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Autoantibodies from patients with coeliac disease recognize distinct functional

domains of the autoantigen tissue transglutaminase
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SUMMARY

The enzyme tissue transglutaminase (tTG) has been recently identified to represent a highly sensitive

and specific target of autoantibodies in coeliac disease. To characterize autoantigenic epitopes, we

generated novel tTG deletion mutants by polymerase chain reaction, produced radiolabelled fragments

by in vitro transcription/translation, immunoprecipitated the mutants using sera from patients with

coeliac disease, and related the binding data with putative structural and functional domains of human

tTG. We show that tTG antibody positive sera display a heterogeneous autoantibody response covering

distinct regions of the molecule. The N-terminal and C-terminal third of tTG, comprising amino acid

(aa) 1±281 and aa 473±687, harbour the dominant epitopes (67´4% and 69´4% positive), whereas the

catalytic region is of minor antigenicity (22´5% positive). Autoantibodies directed to one, two and three

domains were observed in 36´7%, 28´6% and 22´4% of patients, respectively. Comparative analysis

revealed the presence of strictly conformational epitopes which were dependent on the N-terminus (aa

1±12) or the intact b -barrel domains in the C-terminus (aa 473±497, aa 649±687). In conclusion, we

here demonstrate for the first time that the humoral autoimmunity is directed against distinct functional

tTG domains. The spectrum of autoantibodies indicates that the native folded protein may be the target

of autoantibodies.
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INTRODUCTION

Coeliac disease (CD) is characterized by an inflammation of the

upper small bowel which is triggered by the ingestion of gliadin, a

component of wheat gluten [1]. The enzyme tissue transglutami-

nase (tTG) was recently identified as a specific target autoantigen

in CD [2]. Several studies reported on autoantibodies against tTG

(tTG-Ab) in 95±99% of patients with newly diagnosed CD using

tTG isolated from guinea pig liver or human recombinant antigen

[3±5]. Although these studies conclusively demonstrate that tTG

is a major autoantigen in CD, the pathogenic mechanisms how an

exogenous antigen such as gliadin can induce a tissue specific

autoimmune response are still poorly defined.

CD is thought to be mediated by specific T-lymphocytes and

activated intestinal fibroblasts leading to an inflammatory reaction

against intestinal mucosa [1,6]. The tTG autoantigen has several

interesting features which could contribute to disease development

and progression. Gliadin has been shown to act as donor substrates

for tTG leading to gliadin±gliadin and gliadin±tTG cross-links

and the formation of gliadin neoepitopes by the deamidation of

glutamine residues into glutamate [2,7]. These chemically

modified peptides strongly bound to HLA-DQ2 and are

recognized by gut-derived T cells and CD-specific T cell clones

suggesting a key role of tTG in the pathogenesis of CD [8,9].

When the antigen is complex or composed of two physically

attached parts, T and B lymphocytes can be triggered to respond to

different antigens. Therefore, it can be speculated that gliadin±

tTG linkage may also be involved in the cross-activation of a

gliadin specific T cell response and the formation of tTG specific

autoantibodies [10]. Thus far, only few data are available on the

nature of tTG-Ab and the autoantigenic determinants of the tTG

protein. Recently, Halttunen and MaÈki demonstrated that tTG-Ab

may directly contribute to the mucosal lesion by the inhibition of

epithelial cell differentiation suggesting that the antibodies block

tTG function [11]. A comparison of an enzyme-linked immuno-

sorbent assay (ELISA) with Western blot analysis revealed that

some sera may recognize both conformational and linear epitopes

[3].

To understand the role of humoral autoimmunity in the

pathogenesis of CD it is essential to characterize the autoantigenic

domains of tTG. Therefore, we here studied autoantibody binding

towards a panel of recombinant tTG fragments covering distinct

216 q 2001 Blackwell Science

Correspondence: J. Seissler, M.D., Diabetes Research Institute at the

University of Duesseldorf, Auf'm Hennekamp 65, D-40225 Duesseldorf,

Germany.

E-mail: sei@ddfi7.uni-duesseldorf.de



regions of the molecule. Using this approach we defined

immunogenic domains of tTG.

