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Tissue transglutaminase (tTG) plays an important role in celiac disease pathology as it catalyzes deamidation and cross-linking of specific gluten peptides and converts them into potent epitopes recognized by intestinal T-cells. We investigated whether synthetic peptides with high affinity to gliadin could alter tTG activity on gliadin and whole gluten digest. The immobilized substrates were incubated with synthetic peptides identified by the phage display technique and a control peptide with no affinity to gliadin. Transglutaminase activity was measured with time resolved fluorescence. The mean tTG activity, compared to that of the control without the peptides, was reduced by 31, 33, and 36% for three selected gliadin-binding peptides, and 30% for the peptide pool (P e 0.0010.004) when gliadin was the substrate. Finally, substrate specificity experiments suggested that avenin was processed in a manner similar that used for gliadin during in vitro assays with tTG. The results showed that the blocking peptides efficiently reduced tTG processing of gliadin in vitro, and this strategy will be further investigated as an alternative therapy for celiac disease. KEYWORDS: Celiac disease; gliadin; synthetic peptides; time resolved fluorescence; tissue transglutaminase



INTRODUCTION



Celiac disease (CD) is a complex inflammatory condition that is diagnosed in approximately 1% of European and American populations (1, 2). Clinical presentation varies from asymptomatic to severe gastrointestinal complaints including abdominal pain, diarrhea, weight loss, and malabsorption related conditions. Histologically, the disease is presented with infiltration of intraepithelial lymphocytes into the intestinal mucosa, which leads to lesions of the small intestine with villous atrophy and crypts hyperplasia. Symptoms develop because of an inadequate immune response and include antibody production and cytotoxic reaction to specific peptides originating from ingested wheat gluten as well as proteins from related cereals (3-6). Wheat gluten proteins, gliadins and glutenins, have a unique amino acid composition with high content of proline ((15%), hydrophobic amino acids ((19%), and glutamine ((35%). Moreover, they contain domains with numerous repetitive sequences rich in those amino acids (7, 8). Because of this glutamine- and proline-rich structure, gluten proteins are resistant to complete digestion by gastric and pancreatic human peptidases (9, 10). *To whom correspondence should be addressed. Department of Chemical and Biological Engineering/Food Science, Chalmers Uni:: versity of Technology, SE-412 96, Goteborg, Sweden. Tel: þ46 31772-38-21. Fax: þ46 31-772-3830. E-mail: karolina.hoffmann@ chalmers.se.
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Tissue transglutaminase (tTG) is an enzyme (EC 2.3.2.13) from the transglutaminase family of calcium dependent acyltransferases (11). It can be found in extracellular compartments of the subepithelial region of the small intestine where it catalyzes the formation of intermolecular, covalent cross-linking between primary amines or proteins (12). During the first stage of this reaction, a thiol ester is formed between a glutamine residue (an acyl-donor) from a gluten peptide and a cystine residue from the tTG active site, and ammonia is released as a reaction byproduct. During the second stage of the reaction, the acyl group is transferred to the acyl acceptor (often a lysine residue), and an isopeptide bond is formed. If the lysine residue is not present, tTG deamidates glutamine to glutamic acid by catalyzing only the first reaction stage after which the thiol ester is hydrolyzed (12, 13). The tTG enzyme has been identified as an autoantigen in CD and is now considered to play an important role during disease pathology as it is targeted by highly specific antiendomysial antibodies, and is also involved in the generation of epitopes for intestinal T-cells (12, 14-16). Gluten peptides that cross the intestinal mucosa barrier are preferentially deamidated by tTG, which leads to enhanced stimulation of CD4þ T-cells and triggers a cascade of immune responses that result in mucosal inflammation (12). It has also been hypothesized that tTG can catalyze the cross-linking of gluten peptides with the mucosal matrix proteins, which could result in a longer exposure of these antigens in the mucosa of the small intestine. Moreover, high molecular weight
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Article complexes of tTG-gluten are targeted by disease specific IgA antibodies (14, 17). So far, the only treatment available for CD patients is a glutenfree diet. However, the abundance of gluten in several nonbakery food products as well as contamination of various foods with gluten during production processes makes the diet difficult to follow (18, 19). This is why new complementary therapies allowing ingestion of low amounts of gluten are highly needed. Reduction of tTG-catalyzed gluten modification could possibly hinder the activation of the immune system and minimize the development of inflammation. To test this hypothesis, in the present work we asked whether the tTG activity on gluten could be changed by blocking gluten sequences with synthetic peptides selected for high affinity to wheat gliadin. The effect of three blocking peptides on tTG-based intact gliadin modification was investigated in this study. Moreover, whole gluten digest obtained during simulated human gastrointestinal digestion was incubated with the blocking peptides. Their potential to block gliadin sequences when interacting with gluten fragments was thereby investigated. Finally, an oat prolamin, avenin, was tested in a separate assay to examine whether it could act as a tTG substrate in vitro. MATERIALS AND METHODS



