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Summary 

Heat denatured type I and type III calf skin collagen were found to be sub- 
strates for guinea pig liver transglutaminase (R~lutaminyl-peptide:amine 
7-glutamyl-yltransferase, EC 2.3.2.13) but not for active plasma factor XIII 
(factor XIIIa). Liver transglutaminase was shown to catalyse incorporation of 
14C-putrescine into subunits of denatured collagen of both types, cross-linking 
of the latter into high molecular weight polymers and their co-cross-linking to 
fibrin and fibrinogen. Factor XIIIa is inactive in these respects. None of these 
reactions was catalysed by liver transglutaminase and plasma factor XIIIa when 
nondenatured collagens both soluble or in the forms of reconstituted fibrils 
served as substrates. Some cross-linking of cleavage products of collagen type I 
(obtained by treatment with collagenase from human neutrophiles) was 
induced by liver transglutaminase and factor XIIIa. The results indicate that 
although appropriate glutamine and lysine residues for a e-(~/-glutamine) lysine 
cross-linked formation are present in collagen, the native conformation of colla- 
gen prevents the action of liver transglutaminase and factor XIIIa. 

Introduction 

The active plasma coagulation factor XIII (plasma transglutaminase, factor 
XIIIa), as well as tissue transglutaminase (R-glutaminyl-peptide:amine ~/-gluta- 
myl-yltransferase, EC 2.3.2.13) catalyse a calcium<lependent acyl-transfer reac- 
tion between 7-carboxyamide group of a peptideobound glutamine residue and 
various primary amines [ 1 ]. When peptide-bound lysine serves as an acyl accep- 
tor inter- or intramolecular cross-links are formed in proteins [2]. Cross-linking 
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of fibrin was most intensively investigated in this respect. The transglutami- 
nases are widespread in living organisms and several other important biological 
reactions have been shown to becatalysed by them [2]. The involvement of 
factor XIIIa in the proliferation of granulation tissue during wound healing 
[3,4] and the organization occurring in thrombi attached to vessel walls [5,6] 
have implicated the formation of e-(~/-glutamyl) lysine cross-links in collagen. 
However, the experimental results published so far are conflicting. In 1975 
Soria et al. [7] reported that the presence of placental factor XIIIa in the 
incubation mixture diminished the proportion of monomeric a-chains in the 
electrophoretic pattern of collagen and impaired its polymerization. These 
results were interpreted as indirect evidence for plasma factor XIIIa-mediated 
cross-linking of collagen subunits. The cross-links could block the sites engaged 
in noncovalent interactions necessary for collagen polymerization. At the same 
time Duckert and Nyman [8] reported that collagen can be bound to fibrin due 
to an active factor XIII-mediated reaction. These authors found an increased 
amount of 12SI-labelled fibrinogen radioactivity bound to collagen in a system 
containing plasma factor XIII, Ca 2÷ and thrombin, as compared to controls 
lacking any of these components. The absence of fibrin 7-chain dimers in the 
electrophoretic pattern of washed, reduced clots formed from plasma with nor- 
mal factor XIII level to which Ca :÷ and collagen had been added, was con- 
sidered as an additional argument for covalent fibrin-collagen binding. How- 
ever, HSrmann and Stemberger [9] using type I and type III collagen could not 
confirm either cross-linking of collagen alone or its coupling to fibrin under the 
influence of factor XIIIa. They also found that monodansylcadaverine was not 
incorporated into collagen. A diminished formation of fibrin ~/-chain dimers in 
the presence of collagen fibrils could, however, be demonstrated by these 
authors [9]. 

The above detailed discrepancies prompted us to re-investigate whether 
type I and type III collagen and the products of their cleavage, by mammalian 
collagenase, can serve as substrates for transglutaminases, namely for bovine 
factor XIIIa and for the tissue enzyme of guinea pig liver. Part of this work has 
been already reported [ 10]. 

Materials and Methods 

Type I and type III collagens were isolated from calf skin and purified 
according to Fuji and Kfihn [11]. Soluble native preparations, reconstituted 
fibrils [12] and denatured samples (60°C, 1 h) of collagen were used in the 
experiments. Collagen was labelled with 12sI using the Bolton and Hunter 
reagent [13], purchased from the Radiochemical Centre Amersham, U.K. (1.3 
mCi/ml). Digestion products of type I collagen were prepared by its treatment 
with human neutrophile collagenase at the enzyme to substrate protein ratio 
1 : 100. Purified collagenase [14] was kindly supplied by Dr. Wojtecka-Lukasik 
(Institute of Rheumatology, Warsaw). Before use, samples of collagen or its 
digestion products were dialyzed into 20 mM Tris-HC1 (pH 7.5)/10 mM CaC12/ 
1 mM EDTA. 