MATERIALS AND METHODS

Patients

Sera from 49 patients (33 females, 16 males; age 2±67 years,

median 17 years) with untreated coeliac disease were used to

characterize tTG autoantibody epitopes. Diagnosis was based on

jejunal biopsy with evidence for the typical mucosal lesion [12].

Fifty sera from healthy individuals (30 females, 20 males, age 16±

40 years, median 28 years) served as controls.

Construction of tTG deletion mutants

The tissue transglutaminase cDNA clone encoding full length

human tTG (amino acid (aa) 1±687) has been previously

described [5]. Deletion mutants were produced by polymerase

chain reaction (PCR) using anchored 5 0- and 3 0-primers

corresponding to the published tTG sequences including a Kozak

sequence and start codon (GCCGCCACCATG¼) and/or a

translation termination codon (ACT¼) at predetermined sites

(start at tTG amino acid: aa 1, aa 46, aa 227, aa 473 and aa 497;

stop at tTG aa: aa 227, aa 281, aa 347, aa 473, aa 648 and aa 687).

Each PCR products were blunted with Klenow fragment, ligated

into the Hinc II site of pGEM 4Z vector (Promega, Madison, WI)

and sequenced using an automated sequencing apparatus (ABI,

Applied Biosystem, Forster City, CA). Deletion mutants are

illustrated in Fig. 1.

Characterization of B cell epitopes

For the mapping of tTG epitopes 1 mg purified plasmid cDNA

encoding deletion mutants of full length tTG was in vitro

transcribed and translated in the presence of [35S]-methionine

(Amersham Pharmacia, Braunschweig, Germany) using a rabbit

reticulocyte lysate system (Promega, Madison, WI) as described

previously [5]. Briefly, aliquots of radiolabelled polypeptides

(15 000 cpm for each construct) were incubated with 5 m l serum

diluted in 100 m l Tris-buffer (20 mm Tris, pH 7´4, 150 mm NaCl,

2 mm EDTA, 5 mm benzamidine, 5 mm methionine, 0´5% Triton

X100) at 48C for 12 h. After addition of 20 m l antihuman IgA-

Agarose (Sigma) for 2 h, absorbed immunocomplexes were

washed extensively, followed by measurement of bound radio-

activity in a b -counter (Top Count, Canberra Packard, Groningen,

The Netherlands). To test the influence of Ca21 on the

preservation of tTG epitopes some experiments were performed

in which Tris-buffer was supplemented with 5 mm CaCl2 (without

the addition of EDTA). In each experiment the same positive and

negative serum was used as internal control. All measurements

were performed in duplicates. Values above the 99th percentile of

normal controls were considered antibody positive.

To confirm correct expression of deletion mutants and the

specificity of autoantibody binding, sera from 5 patients were also

analysed by immunoprecipitation and fluorography. 15 000 cpm

of each polypeptide was incubated with 20 m l serum diluted in

100 m l Tris-buffer. After 12 h at 48C 100 m l antihuman IgA-

Agarose was added for 2 h. Then immunoprecipitates were

washed five times in Tris-buffer, eluted by boiling for 3 min in

sample buffer, and separated by SDS-PAGE using the buffer

system of Laemmli [13]. Gels were fixed, rinsed for 15 min in

Amplify (Amersham, Braunschweig, Germany), dried under

vacuum and exposed to XAR-5 films (Kodak, Rochester, NY)

for 10 days.

RESULTS

The major tTG epitopes are located in N- and C-terminal domains

All deletion mutants were successfully expressed by in vitro

transcription and translation using the reticulocyte lysate system.

Autoradiography revealed that the polypeptides migrated on SDS-

PAGE with the predicted molecular weights (Fig. 2). In some

cases, additional bands were present suggesting low level protein

degradation. These radiolabelled polypeptides were used to define
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Fig. 1. Tissue transglutaminase (tTG) constructs used for the analysis of humoral epitopes. Numbers represent amino acid position in tTG.

