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Prothrombinase assembly was  studied  on  macro- 
scopic planar  bilayers  consisting of 20% dioleoyl-phos- 
phatidylserine (DOPS) and 80% dioleoyl-phosphati- 
dylcholine (DOPC). The dissociation constant  for  the 
binding of factor Xa to  the  bilayer,  measured by  ellip- 
sometry,  was K d  = 47 f 8 nM (mean f S.D.) and  this 
value  was  lowered  to Kd = 2.2 f 0.3 PM by preadsorp- 
tion of factor Va. This  latter  value  was  determined 
from  direct  measurement of steady-state  thrombin  pro- 
duction. A comparable  value of Kd = 1.0 f 0.1 p~ was 
found by repeating  these  experiments  in  suspensions 
of phospholipid vesicles, and  it  was verified that pro- 
thrombinase assembly was not  influenced  by the  addi- 
tion of prothrombin. 

Using a minute  amount (0.094 fmol cm-’) of pread- 
sorbed  factor Va, it  was  found  that  the rate of pro- 
thrombinase assembly  exceeds the  rate of collisions 
between Xa molecules from  the  buffer  and  the  sparse 
Va molecules on the  bilayer.  Apparently,  factor Xa 
adsorbs  first  to  the  membrane  and  then  associates  rap- 
idly  with  factor Va by lateral diffusion. The  data  in- 
dicate almost instantaneous  equilibrium of this com- 
plex  formation on the  surface  with a lower  limit  for 
the bimolecular rate constant of k,, = 2.8 X 10l3 (mol/ 
cm2)-’ s-’. 

In suspensions of small  phospholipid  vesicles, pro- 
thrombinase assembly is collisionally  limited and  the 
value of k,, should  be proportional  to vesicle  diameter. 
This  was  verified  with a method for  estimation of k,, 
values  from  thrombin  generation  curves. Values of 
0.36 X lo9 and 1.6 X lo9 M” s” were found  for vesicles 
of 20-30- and  60-80-nm  diameter,  respectively. 

After it  had been established (1, 2) that  adsorption of the 
coagulation factors  Xa, Va, and  prothrombin  on  phospholipid 
membranes is essential for  efficient  conversion of prothrom- 
bin by factor Xa,  it was intuitively  assumed  that  the  mem- 
brane facilitates this process. Such  facilitation could be  the 
result of concentration of proteins  on  the  membrane surface 
and  restriction of molecular movement  to  the  plane of the 
membrane.  This  concept  has  been called “reduction of dimen- 
sionality” (3). Not only the  directions of movement  are  re- 
stricted,  but also molecular orientation,  and  this may enhance 
collisional efficiency. 

Reduction of dimensionality was not only supposed  to 
promote  prothrombinase assembly but, by the  same  mecha- 
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nism,  also  to  enhance  the  rate of prothrombin conversion.  A 
number of studies, however, challenged this  concept (4-6). It  
seemed as if the  converted molecules arrived directly  from the 
buffer solution,  without  previous  adsorption  to  the  membrane 
(free substrate model). As a result  it was also doubted  whether 
the  principle played  a  role in  prothrombinase assembly. 

Recently, however, it  was shown  that  binding of factors  Xa 
and Va to  phospholipid vesicles indeed  precedes the assembly 
of the  prothrombinase complex (7). The  rate of this assembly 
appeared  to  be  limited by the frequency of collisions  between 
Xa-containing vesicles and Va molecules in  the  bulk solution. 
Because of this collisional limitation  it was not possible to 
estimate  the assembly rate  constant of membrane-bound fac- 
tors  Xa  and Va. 

In  the  present  study,  this assembly is  studied  on  planar 
macroscopic  bilayers. Using less than 0.1 fmol cm-’  of ad- 
sorbed  factor Va and picomolar  buffer concentrations of factor 
Xa, we directly demonstrate  that  the  rate of prothrombinase 
production exceeds the frequency of collisions  between Xa 
molecules from the buffer and Va molecules on  the bilayer. 
Any significant  contribution of free factor  Xa molecules to 
prothrombinase assembly can  thus  be excluded. Moreover, 
under  these  circumstances  the  total flux of factor  Xa mole- 
cules toward  the surface  exceeds the  rate of prothrombinase 
formation, which allows estimation of a lower limit for the 
bimolecular rate  constant of the assembly  process on  the 
membrane. 