Fibrinogen, free of factor XIII (96--98% clottable), and factor XIII were 
prepared from bovine plasma [15,17]. Human thrombin (300 U/ml) was a 
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product  of  Hoffman La Roche.  Guinea pig liver transglutaminase was purified 
according to the procedure of  Connelan et al. [17].  The activity of  the enzyme 
used, determined by  the hydroxamate  assay [17] ,  was 10.4 U/mg protein. 

[ '4C]Putrescine (60 ~Ci/pmol)  was purchased from the Radiochemical 
Centre Amersham (U.K.). 

Effects of  of  plasma factor XIIIa and liver transglutaminase on nonradioac- 
tive collagen and its digestion products  or 12SI-labelled collagen were investi- 
gated in a system containing: 100 ~1 collagen (3 mg/ml) or 150 /A digested 
collagen (2 mg/ml), 5 ~1 factor XIII or liver transglutaminase and 5 #1 20 mM 
dithiothreitol. Factor  XIII was activated by  addition of  3 U thrombin (10 #1) 
into the incubation system. In some experiments 10 pl fibrinogen (21 mg/ml),  
or [14C]putrescine (5 ~1, 2.5 /~Ci) were also included. Preliminary experiments 
on collagen cross-linking dependence on t ime of  incubation with tissue trans- 
glutaminase indicated that  a plateau is reached after 30 min at 37°C. We 
actually chose a 1 h incubation time for further experiments. The reaction was 
terminated by  the addition of  10 pl 200 mM EDTA. To control samples EDTA 
was added before incubation. 

The influence of  plasma factor XIIIa or liver transglutaminase on the reten- 
tion of  denatured 12SI-labelled collagen in fibrin clots, was studied as follows: 
50 ~1 fibrinogen (21 mg/ml),  25 /~1 factor XIII or liver transglutaminase and 25 
#1 thrombin were added to 400 /~1 '2SI-labelled collagen (3 mg/ml).  The reac- 
tion was allowed to proceed at 37°C for 30 min. The clot was isolated and 
washed on a nylon cloth. The radioactivity of  the fibrin film and of  the filtrate 
were separately measured. In some experiments denatured ~2SI-labelled collagen 
was cross-linked by  liver transglutaminase (as described above) prior to addition 
to the  incubation system. 

Disc polyacrylamide gel (4% or 7% with or wi thout  2.5% spacer) electropho- 
resis was performed in the presence of  sodium dodecyl  sulfate (SDS) according 
to Clark [18].  Prior to electrophoresis, samples were denatured at 100°C for 
3 min in the presence of  4 M urea/ l% SDS/I% fl-mercaptoethanol. Quick Scan 
apparatus {Helena Lab.) was used for densitometric tracing of  the stained gels. 
Duplicate gels were sliced and s01ubilized in Soluene-350 tissue solubilizer 
(Packard), and the 14C-radioactivity was measured in a Packard liquid scintilla- 
tion counter  type  3320. The '2SI-radioactivity was measured in a 7-counter; 
well type  NaI crystal detector  with NK 350 scaler (Gamma). 

