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T H E  CLOTTING OF F I B R I N O G E N  

I. THE LIBERATION OF PEPTIDE MATERIAL 

by 

K. B A I L E Y  ANn F. R.  B E T T E L H E I M  

Department o/Biochemistry, University o[ Cambridge (England) 

The theory tha t  the clotting of fibrinogen is a proteolytic process has been held in the pas t  
in a variety of forms. HAMMARSTEN 1 and HEUBNER 2 found tha t  when their fibrinogen preparat ions  
were clotted, soluble protein remained behind in solution, and considered tha t  th rombin  might  
be a proteolytic enzyme' splitting fibrinogen into insoluble fibrin on the one hand, and soluble 
"fibrinoglobulin" on the other. Purer  fibrinogen, however, yielded no fibrinoglobulin on clotting 
(HUISKAMP~), showing tha t  it was a contaminant  of the earlier preparat ions  of fibrinogen, and 
not  a product  of the clotting reaction. Later, it was found tha t  th rombin  preparat ions were able 
to cause not  only the clotting of fibrinogen, bu t  also subsequent  dissolution of the clot (MILLS 
AND LING 4, PRESNELL s, JAQUES 6) suggesting tha t  clotting represents merely an early stage in 
a process of extensive proteolysis. Consonant  with this view was the ability of papain (EAGLE 
AND HARRIS 7) and certain proteolytic snake venoms (EAGLE s) first to clot fibrinogen and then  
to redissolve the clot. HUDEMANN 9 and SEEGERS TM, however, were able to show tha t  fibrinolysis 
was  due to contaminat ion  of th rombin  with one or more proteolytic enzymes from plasma. Highly 
purified th rombin  cannot  redissolve fibrin, except possibly in concentrat ions some io,ooo t imes 
greater  than  normally  used to effect clotting (GUEST ANn WAREll). 

When fibrinolysis was eliminated, it was possible to recover a high proport ion of the nitrogen 
of fibrinogen as fibrin (HUDEMANN 9, WARE, MURPHY AND SEEGERSlZ), and the hypothesis  tha t  
th rombin  is a proteolytic enzyme fell out of favour  (see ASTRUplS). 

Strong evidence has now been obtained that the clotting of fibrinogen is actually 
a proteolytic process of unusually high specificity. The evidence for this, comprising 
a study of the terminal groups of fibrinogen and fibrin, and an analysis of non- 
protein products formed during clotting, has already been reported in two preliminary 
communications (BAILEY , BETTELHEIM, LORAND AND MIDDLEBROOK14; BETTELHEIM 

AND BAILEY 15) and is presented fully in this paper and the following o n e  (BETTEL- 

HEIM16). Parallel work at Leeds (BAILEY, BETTELHEIM, LORAND AND MIDDLEBROOK14; 
LORAND AND MIDDLEBROOK17; LORAND TM) has yielded results substantially in agree- 
ment with some of those reported here. 

EXPERIMENTAL 
l]/I ate rials 

Fibrinogen. This was prepared from fresh citrated ox plasma by 2 to 5 precipitations either 
wi th  an equal volume of 2 M potass ium phosphate  buffer of pH 6.8 (JAQUES TM) or with solid 
a m m o n i u m  sulphate  to 20 % saturat ion,  redissolving the precipitate in each case at an ionic 
s t rength  of about  0. 5. A final precipitat ion was usually carried out  by adding ethanol at o ° to 
a final concentrat ion of io % (v/v). The pur i ty  of the products  thus  obtained appeared to be 
high, as indicated by  the low content  of non-clottable protein (less than  5 %) and by  the absence 
of foreign N-terminal  groups (see below). 

Fibrin. This was obtained by  clotting the purified fibrinogen as described below. 

Re/erences p. 5o3. 
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"l'hrombin. The  p u r i l i e d  p r e p a r a t i o n  of h u m a n  or ig in  (M~;LLANI~'F z°} a p p e a r e d  tt~ be l rec h~,ll~ 
c o n t a m i n a t i o n  w i t h  o t h e r  p r o t e o l y t i c  e n z y m e s .  C lo t s  p r o d u c e d  wi th  i t  could  be k e p t  u n d e r  s t e r i l e  
c o n d i t i o n s  for w e e k s  w i t h o u t  r e d i s s o l v i n g ;  and  w h e n  i t  \v~ls im u b a t e d ,  u n d e r  t o n d i t i ( m s  s i m i l a r  
to  t h o s e  u s e d  f~)r c l o t t i n g ,  w i th  e i t h e r  r a l )b i t  m y o s i n  or  ( ) \ ' i l l lmmin,  il c aused  m) ( lc tee(al*lc  
l i b e r a t i o n  of N - t e r m i n a l  g r (mps .  

