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Transglutaminase (TGase) is an enzyme that modifies proteins by crosslinking or
polyamination. Physarum polycephalum, an acellular slime mold, is the evolutionally
lowest organism that has a mammalian-type transglutaminase. We have cloned a
cDNA for Physarum polycephalum TGase (PpTGB), homologous to a previously iden-
tified TGase (PpTGA), whose sequence is similar to that of mammalian TGases.
PpTGB encodes a primary sequence identical to that of PpTGA except for 11 amino
acid residues at the N-terminus. Reverse transcription–PCR and Western blotting
analyses showed that both PpTGA and PpTGB are expressed in microplasmodia and
macroplasmodia during their life cycle, except for in sporangia. For biochemical
characterization, we carried out the ectopical expressions of PpTGA and PpTGB in
Dictyostelium discoideum. Subcellular fractionation of these Dictyostelium cells
showed that the expressed PpTGA, but not PpTGB, localizes to the membrane frac-
tion. Furthermore, in Physarum, subcellular fractionation and immunostaining indi-
cated specific localization at the plasma membrane in macroplasmodia, while the
localization was entirely cytoplasmic in microplasmodia.

Key words: calcium, crosslinking, Dictyostelium discoideum, Physarum polycepha-
lum, transglutaminase.

Abbreviations: CBB, Coomassie Brilliant Blue R250; MoAb, monoclonal antibody; Myo II, myosin II; PBS, phos-
phate-buffered saline; PoAb, polyclonal antibody; PpTG(s), transglutaminase(s) from Physarum polycephalum;
RT-PCR, reverse transcription polymerase chain reaction; TCA, trichloroacetic acid; TGase, transglutaminase.

Transglutaminases (TGases; EC 2.3.2.13) comprise a
family of enzymes that catalyze the Ca2+-dependent
crosslinking reaction between the γ-carboxyamide group
of glutamine residues and the ε-amino group of lysine
residues or primary amine. The reaction leads to the for-
mation of an isopeptide bond between two proteins and
the covalent incorporation of polyamine into proteins (1,
2). In mammals, crosslinking by TGases is essential for
blood coagulation, skin-barrier formation, and apoptosis.
In humans, nine isozymes have been identified, and each
has a unique tissue distribution and physiological roles
(3). TGase 2, a ubiquitously expressed isozyme, also plays
critical roles in cell adhesion and signaling due to a non-
crosslinking reaction (4–8).

Although the involvement of TGases in various biolog-
ical processes has been reported, the physiological signif-
icance remains unclarified. Recent studies on mice lack-
ing TGase 2, however, have shown no developmental
abnormalities and only minor apparent phenotypic
changes (9–11). In this case, other TGases could compen-
sate for the loss of enzymatic activity and consequently, it
would be difficult to find apparent phenotypes in gene-

To gain insight into the fundamental functions of
TGases, investigations using lower organisms as model
systems are profitable (12, 13). Although the isopeptide
crosslinking reaction is observed in various organisms
from animals to microorganisms, their primary struc-
tures are diverse (14, 15). TGases with papain-like char-
acteristics, Ca2+-dependency and an active-center Cys
residue have been identified in vertebrates and arthro-
pods, such as grasshoppers and horseshoe crabs (16, 17).
In bacteria, yeast, and lower invertebrates such as nema-
todes, no gene with a structure similar to the structures
of mammalian TGases has been found (18–21). Recently,
we found that Physarum polycephalum, an acellular
slime mold, has a TGase whose primary structure is sim-
ilar to that of mammalian TGases (22).

Physarum polycephalum has been used mainly in stud-
ies on development, inheritance of mitochondrial DNA
and cell motility (23, 24). This is one of the lowest eukary-
otes with a unique life cycle which is characterized by
spores, amoebae, macroplasmodia, and microplasmodia.
The macroplasmodia are giant, multinucleated cells show-
ing vigorous cytoplasmic streaming, a veined structure
and no internal cell walls. Starvation of macroplasmodia
together with exposure to light causes differentiation
into sporangia, which undergo meiosis to form haploid
spores. Germinating spores form amoebae, which can
fuse to produce diploid macroplasmodia.
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A special growing type of the plasmodia is formed in
liquid culture, in which the plasmodia are reduced to
small protoplasmic fragments called “microplasmodia”
(25). Because of their small size and convenience of cul-
ture, microplasmodia have proved to be suitable for in
vivo experiments.