Results 

Incubation with plasma factor XIIIa does not  alter the electrophoretic pat- 
tern of  native, as well as denatured type  I and III collagen (Fig. 1). As shown in 
Fig. 2 the pattern of  native type  I and III collagen also remains unchanged after 
incubation with the liver transglutaminase. In contrast,  when denatured type  I 
and III collagen were incubated with liver transglutaminase the ~-, ~- and 7-sub- 
units diminished, while the formation of  high-molecular weight polymers could 
be observed (Fig. 2). The decrease in the amount  of  a~hains  was the most  pro- 
nounced,  indicating that mainly collagen subunits contr ibute to the formation 
of  polymers during liver transglutaminase action. It should be noted,  however,  
that  the polymer  bands may consist not  only of  cross-linked collagen but  also, 
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Fig.  1. E l e c t x o p h o r e t i c  p a t t e r n  o f  t y p e  I a n d  t y p e  III co l l agen  a f t e r  i n c u b a t i o n  w i t h  p l a s m a  f a c t o r  XII Ia .  
1 0 0  /~g f a c t o r  XI I I a  w e r e  i n c u b a t e d  w i t h  3 0 0  p g  co l l agen  s a m p l e s  in  t h e  p r e s e n c e  o f  3 U t h r o m b i n  a n d  2 .4  
m M  o f  d i t h i o t h r e i t o l  a t  3 7 ° C ,  f o r  1 h in  2 0  m M  Tris-HC1 b u f f e r  (pH 7 . 5 ) / 1  m M  E D T A / 1 0  m M  CaC12. The  
r e a c t i o n  w a s  s t o p p e d  b y  a d d i n g  1 0  /~l 2 0 0  m M  E D T A ,  t h e n  e q u a l  vols.  o f  2% SDS a n d  2% m e r c a p t o -  
e t h a n o l  in  8 M u r e a .  A f t e r  h e a t i n g  (a t  I O 0 ° C  f o r  3 ra in )  4 0  ~1 was  a n a l y s e d  b y  e l e c t r o p h o r e s i s  o n  7% p o l y -  
a c r y l a m i d e  gels. Na t ive  t y p e  I c o l l a g e n  (gels 1,  2) a n d  d e n a t u r e d  ( 6 0 ° C ,  1 h)  t y p e  I co l l agen  (gels 3, 4) 
a f t e r  i n c t t b a t i o n  w i t h  f a c t o r  XII Ia .  Na t ive  t y p e  III c o l l a g e n  (gels 5 ,  6) a n d  d e n a t u r e d  ( 6 0 ° C ,  1 h)  t y p e  III 
c o l l a g e n  (gels 7,  8)  a f t e r  i n c u b a t i o n  w i t h  f a c t o r  XII Ia .  F a c t o r  XIII  i n c u b a t e d  a lone  (gels 9 ,  10 )  o r  w i t h  
3 0 0  p g  f i bz inogen  (gels 1 1 ,  12 )  in  t he  s y s t e m  d e s c r i b e d  a b o v e .  C: c o n t r o l ,  E D T A  a d d e d  b e f o r e  i n c u b a t i o n  
w i t h  f a c t o r  XII Ia .  E: ac t ive  e n z y m e ,  E D T A  a d d e d  a f t e r  i n c u b a t i o n  w i t h  f a c t o r  XII Ia .  ~ l ( 1 ) ,  ~2 ,  ~ l ( I I I ) ,  fl, 
7 a re  s u b u n i t s  o f  co l l agen .  F:  f i b r i n o g e n  ~,  fl, 7 cha in s ,  ? - 7 ( d i m e r s  o f  f ib r in  7 -cha ins ) ,  ~p  ( p o l y m e r s  o f  
f ibr in  c~-chain). 

in part, of  the polymerized liver transglutaminase. 
Values calculated from the densitometric tracing of  the stained gels 

{Table I), indicate that polymers could not  be found in control samples but 
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Fig.  2.  E l e c t r o p h o r e s l s  p a t t e r n  o f  t y p e  I (A)  a n d  t y p e  III  (B) c o l l a g e n  a f t e r  i n c u b a t i o n  w i th  l iver  t r ans -  
g l u t a m i n a s e .  4 0  p g  l iver  t r a n s g l u t a m i n a s e  w e r e  i n c u b a t e d  w i t h  3 0 0  p g  c o l l a g e n  a n d  2 .4  m M  d i t h i o t h r e i t o l  
a t  3 7 ° C ,  fo r  1 h in 2 0  m M  Tris-HC1 b u f f e r  (pH 7 . 5 ) / 1  m M  E D T A / 1 0  m M  CaC12. H a n d l i n g  o f  samples :  see 
Fig .  1.  4 0  DI s a m p l e s  we re  a n a l y s e d  b y  e l ec txophores i s  o n  4% p o l y a c r y l a m i d e  gels. Na t ive  t y p e  I co l l agen  
(gels 1 ,  2)  a n d  d e n a t u r e d  ( 6 0 ° C ,  1 h)  t y p e  I co l l agen  (gels 3,  4) a f t e r  i n c u b a t i o n  w i t h  l iver t r a n s g l u t a m i -  
nase .  Na t ive  t y p e  III co l l agens  (gels 6 ,  7) a n d  d e n a t u r e d  ( 6 0 ° C ,  1 h)  t y p e  III co l l agen  (gels 8 ,  9)  a f t e r  
i n c u b a t i o n  w i t h  l iver  t r a n s g l u t a m i n a s e .  Gels  5,  10:  l iver t r a n s g l u t a m i n a s e  a lone .  C: c o n t r o l ,  E D T A  a d d e d  
b e f o r e  i n c u b a t i o n  w i t h  l iver t r a n s g l u t a m i n a s e .  E: ac t ive  e n z y m e ,  E D T A  a d d e d  a f t e r  i n c u b a t i o n  w i t h  l iver  
t r a n s g l u t a m i n a s e .  ~ l ( 1 ) ,  c~2, ~ l ( I I I ) ,  ~, 7 a re  s u b u n i t s  o f  co l l agen .  
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E F F E C T S  O F  L I V E R  T R A N S G L U T A M I N A S E  O N  E L E C T R O P H O R E T I C  D I S T R I B U T I O N  O F  
D E N A T U R E D  T Y P E  I A N D  T Y P E  III C O L L A G E N  S U B U N I T S  