('arho.vyl')eplida.su..\ l ive  t i m e s  r e c r y s t a l l i z e d  s p e c i m e n  was  k i n d l y  p r ( ) \ i d e d  by  I)l-. l l . \Ns 
NEUR,\TH of t i le  l ' n i x e r s i t y  ~)f \ V a s h i n g t o n ,  Sea t t l e .  In s o m e  e x p e r i m e n t s  it was  i n c u b a t e d  ])eh~l-c 
use  w i t h  an  excess  of d i i s n p r o p y l p h o s p h ( ) l h l o r i d a t e  (o.ol :11) for 3 ° ra in  a t  37 [~) i n h i b i t  p<msible 
t r a c e s  of chynmt r_xps in  and  t r y p s i n  in the  p r e p a r a t i o n  (J:\xsl~.x, FI:.LI.OWS NUT'IqN(;..[ \X(; :X×~) 
}~ALLS21), b u t  t he  r e s u l t s  were  t h e  s a m e  w]len th i s  D r e t r e a t n l e n t  was  { imi t led .  

"]'ah. T h i s  was  o b t a i n e d  from H o p k i n s  & \Vi l l i ams .  I . td.  Before  use, it h ad  tt, be  freed (,f 
fine p a r t i c l e s  wh ich  b l o c k  t he  c o l u m n s .  \ V a s h i n g  s i m p l y  by  d e c a n t a t i o n  (S.XN(;I~R e2) was  . n h "  
pa r t i a l ly ,  successfu l ,  b u t  w h e n  t he  s u s p e n s i o n  of t a l c  in d i l u t e  IfCI was  b~filed, t i le  fine m a t e r i a l  
was  c a r r i e d  to  t i le  t o p  as a S('Ulll ant i  cou ld  be s u c k e d  off: i t  was  n e c e s s a r y  D) r e p e a t  t h i s  pl-i)ce:hlrc 
o n l y  once  to  o b t a i n  a p r o d u c t  which  g a v e  go~)d c o l u m n s .  

A 1 elhods 

.lnalyses /<~r ,V lermilm! groups. The  p r o t e i n s  were  c o n v e r t e d  i n t o  t h e i r  _,:4 d m i t r o p h e n y l  
( D N P )  d e r i w l t i v e s  bv. t r e M m e n t  w i t h  i : e :  4 f lu l ) r ( )d in i t robenzene  ( F D N B )  as de sc r ibed  l>v 
,~ANGER 23, a n d  h v d r o l v s e s  were  ca r r i ed  o u t  in  b o i l i n g  5.7 .V HCI.  For  q u a n t i t a t i v e  e s t i m a t i o n .  
t h e  e t h e r - e x t r a c t a b l e  D N l ' - a m i n o - a c i d s  were  s u b j e c t e d  to  c h r o n m t o g r a p h y  on e o l u m n s  ,)f un-  
buf fe red  s i l i ca  gel.  The  use  of t w o  s h o r t  c o l u m n s  w i t h  s o l v e n t  s y s t e m s  g i v i n g  l a rge  d i f ferem:es  
ill le v a l u e s  w a s  p r e f e r r e d  t() t i le  use  of ()Ile l ong  co]kllnn. The  s o l v e n t s  were  chosen  f rom those  
g i v e n  b y  SANOeR el. The  f r s t  c o l u m n  was  d e v e l o p e d  w i t h  c h l o r o f o r m ,  in wh ich  t he  ye lh )w a r t i f a c t s  
of t h e  D N P  p r o c e d u r e  ( p r i n c i p a l l y  d i n i t r o p h e n o l  and  d i n i t r o a n i l i n e )  m o v e d  fast ,  b i s - D N l '  
t y r o s i n e  a n d  D N P - g l y c i n e  m o v e d  in a b a n d  of le o. 4 to  o.5, a n d  D N P - g l u t a m i c  ac id  r e m a i n e d  
n e a r  t i le  t o p  of t he  c o l u m n ,  f rom w h i c h  i t  w a s  e l u t e d  w i t h  e the r .  The  t y r o s i n e  a n d  g l y c i n e  de r i va -  
t i v e s  w e r e  s e p a r a t e d  on  an  e t h y l e n e  g l y c o l - b e n z e n e  c d u m n ,  on wh ich  his  D N l ' t y r o s i n e  m o v e d  
a t  le o.5, w h i l e  D N P - g l y c i n e  r e m a i n e d  n e a r  t he  t o p  of the  c o l u m n  a n d  was  e l u t e d  w i t h  e the r .  
The  s e p a r a t e d  ( z - N - D N P - a m i n o  ac id s  were  d i s s o l v e d  in I'!i, N a H C O  a a n d  e s t i m a t e d  spectr~> 
p h o t o m e t r i c a l l y  a t  35o re,u: e N - D N P - l y s i n e  w a s  e s t i m a t e d  in N t t C l  a t  3go nu t  (SAx(~ER 'ae) 