In order to advance studies on the physiological signif-
icance of crosslinking reactions using Physarum polyc-
ephalum, we further characterized TGase (PpTG) in this
evolutionally lower model organism. The expression lev-
els of two identified PpTGs at each stages of development
were analyzed at the mRNA and protein levels. For the
biochemical characterization of PpTGs, expression of
each recombinant protein in Dictyostelium discoideum, a
cellular slime mold, was carried out and the subcellular
localization of the PpTGs was determined. Moreover,
localization in macroplasmodia and microplasmodia was
analyzed by immunostaining using a monoclonal anti-
body (MoAb).

MATERIALS AND METHODS

Cell Culture—Macroplasmodia of Physarum polyceph-
alum (strain Ng-1) were grown on Quaker Oatmeal
(Quaker Oats Company, Chicago, IL) in the dark (24).
The migrating sheets of plasmodia were collected and
used for experiments. Microplasmodia of Physarum
polycephalum (strain Ng-1) were cultured in the semi-
defined liquid medium (SDM) of Daniel and Baldwin
(25). All cultures were grown in complete darkness. The
growth temperature was 25°C for plasmodia.

Dictyostelium discoideum strain Ax-2 was cultured
axenically in HL5 medium using Proteose Peptone No. 3
(Difco Laboratories, MI, USA) at 22°C as described previ-
ously (26, 27). The culture medium was supplemented
with penicillin G (6 units/ml) and streptomycin sulfate (6
mg/ml).

cDNA Cloning of PpTGA and PpTGB—Total RNA from
plasmodia was obtained by the AGPC (acid guanidium/
phenol/chloroform) method. The first strand cDNA was
synthesized using 1 µg of total RNA in a reaction mixture
of 0.5 mM dNTPs, 40 U RNasin, 4 U AMV reverse tran-
scriptase, and an antisense primer containing a stop
codon, 5′-GTAGAAAGAATATTTTAAACG-3′, which was
determined previously by cDNA cloning of PpTG (22).
PCR was performed with sense primer, 5′-CTGGATC-
CATGACTACCGTATTCTTTAATGAAATTC-3′ and anti-
sense primer, 5′-AGTCTAGATTAAACGACAATAACTT-
GGGCTTGG-3′. The sense primer has a BamHI site
upstream of the initiation codon and the antisense
primer includes an XbaI site after the stop codon. Ampli-
fication conditions were as follows: 30 cycles at 94°C for
0.5 min, 60°C for 1 min, and 72°C for 1 min. The PCR
product was cloned into TA-cloning vector pCR-TOPO
(Invitrogen, CA) according to the manufacturer’s instruc-
tions. The nucleotide sequences of the isolated clones
were determined with an automated fluorescent sequencer,
ABI PRISM 310, using a BigdyeTM terminator cycle
sequencing ready reaction kit (PE Applied Biosystems).

RT-PCR Analysis—Total RNA from each development
stage of Physarum polycephalum macroplasmodia devel-
oping on paper sheets was extracted at 4-h intervals after
irradiation of light. The total RNA (1 µg) was reverse-

transcribed in a reaction mixture of 0.5 mM dNTPs, 40 U
RNasin in the supplied buffer, 4 U of AMV–reverse tran-
scriptase and 1 µM oligo dT primer. The resulting cDNAs
were subjected to PCR with primers 5′-TGGGTGGG-
GCACATTGTATG-3′ (sense, 205–224) and 5′-AACTG-
TATGGAAGTCCCAAT-3′ (antisense, 395–414), and 5′-
TGGGTGGGGTACATTATACA-3′ (sense, 205–224) and
5′-AACTGAATAGAGGTCCCACA-3′ (antisense, 395–414)
to specifically amplify PpTGA and PpTGB cDNAs,
respectively. Dictyostelium discoideum pTX-FLAG
expression plasmid vectors with PpTGA or PpTGB cDNA
(0.1 pg/µl) insertions were used as positive controls.
Amplification conditions were as follows: 30 cycles at
94°C for 0.5 min, 63°C for 0.5 min, and 72°C for 0.5 min.

