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Introduction

Transglutaminases (TGs) are a family of enzymes compris-
ing eight isozymes that are widely distributed in tissues and 
cells (Griffin et al. 2002; Lorand and Graham 2003). These 
enzymes are involved in multiple biological processes by 
catalyzing isopeptide bond formation between proteins 
through glutamine and lysine residues in substrate proteins. 
In addition, these enzymes catalyze the post-translational 
modifications such as polyamination or conversion to glu-
tamic acid by incorporating either a primary amine or a 
water molecule into the glutamine residues, respectively. 
Among these family members, TG1 (skin-type) and TG2 
(tissue-type) are major isozymes that display epidermal and 
ubiquitous expressions, respectively.

TG1 plays a central role in the formation of the skin bar-
rier, by cross-linking several structural proteins to form a 
cornified envelope in the most differentiated keratinocytes 
(Candi et al. 2005; Eckert et al. 2005; Hitomi 2005). This 
cornified envelope is a 15-nm-thick structure comprising 
covalently cross-linked products that are deposited beneath 
the plasma membrane. Mice lacking the gene for TG1 
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Summary
Transglutaminase (TG) is a family of enzymes that catalyzes cross-linking reactions among proteins. Using fluorescent-labeled 
highly reactive substrate peptides, we recently developed a system to visualize isozyme-specific in situ enzymatic activity. 
In the present study, we investigated the in situ activities of TG1 (skin-type) and TG2 (tissue-type) using whole mouse 
sections of various embryonic developmental stages and neonates. In each case, we also successfully used immunostaining 
of identical whole mouse sections for protein expression after detection of enzymatic activities. In general, the enzymatic 
activity was correlated with TG protein expression. However, in some tissues, TG protein expression patterns, which 
were inconsistent with the enzymatic activities, suggested that inactive TGs were produced possibly by self cross-linking 
or other modifications. Our method allowed us to simultaneously observe developmental variations in both TG isozyme-
specific activities and protein levels in mouse embryonic and neonate tissues.  ( J Histochem Cytochem 61:793–801, 2013)
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exhibit aberrant skin epidermis formation, which results in 
water loss due to incomplete cornified envelope formation 
(Matsuki et al. 1998).

TG2 is expressed in various cells and tissues and has 
diverse functions. This enzyme reaction was observed to 
be involved in cell fate decisions, as determined by its 
post-translational modifications of extracellular matrix pro-
teins, transcription factors, and signaling molecules (Fesus 
and Piacentini 2002; Beninati and Piacentini 2004; Mehta 
et al. 2006; Tatsukawa et al. 2009). Although TG2-null 
mutants exhibit a normal phenotype at birth, aberrant 
wound healing, mild glucose intolerance, and abnormal 
phagocytosis have been observed in the tissues of these 
mice (Sarang et al. 2009). Celiac disease, related to TG2 
activity, has been extensively studied; this disease involves 
a chronic inflammation of the intestinal mucosa triggered 
by deamidated gluten-derived peptides (Sollid 2002).

Both of these isozymes have been extensively charac-
terized also in terms of their gene expression and substrate 
specificity (Esposito and Caputo 2005). However, to better 
understand their physiological significance, the simultane-
ous detection of their protein expression and activity pat-
terns in various tissues is essential. To date, the tissue 
distributions of these proteins and their enzymatic activi-
ties have not been thoroughly investigated, particularly 
during embryonic development.

We have recently identified highly reactive glutamine-
donor substrate peptides of TGs using a random 12-mer 
peptide library (Sugimura et al. 2006, 2008; Hitomi et al. 
2009). Because these peptides exhibited a highly selective 
reactivity to their respective isozymes, these appeared to be 
an effective tool for detecting the enzymatic activities in an 
isozyme-specific manner. Generally, the use of a fluorescent-
labeled substrate has been an efficient tool for the detection 
of active enzymes (Van Nooden 2010). Using fluorescent-
labeled peptides, for both TG1 and TG2, we successfully 
detected their specific activities in frozen tissue sections 
(Sugimura et al. 2008; Akiyama et al. 2010; Yamane et al. 
2010; Johnson et al. 2012). When a reaction occurred, a 
lysine-donor substrate in a tissue section covalently incor-
porated a glutamine-donor peptide and a fluorescent signal 
represented apparently the presence of active TGs. In par-
ticular, experiments using whole mouse sections efficiently 
provided the results for the expression levels of TG in the 
active form (Itoh et al. 2011).