A summary of reactivity patterns of 49 sera from patients with confirmed CD are indicated on the right margin.
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autoantigenic regions recognized by 49 sera from patients with

CD who were found positive for autoantibodies to full length tTG

in comparison to 50 sera from normal controls. None of the

control sera did react with any of the truncated proteins. Antibody

binding was first analysed against overlapping polypeptides

comprising large fragments of the N-terminus (aa 1±473, frag.

N1), the middle region (aa 46±648, frag. M1) or the C-terminus

(aa 227±687, frag. C1). 46 of 49 (93´4%) tTG antibody positive

sera recognized fragment N1 and 34 (69´4%) patients had

antibodies directed to mutant C1. A dominant reactivity towards

the middle domain was excluded by the finding that only 22´5% of

sera recognized fragment M1 comprising aa 46±648 and none of

the sera immunoprecipitated residues aa 227±473 (frag. M2)

(Fig. 1). The use of Tris-buffer with 5 mm CaCl2 in the incubation

and washing step has no influence on the percentage of positive

antibodies or the antibody levels against fragment M1 (Fig. 3).

These findings suggest the presence of at least one epitope

depending on the intact N-terminus (aa 1±45) and another epitope

in the C-terminus which requires aa 649±687. A representative

immunoprecipitation with a serum from patients with CD is

shown in Fig. 2.

The main N-terminal epitope requires the presence of the first 13

residues

To further localize epitopes progressive deletion of fragment N1

was performed. The majority of sera displayed a positive reaction

with mutant N3 comprising aa 1±281 (67´4%). Deletion of aa

228±281 from N3 (frag. N4) resulted in a loss of reactivity in

75´6% of N3 positive sera. Reactivity against fragment N1

(81´6%) indicated the presence of further epitopes within aa 1±

347 of tTG. Interestingly, the truncation of the first 13 residues

(frag. N5) completely abolished antibody binding against all

epitopes within the N-terminal part of the molecule. This indicates

that the major epitope residing in the N-terminal third of tTG is

strongly dependent on the intact N-terminus (aa 1±13). Our data

suggest that residues 1±347 harbour at least three distinct

epitopes. The first is located within aa 1±227 (16´3% positive),

the second epitopes requires aa 1±281 (at least 51% positive) and

the third is dependent on the presence of aa 1±347 (at least 14´3%

positive).

Characterization of the C-terminal autoantigenic region

The dominant epitopes located at the C-terminus of tTG were

mapped by progressive deletion of the N- and C-terminal part of

frag. C1. Among 49 tTG antibody positive sera 34 (69´4%)

recognized mutant C2 comprising aa 473±687 including all sera

which displayed a positive reaction towards frag. C1. The binding

to these major epitopes were completely lost after deletion of

residues aa 473±497 or aa 649±687 (Figs. 1 and 2). Both parts of

the molecule may therefore be of crucial importance for the

formation of the dominant C-terminal epitope. In addition, the

comparison of reactivity patterns against polypeptides C2 and C4

with N5 suggest that autoantigenic regions distinct from the N-

and C-terminal epitopes are located within aa 46±648 recognized

by 22´5% of the sera.

Fig. 2. Reactivity of sera from patients with CD against tTG deletion

mutants expressed by in vitro transcription and translation. Crude lysate of

[35S]methionine labelled tTG deletion mutants (a). Immunoprecipitation of

mutants identical to that shown in (a) using a serum from a patient with CD

(b). Molecular weight markers are indicated at the left margin.
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Fig. 3. Distribution of antibody levels against several tTG deletion mutants. The dotted lines represent the cut-offs at levels defined by the

99th percentiles of healthy controls.
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Autoantibody tTG epitopes are conformation-dependent

The analysis of immunoreactivity of individual sera towards

overlapping fragments N2, N4-5, M1-2, C1 and C4 clearly

demonstrates that the major tTG epitopes are not directed against

linear epitopes. The requirement of several not neighboured

residues suggests that the autoantibodies may target conforma-

tional epitopes. Therefore, aa 1±13, aa 473±497 and 648±687 are

either directly involved in the formation of conformational

epitopes or induce a major conformational change that affects

binding to the truncated polypeptides.

Epitope recognition patterns in patients with CD

Among 49 sera from patients with newly diagnosed CD, four

major patterns of autoantibody reactivity were observed using

fragments covering distinct autoantigenic determinants (Fig. 4).