Establishment of Hybridomas Producing MoAb against
PpTGs—Recombinant protein for immunizing mice was
produced from E. coli using full-length cDNA of PpTG
(PpTGA) as described previously (22). BALB/c female
mice were immunized three times and used for the prep-
aration of splenocytes. Hybridomas were established
using myeloma SP2 by standard methods. Among the
established Sp2-hybridomas, positive hybridomas were
selected for further studies based on growth rate and
immunoreactivity in the enzyme-immunosorbent assay.
Cloned hybridomas were transplanted intraperitoneally
into balb/c mice. The IgG fraction contained in the ascitic
fluid was purified by ammonium sulfate precipitation
and DEAE-cellulose column chromatography.

Preparation of Total Cellular Lysates and Western Blot-
ting—Total cellular extracts were prepared from micro-
plasmodia and macroplasmodia. In the latter case, total
extracts were prepared at 4 h intervals after irradiation
of light from the slime mold that were developing on
paper sheets. For analysis of the expression of PpTGs,
harvested cells were lysed directly in SDS sample buffer
(63 mM Tris-HCl, 2% SDS, 5% 2-mercaptoethanol, 10%
glycerol, pH 6.8) containing 5 mM EDTA. The sample
was heated for 3 min and sonicatied. Then, the sample
was analyzed in 7.5% SDS–polyacrylamide gels (PAGE)
followed by Western blotting using an anti-PpTG MoAb
by standard methods. Immuno-signals were detected by
the chemiluminescent method using Super Signal West
Pico Chemiluminescent Substrate (Pierce).

Expressions of Recombinant PpTGs in Dictyostelium
discoideum and Detection of TGase Activity—Both full
length cDNA fragments that were inserted into pCR-
TOPO vector were excised with BamH I and XbaI and
then ligated into the multiple cloning sites of the pTX-
FLAG expression vector for Dictyostelium discoideum,
which has a FLAG epitope upstream of multiple cloning
sites (28). The resulting plasmids, pTX-FLAG-PpTGA
and pTX-FLAG-PpTGB, were transformed into the cell
line Ax-2 by electroporation. For both plasmids, several
clonal cell lines were selected with G418 (10 µg/ml) in
HL-5 medium.

The total lysate of Dictyostelium cells was directly dis-
solved with SDS sample buffer after washing with PBS.
Samples were subjected to 7.5% SDS-PAGE followed by
CBB (Coomassie Brilliant Blue) staining and Western
blotting.

TGase activity was assayed by fluorometric measure-
ment of monodansylcadaverine (MDC) (Sigma) conjuga-
tion to N,N-dimethylcasein. The standard assay mixture
J. Biochem.
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contained 20 mM Tris-HCl (pH 7.5), 0.4 mM CaCl2, 8 mM
dithiothreitol, 0.2 mg/ml dimethyl casein, 0.4 mM MDC,
and the cellular extract in 30 µl. Reactions were per-
formed at 37°C for 1 h. Products were analyzed by SDS-
PAGE in 12.5% gels. A fluorograph of the gel was
obtained on a UV lightbox (302 nm) to detect the MDC-
incorporated N,N-dimethylcasein.

Subcellular Fractionation Analysis—Dictyostelium cells
expressing either PpTGA or PpTGB were harvested and
washed twice with PBS and suspended in lysis buffer (10
mM Tris-HCl, 3 mM MgCl2, 10 mM KCl, 1 mM dithioth-
reitol, pH 7.5) containing protease inhibitors (1 mM
PMSF, 25 ng/ml leupeptin, 1 µM pepstatin). Then the
cells were lysed with a homogenizer and passed through
a membrane filter (5.0 µm, MILLIPORE). Alternatively,
cells were lysed by the addition of Triton X-100 at a final
concentration of 1%, and then gently mixed for 15 min at
4°C. Cell lysates were centrifuged at 1,000 × g for 10 min
at 4°C (pellet, P1). The supernatants were centrifuged at
10,000 × g for 10 min at 4°C (pellet, P2), and the obtained
supernatants were further centrifuged at 100,000 × g for
30 min at 4°C (pellet, P3; supernatant, S).

The samples were analyzed by 7.5% SDS-PAGE fol-
lowed by Western blotting using anti-FLAG MoAb.

For subcellular fractionation of Physarum microplas-
modia and macroplasmodia, the same procedures were
used except for the size of the membrane filter (8 µm) and
the antibody (anti-PpTG MoAb) used to detect the endog-
enous PpTGs.