P e r c e n t a g e s  o f  t o t a l  p r o t e i n  r e c o v e r e d  in  gels p a r t i c u l a r  f r a c t i o n s  c a l c u l a t e d  f r o m  d e n s i t o m e t r i c  t r ac ing .  
E x p e r i m e n t a l  c o n d i t i o n s  a re  as d e s c r i b e d  in  Fig .  2.  

F r a c t i o n s  T y p e  I c o l l a g e n  T y p e  III c o l l a g e n  

c o n t r o l  l iver  c o n t r o l  
t r a n s g i u t a m i n a s e  

l iver  
t r a n s g l u t a m i n a s e  

5 9 . 4  2 6 . 4  79 .8  39 .3  
2 6 . 6  14 .8  16 .1  19 .4  

9 . 7  8 .2  3 .4  14 .1  
p o l y m e r s  4 .3  5 0 . 6  0 .7  27 .1  

amounted to 50% (type I) and 27% (type III) of  total  protein in denatured 
collagen samples incubated with liver transglutaminase. These values were ob- 
tained at an enzyme/collagen protein ratio of  about  1 to 10 and were the same 
irrespective of  the presence or absence of  the applied concentrat ion of  [14C]- 
putrescine (data not  shown in Table I). At lower concentrations of  the enzyme, 
cross-linking of  collagen was also observed: at the enzyme to substrate ratios of  
1 to 30 or 1 to 60, polymers of  type  I collagen amounted to 25 and 15%, 
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Fig .  3 .  E l e c t r o p h o r e t i c  p a t t e r n  o f  p r o d u c t s  o f  c leavage  o f  t y p e  I c o l l a g e n  by h u m a n  n e u t r o p h l l e  col ia -  
genase ,  a f t e r  i n c u b a t i o n  w i t h  p l a s m a  f a c t o r  XI I I a  o r  l iver  t r a n s g l u t a m i n a s e .  7 0  ~g f a c t o r  X l I I a  w e r e  incu -  
b a t e d  w i t h  2 0 0  /~g c leavage  p r o d u c t s  o f  c o l l a g e n  in  t h e  p r e s e n c e  o f  3 U t h r o m b i n  a n d  2 .4  m M  d i t h i o t h r e i -  
t o l  a t  3 7 ° C ,  f o r  1 h in  2 0  m M  Tris-HC1 b u f f e r  ( p H  7 . 5 ) / 1  m M  E D T A / 1 0  m M  CaC12. 2 5  ~g  l iver  t r ansg i~-  
t a m i n a s e  we re  i n c u b a t e d  w i t h  2 0 0  ~tg c o l l a g e n  c leavage  p r o d u c t s  a n d  2 .4  m M  d i t h i o t h r e i t o l  a t  3 7 ° C  fo r  1 h 
in  2 0  m M  Tris-HC1 b u f f e r  ( p H  7 . 5 ) / 1  m M  E D T A / 1 0  m M  CaC12. H a n d l i n g  o f  t h e  s amples :  see Fig .  1 . 6 0 / ~ 1  
s a m p l e s  we re  a n a l y s e d  b y  e l e c t r o p h o r e s i s  o n  7% p o l y a c r y l a r a i d e  gels.  C o l l a g e n  c leavage  p r o d u c t s  a f t e r  
i n c u b a t i o n  w i t h  f a c t o r  X I I I a  (gels 1,  2) ,  f a c t o r  XI I I a  a l o n e  (gels 3,  4 ) .  C leavage  p r o d u c t s  (gels 5 . 6 )  a f t e r  
i n c u b a t i o n  w i t h  l iver  t r a n s g l u t a m i n a s e .  Gels  7.  8 :  l iver  t r a n s g i u t a m i n a s e  a l o n e .  Gel  9 ,  na t i ve  c o l l a g e n  
t y p e  I. C: c o n t r o l ,  E D T A  a d d e d  b e f o r e  i n c u b a t i o n  w i t h  t h e  e n z y m e .  E:  ac t ive  e n z y m e ,  E D T A  a d d e d  a f t e r  
i n c u b a t i o n  w i t h  t h e  e n z y m e .  N o m e n c l a t u r e  o f  s u b u n i t s  o f  c o l l a g e n  c leavage  p r o d u c t s  is g iven a c c o r d i n g  
t o  S a k a i  a n d  G r o s s  [ 2 0 ] .  ~ l ( I ) ,  ~2 ,  ~ a re  s u b u n i t s  o f  co l l agen .  
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respectively. The decrease in the cross-linked fractions of  type III collagen 
depended on the diminishing enzyme concentrations in a similar way. 

