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F ro m  th e  am ino  ac id  com position  o f  g lu ten  p ro te in s a n d  th e  su b s tra te  
specific ity  o f  tran sg lu tam in ases  (TG ase) w e concluded th a t  g lu te n  p ro te ins 
can be fav o u rab le  su b s tra te s  for T G ases d u e  to  th e ir h igh g lu ta m in e  con ten t.

B y  use  o f  sod ium  dodecyl su lfa te  po lyacry lam ide  gele lec tropho resis 
i t  w as d e m o n s tra te d  th a t  from  g lu te n -E S  an d  g lu ten-T S  h igh -m o lecu lar- 
w eigh t p ro te in s  developed  in  th e  p resen ce  o f  Ca2+ and  red  b lo o d  cell lysate 
c o n ta in in g  T G ase. W hen  o v a lbum in  o r  deam id a ted  g lu ten  w e re  app lied  as 
su b s tra te s  no  h igh-m olecu lar-w eight p ro d u c ts  w ere fo rm ed . U p o n  spectro- 
p h o to m e tr ic  m easu rem en ts  we fo u n d  th a t  covalen t cross-links (isopeptide 
bonds) fo rm ed  u n d e r  th e  effect o f  T G ases p resum ab ly  cause a  c h an g e  in  the 
position  o f  ch rom ophore  groups in  th e  su b s tra te s . A b so rp tio n  d ecrease  was 
d e tec ted  be tw een  274—276 n m  as a  r e s u lt  in th e  case o f g lu ten -T S  a n d  gluten- 
E S  used a s  su b s tra te s  for TG ase. N o su ch  change occurred  in  o v a lb u m in  and 
d eam id a ted  g lu ten , app lied  as co n tro ls , u n d e r  th e  in fluence  o f  T G ase.

O n th e  basis o f o u r ex p e rim en ts  i t  is p o stu la ted  t h a t  th e  f i rs t step  
in  g lu ten  to x ic ity  is p resum ab ly  th e  b in d in g  o f  g lu ten  to  th e  in te s t in e  m ucosa. 
I n  th is  b in d in g  th e  h igh  tran sg lu tam in ase  a c tiv ity  in th e  in te s tin e s  o f  coeliac 
p a tie n ts  a n d  th e  h igh  g lu tam in e  c o n te n t o f  g lu ten  m ay  h a v e  a n  im p o rta n t 
role.

Transglutaminases (TGases, R-glu- 
taminyl-peptide: amine gamma-gluta- 
myltransferases, EC 2.3.2.13) are 
Ca2+-dependent enzymes that cata
lyze the formation of intermolecular 
crosslinks -  covalent isopeptide bonds, 
£-(y-glutamyl)lysine -  between gam
ma-carboxyl amide groups of gluta
mines in polypeptide chains of certain 
proteins and e-amino groups of 
lysines in another polypeptide chain

releasing ammonia. The cross-links 
thus formed link protein molecules 
into rigid high-molecular-weight poly
mers that are insoluble in sodium 
dodecyl sulfate (SDS), urea and di
sulphide bridges reducing (2-mercap- 
toethanol, dithiothreitol etc.) solu
tions. Until recently production of 
the e-(y-glutamyl)lysine cross-links ca
talyzed by TGases was the only known 
physiological reaction. But nowadays

A bbreviations: E G T A , e th y len e  gy lco l-b is-/2 -am inoethy l e th e r /-N ,N ,N ’N ’ te tra - 
a ce tic  ac id ; G lu, g lu tam ic  ac id ; G in, g lu tam ine ; g lu ten -T S , su p e rn a ta n t f r a c tio n  o f  g lu ten  
a f te r  tr e a tm e n t o f g lu ten  w ith  T ris (to  p H  =  7.2—7.4); g lu ten -E S , s u p e r n a ta n t  frac tio n  of 
g lu ten  a f te r  tre a tm e n t o f g lu ten  w ith  E G T A  (to  p H  =  7 .2-7 .4); P B S , p h o sp h a te  buffered 
sa line ; P A G E , p o ly ac ry lam id e  gel e lec tropho resis ; R B C , red  blood cell; SD S , sodium  
dodecy l su lfa te ; T ris , T ris -/h y d ro x y m e th y l/-am in o e th an e .
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there is unequivocal evidence that 
TGases catalyze the formation of 
cross-links between peptide-bound 
glutamines of proteins and amine 
groups of polyamines (spermidines, 
spermines), too [12]. Laki and Lórand 
were the first to report on the dis
covery of TGase (fihrin stabilizing 
factor, factor XIII) [8]. This enzyme, 
whose activity is thrombin and Ca2+- 
dependent, can be found in the blood 
plasma, the placenta and the platelets. 
I t  plays an important role in the poly
merization of fibrin monomers into 
stable fibrin network during clotting 
of normal plasma, in wound healing 
and the formation of atherosclerosis 
[11]. To date TGase has been demon
strated in several tissues including 
the liver [12], the epidermis [6, 23], 
the erythrocytes [19, 27], the seminal 
fluid [35], the kidney [7], the brain 
[25], the human jejunal mucosa [5].