Immunofluorescence Microscopy—Microplasmodia wash-
ed three times with TM buffer (20 mM Tris-HCl, 10 mM
NaCl, 40 mM KCl, 7 mM MgCl2, pH 7.5), or macroplas-
modia grown on MEA medium consisting of 0.165%
mycological pepton (Oxoid), 1% malt extract (Oxoid), 5
µg/ml hemin (ICN Biomedicals Inc.), 1.5% agar were

fixed at 4°C for 15 min in a solution of 10% TCA (trichlo-
roacetic acid) (29). The fixed cells were then washed three
times with PBS and permeabilized with 0.3% Triton X-
100 in PBS for 15 min at room temperature. After wash-
ing in PBS, non-specific binding was blocked with PBS
containing 1% BSA. Then the fixed cells were incubated
for 1 h at room temperature in the presence of anti-PpTG
MoAb and anti-myosin II (Myo II) polyclonal antibody
(PoAb) in PBS containing 1% BSA. Subsequently, cells
were incubated for 1 hr at room temperature with Alexa
488 Fluor goat anti–mouse IgG (Molecular Probe) and
Cy3-conjugated goat anti–rabbit IgG (Molecular Probe)
in PBS containing 1% BSA. For nuclear staining, samples
were incubated with Hoechst 33342 (Dojindo, Japan) in
PBS for 10 min at room temperature. Samples were
mounted on a glass slide with antifading solution [25 mM
Tris-HCl, 10% polyvinyl alcohol, 5% glycerol, 2.5% 1,4-
diazobicyclo-(2,2,2)-octane, pH 8.7] and covered with
coverslips. Immunofluorescence was analyzed under an
inverted fluorescence apotome microscope, Axiovert
200M (Zeiss).

RESULTS

Identification and Cloning of PpTGA and PpTGB—
Previously, we identified mammalian type TGase (PpTG)
in Physarum polycephalum macroplasmodia by purifica-
tion and cDNA cloning. During further analyses of the
cDNA, another mRNA species with an identical sequence
except for the 5′ region was found. We here designate the
newly found PpTG and the previously identified one as
PpTGB and PpTGA, respectively.

Initially, we attempted to obtain MoAbs able to distin-
guish PpTGA from PpTGB. Although suitable MoAbs

Fig. 1. cDNA and deduced
amino acid sequences of
PpTGA and PpTGB in the
N-terminal region. The
additional cDNA and amino
acid sequences at the amino
terminus of PpTGs compared
with those of human TGase 2
(hTGase 2) are shown. The
four structural domains are
indicated by arrows with
amino acid positions (top).
The nucleotide and amino
acid residue numbers are
shown on the left and right
sides, respectively. The gray
background indicates places
where the cDNA and deduced
amino acid sequences of
PpTGB differed from those of
PpTGA. The single lines indi-
cate the primer sequences
used for RT-PCR (Fig. 2A).
Vol. 136, No. 5, 2004
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could not be obtained, the most specific MoAb reacting
with both PpTGs was used for biochemical analyses dur-
ing the course of this study.

As shown in Fig. 1, TGase 2, which is the most ubiqui-
tously expressed isozyme among TGases in higher organ-

isms, consists of four domains (β-sandwich, catalytic core,
β-barrel 1, and β-barrel 2) (30). When compared with the
primary sequence of human TGase 2, an additional
extended region at the N-terminus was found in PpTGs.
In this N-terminal region, 25 nucleotides and 11 amino
acid residues were different between PpTGA and PpTGB.
Except for this region, no differences in nucleotide
sequence, including the catalytic domain, were found
between the two PpTGs.

Expression of PpTGA and PpTGB during Development
of Physarum plasmodia—The stage-specific expression
of PpTGs was investigated at the mRNA (Fig. 2A) and
protein levels (Fig. 2B). RT-PCR analyses capable of dis-
tinguishing the expression level of each transcript were
carried out using specific primers for PpTGA and PpTGB.
Expression of mRNA for both PpTGs was observed in
microplasmodia (Mi), macroplasmodia and macroplasmo-
dia developing into sporangia (t0–t24). The amount of
PpTGA transcript in microplasmodia was smaller than
that in macroplasmodia (t0). This result is in contrast to
the level of PpTGB transcript. Both transcripts for
PpTGA and PpTGB reached a peak by 4 h and then
abruptly decreased at 8–16 h after light irradiation.
Western blotting analyses revealed that the protein lev-
els of PpTGs were higher in macroplasmodia than in
microplasmodia, a pattern similar to that of the PpTGA
transcript. During differentiation, the protein levels of
PpTGs remained unchanged and then decreased at
around 20 h upon sporulation.