The incorporation of  ['4C]putrescine by plasma factor XIIIa or liver trans- 
glutaminase into subunits o f  type I and III collagen is shown in Table II. The 
data presented indicate that factor XIIIa does not incorporate radioactivity 
into native and denatured collagen of either type. Likewise, liver transglutami- 
nase incorporates a negligible amount of  [14C]putrescine into native type I 
(0.52%) and type III (0.68%) collagen. However, the incorporation of  [14C]- 
putrescine into denatured type I and III collagen by liver transglutaminase was 
significant: 13% (type I) and 7% (type III) of  the total [~4C]putrescine added, 
respectively. The highest proportion, amounting to about 60% of  the whole 
radioactivity recovered in gels, was localized in the high-molecular weight 
polymer bands. This value was corrected by subtracting the amount  of  label in 
cross-linked liver transglutaminase. To determine the magnitude of  this correc- 
tion, liver transglutaminase alone was incubated with [14C]putrescine in the 
presence of  Ca 2+. It was found that 0.6% of  the radioactivity added was 
incorporated into self-cross-linked liver transglutaminase. Both enzymes did not 
incorporate [~4C]putrescine into reconstituted fibrils of  type I and type III 
collagen. 

Effects of  plasma factor XIIIa and liver transglutaminase on the products of  
collagen cleavage by collagenase are illustrated in Fig. 3. It can be seen that 
incubation with factor XIIIa or liver transglutaminase resulted in a small 
decrease in intensity of  bands corresponding to fragments of  the collagen 
chains. 

Further experiments were carried out  to establish whether plasma factor 
XIIIa and liver transglutaminase cross-link collagen to fibrin. The effect o f  fac- 
tor XIIIa and liver transglutaminase on binding of  collagen to fibrin was 

T A B L E  III 

E F F E C T  O F  F A C T O R  X I I I a  A N D  L I V E R  T R A N S G L U T A M I N A S E  ON R E T E N T I O N  O F  D E N A T U R E D  

125 I - L A B E L L E D  C O L L A G E N  IN F I B R I N  C L O T S  

1.2 m g  o f  t y p e  I (58 .0  n C i / m g  prote in )  or  t y p e  III ( 5 8 . 3  nCi/rng prote in )  co l lagen  w e r e  incuba ted  at  3 7 ° C  

for 3 0  m i n ,  in the  presence  o f  5 0 0  /~g fac tor  XIIIa  or 2 0 0  fig liver transglutaminase  w i t h  1 m g  f ibrinogen 
c l o t t e d  b y  7.5 U t h r o m b i n .  The  c lo t s  (af ter  washing)  and f i l trates radioact iv i ty  was  m e a s u r e d  in a 

T-counter .  The  to ta l  radioact iv i ty  recovered  was  in the  range o f  95- -09%.  

Collagen Materials  m i x e d  w i t h  co l lagen 
be fore  c lo t t ing  w i t h  t h r o m b i n  

% of  12 S I- labelled 
co l lagen radioact iv i ty  
recovered  in c lo t s  

T y p e  I denatured  

T y p e  I denatured  cross- l inked 
by  liver transglutaminase  * 

T y p e  III denatured  

T y p e  III denatured  cross- l inked 
by l iver transglutaminase  * 

f ibr inogen 7.6 

f ibr inogen,  fac tor  XIIIa  6.2 
f ibr inogen,  l iver transglutaminase  49 .0  
f ibr inogen,  l iver transglutaminase  

f ibrinogen 
f ibr inogen,  fac tor  XIIIa  
f ibr inogen,  l iver transglutaminase  
f ibr inogen,  l iver transg lutaminase  

12.1 
10 .8  

8 .5  
36.9  

13 .3  

* Col lagen subjec ted  to  l iver transg lutaminase  (see  Fig.  2) prior to  addi t ion  to  the  incubat ion  s y s t e m .  
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T A B L E  IV 

E F F E C T  OF F I B R I N O G E N  A N D  F I B R I N  ON L I V E R  T R A N S G L U T A M I N A S E - I N D U C E D  C H A N G E S  
IN E L E C T R O P H O R E T I C  D I S T R I B U T I O N  OF 125 I - L A B E L L E D  C O L L A G E N  SUBUNITS 

