In the absence of lyso-SM, the
IC50 for GTP was found to be 4 mM (Fig. 5A). We found that
lyso-SM could completely reverse GTP-dependent inhibition of
TGase activity (Fig. 5B). When GTP was present (50 mM), the
lyso-SM concentration required to achieve maximum calcium-
dependent TGase activity was increased from 125 to 500 mM.

Analysis of Kinetic Properties—Kinetic analysis of the effect
of lyso-SM on TGase function revealed that there was no sig-
nificant effect of lyso-SM on the Km for N,N9-dimethylcasein
and BP. The Kact for calcium ions was reduced by ;3-fold (from
300 to 95 mM) in the presence of 125 mM of lyso-SM.

Analysis of tTG Conformational Changes by Trypsin Prote-
olysis—To demonstrate the binding of lyso-SM to tTG, the
trypsin digestion pattern was analyzed by SDS-PAGE and
immunoblotting using monoclonal antibody against tTG. There
was a concentration-dependent protection of tTG from trypsin
proteolysis when 31.5–500 mM lyso-SM was present in the
reaction (Fig. 6). Control experiments using the chromogenic
substrate of trypsin demonstrated that 31.5–500 mM lyso-SM
did not inhibit the trypsin activity.

FIG. 1. Effects of lyso-SM on TGase activity of GST-tTG. GST-
tTG (2 mg/ml) was incubated with 0–1000 mM lyso-SM, and the TGase
activity was measured using BP incorporation assay in the presence of
200 mM CaCl2 as described under “Experimental Procedures.”

FIG. 2. Effect of Ca21 and lyso-SM, D-e-C2-ceramide, D-e-C6-ce-
ramide, phosphatidylcholine, and phosphatidylinositol on acti-
vation of TGase activity. GST-tTG (2 mg/ml) was incubated with 125
mM of lyso-SM, D-e-C2-ceramide, D-e-C6-ceramide, phosphatidylcholine,
or phosphatidylinositol, and the TGase activity was measured using BP
incorporation assay in the presence of 0 to 640 mM Ca21 as described
under “Experimental Procedures.” The 100% TGase activity represents
125 6 15 mOD/min. M, no addition; m, lyso-SM; Ç, D-e-C2 ceramide; µ,
D-e-C6-ceramide; L, phosphatidylcholine; E, phosphatidylinositol.

TABLE II
Specificity of lyso-SM on activation of tTG activity

Transglutaminasea

-fold increase

tTG 1
L-t-Lyso-SM 19.6 6 1.7
D-e-Lyso-SM 20.9 6 0.2
Lysodihydrosphingosylphosphocholine 2.2 6 0.3
Lyso-PC 0.9 6 0.1
Sphingosine 1-phosphate 0.7 6 0.1
Lyso-PAF 0.2 6 0.1
Glycerol 1-phosphate 0.7 6 0.1
Phosphorylcholine 1 6 0.5

a TGase activity of tTG at 100 mM Ca21 was 5 mOD/min. All the
TGase measurements were performed at 100 mM CaCl2 and 125 mM

lipids.
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DISCUSSION

The TGase activity of tTG is considered to be an important
intracellular and extracellular reaction during apoptosis, bone
ossification, tissue repair, and tumor growth (1–3). The major
proportion of tTG is found inside the cells, although it is also
reported to exist in extracellular environment (1–3). Recently,
tTG is also found to associate with the cell membrane and
functions in intracellular signaling pathways (10, 28). The as-
sociation of tTG with membrane suggests that lipid molecules
could modulate enzymatic activities of tTG. In this study, we
investigated the effect of membrane lipids that are involved in
cell signaling on TGase activity.

