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ELLIPSOMETRIC MEASUREMENT OF THE ASSOCIATION OF PROTHROMBIN WITH 
PHOSPHOLIPID MONOLAYERS 

J.M.M. Kop, J.W. Corsel,  M.P. Janssen, P.A. Cuypers and W.Th. Hermens 

Departments of Biophysics and Biochemistry, Biomedical Centre, University of 
Limburg, Maastricht, The Netherlands 

Resume - Des couches monomol~culaires formees d'un mglange de 
phosphatidylserine et phosphatidylcholine sont d6posges sur 
des plaques de chrome. L'association de prothrombine avec ces 
phospholipides est mesurge dans un tampon de solute physiolo- . Les rgsultats indiquent l'existence des deux complexes de 
rothrombine/phospholipides diffgrents. La vitesse d'adsorption zique 

est contrblGe par la diffusion, avec une couche d'eau 
immobilisGe d la surface de 20 ym dlGpaisseur. 

Abstract - Phospholipid monolayers consisting of mixtures of 
phosphatidylserine and phosphatidylcholine were deposited on 
chromium slides. Binding of prothrombin to these layers was 
measured in buffered physiological saline. Evidence is obtained 
for the existence of two different phospholipid/prothrombin 
complexes. The adsorption velocity is diffusion-controled with 
an apparent "unstirred layer" at the surface of 20 ym thickness. 

Binding of proteins to phospholipid membranes plays an essential role 
in blood coagulation. An example is the calcium-dependent binding of 
prothrombin (factor 11) to phospholipid which, in the presence of 
activated blood coagulation factors X and V, results in enzymatic 
cleavage of the prothrombin molecule and production of thrombin ( f ac- 
tor I1 ) . Further understanding of this activation mechanism requires 
detailgd knowledge of the binding constants involved and these have 
been measured in the last few years by a variety of experimental 
techniques (1, 2, 3, 4, 5). However, different techniques have produc- 
ed values differing by a factor of 100. The present study may explain 
some of these discrepancies. 

Materials and methods 

Bovine prothrombin was prepared as described (6) and prothrombin con- 
centrations were determined spectrophotometrically, using an extinc- 
tion coeffient E280(1%) = 14.4 (7). Dioleoyl-phosphatidylcholine 
(D0PC)'was purchased from Sigma Chemical Co and dioleoyl phosphatidyl- 
serine (DOPS) was prepared from DOPC by enzymatic conversion (8). 
Phospholipid concentrations were determined by phosphate analysis (9). 
Experiments were performed in 0.05 M trishydroxymethylaminomethane 
(Tris)-HC1 buffer, pH= 7.0, containinq 0.1 M NaCl and 0.01 M CaC1,. 
~onola~ers were $repared by the ~angmuir-~lodgett techniques asLdes- 
cribed (5). 
The chromium slide is placed in a quartz cuvette filled with buffer 
and a laser-produced beam of monochromatic light (X = 632.8 nm)~ is 
reflected against the slide at an angle of incidence of 68 degrees. 
Before reaching the cuvette, the light passes through a polarizing 
prism, the "polarizer" PI and a quarter-wavelength plate, the "compen- 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19831099

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:19831099


ClO-492 JOURNAL DE PHYSIQUE 

s a t o r "  C. A f t e r  r e f l e c t i o n ,  t h e  l i g h t  p a s s e s  t h r o u g h  a second  p o l a r i z -  
i n g  p r i s m ,  t h e  " a n a l y z e r "  A ,  and is d e t e c t e d  by  a  p h o t o d i o d e .  P  and A  
a r e  a u t o m a t i c a l l y  r o t a t e d  s u c h  t h a t  t h e  r e s u l t i n g  l i g h t  i n t e n s i t y  
r e a c h i n g  t h e  p h o t o d i o d e  is k e p t  minimal .  From t h e  p o s i t i o n s  o f  P  and  A  
t h u s  o b t a i n e d ,  t h e  o p t i c a l  c o n s t a n t s  o f  t h e  r e f l e c t i n g  chromium s u r -  
f  a c e  c a n  be  d e t e r m i n e d .  Knowing t h e s e  c o n s t a n t s ,  t h e  r e f r a c t i v e  i n d e x  
n  and  t h e  t h i c k n e s s  d  o f  a  p h o s p h o l i p i d  o r  p r o t e i n  f i l m ,  a d s o r b e d  to  
t h e  s l i d e ,  c a n  b e  c a l c u l a t e d  from t h e  c h a n g e s  i n  t h e  p o s i t i o n s  o f  P  
and A  d u e  t o  t h e  a d s o r p t i o n .  The a d s o r b e d  mass  r ( pg/cm2 ) o f  s u c h  a 
f i l m  c a n  b e  o b t a i n e d  from t h e  e q u a t i o n :  