On t i le  b a t c h  of s i l ica  gel used,  t he  D N l ' - a m i n o  ac ids  m o v e d  in c h l o r o f o r n l  a t  1{' v a h l e s  
g r e a t e r  t h a n  t h o s e  g i v e n  by  ,<,ANGER2a; 1 )Nl ' - l euc ine ,  for i n s t a n c e ,  r a n  a t  17 1.3, and  was  
t h e r e f o r e  n(lt  r e l i a b l y  s e p a r a t e d  f rom the  u n r e t a r d e d  y e l l o w  a r t i f a c t s .  To e x c l u d e  t he  p r e s e n c e  
()f t he  f a s t e r - m o v i n g  D N l ) - a m i n o  acids ,  s i l ica  gel buf fe red  a t  p H  7.o (buffer  B of BLACKmrRN ~I) 
was  used  to  r e t a r d  t h e m  more .  For  p u r p o s e  of d e t e ~ t i o n  aIld i d e n t i f i c a t i o n ,  use was  also m a d e  
of p a p e r  c h r o m a t o g r a p h y ,  e s p e c i a l l y  t he  s y s t e m  empl ( )y ing  h , r / - amyl  a l coho l  and p a p e r  buffered  
w i t h  p h t h a l a t e  (BLACKm:RN AND I.OWTHER2S). 

l)egradatio, el prolei~e b), carboxy,peplidasc. The  f ib r inogen  used  for these  e x p e r i m e n t s  ~ a s  
f resh ly  p r e c i p i t a t e d  by  e t h a n o l  in the  cold,  a n d  d i s s o l v e d  to  g ive  an  a p p r o x i m a t e l y  i % s o l u t i o n  
in 3 %  a m m o n i u m  a c e t a t e ,  the  ~o la t i l e  s a l t  b e i n g  used  in o r d e r  to  a v o i d  i n t e r f e r e n c e  w i t h  t he  
s u b s e q u e n t  c h r o m a t o g r a p h y .  The  f ibr in  e o u h l  n o t  be  d i s s o l v e d  u n d e r  c o n d i t i o n s  s u i t a b l e  for the  
a c t i o n  of t he  e n z v m e  a n d  h a d  to  be  used  m the  form of so l id  p a r t i c l e s ;  b e c a u s e  of t h i s  fact.  
q u a n t i t a t i v e  e s t i m a t i o n  of the  l i b e r a t e d  a m i n o  ac id s  was  n o t  a t t e m p t e d .  Before  use, t h e  gel 
was  cu t  up  as  f ine ly  as  poss ib le  in a \ V a r i n g  b l e n d e r ,  and  w a s h e d  w i t h  w a t e r  and  3 % a m m o n i u m  
a c e t a t e  s o l u t i o n  before  b e i n g  s u s p e n d e d  in t he  l a t t e r  m e d i u m .  At  t he  p H  of the  e n z y m i c  d i g e s t i o n  
(8.o), t he  p a r t i c l e s  w e r e  f o u n d  to  swel l ,  t a k i n g  up  a p p r e c i a b l e  a m o u n t s  of l iquid ,  and  i t  is p r o b a b l e  
t h a t  t h e  c a r b o x y p e p t i d a s e  was  a b l e  to  p e n e t r a t e  t im i n t e r s t i c e s  of t i le  gel  n e t w o r k ,  for i t  s e e n m d  
to ac t  r e a s o n a b l y  wel l  on t h e  i n s o l u b l e  p r o t e i n  (el. t i le  p e r m e a b i l i t y  of i ib r in  t i lm to  h a e I n o g l o l m l  
a n d  p l a s m i n  (FERRY AND ~'IORRISON26). T h e  r e s u l t s  were  n o t  a p t ) r e c i a b l y  m o d i t i e d  b y  hea t -  
d e n a t u r i n g  e i t h e r  p r o t e i n  before  d i g e s t i o n .  The  p H  of t he  p r o t e i n  s a m p l e s  was  a d j u s t e d  to S.o 
w i t h  a m m o n i a ,  an( l  c r y s t a l l i n e  c a r b o x y p e p t i d a s e  was  a d d e d  to g i v e  a c o n c e n t r a t i o n  of o.o 5 mg  
p e r  ml.  I n c u b a t i o n  w a s  c a r r i e d  o u t  a t  37 ' ,  a n d  was  e n d e d  b y  i n a c t i w l t i n g  t he  e n z y m e  a t  too  
for 5 rain.  The  d i g e s t s  were  d e p r o t e i n i z e d  w h e r e  n e c e s s a r y  b y  t he  a d d i t i o n  of 3 v o l u m e s  of e t h a n o l ,  
a n d  a l i q u o t s  were  c h r o m a t o g r a p h e d  on f i l ter  pape r ,  u s i n g  b u t a n o l - a c e t i c  ac id  {I)ARTRII)GE 27) as 
s o l v e n t .  B l a n k s  in wh ich  e i t h e r  e n z y m e  or s u b s t r a t e  w e r e  o m i t t e d  d id  n o t  c o n t a i n  a p p r e c i a b l e  
q u a n t i t i e s  of a i n i n o  acids .  