Subcellular Localization of Recombinant PpTGs in
Dictyostelium discoideum—As shown in Fig. 1, the N-ter-
minal regions of PpTGA and PpTGB differ in sequence.
In some TGases, cellular localization is affected by the N-
terminal sequence: attachment of human TGase 1 to the
plasma membrane by myristoylation and localization of
starfish TGase in the nucleus (31, 32). Since there are no
distinct structural differences between the two PpTGs,
analysis using Physarum polycephalum is limited. There-
fore, in order to examine the differences in the cellular
localization of PpTGs, we investigated each PpTG
expressed separately in Dictyostelium discoideum, a spe-
cies closely-related to Physarum polycephalum (33). The
PpTGA or PpTGB cDNA was introduced into the Dictyos-
telium-expression vector (pTX-FLAG) and transfected

Fig. 2. Stage-specific detection of PpTGs. (A) Total RNA from
microplasmodia (Mi) and each stage of macroplasmodia at the indi-
cated times after light irradiation (t0–t24) was obtained by the
AGPC method. The RNA was then subjected to RT-PCR analyses
for PpTGA (top panel) and PpTGB (middle panel) mRNAs using
specific primers. As a control, pTX-FLAG plasmid vectors inserted
with either PpTGA or PpTGB were used as a template for PCR (A,
B). Ethidium bromide staining is shown after agarose gel electro-
phoresis of total RNA where rRNAs are the major constituents (bot-
tom panel). Illustrations show the process of sporulation. Plasmo-
dium dissociates into cytoplasmic nodules (t12–t16), which
culminate to form a fruiting body (t20–t24). (B) Total cell lysates of
microplasmodia and each stage of macroplasmodia were prepared
as described in “Materials and Methods.” The proteins were sub-
jected to 7.5% SDS-PAGE followed by Western blotting using anti-
PpTG MoAb.

Fig. 3. Expression of recom-
binant PpTGs in Dictyostel-
ium discoideum. The expres-
sions of recombinant PpTGA
and PpTGB were analyzed by
7.5% SDS-PAGE following by
CBB staining (A) and Western
blotting using anti-PpTG MoAb
(B). Lane 1, total cellular pro-
tein of wild type Dictyostelium
discoideum amoebae cells; lane
2 and lane 3, cellular protein
from cells expressing PpTGA
and PpTGB, respectively. The
black arrow indicates the posi-
tions of PpTGs. (C) MDC was
incorporated into N,N-dimeth-

ylcasein by incubation with a cellular extract of wild type amoebae cells (lane 1), and cells expressing PpTGA (lane 2) or PpTGB (lane 3). The
reaction products were analyzed by 12.5% SDS-PAGE and a fluorograph was obtained on a UV lightbox. The white arrow indicates the posi-
tion of N,N-dimethylcasein.
J. Biochem.
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into growing Dictyostelium amoebae. In cellular extracts
of the established cell lines, recombinant PpTGA and
PpTGB were expressed at a size similar to that of the
native enzyme (Fig. 3, A and B).

To confirm that the recombinant PpTGs are enzymati-
cally active, the cellular lysate was analyzed using
dimethylcasein and fluorescent-labeled primary amine.
Extracts of Dictyostelium amoebae expressing either
PpTGA or PpTGB showed apparent enzymatic activity
(Fig. 3C) when compared with the reaction products of
the wild type. These results indicate that both PpTGs
proteins are expressed with a structure similar to that of
the native enzyme.

The subcellular localization of each PpTGA or PpTGB
expressed in Dictyostelium was investigated by the dif-
ferential centrifugation method followed by Western blot-
ting using anti-FLAG MoAb (Fig. 4). In the absence of the
non-ionic detergent Triton X-100, PpTGB was recovered
only in the cytosolic fraction (S), whereas PpTGA was
detected in both the 1,000 × g pellet (P1) and cytosolic
fraction (S). In the presence of Triton X-100 at a final con-
centration of 1% in the lysis buffer, however, PpTGA was
recovered entirely in the cytosolic fraction (S). These
findings indicate that PpTGA localizes preferentially to
the cellular membrane as compared with PpTGB.