In previous studies, the expression patterns of both TG1 
and TG2 were investigated through mRNA expression and 
protein levels in several tissues (Hiiragi et al. 1999; Griffin 
et al. 2002). There have been some investigations on the 
developmental variations of TG expression in some tissues 
(Nagy et al. 1997; Citron et al. 2000; Bailey and Johnson 
2004; Lee et al. 2005). However, variations in these enzy-
matic activities in whole mice have not been thoroughly 
investigated, even though both enzymes may be essential 

for body formation by modifying growth factors and/or by 
cross-linking several structural proteins. Therefore, to 
acquire more insights into the physiological roles of these 
TGs during embryonic development, it is necessary to 
simultaneously analyze both the protein expressions and the 
enzymatic activity distributions of TGs.

In this study, we used fluorescent-labeled substrate pep-
tides to determine the mouse embryonic expression pattern 
of the in situ activities of TG1 and TG2. In addition to 
detecting their enzymatic activity levels, we simultaneously 
analyzed and compared their protein distributions using 
antibodies specific for each isozyme. Our results should 
contribute to understanding the roles of TG activities during 
mouse body formation.

Materials & Methods

Materials

Fluorescent isothiocyanate (FITC)-labeled peptides were 
synthesized by Biosynthesis (Lewisville, TX). Rabbit poly-
clonal anti-TG1 (A018) was purchased from Zedira 
(Darmstadt, Germany). Rabbit polyclonal anti-TG2 serum 
was made by Japan Lamb (Hiroshima, Japan) using mouse 
recombinant TG2 as an antigen that was produced in our 
laboratory. IgG was affinity purified using NHS-activated 
Sepharose 4 Fast Flow, which was immobilized with 
recombinant protein (GE Healthcare Bio-Sciences AB; 
Uppsala, Sweden). Alexa 555-labeled donkey anti-rabbit 
IgG (H+L) and Alexa 594-labeled donkey anti-rabbit IgG 
(H+L) were purchased from Life Technologies (Carlsbad, 
CA). MAS coated slide glass was purchased from 
Matsunami Glass Ind., Ltd. (Osaka, Japan). Other chemical 
reagents were obtained from Sigma-Aldrich (St Louis, MO) 
or WAKO Chemicals (Osaka, Japan).

Preparation of Tissue Sections

ICR pregnant mice were purchased from Japan SLC, Inc. 
(Shizuoka, Japan) and were sacrificed to collect embryos 
at various pregnancy stages (E10.5, E12.5, E14.5, E16.5, 
and E18.5). Neonatal mice were also used in this analysis. 
TG1 and TG2 knockout (KO) C57/BL6 mice were main-
tained by K. Yamanishi and S. Kojima, respectively. TG2 
KO mice were originally developed and kindly provided by 
Dr. R. Graham (Nanda et al. 2001). Embryos were pro-
cessed for preparation according to the method described 
by Kawamoto (Kawamoto and Shimizu 2000; Kawamoto 
2003) and whole-body sections were produced using a mul-
tipurpose cryosection preparation kit (Section Lab Co. Ltd.; 
Hiroshima, Japan). Briefly, the mouse was frozen in cold 
hexane (–94C) and then freeze-embedded with Super 
Cryoembedding Medium (SCEM). Ten-μm-thick sections 
were prepared with a cryomicrotome (Leica CM3050S; 
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Leica Co. Ltd., Wetzlar, Germany) from the frozen speci-
men block and collected with cryofilm. All sections were 
histologically identified by hematoxylin and eosin (H&E) 
staining. Embryonic sequential sections were used for vari-
ous reactions for in situ enzymatic activity and immunos-
taining. All animal experiments were carried out according 
to the guidelines of each institute (Nagoya University, 
Hyogo College of Medicine, and RIKEN Institute).