Preparation o/ c/o! liquor. F i b r i n o g e n  w a s  d i s s o h ' e d  to  g i v e  a c o n c e n t r a t i o n  of a b o u t  I" , ,  
in  NaCI, Na2SO4, p o t a s s i u m  p h o s p h a t e  but~fer or  a n a m o n i u m  a c e t a t e  s o l u t i o n  of ionic  s t r e n g t h  
o. 3 to  o. 4. T h e  p H  w a s  b r o u g h t  to  6. 5 7.o so as to  o b t a i n  t he  " c o a r s e "  t y p e  of c lo t  w h i c h  u n d e r g o e s  
s y n a e r e s i s  r e a d i l y  (FERRY AND MORRISONa% E n o u g h  t h r o m b i n  w a s  a d d e d  to  d e v e l o p  r i g i d i t y  
in  a b o u t  5 m i n u t e s  a t  r o o m  t e m p e r a t u r e ,  c l o t t i n g  b e i n g  t h e n  c o m p l e t e  in t 2 hours .  The  t i m e  
for  w h i c h  t h e  r e a c t i o n  w a s  a l l o w e d  to  p r o c e e d  w a s  no t  c r i t ica l ,  a n d  in s o m e  e x p e r i m e n t s  t he  
c l o t t i n g  s y s t e m  w a s  a l l o w e d  to  s t a n d  o v e r n i g h t  in t he  p r e s e n e e  of t o luene .  To  s e p a r a t e  t i l e  f ibr in  

Re/eret~ces p. 503 . 
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from the  clot  l iquor,  the  clot  was  t r ea t ed  for a shor t  t ime  in a W a r i n g  blendor,  which served  
not  only  to  cu t  up  the  fibrin, bu t  also to  induce synaeresis .  The compac t  par t ic les  of fibrin could 
then  be read i ly  fi l tered off and  pressed to  squeeze out  as much  l iquid as possible;  97 % of t he  
clot  l iquor  can be recovered  in th is  way.  

RESULTS 

N-terminal residues o~ fibrinogen and fibrin 

The N-terminal groups of bovine fibrinogen are tyrosine and glutamic acid 
(BAILEy2S). In order to confirm that  both these end-groups really belong to fibrinogen 
and not to some impurity, preparations obtained by repeated salting-out were 
fractionally precipitated in the cold with ether, acetone and dioxan, and with ethanol 
in the presence of 6 M urea; no significant variation in end-group content was 
observed between the fractions obtained. Fibrin also contains tyrosine end-groups, 
but instead of glutamic acid it has N-terminal groups of glycine. In order to ensure 
maximum reactivity both proteins were always dissolved in 6 M urea before treat- 
ment with FDNB. This minimises the possibility that  the glycine end-groups are 
not actually liberated during clotting, but merely rendered more accessible to the 
reagent (c/. PORTER29; BAILEy2S). The small quanti ty of purified thrombin added to 
effect clotting contained negligible amounts of N-terminal groups. 

The results of quanti tat ive analyses are summarized in Table I. The chief source 
of uncertainty is the factor used to correct for the destruction of DNP-amino acids 
during hydrolysis. In the present work, this was estimated by determining recoveries 
of the appropriate DNP-amino acids after boiling under the actual conditions of the 
hydrolysis-- i .e . ,  in 5.7 N HC1 in the presence of DNP-fibrinogen or DNP-fibrin. This 
method allows for the effect of substances destroyed as hydrolysis proceeds, such 
as t ryptophan,  which has been shown to increase the destruction of several DNP- 
amino acids (THOMPSON3°). The correction factor found for DNP-glycine is close to 
that  determined after boiling in 5.7 N HC1 alone, but the destruction of DNP- 
glutamic acid and bis-DNP-tyrosine was increased by the addition of DNP-protein 
appreciably above the values given by SANGER 23 and PORTER AND SANGER 31. A 
further complication which was allowed for was the formation on hydrolysis of a 
yellow artifact derived from bis-DNP-tyrosine (e[. PORTER AND SANGER31), which 
runs close to DNP-glutamic acid on silica gel columns developed with chloroform. 

The limited accuracy of the analyses, and the uncertainty surrounding the 
particle weight of fibrinogen, leave some doubt as to the number of N-terminal groups 

T A B L E  I 

~-TERMINAL RESIDUES OF FIBRINOGEN AND FIBRIN 

Weight o/ protein containing one mole 
N-terminal Period o/ Correction N-terminal residue** 

residue hydrolysis (hours~ /actor* 
Fibrinogen Fibrin 

Glu tamic  acid 8 65 265,000 - -  
Tyros ine  8 65 150,000 15 o, ooo 
Glycine 8 45 - -  126, ooo 

* % D N P - a m i n o  acid r ema in ing  af ter  hydrolysis .  See text .  
** W e i g h t  of pro te in  = 0. 7 × weigh t  of air  dried DNP-pro te in .  

Re/erences  p.  5o3. 
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per molecule. Earlier estimates of the molecular weight, which flare values around 
500,000 (NANNINf;A32: ,qTEINER AND LXKI 3a) have recently been revised downwards 
until  the most  likely value now appears to be 33o,ooo (see ];.I)S.\t.l]iZ). Using this 
value, the most t)robabh , number  of N-terminal  groups would l>c two ¢)f tvrosim~ 
and one of glutamic acid per molecule of fibrinogen, and tw<) ¢~f tvrosint' and tw(~ 
or three of glycine in an approximate ly  equal weight of fibrin. 