Since only peptide-bound glutamine 
is the substrate of the enzyme (limited 
specificity is determined by the cir
cumstances of the given glutamine), 
we thought that gluten and gliadin 
could be favourable substrates for 
TGase. According to our measure
ments [30, 31] and literary data [2, 
36] gluten and gliadin contain 40-45% 
of glutaminyl residue (Glu +  Gin) of 
which over 60% are in the form of 
amide residues (Gin). The latter, as 
mentioned above, is an absolute sub
strate requirement for TGase activity. 
Gliadin and gluten, however, exhibit 
only limited solubility on physiological 
pH, since they dissolve only in mild 
acids, alkalia or 70% of alcoholic 
solutions. Considering all these, we

isolated fractions (gluten-TS, gluten- 
ES, v.s.: Methods) soluble in water 
and electrolyte solutions from gluten. 
Human red blood cell lysate and 
fibrogammin (factor XIII, Boehring 
Werke AG, Marburg) purified by us 
on Sephadex G-200 column and ac
tivated with thrombin were used as 
the source of TGase.

Several methods [16, 18, 19, 20, 25, 
28] have been established to demon
strate TGases, measure their activities 
as well as to show the formation of 
cross-links occurring as a result of 
their activities in the presence of 
adequate substrates. During our ex
periments a method based on sodium 
dodecyl sulfate polyacrylamide-gel- 
electrophoresis (SDS-PAGE) was 
used. Besides we tried to view by 
spectrophotometry the changes taking 
place in the investigated substances 
through intermolecular cross-links 
produced under the influence of 
TGase. We thought that the position 
of chromophores (tyrosine, trypto
phan, phenylalanine) would change 
in the investigated proteins due to 
the formation of cross-links, and as 
a result we would be able to detect 
absorption decrease or increase at the 
absorption maxima depending on the 
extent of enzyme activity. By the help 
of both methods, mentioned above, 
from gluten-TS and gluten-ES, forma
tion of high-molecular-weight proteins 
were demonstrated in the presence of 
Ca2+ and TGase. Using ovalbumin or 
deamidated gluten no high-molecular- 
weight products were formed.

Further on the results of our experi
ments are described.
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M a t e r i a l s  a n d  M e t h o d s

Isola tion  oj hum a n  red blood cell (R B C )  
lysate containing transglutam inase (TG ase). 
5 m l o f h u m an  b lood ta k e n  fresh ly  on h ep a 
rin  (100 N E  h e p a rin /m l blood) w as ce n tr i
fuged a t  800 g, 4°C fo r 30 m in . T he R B C  
m ass w as th en  w ashed  th r ic e , w ith  a  so lu 
tion  con ta in ing  133 m m o l/l N aCl, 20m m ol/l 
T ris-H C l, p H  7.4. T he  ap p ro x im a te ly  1 m l 
volum e o f  R B C  m ass  w as k e p t w ith  16 m l 
o f  20 m m ol/l T ris-H C l b u ffe r (pH  7.4) a t  
room  te m p e ra tu re  fo r 1 h r , an d  cen trifuged  
a t  46000 g a t  4 °C fo r 30 m in . T he p rec ip i
ta te  w as d iscarded , th e  s u p e rn a ta n t con 
ta in in g  TG A se w as s to re d  in  3 m l po rtions 
a t  —20 °C u n til n e x t u se . U n d e r th e  descri
bed  c ircum stances th e  enzym e is ac tive for 
4 w eeks.