In Situ Detection of the Enzymatic Activity of TG

Unfixed 10-μm cryosections of mice embryos were air-
dried and then blocked with 1% bovine serum albumin 
(BSA) in phosphate-buffered saline (PBS; 10 mM 
Na-phosphate, pH 8.0, 150 mM NaCl) at room temperature 
for 30 min. These sections were subsequently incubated for 
60 min at 37C in the substrate reaction solution containing 
100 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol, and 5 mM 
CaCl

2
 in the presence of FITC-labeled peptide (pepK5, 

pepT26) at the final concentration of 1 μM. After the enzy-
matic reaction, PBS containing 25 mM EDTA was added to 
stop the reaction via chelating calcium ion. Then, after 
washing with PBS three times, mounting solution SCMM 
(R2) was added to the sections for observation.  As negative 
controls, the reaction mixture containing EDTA (5 mM) 
instead of CaCl

2
 was used. Alternatively, the fluorescent-

labeled peptides (FITC-K5QN or FITC-T26QN) in which 
the reactive glutamine residue was replaced by an aspara-
gine residue were used in the control reaction.

Immunostaining

Ten-μm cryosections of mice embryos were air-dried and 
then fixed with mixed solution (methanol:acetone = 1:1) for 
1 min. After washing with PBS three times, the sections 
were blocked with 1% BSA in PBS at room temperature for 
30 min. The blocked sections were then incubated with 
isozyme-specific antibodies diluted 1:250 (anti-TG1) and 
1:500 (anti-TG2) in 1% BSA in PBS overnight at 4C. The 
sections were washed three times with PBS containing 
0.15% Triton-X100 and 1% BSA and then incubated for  
1 hr at 37C with fluorescent-labeled secondary antibodies: 
Alexa 555-labeled donkey anti-rabbit IgG (TG1) and Alexa 
594-labeled donkey anti-rabbit IgG (TG2), diluted 1:1000 
in PBS containing 0.15% Triton-X100 and 1% BSA. After 
washing with PBS, mount medium was dropped onto the 
sections for observation.

In the case of double staining, immunostaining was per-
formed followed by in situ enzymatic reactions.

Microscopic Observation and Analyses

Samples were observed under a Keyence fluorescence 
microscope (BZ-9000; Keyence, Osaka, Japan) using a ×4 

lens (NA 0.20) for whole mouse sections and a ×20 lens 
(NA 0.75) for each tissue. H&E-stained images were 
obtained using the same microscope or scanner (EPSON 
GT-x750; Epson, Nagano, Japan).

The free software Image J (version 1.43u; image pro-
cessing and analyzing java; http://rsbweb.nih.gov/ij/) was 
used for linear adjustment of fluorescent images. This soft-
ware was also used for image mapping using pseudo-colors 
from the fluorescent signal as a standard procedure.

Results

Reactivities and Specificities by Comparative 
Staining Patterns with Fluorescent-Labeled Favorable 
Substrate Peptides and Antibodies for TG1 and TG2

To investigate the relationships between the transamidating 
activities and protein expression levels of TG1 and TG2, we 
performed both in situ detection of the activity and immu-
nostaining using favorable substrate peptides and antibod-
ies, respectively. The sequences of pepK5 and pepT26 were 
used to detect TG1 and TG2 activities, respectively, as 
shown in Table 1. We initially attempted to detect the activ-
ities and protein expressions using sections from TG1 and 
TG2 KO mice as well as wild type mice (Fig. 1). In this 
figure, sagittal plane sections of an E19.5 embryo and a 
neonate were used for TG1 and TG2 analyses, respectively. 
In the case of TG1 analyses, we used E19.5 embryos instead 
of neonates throughout the experiments, since KO mice for 
TG1 died within a couple of hours after birth.

For an E19.5 stage wild-type mouse embryo (TG1 +/+), 
significant fluorescent signals resulting from FITC-labeled 
pepK5 incorporation were observed in epithelial tissues, 
which was consistent with our previous results (Itoh et al. 
2011). No apparent signals could be detected in a reaction with 
FITC-pepK5QN substituted peptide or in the co-presence of 
EDTA. In addition, no signals were observed in a section 
from a TG1-null mouse. These results demonstrated that 
active TG1 was specifically detected.

When we used a polyclonal antibody against TG1, sig-
nals were obtained in the wild-type section corresponding 

Table 1.  Sequences of Isozyme-specific Substrate Peptides 
for Transglutaminase Skin-type (TG1) (pepK5) and Tissue-type 
(TG2) (pepT26).