The analyt ical  figures given here m a y  be eoinpared with those obtained by 
I.OR,\ND AND MIDI)LEI~ROOId 7. The differences are probably  due principally to the 
different methods  used for est imating the breakdown of DNP-amino acids during 
hydrolysis.  

C-terminal residues o~/ibrb~oge~z and/ibrbz 

A limited amount  of information about  C-terminal residues was obtained by 
the use of carboxypept idase  - - a  technique which has proved useful in some instances, 
though  not of universal applicabili ty (NEURATH AND SCHWEF, T35; NEURATH, (~I.AIJNI,21,I 
AND I)AVIE36). When fibrinogen and fibrin were incubated with tiffs enzym(,, th(, 
amino acid produced in largest quantit ies was phenylalanine in each case; in addition, 
at least three other spots were found on the paper chromatograms,  their R~.. \,ahles 
corresponding to leucine and/or isoleucine, valine and/or  methionine and,or t rypto-  
phan, and glutamie acid and/or threonine respectively. Qualitatiw, differences wer(' 
not  observed when the incubation time was varied from 3o-27 o minutes, but  greater 
amounts  of the amino acids were found after the longer periods of enzyme action. 
The max imum yield of phenylalanine from fibrinogen was approximate ly  one to two 
equivalents per mole of substrate.  The yield from fibrin was one-half to one-third 
as much, but  the general pa t te rn  of the amino acids liberated was indistinguishable 
f rom that  obtained with fibrinogen. This suggests tha t  the C-terminal residues sus- 
ceptible to carboxypept idase  are the same in the two proteins, and tha t  the lower 
yield from fibrin was due merely to the insolubility of the substrate.  As far as can 
be detected by the carboxypept idase technique, therefore, there is no change in 
C-terminal residues on clotting. 

Fate o~ N-terminal glutamic acid 

The N-terminal  glutamic acid wh4ch is lost from fibrinogen on clotting does 
not disappear. I t  can be found after clott ing in the non-protein fraction, which 
remains soluble after t rea tment  with FDNB.  

In  a prel iminary experiment,  a whole clot, together  with its clot liquor, was 
t reated with F D N B ;  when the reaction was completed, the supernatant  as well as 
the insoluble fraction was hydrolysed and examined for ether-extractable DNP-  
amino acids. An equal amount  of fibrinogen was similarly t reated to act as a control. 
Traces of several DNP-amino  acids were found in the supernatants  from both 
fibrinogen and fibrin, but  all were identical in amount  in tile two cases with the 
striking exception of DNP-glutamic  acid; much more of this was present in the 
superna tan t  from fibrin than in tha t  from fibrinogen, and the difference betwt~en 
the two was equivalent  to the amount  which had disappeared from the insoluble 
fraction (Table II). 

A further  experiment  showed tha t  the substance which yields the extra D N P -  
glutamic acid is not  free glutamic acid, but  a peptide of some size containing glutamic 

l?ejer~ m:cs p .  .5o 3. 
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TABLE II 

FATE OF N-TERMINAL GLUTAMIC ACID DURING CLOTTING* 

499 

N-terminal residue 

Amount found in DNP-insoluble fraction 
( l~ moles) 

A mount found in DNP-soluble fraction 
( t t moles) 

Fibrinoge~z Fibrin Differencc Fibrinogen Fibrin Difference 

G l u t a m i c  ac id  0.50 o.14 0.36 o.21 o.71 o.5o 
O t h e r  a m i n o  ac ids  N o t  m e a s u r e d  --- 0.64 o.71 0.07 

* The amount of protein used was o.145 g in each case. All fractions were hydrolyzed for 
4 hours in boiling 5-7 N HC1; no correction factors have been applied. The discrepancy between 
the glutamic acid values in the third and sixth columns can be partly explained by the greater 
destruction of DNP-glutamic acid in the presence of a large amount of DNP-protein. 

acid as its N-terminal residue; this follows from the fact that the DNP-derivative 
is not extractable from acid aqueous solution into ether, as DNP-glutamic acid is. 
The peptide was found entirely in the clot liquor, and not adsorbed on, or occluded 
within, the clot itself. 

These results indicate clearly that, by the action of thrombin, peptide material 
is split off from the flbrinogen molecule. The appearance of glycine end-groups and 
the apparent disappearance of glutamic acid end-groups now both fit into one 
picture: the glycine end~groups represent the "scars" left behind on fibrin when the 
peptide material is split off. The fact that there are more glycine end-groups in fibrin 
than glutamic acid end-groups in fibrinogen is discussed in the following paper 
(BETTELHEIMI"). 

The conclusion that peptide material is liberated during the clotting of fibrinogen 
was reached independently by LORAND TM, who found that non-protein nitrogen 
amounting to 3 to 4% of the total nitrogen is formed during the reaction. 