where  r and v  a r e  t h e  s p e c i f i c  r e f r a c t i v i t y  and t h e  p a r t i a l  s p e c i f i c  
volume o f  t h e  a d s o r b e d  s u b s t a n c e ,  b o t h  e x p r e s s e d  i n  ml /g ;  nb is t h e  
r e f r a c t i v e  i ndex  o f  t h e  b u f f e r  s o l u t i o n  and t h e  t h i c k n e s s  d  is e x p r e s -  
s e d  i n  nm. E q u a t i o n  ( 1 )  is v a l i d  i f  t h e  a d s o r b e d  l a y e r  c o n s i s t s  o f  a 
m i x t u r e  o f  b u f f e r  and p h o s p h o l i p i d  ( o r  p r o t e i n )  . I f  t h e  r e f r a c t i v e  
i n d e x  n  e x c e e d s  a  v a l u e  o f  n=1.6,  e q u a t i o n  ( 1 )  mus t  b e  r e p l a c e d  by  t h e  
e q u a t i o n  f o r  a  p u r e  s u b s t a n c e :  

V a l u e s  used  i n  t h e  c a l c u l a t i o n s  were  ( 5 , l O )  : = 1.335;  r = 0.274 
ml/g and v  = 0.889 ml/g f o r  p h o s p h o l i p i d s ;  r n=b 0.236 ml/g and v  = 
0.710 ml/g f o r  p r o t h r o m b i n .  D e t a i l e d  d e s c r i p t i o n  o f  t h i s  e l l i p s o m e t e r  
( 1 1 )  and t h e  v a l i d a t i o n  o f  e q u a t i o n s  ( 1 )  and ( 2 )  were  p u b l i s h e d  ( 5 )  . 2  
E x p e r i m e n t s  were  pe r fo rmed  o n  s l i d e s  w i t h  a  s u r f a c e  a r e a  o f  3.6 c m  , 
p l a c e d  i n  t h e  c u v e t t e  f i l l e d  w i t h  4 ml  o f  b u f f e r .  The b u f f e r  was 
c g n t i n u o u s l y  s t i r r e d ,  u s i n g  a  r o t a t i n g  m a g n e t i c  s t ir ,  and  k e p t  a t  37  5 
1 C  b y  means o f  a P e l t i e r  e l e m e n t .  P r o t h r o m b i n ,  i n c u b a t e d  i n  t h e  same 
b u f f e r ,  was added  and  t h e  a d s o r p t i o n  was f o l l o w e d  by  m e a s u r i n g  t h e  new 
p o s i t i o n s  o f  P  and  A  e v e r y  3-5 s e c o n d s .  When e q u i l i b r i u m  was a t t a i n e d  
(10-60 min )  a  s u b s e q u e n t  d o s e  o f  p r o t h r o m b i n  was added .  