Materials. Wheat gluten (G5004), pepsin from porcine gastric mucosa (P6887), pancreatin from porcine pancreas (P1750), porcine bile extract (B8631) N,N-dimethylcasein, bovine serum albumin (BSA), guinea pig liver transglutaminase (T5398), and Tween20 (T-20) were from Sigma Aldrich (Stockholm, Sweden). Oat meal Ren Havre (Semper AB; Sundbyberg, Sweden) was purchased in the local supermarket. All chemicals were purchased from Scharlau Chemie S.A., Sentmenat, Spain, except for CaCl2 3 2H2O (Merck Sharp & Dohme Sweden, Sollentuna, Sweden), polypropylene glycol P2000 (Fluka Chemie AG, Buchs, Switzerland), and Dulbeco’s phosphate buffered saline (PBS) buffer without Ca and Mg (PAA Laboratories GmbH, Pasching, Austria). Microplates for fluorescence measurements FluoroNunc MaxiSorp were purchased from Nunc (Roskilde, Denmark). 5-(Biotinamido)Pentylamine was obtained from Pierce (Rockford, IL., USA). Eu-labeled streptavidin, DELFIA assay buffer, and DELFIA enhancement buffer were purchased from PerkinElmer, Wallac Oy (A˚bo, Finland). Blocking Peptide Synthesis. Gliadin binding peptide sequences were originally identified from a phage display library Ph.D.-12 Phage Display Peptide Library kit (New England BioLabs, Beverly, MA, USA). This library contains filamentous M13 phage derivatives carrying random 36 bp oligonucleotides cloned into the minor coat protein gene pIII. When expressed, a 12-mer peptide will be expressed at the N-terminus of pIII and exposed on the phage surface. The selection of phages carrying peptides binding to gliadin was carried out using microtiter plates coated with gliadin extracted from wheat gluten according to Mimouni (20). Candidate phages were tested by ELISA, dot blot, and Western blot (Chen et al., unpublished results). Inserted DNAs from gliadin binding phages were isolated and sequenced, and the corresponding peptides were synthesized :: in vitro with 95% purity (obtained from Xaia Custom Peptides, Goteborg, Sweden). The sequences were as follows: peptide P64 WHWTWLSEYPPP; peptide P22 LETSKLPPPAFL; peptide P61 WHWRNPDFWYLK; control peptide PC31 with no affinity to gliadin AYYPQNHKSNAE (one-letter amino acid code; for three-letter amino acid codes, see Table 1). Protein Extraction. Wheat prolamin (gliadin) was extracted from gluten during sequential extraction as described by Osborne (21) and modified by Weiss (22). Gluten (1 g) was mixed with 4 mL of Tris-HCl buffer (50 mM, pH 8.8), and the proteins were extracted for 1 h at 4 °C, on a shaker. The samples were centrifuged for 20 min, at 20000g at 4 °C, and the supernatant with salt soluble proteins was obtained. The extraction was repeated twice, and the supernatant was discarded. The pellet was washed with ultrapure water, 4 mL of 75% ethanol was added, and gliadins were extracted for 2 h at ambient temperature. Subsequently, the samples were centrifuged as described above, and clear supernatants were stored at -80 °C.
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Table 1. Three-Letter Amino Acid Code Sequences of Gliadin Blocking Peptides and the Control Peptide Selected with the Phage Display Techniquea peptide P64 P22 P61 PC31



sequence Trp-His-Trp-Thr-Trp-Lys-Ser-Glu-Tyr-Pro-Pro-Pro Leu-Glu-Thr-Ser-Lys-Leu-Pro-Pro-Pro-Ala-Phe-Leu Trp-His-Trp-Arg-Asn-Pro-Asp-Phe-Trp-Tyr-Leu-Lys Ala-Tyr-Tyr-Pro-Gln-Asn-His-Lys-Ser-Asn-Ala-Glu



a The peptides were incubated with coated wheat gliadin and gluten digest, and their ability to reduce tissue transglutaminase processing of these proteins was investigated with Time Resolved Fluoroscence.