Subcellular Localization and Immunostaining of PpTGs
in Physarum polycephalum—To obtain more information
about the significance of each PpTG in Physarum polyc-
ephalum, we examined their cellular localization in
microplasmodia and macroplasmodia by subcellular frac-
tionation and immunostaining.

Subcellular fractionations of native PpTGs in micro-
plasmodia and macroplasmodia were performed by the
same procedure as used for Dictyostelium-expressing
PpTGs using anti-PpTG MoAb (Fig. 5). In macroplasmo-
dia, specific reactions were observed in both the 1,000 × g
pellets (P1) and cytosolic fraction (S). In the presence of
Triton X-100, no band was found in the P1 fraction. This
result coincides with the distribution of PpTGA expressed
in Dictyostelium (Fig. 4), suggesting that PpTGA prefer-
entially localizes to the cellular membrane in macroplas-

modia. In microplasmodia, both PpTGs were harvested
mostly in the cytosolic fraction (S) and slightly in the P1
fraction. Since the mRNAs of both PpTGA and PpTGB
are expressed in microplasmodia, PpTGs exist in the
cytoplasm in this life stage.

To investigate further the cellular distribution of
PpTGs in macroplasmodia and microplasmodia, immu-
nolocalization in both phases was analyzed (Fig. 6).
Immunostaining of Myo II, which is a cytoskeleton-asso-
ciated protein used as a marker for cytoplasm protein,
resulted in diffuse staining in both types (Fig. 6, B and
H). From the merged image, PpTGs in macroplasmodia
were apparently localized to the plasma membrane (Fig.
6, C and D). In contrast, diffuse cytoplasmic staining of
PpTGs was observed in microplasmodia (Fig. 6, I and J).
These observations are consistent with the results of sub-
cellular fractionation.

By simultaneous staining with Hoechst 33342, a
number of nuclei were observed in both plasmodia. The
merged images of the Hoechst 33342–stained cells with
anti-PpTG MoAb–immunostained cells suggest that
PpTGs are not localized to the nucleus (Fig. 6, F and L).

DISCUSSION

We have reported here the cloning and biochemical char-
acterization of two different TGases in Physarum polyc-
ephalum. By RT-PCR and Western blotting analyses, we
confirmed that both PpTGs are expressed in most stages
of macroplasmodia as well as in microplasmodia. It is
possible that alternative splicing produces two variants
of mRNAs, although single transcript was detected by
Northern blotting (22).

In macroplasmodia, the amounts of both PpTGs at the
protein level remained unaltered until 8–12 h after the
onset of differentiation, a slightly longer period than that
of mRNA expression (Fig. 2). When macroplasmodia
changed to sporangia, which produce spores on their sur-
face, the expression levels of PpTGs decreased. Although

Fig. 4. Subcellular fractionation of PpTGA and PpTGB in
Dictyostelium. Dictyostelium cells that ectopically expressed
either PpTGA or PpTGB were suspended in lysis buffer and lysed
by either homogenation (–Triton X-100) or by gentle mixing in the
presence of 1% Triton X-100 as described in “MATERIALS AND METH-
ODS.” Subcellular fractionation was performed by sequential cen-
trifugations. PpTGA and PpTGB proteins were detected by Western
blotting using the anti–FLAG MoAb: T, total lysate; P1, 1,000 × g
pellet; P2, 10,000 × g pellet; P3, 100,000 × g pellet; S, supernatant.

Fig. 5. Subcellular fractionation of PpTGs in macroplasmo-
dia and microplasmodia. Subcellular fractionations of PpTGs in
macroplasmodia and microplasmodia cells were performed as
described to the legend to Fig. 4. PpTGs protein was detected by
Western blotting using anti-PpTG MoAb.: T, total lysate; P1, 1,000 ×
g pellet; P2, 10,000 × g pellet; P3, 100,000 × g pellet; S, supernatant.
Vol. 136, No. 5, 2004
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the substrates of PpTGs in differentiating macroplasmo-
dia have not been clarified, crosslinking might be
involved in spore formation at an early stage. In sporu-
lating cells of Bacillus subtilis, observations of both
TGase activity and ε-(γ-Glu)Lys crosslinking products in
the spore coat fraction have been reported (34).

Based on the results of Western blotting, the expres-
sion levels of PpTGs in macroplasmodia were higher than
those in microplasmodia (Fig. 2B). This result correlates
well with that of the PpTGA transcript and indicates that
PpTGA is dominantly expressed in Physarum.