Preparation o/peptide material as the D N P  derivative 

In preparing the peptide material, the principal problem is the removal of the 
large excess of inorganic salt used to bring the fibrinogen into solution before clotting. 
This salt cannot be dialyzed away, since the peptide material also passes rapidly 
through cellophan dialysis tubing. A convenient and rapid method has been developed 
for preparing the peptide material as its DNP-derivative, which can be entirely freed 
from salt by adsorption on tale and subsequent elution with ethanol (SANGER~2). 

The fibrinogen was dissolved before clotting with the aid of NaC1, Na2SO 4 or 
potassium phosphate buffer, pH 6.8; an ammonium salt cannot be used, since it 
would interfere with the subsequent condensation with FDNB. After clotting, the 
clot liquor was concentrated by distillation under reduced pressure, and treated with 
FDNB under the conditions prescribed by SANGER23;  unclotted protein was precipi- 
tated during this step, and was removed. The solution was now diluted with water, 
and excess FDNB removed by extraction ether. After lowering the pH to about 2 
with HCI, the solution was again extracted with ether; these second ether extracts 
contained the DNP derivatives of any traces of free amino acids, while the DNP 
peptide material remained in the aqueous phase. 

The adsorption on talc and subsequent elution are best done chromatographically. 
The column was made from a slurry of the washed talc in 0.0I N HC1. The acid 
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solution of the DNP-pet)tide material was put  on, and the e()hllnn washv(l \vitl~ 
water;  the yellow material  remained firmly adsorbed at the to l l  whih, the salt was 
not retarded and was removed by washing with water. For eluti ,n,  acid ethan~,I 
(S,'\NGER 22) WaS found to he onl 5" moderately  effective, hut with No'b, ethanol c(m- 
tainin K 0. 3 % ammonia  all the yellow material came off rapidl 5 . 

\Vhen the alcohol ehlate was ewq)orated to dryness under reduced pressure, l ln~ 
l)NP-pet)tide material  was ohtained as an amorphous yellow solid, readily solubh, 
in aqueous ethanol or dihlte alkali, but  only sparingly soluhle in dilute acid. It 
dialyzed slowly through cellophan. On hydrolysis for 4 8 hours in boiling 5.7 X Hi'l, 
DNP-glutamic acid and t -N-DNP-lvsine were produced in approximately  equimolar 
proportions, showing that  the t)eptide material  contains one free e-amino group of 
lysine per N-terminal gr(,up. No ether-extractable l )NP-amino acid other than DN P- 
glutamic acid could be detected. 

Preparation o~ the peptide material i~z the ~tee slate 

[n order to prepare the t)eptide material in a salt-free state without  convert ing 
it into the DNt ) derivative, clot liquors were prepared containing no salt other than 
ammonium acetate, which is volatile and was removed under reduced pressure. 

Fibrinogen was freed of salts other than ammonium acetate by precipitating it 
with ethanol at o and redissolving in 3 % ammonium acetate solution. After clott ing 
with thrombiu, the clot liquor was taken to dryness in a vacuum desiccator containimz 
both H2SO 4 and NaOH. A white residue remained, from which the peptide material 
was extracted with water, leaving behind some insoluble protein. When necessary, 
the solution was deproteinized by the addition of an equal vohnne of ethanol, or of 
trichloroaeetic acid t o  a final concentrat ion of 5 %- 

The conditions to which the peptide material  was subjected during this proeechlre 
seem very mild, hut nevertheless it was evidently not ohtained in an unaltered form, 
for the amount  of N-terminal ghltamic acid found after taking to dryness was less 
than that  expected. The quant i ty  remaining depended on the temperature  at which 
the ammonium acetate was removed, in one experiment, in which this step was 
performed at 3 7 ,  only Io% of the expected amount  of glutamic acid end-groups 
remained. Real freeze-drying was not possible, because the material  melted as the 
ammonium acetate concentrat ion increased, hut when the temperature  was kept as 
low as possible by reducing the pressure to o.r mm Hg, 4 ° 7o% of the expected 
amount  was found in a series of experinlents. The number  of free e-amino groups 
of lysine, determined as ~>N-DNP-lysine, was always constant  within the experi- 
mental  error, the average amount  obtained corresponding to one equivalent from 
26o,ooo g fibrinogen. It thus appears that  some reaction occurred during the removal  
of the ammonium acetate by which the free a-amino groups of ghltamic acid dis- 
appeared. The natnre of this reaction is discussed in the following paper (14H'TF.~.- 
tIEIM16). 

The material  obtained by the above procedure is a colourless hygroscopic solid. 
readily soluble in water. On cooling a solution in hot 9o',0 ethanol, it separated in 
the form of spheroids. I ts  consti tution is evidently rather  complex, for in acid 
hydrolysates the following I3 amino acids could be identified by means of paper 
ch romatography :  aspartic acid, glutamic acid, serine, glycine, threonine, alaninv. 
tyrosine, valine, lencine, phenylalanine, proline, arginine and lvsine. 

ICe/eJem~s p. 503. 