Pattern I reactivity, detected in 10 of 49 (20´4%) sera, was defined

by the presence of autoantibodies to multiple epitopes within the

N-terminal domain, the middle region and the C-terminus of tTG

(Table 1). About one third (28´6%) of sera had autoantibodies that

were directed to the N- and C-terminal part of tTG (pattern II).

Reactivity restricted to only one region either the N-terminal

domain (pattern III) or the C-terminus (pattern IV) was observed

in 36´7% of the sera. There was no significant difference between

the epitope patterns and age, gender, or the level of antibodies to

full length tTG.

DISCUSSION

The enzyme tTG is a highly sensitive and specific target of

autoantibodies in CD. In this study we present the first data on the

characterization of autoantigenic regions in tTG. The analysis of

antibody binding patterns against a panel of tTG deletion mutants

revealed a heterogeneous antibody response directed to strongly

conformation-dependent epitopes. We demonstrate that the

dominant epitopes clustered in two separate areas of tTG, one

spanning from the N-terminus to the catalytic region and the other

comprising the two C-terminal domains. The identification of

defined epitope boundaries suggests that theses tTG regions may

harbour amino acid sequences of high immunogenicity which

could be crucially involved in the induction of autoimmunity in

CD.

Tissue TG is an unique member of transglutaminases in that it

exhibit two distinct enzyme activities: a TGase activity involved

in crosslinking of extracellular matrix proteins, cell adhesion and

wound healing, and a guanosine triphosphate/adenosine tripho-

sphate (GTP/ATP) hydrolysis activity associated with signal

transduction in apoptosis and cell cylce [7,15]. This bifunctional

role of tTG is related to different domains of the protein. tTG is

formed by a N-terminal b -sandwich domain (aa 1±139), a central

catalytic core region (140±454) and two b -barrel regions

(spanning between aa 479±585 and aa 586±687) [15,16]. The

TGase activity requires the putative calcium binding region

between aa 446±453 and the active site located at Cys-227

whereas the GTP/ATP binding domains reside in the N-terminal

185 aa residues [17,18]. On the basis of these data we constructed

tTG fragments comprising one or two structural and/or functional

domains to increase the probability to maintain the three-

dimensional structure of truncated proteins. The analysis of

overlapping mutants demonstrated that dominant epitopes of tTG

autoantibodies reside in the N- and C-terminal half (N2 and C2) of

the molecule. In addition, the comparison of immunoreactivity

patterns revealed that the majority of sera from patients with CD

did not react with linear epitopes. The presence of conformational

epitopes is in line with previous studies reporting on the failure to

detect tTG-Ab using denatured protein in Western blots [2]. This

observation may also provide an explanation why liquid phase

antibody assays, which tend to preserve the protein conformation

more accurately than solid phase immunoassays, might be more

sensitive for the detection of tTG-Ab as compared to ELISA [19].

The appearance of autoantibodies directed to conformational

epitopes were also described in other T cell mediated autoimmune

diseases including glutamic acid decarboxylase and the tyrosine

phosphatase-like protein IA-2 in type 1 diabetes or thyroid

peroxidase in Hashimoto's thyroiditis [20±22].

Although the absence of linear epitopes complicated mapping

of autoantigenic domains by polyclonal sera, further progressive

deletion of immunoreactive fragments was successful to produce

truncated tTG polypeptides with preserved antigenic conforma-

tion. Using C- and N-terminal deletion mutants of fragment N2,

three distinct epitopes were identified. The major epitope,

recognized by 67´4% of the sera, was mapped between aa

residues 1±281 which was dependent on the presence of aa 228±

281 and aa 1±13. The observation that the deletion of the first 13

residues completely abolished antibody reactivity in all tested sera

N-terminal sandwich
domain

catalytic
core region

NH2

aa 228–347

aa 1–13

aa 649–687

COOH

aa 473–496

-barrel 2β

-barrel 1β
Cys-227

Fig. 4. Cartoon showing the secondary structure of tissue transglutami-

nase generated by homology alignment with the known three-dimensional

structure of plasma transglutaminase (factor XIII).The image was built

using the programs SWISS Model and RasMol [14]. The four domains of

tTG are illustrated in different grey patterns. Critical amino acid residues

involved in the preservation of dominant tTG epitopes are boxed.