D e n a t u r e d  samples  ( 3 0 0  /~g) of  t y p e  I (22 .2  n C i / m g  p ro t e in )  and  t y p e  III  (28 .6  n C i / m g  p r o t e i n )  co l l agen  
were  i n c u b a t e d  a t  37°C  for  1 h w i t h  f ib r inogen  ( 2 1 0  /~g) or  f ibr in  and  2.4 mM d i t h i o t h r e i t o l  in  the  pres- 
ence  of  l iver  t r ansg lu t aminase  in  20 mM Tris-HCI bu f f e r  (pH 7.5) /1  mM E D T A / 1 0  mM CaC12. F ib r in  was  
f o r m e d  b y  a d d i t i o n  of  3 U t h r o m b i n  to  t he  i n c u b a t i o n  m e d i u m .  Af te r  d e n a t u r a t i o n  (see Fig. 1) 20 /~1 
samples  were  a n a l y s e d  b y  e lec txophores i s  on  4% p o l y a c r y l a m i d e  gels w i t h  2.5% spacer  gels. S t a ined  gels 
were  s l iced  and  r a d i o a c t i v i t y  m e a s u r e d  in  a "),-counter. Resu l t s  are expressed  in  cpm.  Values  p r e s e n t e d  as 
pe rcen tages  of  t o t a l  ac t iv i ty  are given in  pa ren theses .  

A d d i t i o n s  to  co l l agen  T y p e  I 125 I - label ied  co l lagen  r ad ioac t i v i t y  To ta l  
in  f r ac t ions  (cpm)  

c~ {3 7 po ly-  HMW * 
mers  p o l y m e r s  

on  the  
t o p  of  
spacer  

A 
Liver  t r an sg lu t aminase  inac t ive  

( E D T A )  
Liver  t r a n s g l u t a m i n a s e  act ive  (Ca 2+) 

F ib r inogen ,  l iver  t r an sg l u t aminase  
ac t ive  (Ca 2+) 

F ib r inogen ,  l iver  t r ansg lu t aminase  
ac t ive  (Ca2+), t h r o m b i n  

B 
Liver  t r an sg lu t aminase  inac t ive  

(EDTA)  
Liver  t r an sg lu t aminase  ac t ive  (Ca 2+) 

F ib r inogen ,  l iver  t r an sg l u t aminase  
act ive  (Ca 2+) 

F ib r inogen ,  l iver  t r an sg l u t aminase  
ac t ive  (Ca2+), t h r o m b i n  

6 9 2 0  2 0 0 0  1820  1340  460  1 2 5 4 0  
(55.3)  (15 .9)  (14 .5)  (10.7)  (3.6)  (100)  
3 7 4 0  1680  870  5240  700 1 2 2 3 0  
(30 .6)  (13 .7)  (7 .1)  (42 .9)  (5.7)  (100)  
3463  1264  765 3183  3475  1 2 1 5 0  
(28 .5)  (10.4)  (6 .3)  (26.2)  (28.6)  (100)  
3 0 4 0  1367  1133  3 1 1 4  3656  1 2 3 1 0  
(24.7)  (11 .1)  (9.2)  (25.3)  (29.7)  (100)  

T y p e  I I I  125 I - label led  co l lagen  r ad ioac t i v i t y  
in  f r ac t ions  

8 0 6 0  2 8 4 0  1240  1430  390  1 3 9 6 0  
(57 .7)  (20 .4)  (8 .9)  (10.2)  (2 .8)  (100  
5 0 3 0  1890  920  5830  480  14 150 
(35.5)  (13.4)  (6.5)  (41.2)  (3.4)  (100)  
4 9 0 0  1560  900  3750  2 6 2 0  1 3 7 3 0  
(35.7)  (11.4)  (6.5)  (27.3)  (19.1)  (100)  
4 7 9 0  1 5 9 0  790  4 0 4 0  2 7 3 0  1 3 9 4 0  
(34.3)  (11.4)  (5.7)  (29 .0)  (19.6)  (100)  