VOL. 18  (I955) CLOTTING OF FIBRINOGEN I 501 

Action o/thrombin at low pH 

By the action of thrombin at low pH (4.85 or 5.1), fibrinogen becomes modified 
in such a way that  the clotting time on neutralization is shortened (LAKI AND MOM- 
MAERTS37), but no clotting or even partial polymerization takes place, the viscosity 
and sedimentation diagrams remaining unchanged (LAKI~). Evidence has now been 
obtained that  the proteolytic action of thrombin is fundamentally the same at low 
pH as in more alkaline solutions in which clotting occurs. 

A solution of fibrinogen in 0.3 M KC1 was adjusted to p H  4.85 and incubated 
for 16 hours at room temperature with an amount of thrombin sufficient to develop 
rigidity in IO minutes in a similar solution at pH 6.8. The protein was then precipi- 
tated with ethanol to a final concentration of 20% and converted into the DNP 
derivative in the usual way, except that  N a H C Q  was not added until after the 
FDNB, so as to minimize the exposure of the protein to thrombin at alkaline pH. 

From the supernatant,  peptide material was isolated as the DNP-derivative as 
described above. Glycine end-groups were found in the protein, and DNP-glutamic 
acid and e-N-DNP-lysine in approximately equal amounts were obtained from the 
DNP-peptide material. The action of thrombin was little more than half complete, 
however, as judged from the relative amounts of DNP-glutamie acid obtained from 
the peptide and protein fractions. This may have been due to inactivation or low 
activity of thrombin in the acid medium. 

DISCUSSION 

The s~ecificity o/ thrombin 

The results reported above show that  thrombin acts proteolytically, but that  
it is unique amongst the known proteolytic enzymes in the very high specificity of 
its action. The fibrinogen molecule contains some 3,00o amino acid residues, but only 
2 or 3 bonds are ruptured during clotting; no formation of extra end-groups was 
observed when clotting systems were allowed to stand for several hours after clotting 
was complete. Furthermore, no proteolysis at all was detected when thrombin was 
incubated with ovalbumin or rabbit  myosin. The fibrinolytic activity of thrombin 
reported by GUEST AND WARE 11 was observed only with concentrations some IO,OOO 
times greater than those normally used to effect clotting. However, it is interesting 
that  thrombin appears to have an affinity for fibrinogen additional to that  involved 
in its clotting activity (WAUGH AND LIVINGSTONE39); perhaps the enzyme has lost 
the ability to split bonds other than a few special ones, but retained an affinity for 
a wider variety.  

The formation of N-terminal glycine residues during clotting indicates that  
thrombin attacks fibrinogen at bonds involving the amino groups of glycine. Infor- 
mation about the possible other participant in the susceptible bonds has come from 
the work of SHERRY AND TROLL 4°, who have shown that  plasmin-free thrombin 
attacks synthetic compounds at bonds involving the carboxyl groups of arginine; 
for instance, the trypsin substrate tosyl arginine methyl ester is split into tosyI 
arginine and methyl  alcohol. Analogous compounds containing amino acids other 
than arginine were not attacked. There is thus evidence, albeit indirect, that  thrombin 
splits arginylglycine links in fibrinogen. I t  is clear that  in proteins most of the bonds 
involving the carboxyl groups of arginine are not split by thrombin. 
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A p r e l i m i n a r y  e x p e r i m e n t  ha s  s h o w n  t h a t  t h r o m b i n  is s t r o n g l y  i n h i b i t e d  I , \  

d i i s 0 p r o p y l p h o s p h o f l u o r i d a t e  t h i s  f ac t  f n r t h e r  e n h a n c e s  t h e  a n a l o g y  w i t h  t r y p s i n  

(of. JANSEN, FEI,LO\~S NUTTIN(;, .]+\>(; aND I)}:\I.I+S2'). 

Limited proleol3'sis 

Bes ides  t h e  c l o t t i n g  of f i b r inogen ,  a n u m b e r  of t ) ro te in  t r a n s f o r m a t i o n s  a re  

k n o w n  w h i c h  t a k e  p lace  b y  p r o t e o l y s i s ,  h u t  in  no  o t h e r  case  is t h e  e x t e n t  of t ) ro teo  - 

lysis  so s h a r p l y  l im i t ed ,  i n  t h e  c o n v e r s i o n  of o w d b u m i n  i n t o  t ) l a k a l b u m i n ,  for i n s t a n c e  

(LINI)ERSTRO~q-LAN(; .\NI) ()TTESEN41), tWO or t h r e e  b o n d s  o u t  of a t o t a l  of a b o u t  

4oo  are  sp l i t  s o m e  i o  t i m e s  f a s t e r  t h a n  a n y  o the r s .  I n  t h e  a c t i v a t i o n  of e h y m o -  

t r y p s i n o g e n ,  t he  in i t i a l  t r y p t i c  h y d r o l y s i s  y i e ld ing  ~ - e h y m o t r y p s i n  is r a p i d l y  fol lowed 

b y  f u r t h e r  p r o t e o l y t i c  c h a n g e s  (.J.x(:OBSEN4e; I{OVERY, FAIIRE AND ])ESNUtr.I.LE4a: 

(IL;\I)NER ANI) NEURATftU). T h e  a u t o c a t a l y t i c  a c t i v a t i o n  r e a c t i o n s  of p e p s i n o g e n  a n d  

t r y p s i n o g e n  a re  b o t h  fo l lowed b y  s e c o n d a r y  h y d r o l y s i s ,  t h o u g h  in t h e  l a t t e r  case  

t h i s  c an  be  i n h i b i t e d  | )v  ( ' a  4' (NORTHROP, KUXITZ AND HERRI{}TT~:'; HERRI{}-I'T46). 