Oatmeal was ground to fine flour and defatted as described by Lending et al. (23). Extraction of oat prolamin, avenin, was performed according to Kim et al. (24). The defatted flour was mixed with 52% ethanol (1:10 w/v), and avenin was extracted for 1 h at ambient temperature. The samples were centrifuged for 20 min at 10000g, and the supernatant was collected. Avenin was precipitated from solution with 2 volumes of cold NaCl (1.5%). Proteins were recovered by centrifugation for 30 min at 7000g and 4 °C. The pellet was washed with ultrapure water in order to remove the salt ions and dried. For further analyses, avenin was dissolved to the desired concentration in 52% ethanol. In Vitro Digestion. Wheat gluten digest was obtained during in vitro digestion in a fermenter by simulation of human physiological conditions and time dependent changes in pH in both gastric and intestinal phases (unpublished data). Shortly, the temperature was set to 37 °C, and wheat gluten was suspended in 500 mL water with 100 μL of P2000 in a 2-L LABFORS fermenter (Infors, Switzerland). To mimic gastric conditions, pepsin in 500 mL of gastric solution prepared according to Matuschek et al. (25) and HCl were secreted into the fermenter vessel for 90 min to follow a designed pH gradient from pH 5.5 to pH 2.0. The intestinal phase was 60 min long, and pancreatin and bile salts in 150 mL of 0.1 M NaHCO3 were pumped into the fermenter for 30 min to mimic the duodenal conditions. Bicarbonate was secreted to adjust the pH from 2.0 to 5.0 and subsequently to pH 6.8. The concentration of all extracted proteins and gluten digest was measured with bicinchoninic acid (BCA)-based protein assay (Pierce; Rockford, IL., USA) with BSA used as a standard, and the results were expressed as μg/mL. Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of extracted prolamins from wheat gluten and oat was performed according to Laemmli (26). All the gels, molecular weight standards (MWS), low and broad range, and solutions were from BIO-RAD Laboratories (Sundbyberg, Sweden). Proteins were blended with the Laemmli sample buffer (þ5% β-mercaptoethanol), heated for 5 min at 95 °C, cooled down to ambient temperature, and centrifuged 2 min at 4000g to remove insoluble material. Clear supernatants were loaded on 12%Tris-HCl gels. Analysis was performed for 75 min, at the constant voltage of 110 V in a vertical electrophoresis cell (BIO-RAD Laboratories). The gels were stained with Coomassie Blue R-250 as described in the BIO-RAD standard protocol. Images of the gels were taken with GS-800 Calibrated Image Densitometer (BIO-RAD Laboratories) and analyzed with the Quantity One Software (ver.4.5 BIO-RAD Laboratories). In order to exclude the contamination of oat flour with wheat gliadins, RIDASCREEN Gliadin Sandwich Enzyme Immunoassay (R-Biopharm AG; Darmstadt, Germany) was performed according to the producer’s manual with wheat gliadin as a standard. The absorbance was measured at 450 nm with a microplate reader (Tecan Safire) with the operating Magellan software (Tecan Group LTD, Switzerland). Transglutaminase Activity Assay. The transglutaminase activity assay with the guinea pig liver transglutaminase was performed according to Skovbjerg et al. (27). In this assay, active transglutaminase incorporates 5-(biotinamido)pentylamine to coated protein substrates. Subsequently, high biotin affinity Eu-labeled streptavidin is added to the wells, and time resolved fluorescence (TRF) of chelated Europium is measured. Gliadin, avenin, and N,N-dimethylcasein were used as coated protein substrates in specificity experiments. The purpose was to investigate the specificity of the assay on the basis of a chosen protein substrate and the possibility that avenin could be a good substrate for tTG in vitro. Gliadin
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and whole gluten digest were used in experiments with experimental blocking peptides. Protein concentrations ranging from 500 ng to 5 mg/mL were tested in order to choose the lowest titration possible with reproducible results and high enzyme activity units that would be at least 1000 times higher than the background. For further experiments, 500 μg/mL was chosen. Proteins were diluted to 500 μg/mL in coating buffer (0.1 M carbonate buffer, pH 8.2) and filtered through a 0.22 μm MillexGS Filter (Millipore; USA). Microtiter plates were coated with a protein solution (150 μL/well) and incubated overnight at 4 °C. Blocking of the unbound sites was performed for 30 min at 37 °C with 0.1% BSA in coating buffer. Then, the plates were washed 3 times with 50 mM Tris-HCl buffer (pH 8.5, 0.05% T-20), and 50 μL of freshly prepared Tris-HCl (pH 8.5) with 1 mM 5-(biotinamido)pentylamine, 10 mM CaCl2, 20 mM DTT, and 50 μL of transglutaminase solution (50 ng/well) was added to the wells and incubated for 30 min at 37 °C. The wells were washed 6 times with washing buffer (PBS-0.05% T-20), and Eu-streptavidin (150 μL/well; 1 μg/mL) in Delfia assay buffer was added. The plates were incubated for 1 h at ambient temperature and washed with washing buffer. During the last stage of the analysis, samples were incubated with Delfia enhancement solution (180 μL/well) for 10 min at ambient temp and time resolved fluorescence (TRF) for Europium was measured with Tecan Safire. During the experiments with blocking peptides, we made some protocol adjustments. After the BSA blocking and washing steps, we added the blocking peptides in PBS (500 μg/mL) to the wells and incubated them for 1 h at 37 °C to allow binding to the coated gliadin or whole gluten digest. The blocking peptides P22, P61, and P64, and the control peptide PC31 with no affinity to gliadin were tested separately and as a pool of peptides P22, P61, and P64, respectively, with 1:1:1 ratio. After the incubation, the unbound peptides were removed by washing 10 times with washing buffer. Further procedures were kept unchanged. The reduction of enzymatic activity was calculated by subtracting the values achieved in the presence of experimental blocking peptides from the values achieved when the peptides were absent. Subsequently, the values were presented as the percentage of activity reduction. Statistics. Results obtained from the transglutaminase activity assay were evaluated with the paired t-test (SPSS software, version 15.0 for Windows), with 95% significance level. Differences were considered significant when P < 0.05. The tTG activity counts obtained for each peptide were compared with that of the control (no peptide present). All of the peptides were tested at least in triplicate, during three experiments; during the avenin assay, we used samples in quadruplicate. RESULTS