R e s u l t s  

F i g .  1 shows t h e  a d s o r p t i o n  o f  p r o t h r o m b i n  o n  a  mono laye r  c o n t a i n i n g  
80% DOPS/20% DOPC. By m e a s u r i n g  t h e  e q u i l i b r i u m  v a l u e s  o f  r as  a 
f u n c t i o n  o f  t h e  p r o t h r o m b i n  c o n c e n t r a t i o n  C  i n  t h e  b u f f e r ,  t h e  a s so -  
c i a t i o n  c o n s t a n t  K c a n  b e  o b t a i n e d .  T h i s  is shown i n  F i g .  2. From 
t h e s e  d a t a  it was c % l c u l a t e d  t h a t  f o r  p r o t h r o m b i n  c o n c e n t r a t i o n s  up to  
1 0  vg/ml t h e  a d s o r p t i o n  p r o c e s s  o n  1 0 0 %  DOPS c a n  b e  d e s c r i b e d  b y  a  
s i n g l e  c l a s s  o f  b i n d i n g  s i t e s  w i t h  K = (2 .31  + 0.023)  x l o 8  M-1 
(mean + SD) and  rma = 0.351 + 0 .009  pg/cm . ~ % r  h i g h  p r o t h r o m b i n  
c o n c e n t r a t i o n s  a n  exTra  amount o f  p r o t h r o m b i n  is a d s o r b e d .  I f  t h e  
p e r c e n t a g e  o f  DOPC i n  t h e  mono laye r  is i n c r e a s e d ,  t h i s  b i p h a s i c  beha- 
v i o u r  becomes i n i t i a l l y  more pronounced  w i t h  d e c r e a s i n g  v a l u e s  o f  
r . The a d s o p r t i o n  o n  20% DOPS/80% DOPC m o n o l a y e r s  is s t i l l  somewhat 
b%%asic b u t  c a n  g l o b a l l y  be  d e s c r i b e d  w i t h  v a l u e s  o f  Ka = ( 1 . 1 1  + 
0.34)  x107 M - I  and  l' = 0.25 + 0.02 pg/cm2. 
Measurement o f  l i g h @ $ a t t e r i n g  a f t e r  r a p i d  ( s t o p p e d - f l o w )  mix ing  o f  
p r o t h r o m b i n  w i t h  a  v e s i c l e  s u s p e n s i o n  o f  p h o s p h o l i p i d s  ( 1 2 )  h a s  shown 
t h a t  t h e  a s s o c i a t i o n  p r o c e s s  i s  v e r y  r a p i d  w i t h  a ti o f  a p p r o x i m a t e l y  
50 ms. The v e s i c l e s  used  i n  t h e s e  e x p e r i m e n t s  were  s u f f i c i e n t l y  s m a l l  
(+ 25 nm d i a m e t e r )  t o  a v o i d  l i m i t a t i o n  o f  t h e  a s s o c i a t i o n  v e l o c i t y  by  
d i f f u s i o n .  Comparing t h e s e  d a t a  w i t h  t h e  s l o w  a d s o r p t i o n s  a s  shown i n  
F i g .  1, it is  a p p a r e n t  t h a t  we have  a c o m p l e t e l y  d i f f u s i o n - c o n t r o l e d  
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Fig.1. Stepwise adsorption of prothrombin 
on ~O%DOPS/~O%DOPC. 

situation. In that case one has 
in first approximation: 

where D is the diffusion con- 
stant of prothrombin and C is 
the prothrombin concentra3ion 
directly adjacent to the sur- 
face, which is separated from 
the bulk solution by an unstir- 
red layer of buffer of thick- 
ness 6. In view of the rapid 
local association, C will be 
in equilibrium with rSand equa- 
tion (3) can be written as: 

Fig.2. Scatchard p l o t  f o r  t h e  adsorpt ion 
of prothrombin on DOPS/WPC mixtures. 
0=10O%DOPS;O=40%DOPS;*=20%DOPS. 

500 Tlme(s) 1000 

Fig.3. Adsorption of prothrombin as  a func- 
t i o n  of time. C= 10 yg/ml (.),C= 5 ug/ml 
(0) and C= 2.5 ug/ml (A) . Mean + SE, n=6. 
Broken l i n e s  present  t h e o r i t i c a l  values.  

Fig. 3 shows the adsorption velocity as a function of the prothrombin 
conc ntration C on a 100% DOPS mon layer. Taking the values Ka = 2.01 % x 10 M - '  and Tma = 0.351 ug/cm4 it is found that the solution of 
equation (4) may A t  these data reasonably well with a value of ~ / 6  = 
2.4 x 10-4 cm/s. For the reported value of D for prothrombin of 4.,8 x 

cm2/s (13) this implies that 6 = 20 um. 