Isola tion  oj gluten fractions soluble in  
water and  electrolyte so lu tions from  gluten. 
I n  o rder to  m ak e  fra c tio n s  we isolated 
g lu ten  from  b read  b y  th e  m e th o d  described 
in  o u r p rev ious p a p e r  [30]. T herea fte r 7.2 
m l ion -free-w ater a n d  0.2 m l 600 m m ol/l 
T ris  so lu tion  w as a d d e d  to  12 m g g lu ten  
p ro te in  dissolved in  3 m l 10 m m ol/l acetic  
ac id , an d  th e  m ix tu re  w as sh ak en  carefully . 
T he Ir is  so lu tion  m ad e  th e  sam ple tu rb id  
a n d  th e  p H  to  in c rease  u p  to  7.2-7.4. 
T h erea fte r th e  sam p le  w as k e p t a t  37 °C 
fo r 120 m in  a n d  th e n  cen trifu g ed  a t  2000 g 
a t  25 °C fo r 60 m in . T h e  c lean  su p e rn a ta n t 
w as d ialysed ag a in s t 50-fold volum e o f  20 
m m o l/l T ris-H C l b u ffe r (p H  =  7.4) a t  4 °C 
fo r 36 h  w hile th e  b u ffe r  so lu tion  w as 
changed  tw ice. T h is  s u p e rn a ta n t frac tion , 
su b seq u en tly  g lu ten -T S , w as s to red  a t  
— 20 °C u n ti l  u se . G lu ten -E S  p rep a ra tio n  
w as iso la ted  acco rd ing  to  a  p rev ious p ap er 
[33].

D eam idation oj gluten. 20 m g o f g lu ten  
w as hea ted  a t  100 °C in  8 m l 1 m ol/l HC1 
fo r 45 m in . A fte r cooling , th e  m ix tu re  was 
d ialysed  ag a in s t 2 x 1 0 0 0  m l o f  ion-free
w a te r a t  4 °C fo r 24 h , th e n  1000 m l 20 
m m ol/l T ris-H C l b u ffe r (pH  =  7.4) for 
a n o th e r 24 h . T he  d ia ly sed  deam idated  
g lu ten  so lu tion  w as s to re d  a t  — 20 °C [6].

Production o f im m u n e  serum  against,

gluten, im m u n e  d iffu sion . T he  im m u n e  
se ru m  a g a in s t g lu ten  o b ta in ed  fro m  ra b b it  
w as p ro d u ced  b y  a  m ethod  show n in  a  p re 
v ious p a p e r  [33]. Im m une diffusion  e x p e ri
m e n ts  w ere perform ed on  1 .6%  agarose  
(N oble D ifco) p la te  in p h o sp h a te  b u ffe red  
sa line  (P B S ), p H  7.2. A fte r tra n s fe r r in g  
th e  im m u n e  serum  and  th e  sam p le  m a 
te r ia l o n to  th e  p la tes, we in c u b a te d  th em  
a t  ro o m  te m p e ra tu re  for 26—36 h . T h e re 
a f te r  th e  p la te s  w ere w ashed  w ith  P B S  
so lu tio n s  changed  severalfo ld . A fte r  w ash 
in g  a n d  d ry in g , th e  p la te s  w ere  s ta in e d  
w ith  0 .126%  Coom assie B ril lia n t B lue 
(R -250) so lu tio n  con ta in ing  l : 9 = c c .  ace tic  
a c id : 6 0 %  m ethano l. T he p la te s  w ere 
d e s ta in e d  w ith  a  d iffe ren tia tio n  so lu tio n  
co n ta in in g  l :5 :4 = c c .  ace tic  ac id : m e th a 
n o l: w a te r .

D em onstra tion  of high-molecular-weight 
pro te ins form ing  from  water-soluble gluten  
fractions under the effect of TG ase by  S D S -  
P A O E .  R B C  hem olysate  (33 p i, 13.4 m g 
p e r  m l) co n ta in in g  TG ase w as in c u b a te d  
w ith  g lu ten -T S  (100 pi, 0.4 m g  p e r  m l) o r 
g lu te n -E S  (100 pi, 0.16 m g  p e r  m l) o r 
c ry s ta lliz ed  ova lbum in  (100 p i, 0 .4  m g  p e r 
m l) in  th e  presence o f  6 -10  m m o l/l C aC l2 
a t  37 °C fo r 180 m in  a t  p H  =  7.4. C on tro l 
sam p les : 1. g lu ten-T S  w as in c u b a te d , as 
a fo re -m en tio n ed , w ith o u t C aC l2; 2. w ith  
C aC l2; 3. R B C  hem olysate  w as in c u b a te d  
w ith o u t C aC l2; 4. w ith  C aC l2. A fte r  in c u 
b a tio n , co n tro l sam ples 1 a n d  4, 2 a n d  3 
w ere  m ix ed . T hen  60-60 p i in cu b a tio n  
m ed iu m  (0.01 m m ol/l sod ium  p h o sp h a te  
b u ffe r, p H  =  7.1, 50 g/1 SD S, 10 m g /l 
m e rc a p to e th a n o l, 0.05 g/1 b ro m p h en o l b lue 
a n d  400 g/1 glycerol) w as ad d e d  to  all 
sam p les [29], an d  th e y  w ere h e a te d  a t  
100 °C fo r 7 m in . In cu b a ted  sam p les  w ere 
q u a n ti ta t iv e ly  — u nder e lec trode  b u f fe r— 
tra n s fe r re d  o n to  the  to p  o f  p ree lec tro - 
pho rized  gels. E lec trophoresis a n d  th e  su c 
ceed ing  gel tre a tm e n ts  (s ta in ing , d es ta in - 
ing , e tc .)  w ere carried  o u t a cco rd in g  to  
W eb e r a n d  O sborn [34] w ith  th e  d if fe r
ence th a t  th e  gels con ta ined  o n ly  50 g/1 
ac ry lam id e . T o determ ine  m o lecu la r m ass, 
w e u sed  S erva  bovine se ru m  a lb u m in
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(Mr =  68000), p u rified  h u m a n  g a m m a 
g lo b u lin  (Mr =  50 000 a n d  23 000) a n d  
c ry s ta ll iz e d  ov a lb u m in  (Mr =  42 000) as 
s ta n d a rd s . A fte r w ash ing , th e  gels w ere 
m e a s u re d  w ith  a  d en sito m ete r consisting  
o f  a n  O p to n  PM -2D L  sp ec tro p h o to m e te r  
co n n e c te d  w ith  a  reco rder (R ade lk is  814/1), 
on  o w n -m a d e  gel tu b e  a n d  a  gel slid ing  
m o to r .