Macroplasmodia, growing on agar plates with suffi-
cient nutrients, show rapid growth with active shuttle
streaming in the cytoplasm. On the other hand, micro-
plasmodia growing as cultured cells in liquid media pro-
liferate more slowly and the elongation rate of the cell
membrane is less than that of macroplasmodia. It is spec-
ulated that a higher activity level of PpTGs is necessary
for vigorous cellular growth and elongation of the body.

Since PpTGA and PpTGB cannot be distinguished in
Physarum by immunological detection, the ectopic
expression of each cDNA was carried out for localization
analyses. Dictyostelium discoideum was used as a host
because the expression vector for this organism has
already been established (28). Additionally, no gene
homologous to PpTG was expressed in the slime mold.
Since both recombinant proteins were enzymatically
active (Fig. 3C), PpTGs in this slime mold could be used
for biochemical analyses.

Subcellular analysis of the localization of PpTGs in the
Dictyostelium cell lines, revealed distinct patterns.
PpTGA, which mainly exists as an insoluble protein (P1
fraction), was harvested in the soluble fraction following
treatment with Triton X-100. This result indicates that

the amino terminal sequence provides PpTGA with the
ability to associate with the cellular membrane. Although
the P1 fraction contains the nucleus, the results of
immuno- and Hoechst 33342 co-staining exclude the pos-
sibility of localization in the nucleus (Fig. 6).

In Physarum, in both macroplasmodia and microplas-
modia, the subcellular localization of PpTGs showed a
pattern similar to that of PpTGA expressed in Dictyostel-
ium. This result further indicates that the PpTGA is
dominantly expressed TGase in Physarum, particularly
in the rapidly growing macroplasmodia.

Immunostaining revealed that PpTGs preferentially
localize beneath the plasma membrane in macroplasmo-
dia. In contrast, a positive signal was observed entirely in
the cytoplasm of microplasmodia (Fig. 6). By simultane-
ous staining with Hoechst 33342, PpTGs appeared not to
co-localize to the nucleus of microplasmodia and macro-
plasmodia. These observations correlate with the results
of the subcellular localization analysis.

The mechanism by which the different amino acid res-
idues in the N-terminal regions of PpTGA and PpTGB
influence cellular localization remains unknown. TGases
in lower eukaryotes commonly have longer additional N-
terminal regions than those in mammals (17, 32, 35). In
the starfish TGase, the N-terminal region is crucial for
nuclear transport. In lower eukaryote TGase, it is possi-
ble that this region is involved in the regulation of locali-
zation, stability, and/or interaction with other proteins.

The physiological function of PpTGs remains unclari-
fied. Enhancement of TGase activity has been observed
following cellular injury, probably resulting in coagula-
tion of the damaged area (36). In the same report, LAV1-
2, which is a calcium-binding protein, appeared as a
major substrate upon cellular damage. LAV1-2 has also

Fig. 6. Immunolocalization of PpTGs and myosin
II in macroplasmodia and microplasmodia. Mac-
roplasmodia (upper) and microplasmodia (lower) cells
were stained with anti–Myo II PoAb (B and H) and
anti–PpTG MoAb (C and I). A and G, differential
interference contrast images; D and J, merged images
of either B and C or H and I; E and K, higher magnifi-
cations images shown in C and I, respectively; F and
L, merged images of Hoechst 33342 staining with E
and K, respectively. Scale bars represent 100 µm.
J. Biochem.
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been characterized as CBP40, which reversibly forms
large aggregates in a Ca2+-dependent manner (37).

For elongation of the membrane during cellular growth
and also in the case of repairing a damaged area, Ca2+

influx through the plasma membrane occurs. Therefore,
it is possible that cross-linked CBP40 products formed by
PpTGs, mainly by PpTGA beneath the cell surface, might
be involved in these events. In order to clarify the signifi-
cance of crosslinking by PpTGs, investigations to identify
substrates other than CBP40 are in progress.

The nucleotide sequences of Physarum polycephalum TGases
in this paper are available in the DDBJ/EMBL/GenBank
database. The accession numbers of PpTGA and PpTGB are
AB076663 and AB183248, respectively. This work was sup-
ported by a Grant-in-Aid for Scientific Research (C) No.
14560063 (to K.H.) and also by the TAKEDA Science Founda-
tion (to K.H.). We thank Dr. H. Shibata in our laboratory for
valuable suggestions.
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