MATERIALS  AND  METHODS 

Proteins  and Lipids-Bovine prothrombin  (factor 11) and coagu- 
lation  factors X and V were obtained as described,  respectively, in 
Refs. 8-10. Factor X was activated  with Russell’s viper  venom (Sigma) 
(11) and  factor V with  thrombin (10). Concentrations of factor  Xa 
were determined by active-site  titration  with  p-nitrophenyl-p’-gua- 
nidinobenzoate hydrochloride (ICN  Nutritional Biochemicals) (12). 
Concentrations of prothrombin were determined similarly after com- 
plete  activation to  thrombin  with  Echis  carinata venom (Sigma). 
Concentrations of factor Va were determined by titration  with  factor 
Xa in a kinetic  assay (10). Thrombin  concentrations were measured 
at 37 “C as described (13), using  the chromogenic substrate S2238 
(Kabi  Diagnostica)  and a turnover  number of thrombin for S2238  of 
kc,, = 162 s”. 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)’ was purchased 
from  Sigma  and  converted  to  the  corresponding  phosphatidylserine 
(DOPS) by enzymatic conversion (14). Phospholipid  concentrations 
were determined by phosphate  analysis (15). Planar phospholipid 
bilayers were deposited  on silicon  slides (Wacker Chemie, type n) as 
described (13). After  preconditioning of the  surface,  an  area of 0.5 
cm2 was covered with a 20% DOPS, 80% DOPC bilayer by immersion 
of the slide in a vesicle suspension. Bilayer mass, measured by 
ellipsometry, was 0.42 k 0.03 pg cm” (mean -C S.D.). Suspensions of 
small (20-30-nm diameter) vesicles were prepared by sonication of a 
20% DOPS, 80% DOPC  mixture (16). Suspensions of larger (60-80- 
nm  diameter) vesicles were prepared by  lipid extrusion, using  poly- 
carbonate  filters of 80-nm  pore size (17). Unless  stated otherwise,  all 

’ The abbreviations used  are: DOPC, dioleoyl-phosphatidylcholine; 
DOPS, dioleoyl-phosphatidylserine. 
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Membrane-mediated  Assembly of the Prothrombinase Complex 18721 

experiments were performed  in 0.05 M Tris-HC1 buffer, pH = 7.5, 
containing 0.1 M NaC1, 3 mM CaC1, and 0.5 g liter-'  ovalbumin 
(Sigma). 

Experiments with Planar Bilayers-Adsorption of factor  Xa  on 
planar phospholipid  bilayers  was measured  with an  automated ellip- 
someter  as described  (18, 19).  Experiments were performed at  25 "C 
in a cuvette  containing 4 ml of buffer with a rotating  stirrer a t  2 mm 
from  the slide. Initial  adsorption  rates of factors I1 and Va are 
transport-limited,  that is, proportional to  the  protein  concentration 
in  the  buffer  and a constant A, determined by the diffusion constant 
of the  protein,  the buffer  viscosity and  the flow conditions (19,  20). 
For  prothrombin, a value of A = (5.2 f 0.2) X 10"' cm s-' was 
estimated  from  steady-state  thrombin  production of a  bilayer con- 
taining excess prothrombinase (13). The diffusion constant of pro- 
thrombin  is  DI, = 4.8 X cm' s-' (21).  For  factor Va, a Stokes 
radius of R = 5.05 nm  has been determined  from gel filtration (22). 
By using the  Stokes-Einstein  relation D = k T / 6 ~ 7 R ,  a  diffusion 
constant of Dv. = 4.3 X cm2 s-' is  found a t  25 "C. This  small 
difference in diffusion constants for  two  molecules with molecular 
weights of respectively 72,000 and 168,000 is  thought  to reflect the 
highly asymmetrical form of prothrombin (23). The value of A = 5.2 
X cm s-' was therefore also  used  for factor Va. The diffusion 
constant of factor  Xa was estimated from ellipsometric  measurements 
of initial  adsorption  rates of factors 11 and  Xa  on  100%  DOPS 
bilayers, as described (19).  For  identical buffer concentrations,  factor 
Xa adsorbed 1.22 times  faster  than  prothrombin,  and a value of A = 
6.3 X cm s-' was used  for factor  Xa. The initial  adsorption  rate 
is  proportional  to D'"' (24),  thus 1.22 = (Dx,/D#'". Inserting  DII  one 
obtains Ds. = 6.5 X cm2 s-' and, from the  Stokes-Einstein 
equation, Rx. = 3.5 nm. 