D em onstra tion  of changes occurring in  
water-soluble gluten fractions under the in 
fluence o f T O  use w ith  spectrophotometer. 
P re p a r a t io n  o f  assay  an d  co n tro l sam ples 
w as s im ila r  to  th a t  ap p lied  d u rin g  SDS- 
P A G E , b u t  3-fold volum e w as m easu red  
fro m  e a c h  com ponen t. In c u b a tio n  tim e 
w as 180 m in , a t  37 °C. T h e re a fte r  con tro l 
sam p le s  1 a n d  4, a n d  2 a n d  3 w ere  m ixed  
a n d  d ilu te d  in  2.7 vo lum e o f  20 m m ol/l 
T ris -H C l b u ffe r, p H  =  7.4 a n d  a b so rp tio n  
sp e c tra  w ere  in v es tig a ted  w ith  Specord 
M 40 sp e c tro p h o to m e te r . S p ec tra  w ere 
ta k e n  u p  ag a in s t 20 m m o l/l T ris-H C l 
b u ffe r. In v e s tig a tio n  o f  a ssay  sam ples 
w as c a rr ie d  o u t as described  above .

R e s u l t s

Figure 1 illustrates the absorption 
spectra of gluten-TS, gluten-ES, de
amidated gluten and ovalbumin used

during experiments. The absorption 
maxima of gluten-TS, gluten-ES and 
deamidated gluten lie at 276 nm, 
that of ovalbumin lies at 278 nm. 
Gluten-ES, as shown in a previous 
study [33] on the basis of results ob
tained by immune disc electrophore
sis, is related to gluten from immuno
logical point of view. Accordingly we 
did not find any important differences 
in the amino acid composition of glu
ten and gluten-Es [33]. According to 
our experiments carried out on Ouch- 
terlony plates, both gluten-ES—sim
ilarly to the facts described above— 
and gluten-TS exhibited 2 precipita
tion bands with the immune serum 
produced against gluten (Fig. 2). 
Deamidated gluten did not react to 
the immune serum.

Figure 3 shows the absorption 
spectrum of RBC hemolysate contain
ing TGase. It can be seen that the 
hemolysate has absorption maxima 
at 275, 348, 405-420, 542 and 577 nm. 
When the RBC hemolysate containing 
TGase was incubated in the presence

F ig . 1. A b so rp tio n  sp ec tra  o f  (1) g lu te n -E S :-------, (2) g lu ten -T S : — ------ , (3) o v a lb u m in :
-------, (4) d eam id a ted  g lu te n : . . . . . . .
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1,2,3,4 :gluten-TS 0.26 mg/ml 5,6,7,8: gluten - ES 0.10 mg/ml 

I: anti-gluten, immune serum

F ig . 2. Im m u n e  reac tio n  o f  g lu ten -T S  a n d  g lu ten -E S  w ith  an tig lu ten  im m u n e  serum

i

F ig . 3. A b so rp tio n  sp e c tra  o f  re d  b lood cell hem olysate

of 10 mmol/1 CaCl2 and gluten-TS at 
37 °C for 180 min, approximately 10% 
absorption decrease was detectable at 
276 nm compared with the corre
sponding control (Fig. 4). At 348, 405- 
420, 542 and 577 nm no significant 
changes occurred.