Calcium ions are essential for tTG to serve as glutamine
donor and lysyl acceptor in the transglutaminase reaction (1–
4). The calcium ions promote the assembly of the active site
pocket with cysteine 277 to form a thioester bond with the
glutamyl-containing substrate (4). The second step of the reac-
tion requires that the lysine residue fit into the active site
pocket and align with the catalytic triad to catalyze the isopep-

tide bond (4). Since lyso-SM could potentiate the ability of
calcium ions to trigger TGase activity, we propose that lyso-SM
binds specifically to the tTG and enhances the affinity of the
enzyme for Ca21. This allows the enzyme to recognize gluta-
mine substrates at lower calcium ion concentrations and in-
crease in the reactivity of the thioester intermediate with the
lysyl substrates. The binding of lyso-SM to tTG was demon-
strated by changing the tTG from a protease sensitive to pro-
tease resistant conformation and the affinity of the enzyme for
Ca21 was increased by ;3-fold.

Human plasma factor XIII A-chains share 39% amino acid
identity with human tTG with the greatest identity regions in
the active site and calcium binding site(s) regions (1–3). De-
spite similar, but not identical, structure homology, tTG and
factor XIIIa are regulated by a unique set of cofactors. In the
case of plasma factor XIII, fibrinogen plays an important role in
the activation of factor XIIIa by reducing the Ca21 concentra-
tion required for B-chain dissociation (29). For tTG, GTP, and
Ca21 are important regulators of TGase activity (27). The spec-

FIG. 3. A, structure of lyso-SM analogs.
The following structures are shown: panel
a, sphingomyelin (SM); panel b, lyso-SM;
panel c, dihydro lyso-SM; panel d, lyso-
PAF; panel e, sphingosine 1-phosphate;
and panel f, lyso-PC. B, effect of Ca21 on
activation of TGase activity in the pres-
ence of lyso-SM analogs. GST-tTG (2 mg/
ml) was preincubated with 125 mM lyso-
SM, dihydrolyso-SM, lyso-PC, or lyso-
PAF, and TGase activity was measured in
the presence of 0–640 mM of Ca21. The
100% TGase activity represents 115 6 5
mOD/min. M, no addition; m, lyso-SM; É,
dihydrolyso-SM; Ç, lyso-PAF.
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ificity of lyso-SM for the tTG and not plasma factor XIII A-chains
relates to their overall differences in protein structure and the
fact that fibrin(ogen) functions as the extracellular cofactor that
modifies the calcium-dependent activation of plasma factor XIII
(29). Furthermore, since plasma factor XIII functions as an ex-
tracellular enzyme, there is no need for it to react with lyso-SM,
since it can function at existing concentrations of extracellular
calcium ions in the presence of fibrinogen and fibrin.

The specificity of lyso-SM binding to the tTG is documented
by the unique ability of lyso-SM to promote calcium-dependent
activation of the tTG. The lack of ability of dihydro lyso-SM and
SM to activate TGase activity demonstrates the importance of
the double bond (at C4–C5) and the free amino group (at C2),
respectively. The stereospecificity at C2, but not at C3, of
lyso-SM indicates that the nature occurring erythro-lyso-SM is
equipotent as L-threo- diastereoisomer in the activation of
TGase activity. The structure-activity studies demonstrated
the requirement of phosphocholine group at C1, the free amino
group at C2, and a C4–C5 double bond. There is no preference
for D-erythro-(2S,3R) over L-threo-(2S,3S) stereoisomer, sug-
gesting that stereospecificity at C3 is not important for acti-
vating TGase activity.

The lyso-SM could also interfere with GTP-dependent inhi-

bition of TGase activity of tTG. Calcium ions reverse GTP
inhibition by reducing the affinity of tTG to GTP (5). It is
possible that lyso-SM binding allows the protein to adopt a
conformation that has reduced affinity for GTP. This hypothe-
sis is supported by the fact that the binding of lyso-SM in-
creases the enzyme affinity for Ca21.

The distribution and physiological concentration of lyso-SM
inside the cells are not well established. Although we find that
lyso-SM is very soluble in water (up to 0.5 M), its partitioning
into membranes has not been determined. Importantly, in the
presence of PC:PE vesicles, lyso-SM retained its effects in ac-
tivating TGase activity of tTG. These results suggest that
lyso-SM is capable of activating tTG in the context of mem-
brane lipids. In preliminary studies, we found lyso-SM level
was increased in cells undergoing apoptosis, suggesting that
the intracellular lyso-SM concentration is also dependent on
different physiological state of the cells.2 The tTG is found in
the membrane compartment as well as cytoplasm of mamma-
lian cells (9–12). When the local concentration of lyso-SM
reaches a critical concentration, it could promote the local
activation of this latent intracellular enzyme.