% of  12Si_label ied co l lagen  r a d i o a c t i v i t y  
in  f r ac t ions  

C 
T y p e  I,  l iver  t r an sg lu t aminase  inac t ive  

(EDTA)  55 .3  
T y p e  I,  l iver  t r an sg lu t aminase  ac t ive  

(Ca 2+) 30 .6  
Type  I,  f ib r inogen ,  l iver  t rans-  

g lu taminase ,  ac t ive  (Ca 2+) 28 .5  
Type  I,  f ib r inogen ,  l iver  t rans-  

g lu tarn inase ,  ac t ive  (Ca2+), t h r o m b i n  24.7  
Type  III ,  l iver  t r an sg lu t aminase  

inac t ive  ( E D T A )  57.7  
Type  I I I ,  l iver  t r an sg lu t aminase  

ac t ive  (Ca 2+) 35 .5  
Type  I I I ,  f ib r inogen ,  l iver  t rans-  

g lu t aminase  ac t ive  (Ca 2+) 35 .7  
Type  III ,  f ib r inogen ,  l iver  t rans-  

g lu t aminase  ac t ive  (Ca2+), t h r o m b i n  34.3  

15.9 14 .5  10.7 3.6 

13.7 7.1 42 .9  5.7 

10 .4  6.3 26 .2  28 .6  

11.1 9.2 25 .3  29.7 

20 .4  8.9 10.2 2.8 

13 .4  6.5 41 .2  3.4 

11 .4  6.5 27 .3  19.1 

11 .4  5.7 29 .0  19.6 

* HMW, h igh  m o l e c u l a r  weigh t .  
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examined by  measuring of  denatured type  I and III 12SI-labelled collagen 
trapped into fibrin clots. The data presented in Table III indicate that  in the 
presence of  factor XIIIa the amount  of  collagen retained in fibrin clots did not  
differ from that in control samples. In contrast, when liver transglutaminase 
was present, about  42% and 26% (after subtracting the control value) of  dena- 
tured type  I and type  III collagen, respectively, were caught in the fibrin clot. 
Treatment of  12SI-labelled collagens with liver transglutaminase, prior to addi- 
tion to the incubation system, caused a marked fall in percentages of  radio- 
activity retained in clots. 

The data presented in Table IV illustrate the effects of  the presence of  
fibrinogen and fibrin on liver transglutaminase-induced changes, in distribution 
of ~2SI-labelled collagen subunits in the electrophoretic pattern. It can be seen 
that inclusion of  fibrinogen or fibrin into the incubation system caused a shift 
of  collagen radioactivity to the polymer fractions of  very large size, remaining 
on the top of  2.5% spacer gels. This shift was associated with only a negligible 
decrease in radioactivity of  a-, 13- and 7~ollagen subunits. However,  the fall in 
accumulation of  ~2sI in polymer fractions, localized on the top of  4% gels, was 
pronounced. Accumulation of  collagen radioactivity in this fraction is the main 
effect of  liver transglutaminase on 12SI-labelled collagen in the absence of  
fibrinogen or fibrin. 

Discussion 

The results presented here indicate that calf skin collagens of  type  I and III 
in the native form do not  serve as substrates for active bovine plasma factor 
XIII and guinea pig liver transglutaminase. Both types  of  collagen remain resis- 
tant to factor XIIIa but  become susceptible to the action of  the liver enzyme 
after heat denaturation. Liver transglutaminase has been found to incorporate 
substantial amounts of  [~4C]putrescine into denatured collagen subunits, to 
cross-link them into polymers and to co-cross-link them to fibrin or fibrinogen. 
Type I denatured collagen appeared to be a somewhat  bet ter  substrate for liver 
transglutaminase than type  III collagen. The presence of  S-S bonds in the latter 
could be the reason for less accessibility. Birkbichler et al. [19] found that 
transglutaminase from guinea pig liver can cross-link itself. Our results are con- 
sistent with this observation. Thus, it is possible that  liver transglutaminase acts 
not  only as a cross-linking enzyme but  also as a cross-linker, forming mixed 
covalently-bound polymers with collagen subunits and other  substrates. 

Macromolecular products of  collagen clevage by  mammalian collagenases, 
T C  A and TC B, undergo denaturation at temperatures of  33--34°C and 30--  
31°C, respectively [20].  Therefore, susceptibility of  such products  at the body  
temperature to the liver transglutaminase could be assumed. We have prepared 
products of  collagen cleavage by  human neutrophile collagenase and subjected 
them to the action of  the transglutaminating enzymes. The appearance of  cer- 
tain amounts polymer in the electrophoretic pattern, after incubation with liver 
translutaminase and plasma factor XIIIa, can be considered as an indication for 
accessibility of  collagen degradation products to these enzymes and for forma- 
tion of  some cross-linking bonds. 