Using ovalbumin in the place of 
gluten-TS as substrate for TGase, 
we measured approximately 2-3% ab
sorption increase at 276 nm compared 
with the corresponding control (Fig. 
5). At 348, 405-420, 542 and 577 nm

practically no absorption change was 
detected.

Spectrophotometrical investigations 
were also carried out using fibrogam- 
mine (factor XIII) and thrombin as 
follows. 400 pi (240 pg) fibrogammine 
purified by us on Sephadex G-200 
column, 20 pi (25 pg) thrombin 
(topostasine) and 400 pi (160 pg) 
gluten-TS '} ovalbumin, and deami
dated glute were incubated in the 
presence of 10 mmol/1 CaCl2 at 37 °C 
for 60 min in 60 mmol/l NaCl and
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20 mmol/1 Tris-HCl buffer (pH =  7.4) 
solution. Control samples were pre
pared according to the principles 
shown in the “Method”. We estab

lished that if gluten-TS was the sub
strate of TGase, the absorption de
crease at 276-277 nm was 8.4% as 
compared to the respective control. If

F i g . 4. E f fe c t  o f red  b lood  cell (R B C ) hem o ly sa te  c o n ta in in g  TG ase on the  a b so rp tio n
p ro p e r tie s  o f  g lu t e n - T S .--------- : th e  com position  o f  c o n tro l sam ples w as th e  sam e as
in  (2). T h e  o n ly  d ifference w as  th a t  g lu ten-T S  and  th e  R B C  h em olysate  in  th e  p resence  o f  
10 m m o l/l C aC l2 w ere in c u b a te d  sep a ra te ly . A fte r in c u b a tio n  th e  tw o com ponen ts w ere
u n ite d , th e  C a2 + co n cen tra tio n  w as se t, d ilu ted , e tc . ( 2 ) --------- : 300 p i o f g lu ten -T S  w as
in c u b a te d  w ith  100 pi (1340 f i g )  R B C  hem olysa te  c o n ta in in g  TG ase in  th e  p resence  o f 
10 m m o l/l C aC l2 a t  37 °C fo r 180 m in . T hen  th e  442 p i v o lu m e in cu b a tio n  m ed iu m  w as 
d ilu ted  w ith  2.7-fold vo lum e 20 m m o l/l T ris-H C l b u ffe r (p H  7.4) an d  its  ab so rp tio n  sp ec 

tru m  w as im m e d ia te ly  ta k e n  u p  a g a in s t th e  la t te r  buffer

F i g . 5. E f fe c t  o f  red  blood cell h em o ly sa te  co n ta in in g  T G ase  on  th e  ab so rp tio n  p ro p e rtie s  
o f o v a lb u m in . T he p rocedu re  a n d  th e  in cu b a tio n  co n d itio n s , e tc . w ere th e  sam e as show n 
in F ig . 4 ., b u t  in  th is  ex p e rim e n t ova lbum in  w as u sed  in  th e  p lace  o f g lu ten -T S . 

---------  o v a lb u m in , ( 2 ) --------- c o n tro l
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In the incubation solution, 
mmol / 1 Ca2*

F i g . 6. E ffe c t o f  red  blood cell hem o ly sa te  c o n ta in in g  TG ase on the  a b so rp tio n  p ro p ertie s  
o f  g lu ten -T S  a t  d iffe ren t fina l Ca2 + c o n c e n tra tio n s . T he procedure, th e  in c u b a tio n  cond i
tio n s , e tc . w ere  th e  sam e as  show n in  F ig . 4 ., b u t  in  th is  series o f ex p e rim en ts  C a2 + final 
c o n c e n tra tio n s  w ere variab le  in  th e  in c u b a tio n  so lu tio n . A bsorption  ch an g es o c c u rr in g  a t  
h ig h er Ca2+ co n cen tra tio n s  w ere d en o ted  in  th e  p ercen tag e  o f th e  a b so rp tio n  m easu red  