Discussion 

The refractive index n and thickness d of a film deposited on a re- 
flecting surface can be measured ellipsometrically even below monolay- 
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e r  cove rage .  I t  was shown, f o r  i n s t a n c e ,  t h a t  c o r r e c t  v a l u e s  o f  n  and 
d  a r e  o b t a i n e d  f o r  f a t t y  a c i d s  s p r e a d  on a  mercu ry  s u r f a c e  i n  t h e  
r a n g e  o f  5 %  t o  1008  o f  f u l l  monolayer  c o v e r a g e  ( 1 4 ) .  As a  r u l e ,  how- 
e v e r ,  v .a lues  o f  n  and d  d e t e r m i n e d  f o r  f i l m s  o f  less t h a n  1 0  nm t h i c k -  
n e s s  have  c o n s i d e r a b l e  e x p e r i ~ n e n t a l  s c a t t e r .  T h i s  s c a t t e r  is n o t  of  a  
random n a t u r e  b u t  over-  o r  u n d e r e s t i m a t e s  o f  n  c o r r e s p o n d  r e s p e c t i v e l y  
t o  under-  o r  o v e r e s t i m a t e s  of  d .  More s p e c i f i c a l l y ,  t h e  q u a n t i t y  
d ( n 2 - n z ) / ( n 2 + 2 )  c a n  be  d e t e r m i n e d  a c c u r a t e l y  i n  s p i t e  o f  f l u c t u a t i n g  
v a l u e s  o f  n  and d .  T h i s  e x p l a i n s  why v a l u e s  o f  r a s  c a l c u l a t e d  from 
e q u a t i o n  ( 2 )  c o n t a i n  a  r e l a t i v e l y  s m a l l  e r r o r ,  even  f o r  v a l u e s  o f  d  
be low 5 nm ( 5  ) . 
V a l u e s  o f  Ka f o r  prothrombin-phospholipid complexes  a s  r e p o r t e d  i n  t h e  
l i t e r a t u r e  show l a r g e  v a r i a t i o n .  Using l i g h t - s c a t t e r i n g  and g e l  f i l -  
t r a t i o n  t e c h n i q u e s ,  b o t h  w i t h  s u s p e n s i o n s  o f  v e s i c l e s  c o n t a i n i n g  5 25% 
p h o s p h a t i d y l s e r i n e  (PS)  and + 75% p h o s p h a t i d y l c h o l i n e  ( P C ) ,  v a l u e s  o f  
K = 3  x10 M-I were o b t a i n e d  ( 1 , 2 ) .  A d s o r p t i o n  o f  t r i t i u m - l a b e l e d  
p?othrombin  o n  mono laye r s  o f  100% PS s p r e a d  on  a n  a q u e o u s  s u b p h a s e ,  
r e s u l t e d  i n  a  v a l u e  of  K = 1 .2  x  l o 9  M ( 3 ) .  These  d i f f e r e n c e s  c a n  
be e x p l a i n e d  from t h e  da%a shown i n  F ig .  2. V e s i c l e  s u s p e n s i o n s  con- 
t a i n i n g  more t h a n  30-50% o f  PS c a n n o t  be  used i n  t h e s e  b i n d i n g  e x p e r i -  
men t s  b e c a u s e  o f  v e s i c l e  f u s i o n  a t  c a l c i u m  c o n c e n t r a t i o n s  i n  t h e  m i l -  
l i m o l a r  r ange .  On t h e  o t h e r  hand,  p ro th rombin  c o n c e n t r a t i o n s  e x c e e d i n g  
1 0  yg/ml t e n d  t o  s o l u b i l i z e  p h o s p h o l i p i d  mono laye r s  a t  t h e  a i r - w a t e r  
i n t e r f a c e ,  a l s o  i n t e r f e r i n g  w i t h  s u c h  b i n d i n g  e x p e r i m e n t s .  
The d a t a  p r e s e n t e d  i n  t h i s  s t u d y  s u g g e s t  t h e  e x i s t e n c e  o f  a h i g h - a f f i -  
n i t y  prothrombin-DOPS complex f o r  mono laye r s  o f  p u r e  DOPS. A d d i t i o n  o f  
DOPC d i s t u r b s  t h i s  complex and i n t r o d u c e s  a  new p h o s p h o l i p i d  c o n f i g u -  
r a t i o n  w i t h  much lower  b i n d i n g  a f f i n i t y .  A  s i m i l a r  s i t u a t i o n  e x i s t s  
w i t h  r e s p e c t  t o  v e s i c l e  f u s i o n .  V e s i c l e s  o f  p u r e  PS may a g g r e g a t e  b y  
fo rming  h i g h - a f f i n i t y  anhydrous  complexes .  A d d i t i o n  o f  PC a b o l i s h e s  
t h i s  phenomenon and r e s u l t s  i n  w a t e r - c o n t a i n i n g  complexes  o f  much 
lower a f f i n i t y  ( 1 5 ) .  
The v a l u e  of  20 ym found f o r  t h e  t h i c k n e s s  o f  t h e  u n s t i r r e d  l a y e r  is 
i n  r e a s o n a b l e  ag reemen t  w i t h  a v a l u e  o f  30 ym found i n  a n  e l l i p s o m e -  
t r i c  s t u d y  on t h e  a d s o r p t i o n  of  chymot ryps in  on chromium s l i d e s  c o a t e d  
w i t h  d e n a t u r e d  a lbumin  ( 1 6  ) . The s y s t e m a t i c  d i f f e r e n c e s  be tween expe- 
r i m e n t a l  and t h e o r e t i c a l  c u r v e s  i n  F ig .  3  may be caused  by t h e  l i n e a r  
a p p r o x i m a t i o n  ( 3 ) .  
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