2 T.-S. Lai, A. Bielawska, Y. A. Hannun, and C. S. Greenberg, unpub-
lished observations.

FIG. 4. Effect of lyso-SM on the activation of TGase activity in
the presence of PC:PE vesicle. A, GST-tTG (2 mg/ml) was incubated
with 0–160 mM of lyso-SM in the presence of 100 mM PC:PE (80:20)
vesicle, and the TGase activity was measured using BP incorporation
assay in the presence of 200 mM CaCl2 as described under “Experimen-
tal Procedures.” M, TGase. B, GST-tTG (2 mg/ml) was incubated with
100 mM PC:PE (80:20) vesicle in the presence of 0, 5, 50, or 100 mM of
lyso-SM, and TGase activity was measured in the presence of 0–640 mM

of Ca21. M, vesicles; i, vesicles 1 5 mM lyso-SM; E, vesicles 1 50 mM

lyso-SM; Ç, vesicles 1 100 mM lyso-SM.

FIG. 5. A, effect of GTP on TGase activity. GST-tTG (2 mg/ml) was
preincubated with 0–200 mM GTP, and the TGase activity was meas-
ured using BP incorporation assay in the presence of 1 mM Ca21. B,
effect of lyso-SM on TGase activity in the presence of GTP. GST-tTG (2
mg/ml) was preincubated with 50 mM GTP, and the TGase activity was
measured in the presence of 0–500 mM lyso-SM and 1 mM Ca21 using BP
incorporation assay as described under “Experimental Procedures.”
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The metabolic pathways that produce lyso-SM in mamma-
lian cells are poorly defined (30). It is believed that lyso-SM is
a metabolite of SM, possibly by the enzymatic activity of a
sphingomyelin acylase, which is highly expressed in the stra-
tum corneum from patients with atopic dermatitis (31). The
same enzymatic activity was also found in Pseudomonas sp.
TK4 and is called sphingolipid ceramide N-deacylase (32). SM
is a ubiquitous constituent of plasma membrane and several
metabolites derived from SM serve as intracellular second mes-
sengers are reported (33–35). Lyso-SM can induce an increase
of Ca21 concentration due to mobilization of Ca21 from internal
stores (36, 37). Recent studies by NMR spectroscopy indicate
the existence of lyso-SM in normal and tumor tissues (38). It is
proposed that lysosphingolipids play a pathogenic role in in-
born metabolic disorders known as sphingolipidoses (39).
Lyso-SM level was increased by 40-fold in spleen, liver, and
brain of patients with Niemann-Pick type A disease who have
sphingomyelinase deficiency, hepatosplenomegaly, and brain
dysfunction (40). However, with the recognition of the spingo-
myelin cycle (35, 41, 42) and the extensive lipid remodeling
that occurs during apoptosis and cell receptor signaling events
(35), it is interesting to speculate that a lyso-SM molecule could
play a role in modulating the function of intracellular tissue
transglutaminase in various biologic processes.
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FIG. 6. Immunoblotting of tTG after trypsin proteolysis of tTG
in the presence or absence of lyso-SM. The trypsin proteolysis was
performed in the presence of tTG (1 mg), 50 ng of trypsin, and varying
concentrations (0–500 mM) of lyso-SM at 37 °C for 1 h. The reaction
products were separated by 9% SDS-PAGE, transferred to nitrocellu-
lose paper, and the tTG was localized using monoclonal antibody
against tTG as described under “Experimental Procedures.” The con-
centration of lyso-SM used in lanes 1–6 were 0, 31.25, 62.5, 125, 250,
and 500 mM, respectively. The intensity of full-length tTG in each lane
was scanned as described under “Experimental Procedures,” and the
intensity of tTG at lane 6 was used as 0% degradation.
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