in  th e  in cu b a tio n  so lu tio n  w ith o u t Ca2 +

i 2 3 4 5 6 7 8 9 10

F i g . 7. D e m o n stra tio n  o f  h ig h -m o lecu la r-w eigh t com ponents form ed fro m  g lu ten -T S  
u n d e r  th e  e ffec t o f  R B C  hem olysate  co n ta in in g  T G ase in  th e  presence o f 6 m m ol/1  C a2+ by 
S D S -P A G E . In  con tro l ex p erim en ts  in  th e  p lace  o f  g lu ten-T S  crystallized  o v a lb u m in  was 
ap p lied . G el 1: 40 f i g  g lu ten  in cu b a ted  a t  37 °C fo r 180 m in, then  dissolved in  in cu b a tio n  
m ed ium  (see M ethods). Gel 2: 450 f i g  R B C  h e m o ly sa te  con tain ing  TG ase, f u r th e r  on  as  a t  
gel 1. Gel 3: 40 f i g  glu ten-T S  in th e  p resence  o f  6 m m ol/l Ca2+ and  450 f i g  R B C  h em o ly sa te  
c o n ta in in g  T G ase, respec tive ly , in cu b a ted  s e p a ra te ly  w ith o u t Ca2+ a t  37 °C fo r  180 m in. 
A fte r  in cu b a tio n  th e  tw o in cu b a tio n  so lu tio n s  w ere m ixed th en  Ca2+ c o n c e n tra tio n  was 
co m ple ted  to  6 m m ol/l an d  th e  m ix tu re  w as d isso lved  in incubation  m ed iu m . G el 4 : 450 f i g  

R B C  h em o ly sa te  co n ta in in g  TG ase in  th e  p resen ce  o f  6 m m ol/l Ca2 + , a n d  40 f i g  g lu ten -T S  
w ith o u t C a2+ w as in cu b a ted  sep a ra te ly  a t  37 °C fo r 180 m in. A fter in c u b a tio n  th e  tw o 
so lu tions w ere  m ixed  and  fu r th e r  on as a t  gel 3. G els 5 and  6: 40 f i g  g lu ten -T S  in  th e  p re 
sence o f  6 m m o l/l Ca2+ w as in cu b a ted  w ith  450 f i g  R B C  hem olysate c o n ta in in g  T G ase  a t  
37 °C fo r 180 m in an d  th en  d issolved in  in c u b a tio n  m edium . Gel 7: 40 f i g  o f  o v a lb u m in , 
fu r th e r  on as  a t  gel 1. Gels 8 an d  9: th e  sam e  a s  gels 3 and  4, b u t in th e  p lace  o f  g lu ton-T S  
ov a lb u m in  w as em ployed . Gel 10: th e  sam e as  ge ls 5 a n d  6, b u t ovalbum in  w as u sed  in s tead  
o f  g lu ten -T S . M ateria ls  dissolved in in c u b a tio n  m ed iu m  in the  case o f ev ery  gel w ere  hea ted  

a t  100 °C for 7 m in  th e n  SDS p o ly ac ry lam id e  gel electrophoresis w as c a rr ie d  o u t
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ovalbumin is the substrate of TGase, 
the absorption increase at 278-279 nm 
is 2-3% compared with the respective 
control. When deamidated gluten is 
the substrate, 1-1.5% absorption in
crease can be detected at 276-277 nm. 
This must be explained by the fact 
that it is impossible for isopeptide- 
bonds to form under the effect of 
TGase due to deamidation of gamma- 
carboxyamide groups of gluten. 
In the case of ovalbumin, though 
peptide-bound glutamine (as sub
strate) is present cross-link formation 
is inhibited, because of the environ
ments of the given glutamines.

Considering that TGase activity is 
Ca2 + -dependent we examined the ef
fect of TGase upon the absorption

properties of gluten-TS at different 
Ca2+ concentrations. In Fig. 6 it can 
be seen that absorption decrease, com
pared with absorption (100%) meas
ured in the incubation solution with
out Ca2+ at 275-276 nm, was the 
greatest at 5-6 mmol/1 Ca2+ concen
tration.

After finding the optimum of Ca2 + 
concentration necessary to TGase 
activity, we studied, by use of SDS- 
PAGE, if  high-molecular-weight pro
ducts were formed under the effect 
of TGase in the presence of proteins 
(gluten-TS, gluten-ES, ovalbumin) 
used as substrates compared with the 
respective controls.

In Fig. 7 using gluten-TS, a high- 
molecular-weight band (asterisk) de-

F ig . 8. D em o n stra tio n  o f  h igh-m olecu lar-w eigh t c o m p o n e n ts  form ed from  g lu ten -T S  
u n d e r  th e  effect o f R B C  h e m o ly sa te  contain ing d if fe re n t a m o u n ts  o f TGase in  th e  p re s 
en ce  o f  6 m m ol/l Ca2 + b y  S D S -P A G E . The m eth o d  a n d  p rin c ip le  em ployed d u rin g  th e  
p re p a ra tio n  o f contro l in c u b a tio n  m ix tu res  (1, 3, 5) w ere  th e  sam e as  a t  gel 4 in  F ig . 7. 
P re p a ra t io n  o f sam ple in c u b a tio n  m ix tu res  w as th e  s a m e  show n  a t  gels 6., 6. in  F ig . 7. 
I n  th e  case o f  every  gel 40 fig  o f  g luten-T S, 6 m m ol/1 f in a l C a2 + concen tra tion , in  gels 1 
a n d  2 :1 1 7  fig, gels 3 an d  4, 268 fig , and  gels 5 and  6: 450  fig  o f  R B C  hem olysate co n ta in in g