Table 1. Immunoreactivity patterns in 49 patients with coeliac disease

Pattern

Recognition of epitopes

Positive

N-terminus

(aa 1±281)

Middle region

(aa 46±648)

C-terminus

(aa 473±687)

I 1 1 1 10 (20´4%)

II 1 ± 1 14 (28´6%)

III 1 ± ± 9 (18´4%)

IV ± ± 1 9 (18´4%)

V ± 1 ± 0

VI 1 1 ± 0

VII ± 1 1 1 (2´0%)

Six patients had autoantibodies only against fragment N1 (aa 1±473) and

fragment N2 (aa 1±347), respectively.
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suggest that the near N-terminal region of the b -sandwich domain

is of crucial importance for the formation of the N-terminal tTG

epitopes. Previous studies reported that the first N-terminal aa

residues of tTG are involved in the binding of fibronectin which

represents a substrate for TGase [23]. On the basis of the present

data we can not exclude that residues aa 1±13 are directly

involved in antibody binding towards mutant N4. However, the

complete loss of immunoreactivity in sera positive for distinct

antibody specificities (N2-4) suggests that the deletion of residues

1±13 may induce a major conformational change of the molecule.

These findings may be interesting for studies on the relation

between structure and function in the TG enzyme family.

The dominant binding domain within the C-terminus was

found to be located between aa 473±687 corresponding to the two

b -barrels in the tTG molecule (69´4% positive). A more detailed

mapping of this epitopes was not successful, since deletion of

residues aa 473±496 or aa 648±687 completely abolished

autoantibody reactivity in all tested sera. Thus, both C-terminal

b -barrel domains of tTG seems to be important for the formation

of this epitope.

Although the three-dimensional conformation of tTG is still

unknown, alignment with the homologous structured domains of

human plasma transglutaminase, known as blood coagulation

factor XIII, suggest that the active site is buried in a cleft between

the N-terminal b -sandwich region and the two b -barrel domains

[24]. The structural requirement of tTG epitopes suggest that the

native folded protein may be the immunogen for autoreactive B

cells. The accessibility of the N-terminal and C-terminal regions

on the surface of the molecule could explain why the autoimmune

reaction is predominately directed to these regions. In addition,

there is the possibility that the tTG±gliadin crosslinking protects

the catalytic domain from the recognition of tTG-reactive B cells.

Whether or not the binding of autoantibodies influences the TGase

or the GTPase/ATPase activity of tTG remains an interesting

question of further studies.

Analysis of the immunoreactivity patterns in individual sera

revealed that the majority of patients exhibit autoantibodies

directed to more than one epitope. The appearance of auto-

antibodies to multiple epitopes is a well known finding in other

autoimmune diseases such as type 1 diabetes, Addison's disease

and autoimmune thyroid disorders [25±27]. This has been

explained by the intramolecular spreading of an autoimmune

response from a single or few epitope(s) to multiple epitopes

during the natural history of the disease. In type 1 diabetes and

systemic lupus erythematosus, a temporal spreading of the

humoral autoimmune response has been described from immu-

nodominant epitopes in an early, preclinical phase to less

immunogenic domains at the manifestation of the disease [28±

30]. Thus, our data may be important for the development of an

epitope specific diagnostic in CD. Prospective follow-up studies

may be required to answer the question whether or not a specific

epitope or epitope pattern is associated with the activity of the

autoimmune process or the progression from a silent state of the

disease to clinically overt CD.

In conclusion, we here define for the first time antigenic

epitopes of the target autoantigen tTG. We demonstrate that (i)

autoantibodies are predominantly directed to conformational

epitopes; (ii) the autoimmune response is frequently directed to

multiple epitopes; (iii) dominant epitopes are located in distinct

functional domains of tTG which require the presence of critical

residues near the start and the end sites of the molecule. These

finding may provide the basis to study the interaction between B

cells and T cells in CD and characterize the role of distinct tTG

autoantibody specificities in the disease process.
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