Sequence

TG1: YEQHKLPSSWPF (pepK5)
  YENHKLPSSWPF (pepK5QN)
TG2: HQSYVDPWMLDH (pepT26)
  HNSYVDPWMLDH (pepT26QN)

pepK5QN and pepT26QN are mutant peptides in which the reactive 
glutamine residue was substituted with asparagine (indicated in bold).
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to the in situ enzymatic activity of TG1. In contrast, no sig-
nals were detected in a section from a TG1-null mouse. In 
addition, without the primary antibody, no signals were 
detected in this section (data not shown). These results indi-
cate that these procedures could be used to detect both the 
enzymatic activity and protein expression.

As shown in Fig. 1B, TG2 activity analysis in wild-type 
mouse showed significant fluorescent signals that resulted 
from cross-linked FITC-pepT26 in various tissues, primar-
ily in connective tissues. No apparent signals were observed 
for a reaction using FITC-pepT26QN substituted peptide or 
in the co-presence of EDTA. With the exception of tongue 
and rectum, no apparent signals were observed in a section 
from a TG2-null mouse. When using a polyclonal antibody 
against TG2, signals were detected over a wide area with a 
pattern similar to that for TG2 enzymatic activity. No sig-
nals were detected in a section from a TG2-null mouse. 
These results demonstrated that both TG2 protein expres-
sion and the enzymatic activity could be specifically 
detected using this procedure simultaneously.

Simultaneous Detection of In Situ TG Activity 
and Protein Expression Patterns in Embryonic 
Whole Mouse Sections

For this experiment, we performed double-staining analy-
ses of frozen sections from embryos at various develop-
mental stages. Sections that reacted with FITC peptides 
were subsequently fixed and immunostained. For this 
immunofluorescent analysis, we used secondary fluorescent-
conjugated antibodies for staining. These analyses allowed 
us to compare the enzymatic activities and protein expres-
sion patterns of the two major TGs present in the whole 
body.

First, for TG1 (Fig. 2B), the results for the detection of in 
situ enzymatic activity showed significant signals primarily 
in epithelial tissues, including skin, esophagus, forestom-
ach, and tooth. For these epithelial tissues, an E10.5 section 
showed weak signals, whereas the E12.5 to E14.5 sections 
exhibited active signals, particularly around the bronchial 
arch. These signals were dramatically enhanced at the stage 

Figure 1.  In situ detection of enzymatic activities using the preferential substrate peptides and immunostaining analysis using antibodies 
against transglutaminase skin-type (TG1) and tissue-type (TG2). (A) Sagittal plane sections from the wild-type and TG1-null mice at E19.5 
stage were reacted with 1 μM fluorescent isothiocyanate (FITC)-pepK5 in the presence of 5 mM CaCl

2
. As negative controls, samples 

were treated with 1 μM of FITC-pepK5QN or in the presence of 5 mM EDTA. Immunofluorescent staining using a polyclonal antibody 
against TG1 was also performed. (B) Neonate whole-mouse body sagittal plane sections from wild-type and TG2-null mice were reacted 
with 1 μM FITC-pepT26. As described in the legend to (A), negative controls (1 μM FITC-pepT26QN or EDTA) and immunostaining 
with an antibody against TG2 were performed. Bars = 0.5 cm.
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of E14.5 to E16.5, as shown by the pseudo-color image 
data. In a neonate section, signal intensity also began to 
increase in hair follicles in addition to epithelial areas. 
Compared with the immunofluorescently stained area, the 
resulting signals nearly overlapped with those for the sig-
nals of active enzyme.

Subsequently, for TG2 (Fig. 2C), the enzymatic activity 
was particularly higher in liver, heart, and spine compared 
with other internal organs, on E12.5 to E14.5 sections. An 
E16.5 section exhibited TG2 activity in other sites, such as 
muscle. Depending on the developmental stage, the signal 
pattern gradually changed to reflect that of an adult mouse. 
With regard to immunofluorescently stained areas, weak 
enzymatic activity was observed at earlier stages (mostly 
purple on pseudo-color images). During the embryonic 
development, the immunofluorescent signals gradually 
increased.