TG ase w ere em p loyed
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F i g . 9. D em o n stra tio n  o f  h igh -m o lecu la r-w eigh t com ponen ts form ed from  g lu ten -E S  
u n d e r  th e  effec t o f R B C  hem o ly sa te  c o n ta in in g  TG ase in  th e  presence o f  6 m m o l/l C a2 + 
b y  S D S -P A G E . Gel 1.: 40 f i g  o f  g lu te n -E S  w as in cu b a ted  a t  37 °C for 180 m in , th e n  d is 
so lved  in incuba tion  m ed ium , e tc . In  th e  case o f  gels 2, 3, 4, 5 th e  p re p a ra tio n , in cu b a tio n , 
e lec tro p h o resis , e tc . w ere ca rried  o u t a s  w ith  th e  gels 3, 4, 5, 6 in F ig . 7. T he  o n ly  d if

ference is th a t  g lu te n -E S  w as used in  th e  p lace o f  g lu ten-T S
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veloped under the influence of RBC 
hemolysate TGase is visible on the 
parts of gels 5, 6 near the cathode. 
On control gels 3, 4 no such product is 
traceable. High-molecular-weight pro
tein formation cannot be demon
strated in the case of gels 8-11, either, 
because ovalbumin was employed as 
substrate for TGase in the place of 
gluten-TS. According to the data ob
tained by densitometration of gels, 
the high-molecular-weight protein on 
gels 5, 6 mainly developed from the 
48 000 and 40 000 molecular-weight 
components of gluten-TS. Moreover, 
this is obvious from the gel pictures 
if we compare pictures 3, 4 with 5, 6 
in Fig. 7.

At a constant amount of gluten-TS 
and constant Ca2+ concentration in
creasing the amount of RBC hemo
lysate containing TGase, the amount 
of high-molecular-weight proteins in
creased, too. This can be seen very 
well in the places marked with aster

isks in the gel pictures of Fig. 8. 
When we used gluten-ES instead of 
gluten-TS as substrate for TGase, 
the high-molecular-weight protein 
band (asterisk), as shown in Fig. 9, 
can also be demonstrated as compared 
to the respective controls (gel pictures 
2, 3 Fig. 9), on the parts of gel pictures 
4, 5 near the cathode. According to 
the data obtained by densitometration 
of gels, the high-molecular-weight 
protein visible in gel pictures 4, 5 
developed from the 40 000 molecular- 
weight component of gluten-ES. This 
is also perceivable if we compare the 
components in gel pictures 2, 3 with 
those of 4, 6.

D is c u s s io n

In our earlier papers we suggested 
that: 1. gluten and its fractions, 
having special amino-acid composi
tion, contain protected sequences that 
can resist the hydrolytic effects of
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proteases [29]; 2. they are capable of 
binding nucleosides and nucleotides, 
in which their phenylalanine content 
can play an important role [32];
3. having high glutamic acid content 
(16-20% of the whole amino acid 
content), they can bind Ca2+ [33];
4. owing to their high glutamine con
tent (almost 30% of the whole amino- 
acid content) they can be suitable 
substrates for different TGases. These 
enzymes, as shown above, can have 
an important role in binding of gluten 
and its fractions to tissues by the 
production of isopeptide-bonds. 
The high glutamine content of gluten 
can also play a role in the formation 
of hydrogen bonds and forming high 
molecular-weight products [30].