Gel Analysis of Extracted Prolamins and Whole Gluten Digest. SDS-PAGE analysis of extracted wheat gliadins (Figure 1a) showed the presence of major protein bands approximately between 28 and 55 kDa. Moreover, two bands at around 19 and 20 kDa and a thick band between 13 and 15 kDa were visible. Electrophoretic analysis of oat avenins (Figure 1a) showed distinct bands between 22 and 34 kDa and a weak band around 15 kDa. The SDS-PAGE of whole gluten digest showed a mixture of peptides in several molecular sizes ranging below 18 kDa (Figure 1b). The oat flour samples were not contaminated with gliadin, indicated by RIDASCREEN sandwich ELISA. Gliadin amount, if any in oat flour, was below the assay detection limit (1.5 ppm gliadin). Transglutaminase Activity Assay. Blocking Peptides. The TRF based microplate assay was used to study tissue transglutaminase catalyzed cross-linking in the presence of blocking peptides. The method described by Skovbjerg (27) allows fast and sensitive measurements and results in high fluorescence values already at low concentrations of tissue transglutaminase. Gliadin and whole gluten digest were used as tTG substrates during incubation with the blocking peptides. Results from the gliadin-peptide incubations showed that the blocking peptides significantly reduced the tTG activity detected as reduced ability to incorporate 5-(biotinamido)pentylamine to coated protein. In



Figure 1. Electrophoretic image of extracted wheat (gliadins) and oat (avenins) prolamins, and whole gluten digest used in the transglutaminase activity assay. (a) Lane 1, MWS; lane 2, gliadins; lane 3, avenins (b). Lane 1, MWS; lane 2, whole gluten digest.



all cases, the tTG activity reduction compared with activity in the absence of peptides ranged from ∼30 to 36.1% (Figure 2a). The highest reduction of enzymatic activity was observed for peptide P22 with ∼36% (P < 0.001); followed by ∼33% (P < 0.001) reduction for peptide P64; ∼31.4% (P < 0.001) reduction for peptide P61; and ∼30% (P < 0.004) for the peptide pool. The results differed when in vitro digested gluten was used as a coated tTG substrate (Figure 2b). Levels of the measured tTG activity reduction were between ∼5.5-28.4%. The highest activity reduction, ∼28%, was observed for peptide P61, ∼20.1% for the peptide pool, and ∼5.5% for peptide P64. Peptide P22 enhanced the tTG activity by ∼9.4%. However, because of the high level of variance within the groups, these results were statistically insignificant at the 95% significance level. The control peptide PC31 did not cause any significant changes in tTG activity with either gliadin (P< 0.11) or gluten digest (P 
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