In Situ Activity and Protein Expression in Specific 
Tissues

In general, the enzymatic activity level was correlated with 
the protein expression level. However, in some tissues, the 
ratios of the levels of enzyme activity and protein levels 

were varied, as shown by pseudo-color images (Fig. 2). In 
addition, unique expression patterns were observed in some 
tissues, as described below (Figs. 3 and 4).

For TG1, which was primarily expressed in skin, the 
enzyme activity and protein expression levels dramatically 
increased starting at the E14.5 to E16.5 stage (Fig. 3A). In 
the outermost cornified layers in the epidermis of the neo-
nate, the immunostaining signal levels were higher than 
those for enzymatic activity as compared with the patterns 
in other areas. A similar area (red) was also observed in an 
E16.5 section, although it was thinner than that in the neo-
nate. This suggested that inactive TG1 itself had possibly 
accumulated as a substrate in the differentiated keratino-
cytes by cross-linking. In the neonate, hair follicles also 
showed apparent signals for TG1 activity and protein 
expression. Tooth tissues also showed that TG1 was highly 
expressed in an active form (Fig. 3B). At the E18.5 stage, 
TG1 activity, which was higher than that of the protein 
level, was observed around the odontoblast. From the E18.5 
stage to the neonatal stage, the protein expression level 
gradually increased over a wide area containing dentin.

As shown in Fig. 4A, TG2 activity was observed in the 
cartilage anlagen in the spine at the E12.5 stage. At E14.5, 
these signals were concentrated in the perichondrium. 

Figure 2.  Simultaneous double staining for in situ enzyme activities and immune detection in whole-mouse body sections. (A) Sections 
of embryos at various fetal development stages (E10.5, E12.5, E14.5, E16.5, E18.5) and neonatal mice were stained with H&E staining. 
(B) The sections at midline were subjected to in situ enzymatic activity detection [fluorescent isothiocyanate (FITC)-pepK5] followed 
by immunostaining for transglutaminase skin-type (TG1), using the same reaction conditions described in the legend to Fig. 1. Results in 
the left panels show enzymatically active areas indicated by pseudo-color images. Results in the right panels show merged areas (yellow) 
from the stained areas for the enzymatic activity (green) and immunostaining (red). (C) The sections at midline were subjected to in situ 
enzymatic activity detection (FITC-pepT26) followed by immunostaining for transglutaminase tissue-type (TG2). Results are in the same 
order as in (B). Bars = 0.5 cm.
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During further development, from the E16.5 stage to the 
neonatal stage, and between the annulus fibrosus and 
nucleus pulposus, TG2 activities were enhanced in accor-
dance with the protein levels. In these areas, the protein 
level was relatively enhanced compared to the enzyme 
activity. This pattern was also observed in the hyaline carti-
lage of neonatal nose chondrocytes, whereas the activity 
relative to protein expression in the perichondrium was 
increased at a later stage of development (Suppl. Fig.).

In the intestine, in which higher TG2 activity was 
detected among the tissues, unique expression variations 
were observed during development (Fig. 4B). At the E12.5 
stage, TG2 was highly expressed with regard to its 

enzymatic activity in the mesenchymal area of the midgut. 
Regarding villi development, in the intestinal mucosa, TG2 
enzymatic activity and the protein level were enhanced in 
the layers of the lamina propria mucosae, muscularis muco-
sae, and submucosa.

Discussion

Post-translational modifications by TGs, such as cross-
linking between proteins, deamidation, and the attachment 
of polyamines, are implicated in various biological events. 
These enzymes, consisting of the eight isozymes, are 
involved in these reactions in a calcium-dependent manner. 

Figure 3.  Double-staining patterns for transglutaminase skin-type (TG1) in various tissues during mouse embryonic development. 
Enlarged pictures of H&E staining (left) and merged images of in situ activities and immunostaining for TG1, using fluorescent isothiocyanate 
(FITC)-pepK5 and an anti-TG1 antibody (right), are shown. Results in panels A and B are for the reactions with (A) skin and (B) teeth: 
CL, cornified layer; GL, granular layer; HF, hair follicle; ML, muscle layer; DP, dental papilla; Od, odontoblast; De, dentin; En, enamel. At 
E14.5 and E16.5, the surrounding area of teeth was shown.
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Among them, both TG1 and TG2 are major enzymes that 
are highly expressed in various tissues and have several 
physiological roles. However, there is little information 
regarding the distributions of TG activities during embry-
onic development among these isozymes. Therefore, we 
aimed to simultaneously acquire insights into the positional 
and developmental variations in the activities and protein 
expressions of both TG1 and TG2.