The observation that type  I and III collagen in the native form are resistant 
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to liver transglutaminase but become susceptible, after heat denaturation or 
partial proteolytic cleavage, is consistent with the results reported for other 
protein substrates. As stated by Folk and Finlayson [1] "most proteins that do 
not act as substrates for the enzyme in their native form are converted to sub- 
strates by partial digestion with proteases, by oxidization with performic acid 
or by denaturation". The relatively high specificity and large size of trans- 
glutaminases limits their action to glutamine and lysine residues highly exposed 
in protein structure. Therefore, conformation rather than amino acids sequence 
determines the formation of e-(7-glutamyl) lysine cross-linking bonds. Our data 
indicate that in triplehelical native collagen appropriate glutamine and lysine 
residues are not exposed and accessible to transglutaminating enzymes. It has 
recently been demonstrated however, that native collagen could be co-cross- 
linked to fibronectin by plasma factor XIIIa [22] and by guinea pig liver trans- 
glutaminase (Fesfis, L. and Jelefiska, M.M., unpublushed observations). Hence, 
it could be assumed that conformational changes required for the catalytic 
action of transglutaminases can be achieved in triplehelical collagen in the pres- 
ence of fibronectin. 

The fact that denatured collagens are substrates for liver transglutaminase 
but not for plasma factor XIIIa can be ascribed to the well recognized differ- 
ences in their specificities for natural and synthetic substrates. Distinctly differ- 
ent are the effects of plasma factor XIIIa and tissue transglutaminase on the 
most intensively investigated natural substrate i.e., fibrin. Under the same 
conditions tissue transglutaminase was reported to incorporate 15 residues of 
glycine ethyl ester into fibrin, while factor XIIIa only incorporated 7 to 8 [2]. 
These two transglutaminases have different preferences for fibrin chains and 
vary in the rate, order and number of introduced cross-linking bonds [1]. A 
number of simple peptide derivatives susceptible to tissue transglutaminase 
have been synthetized; benzylocarbonyl-L-glutaminyl-L-glycine is an excellent 
substrate for the liver enzyme [1]. In contrast, no satisfactory synthetic gluta- 
mine substrate is known for plasma factor XIIIa. In general, tissue transglutami- 
nase has a broader substrate specificity than plasma factor XIIIa [ 1 ]. 

Our results are in contrast to those of Sofia et al. [7] who, observing the 
diminishing amounts of subunits of collagen upon incubation with placental 
factor XIIIa, concluded that it had been cross-linked by the enzyme. This dis- 
crepancy might be explained by the presence of some denatured material in the 
applied commercial preparation of collagen and by contamination of placental 
factor XII!a with tissue transglutaminase. Species differences are less likely 
reasons for the discrepancy in the results obtained. Obviously of great interest 
is the report of Duckert and Nyman [8] who provided indirect evidence for 
plasma factor XIIIa-catalysed co-cross-linking of fibrin to collagen. Unfortu- 
nately, they have not specified the source of collagen used. According to our 
data the purified type I and type III collagen can be co-cross-linked to fibrin or 
fibrinogen only by liver transglutaminase and not by plasma factor XIIIa. An 
additional condition needed is the conformation of collagen, which could only 
be coupled to fibrin or fibrinogen in denatured form. It was found that a high 
percentage of 12SI-labelled denatured collagen was retained in the fibrin clots 
formed in the presence of liver transglutaminase but not in its absence. Previous 
cross-linking of collagen markedly diminished its subsequent liver transglutami- 
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nase-mediated retention in the fibrin clots (see Table IV). Sites required for 
coupling to fibrin were probably blocked in collagen initially cross-linked by 
liver transglutaminase. Using a 2.5% spacer gel it could be demonstrated that 
the size of the polymers formed by liver transglutaminase from denatured colla- 
gen, in the presence of fibrin or fibrinogen, was higher (could penetrate only 
the top of the spacer gel) than that of polymers formed when denatured colla- 
gen alone was subjected to liver transglutaminase action (these polymers could 
enter the top of the 4% gel). 

In conclusion, according to our data, liver transglutaminase, but not plasma 
factor XIIIa, catalyses cross-linking of type I and type III collagen and their 
binding to fibrin. Denaturation of collagen is a necessary requirement for both 
of these reactions, which limites their pathophysiological significance and 
explains the fact that e-(7-glutamyl) lysine cross-links are unusual for collagen. 
However, transglutaminase activity can be detected in flbroblasts [23] which 
not only synthetize but also degrade newly synthetized chains of collagen [24]. 
The possibility of collagen denaturation under in vivo conditions, in particular, 
in some pathological states, such as burns or inflammation, remains an open 
question. Hence the pathophysiological role of collagens as substrates for trans- 
glutaminating enzyme-mediated reactions might not be restricted to the 
coCross-linking to fibronectin. 
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