W h e n  a n  a c t i v e  e n z v n l e  is f(}rme.d p r o t e o l y t i c a l l y  f r o m  an  i n a c t i v e  pr{ 'cursor .  

i t  is u s n a l l y  c o n s i d e r e d  t h a t  " u n m a s k i n g "  of a n  a c t i v e  c e n t r e  t a k e s  place,  e i t h e r  I}\ 

t h e  u n f o l d i n g  of t h e  m o l e c u l e  or b y  t h e  s p l i t t i n g  off of a p a r t  of i t . . q i m i l a r l v ,  in t h e  

c l o t t i n g  of f i b r i nogen ,  it s eems  l ike ly  t h a t  a g g r e g a t i o n  occurs ,  in t he  first  i n s t an t{ '  

a t  a n y  r a t e ,  a t  s i t e s  w h i c h  a re  e x p o s e d  w h e n  t h e  pe t ) t i de  m a t e r i a l  is sp l i t  (}11. 

AC K N()~VI,E I)(;I{ME NI 

O n e  of t h e  a u t h o r s  (F .R .H. )  w i s h e s  to  a c k n o w l e d g e  t he  r ece ip t  of a , q t u d e n t s h i p  

f r o m  t h e  M e d i c a l  R e s e a r c h  Counc i l  wh i l e  t h i s  work  was  c a r r i e d  out .  

S U M M A l{ Y 

[. Estimations by the IINI'  technique indicate tha t  the N-terminal resi(lues of l)oviue 
tibrinogen are glutamic acid (I mole per ,05,ooo g protein) and tyrosine (l mole per tSO,OOO g), 
while those of tibrin are glycine (I mole per i_,5,ooo g) and tyrosine (i mole per i5o,ooo g). 

2. The pat tern  of amino acids liberated by carl)oxypeptidase is similar for fibrinogen and 
fibrin, phenylalanine being the main component in each ~ase. 

3. Peptide material is released from fibrinogen on clotting. The N-terminat glutamic acid 
which is present in librinogen 1)ut not in tibrin represents the tips of chains which are split oil, 
while the N-terminal glycine of tibrin represents the "scars" left behind on the main body ol 
the protein molecule. 

R 1:15 UM ( 

i. l.es rdsultats obtenus par ta technique DNP indiquent que les rdsidus N-terminaux du 
fibrinogbne de boeuf sont: l'acide glutamique (l mole t>our 265,ooo g de protdine) et la tyrosine 
(I mole p(mr 15o,ooo g de protdine), tandis que ceux de la fibrine sont: In glycine (t mole pour 
125,ooo g de protOine) et la tyrosine (l mole pour [5o,ooo g de protdine). 

2. La composition du mdlange d'acides amin6s libdrds par l 'action tie la carboxypeptidase 
sur le fibrinog6ne et sur la fibrine est similaire darts les deux cas, la phenylalanine en 6rant le 
composant  principal. 

3- I+ors de la coagulation, le fibrinog6ne abandonne du matdriel peptidique, l. 'acide gluta 
mique N-terminal, qui est prdsent clans le fibrinoghne, mais non dans la fibrine, repr(,sente les 
extrdmi%s des chaines qui sont scind6es, tandis que la glycine N-terminale de la librine reprdsentc 
les "cicatrices" laissdes sur le corps principal tie la moldcule prot6ique. 

ZUSAMMENF:\SSUNG 

r. Mit Hilfe tier DNl'-Methode durchgefiihrte Versuche ergaben, class (lie N-terminalen 
AminosS+urereste in Rinder-Fibrin(~gen Glutamins~ture (t Mol je -'65,0oo g Protein) und "lTyrosin 
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(~ Mol je I5O,OOO g) sind, w/ihrend in Fibrin Glycin (i Mol je 125,ooo g) und Tyrosin (I Mol 
je 15o,ooo ) gefunden wurden. 

2. Die Zusammense tzung des durch Carboxypeptidase in Freiheit  gesetztes Aminos~ure- 
gemisches ist fiir Fibrinogen und Fibrin tihnlich; Phenylalanin ist in beiden Ftillen der Haup t -  
t)estandteil. 

3- Beim Gerinnen wird aus Fibrinogen Peptid-Material in Freiheit  gesetzt. Die in Fibrinogen, 
nicht aber in Fibrin vorhandene N-terminale Glutamins/iure bildet die Kettenenden,  welche 
abgespalten werden, w/ihrend das N-ternlinale Glycin in Fibrin den " S t a m m "  darstellt, der an 
dem Haup t -K6rpe r  des Proteinmolekiils zurtickgelassen wird. 
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