To detect enzymatic activity in an isozyme-specific 
manner, we established an in situ detection system using 
fluorescent-labeled peptides that were isozyme-specific 
glutamine-donor substrates (Itoh et al. 2011). Mouse whole-
body sections were successfully prepared for the detection 
of in situ activities, and these sections also appeared to be 

suitable for immunostaining analysis (Fig. 1). Furthermore, 
as shown in Fig. 2, immunostaining analyses could be sub-
sequently performed after detecting the enzymatic activity. 
Thus, we could compare the protein expression levels and 
in situ enzyme activities on the same sections, which estab-
lished precise tissue distributions for TGs (Table 2). In 
addition, examining various tissues, including tooth, spine, 
and nose chondrocytes, provided considerably novel 
information.

Depending on the tissues and embryonic developmental 
stages, the ratio of the protein level to activity level is var-
ied. In the liver (Fig. 2, neonate) and the intestine at earlier 
developmental stages (Fig. 4A), the enzyme activity levels 
relatively increased but the protein levels did not. In these 

Figure 4.  Double-staining patterns for transglutaminase tissue-type (TG2) in various tissues during mouse embryonic development. H&E 
staining (left) and merged images of in situ activities and immunostaining (right) with corresponding fluorescent isothiocyanate (FITC)-
pepT26 and an anti-transglutaminase tissue-type (TG2) antibody are shown. Results in panels A and B are for reactions. (A) Spine: AF, 
annulus fibrosus; NP, nucleus pulposus; VB, vertebral body; BC, subperiosteal bone collar; Pe, perichondrium; CA, cartilage anlagen. (B) 
Intestine: ME, mucosal epithelium; LP, lamina propria mucosae; MM, muscularis mucosae; Su, submucosa; Me, mesenchyme. Bars = 100 μm.
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cases, some activation mechanisms may have been required, 
such as binding of an activator and limited proteolysis in the 
case of TG1 (Hitomi 2005). In contrast, as observed by the 
signals in the developed spine and the outermost cornified 
layers of the skin (Figs. 3A and 3B), the protein levels were 
higher at these sites than the enzymatic activity levels. In 
these cases, TG1 may have been a favorable substrate, and 

participated in cross-linking activity that would result in 
polymerization and, also possibly, susceptibility to other 
modifications such as sumoylation and phosphorylation 
(Luciani et al. 2009; Wang et al. 2012). This would decrease 
its enzymatic activity, although the area would still be 
immunochemically positive. Therefore, our data from this 
study were significant because active enzymes could be 
detected in each of these tissues.

In a series of experiments from the present and the previ-
ous studies, we could not detect enzyme activity in some 
tissues such as the brain (TG2) and the lung (TG1), where 
each enzyme is considered to be actively expressed. This 
was probably because of the release of the cross-linked 
products, which would make the signal undetectable. 
Additionally, during preparation of the tissue sections and 
the cross-linking reaction, which may have led to a loss in 
cell membrane integrity, limited activity could be detected, 
such as in the intracellular areas. Further modifications of 
our procedures will be required in some tissues.

In this study, the signals detected for TG enzymatic activity 
were based on lysine-donor (glutamine-acceptor) substrates 
for each TG. Although several TG substrates have been identi-
fied, novel substrates may have been included among these 
signals, in various tissues. Identifying these proteins using tag-
attached peptides would enable the biochemical identification 
of novel substrates, which would be useful information for 
understanding their physiological significance in each tissue.

In conclusion, we obtained data for the expression patterns 
of major TGs at both the protein and transamidation activity 
levels. In addition to our previously developed detection sys-
tem for in situ enzyme activity, we established conditions to 
perform a simultaneous immunostaining analysis. Furthermore, 
reactions for in situ detection of enzyme activity and subse-
quent immunofluorescent analysis were successfully per-
formed. These analyses provided information on indexes for 
both enzyme activity and protein expression levels.
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