Bruce and co-workers [5] demon
strated that TGase activity of biopsy 
samples taken from the intestines of 
coeliac patients were 3-4 times higher 
than that of the healthy. This led them 
to the conclusion that intestinal TGase 
might be important in gluten proteins 
binding to tissues. Bruce and co
workers [5] used gliadin preparation 
showing limited solubility in their ex
periments, on the one hand, and they 
did not identify the high-molecular- 
weight products formed from gliadin 
under the effect of TGase, on the other 
hand. So we tried to demonstrate and 
identify in vitro by SDS-PAGE the 
high-molecular-weight products de
veloping from water and electrolyte- 
soluble gluten components under the 
effect of TGase. In our experiments 
we used erythrocyte TGase and 
thrombin activated TGase (factor 
X III) as enzymes, and water and

electrolyte-soluble gluten-ES, gluten- 
TS preparations of which amino acid 
content similar to gluten as substrates. 
Ovalbumin and deamidated gluten 
were applied as controls. We estab
lished that high-molecular-weight 
products developed both from gluten- 
ES and gluten-TS, but not from oval
bumin. Figures 7-9 also illustrate 
that the formation of high-molecular- 
weight products in the case of gluten- 
TS was due to the 40 000 and 48 000 
molecular-weight components (Fig. 7 
gel pictures 5, 6) while in the case of 
gluten-ES the 40 000 molecular-weight 
one (Fig. 9 gel pictures 4, 5). From 
literary data [4, 6, 19] it is known 
that in the case of different TGases 
(erythrocyte TGase, guinea pig liver 
TGase, blood plasma factor X llla , 
etc.) the substrate can be the enzyme 
itself or in the case of an unpurified 
enzyme, as e.g. erythrocyte lysate 
TGase, the accompanying protein. 
Our control experiments show that we 
do not have to reckon with this, be
cause no high-molecular-weight pro
ducts occur when erythrocyte lysate 
is incubated at 37 °C in the presence 
of Ca2 + , in spite of the fact that the 
enzyme gets active and accompanying 
proteins are present, too (v.s. Fig 7 gel 
picture 4).

Our spectrophotometrical measure
ments confirm our supposition that 
there is a change between 275-280 nm 
in the position of UV light absorbing 
chromophores (tyrosine, tryptophan, 
phenylalanine) due to the isopeptide 
bonds forming in the substrate under 
the effect of TGase. Absorption de
creases (Fig. 4). This does not mean
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that the number of the chromophores 
is reduced, but that the molecular 
structure of the gluten fraction under
goes a change, it presumably gets 
closer as a result of the formation of 
isopeptide bonds. Absorption decrease 
occurring under the effect of TGases 
arises from two changes. According to 
our measurements the absorption in
crease, as compared to the respective 
controls (fibrogammine +  thrombin, 
37 °C, 30 min, Ca2+ is added imme
diately before measurements), when 
fibrogammine (factor XIII) is activat
ed with thrombin in the presence of 
Ca2+ (37 °C, 30 min). This absorption 
increase must be connected with the 
fact that in the presence of Ca2 + 
thrombin activated factor XIII dis
sociates into its subunits (catalytic a, 
catalytic b). That is followed by the 
opening of the catalytic centre. This 
opening (active centre) can increase 
the absorption measured at 276-278 
nm. If active TGase and gluten-TS are 
incubated together in the presence of 
Ca2 + , isopeptide bonds are formed 
in the gluten-TS, which causes a 
reverse change, in the position of 
chromophores in the substrate. This 
manifests itself as an absorption de
crease. In the case of ovalbumin and 
deamidated gluten substrates used as 
controls slight (1-3%) absorption in
crease can be detected under the effect 
of TGase (Fig. 5). According to literary 
data [4,5] ovalbumin and deamidated 
gluten are 10-20-fold worse sub
strates for TGase (erythrocytes, the 
liver, etc.) than beta-casein or gliadin. 
The results of our experiments also 
demonstrate that water and electro

lyte-soluble gluten fractions isolated 
by us are at least as good substrates 
for different TGase enzymes as di- 
methylcasein.

Transglutaminases, as mentioned 
above, are wide-spread enzymes. They 
are presumably present in the nucleus, 
membrane and cytoplasm of every 
cell. Their biological functions, roles 
with few exceptions (fibrin clot sta
bilization [11], postejaculatory clot
ting of seminal fluid [35], keratination 
[1 ]) remain to be determined. Findings 
of recent experiments suggest that 
TGases play an important role in 
receptor-bound endocytosis and the 
formation of receptorsignal [9, 10], 
cell division and differentiation [3, 13, 
22], cell ageing [16, 19], manifestation 
of antigenicity and the covering of 
tumourspecific antigens [15, 17], regu
lation of cell proliferation [14, 24]. 
It is possible that the increased TGase 
activity of coeliac intestine mucosa 
reflects the proliferation of intestine 
mucosa cells [26]. The first step in 
gluten toxicity must be its binding to 
the intestine mucosa. In this the 
TGase may have an important role 
through forming isopeptide cross
links. These protease resistent iso
peptide bonds can dissociate by the 
help of a newly discovered intracel
lular enzyme, gamma-glutamyl-amine 
cyclotransferase [21] after gluten gets 
into the cell.
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