Experiments with Vesicle Suspensions-Proteins were added  to 
vesicle suspensions  in 1.5-ml sealable plastic  tubes  (Eppendorf  type 
3810) and mechanically  mixed for 5 s (Janke & Kunkel Vibrofix 
VF1).  Final  reaction volumes were 0.4-1 ml. During  the  experiments 
tubes were kept  in a waterbath  at 25 "C. Fresh vesicle suspensions 
were prepared  each day and  stored at -20 "C  until use. 

The Maximal Rate  Constant  for  the Assembly of Adsorbed Factor 
Va and  Factor  Xa  from  the Buffer-The maximal, collisional-limited 
steady-state  rate  constant of assembly of factor Va and  factor  Xa 
molecules in buffer solution  is k,,,= 4aN(Dx, + Ova) (Rx, + Rv,) 
mol" cm" s" (25),  with N for Avogadro's number.  For  the relatively 
immobilized factor Va molecules on  the lipid surface, Dv. can be 
neglected and a factor of 1/2  must  be  added because Xa molecules 
can only approach from one side. Inserting N = 6.0 X loz3 and  the 
values of D and R mentioned before, one  obtains k,,, = 2.0 X IO9 M" 
SKI. 

The Maximal Rate  Constant  for  the Assembly of Adsorbed Factors 
Va and Xa-It is  assumed that for  a factor Va molecule, situated a t  
the origin  r = 0, a  free circular lipid area  is available with  radius R,. 
The steady-state  equation for  diffusion of factor  Xa  on  the lipid 
surface  toward  the  factor Va molecule is  D'r-'d/dr[rdr(r)/ar] = 0, 
with r(r) the  surface  concentration of factor  Xa a t  a distance r from 
the  factor Va molecule and  D'  the  sum of the diffusion constants  for 
lateral diffusion of factor  Xa  and  factor Va on  the lipid  bilayer. The 
maximal flow toward  the  factor Va molecules is  obtained by assuming 
that  the  factor Va molecule acts  as a perfect  sink for factor  Xa or 
l ' (R<) = 0, with R,. = Rx. + Rv.. By using this  condition  the  diffusion 
equation  has  the  solution r(r) = roln(r/Rc).  The  arbitrary  parameter 
IT,, can be expressed in  the average surface  concentration of factor 
Xa, defined as re,, = (S2~rr(r)dr)/(*R,').  Performing  this  integration 
from r = R,. to r = R,, and  using  the  condition R, << R, one  obtains 
l':,v r,3.1n(R,JRJ. The solution of the diffusion equation  thus 
becomes r ( r )  = l r ~ ~ ~ / l n ( R , ~ / ~ ~ ) ~ l n ( r / R ~ ) .  

The maximal transport  rate of factor  Xa  toward  the  factor Va 
molecule then becomes ~ T R , .  D'[dr(r)/dr]rRc = 2~D'r.,,/ln(R,/R,). 
Multiplication  with Avogadro's number N and division by rev gives 
the maximal  assembly rate  constant/mol of adsorbed  factor Va k,,,= 
SrrND'/ln(R,,/R,) mol" cm2 s-I. For a surface  concentration of 0.094 
f'mol.cm-', the mean distance between factor Va molecules is 1400 
nm  and R,, = 700 nm.  Inserting  the values Rx. = 3.5 nm, Rv, = 5.05 
nm, N = 6.0 X lo2", and D' z lo-' cm2 s-' (26, 27),  one  obtains k,,, 

10'" mol-' cm2 s". 
Anal-ysis of Data-Values of the dissociation constant Kd and 

maximal  surface  concentration were obtained  from  the equilib- 
rium  surface  concentrations req, as a function of buffer  concentrations 
C:h of protein, using the  equation 

req = r m m ' C b / ( C b  + Kd). (1) 

If a low concentration of factor Va in excess  lipid is  equilibrated  with 
various concentrations of factor  Xa  and excess prothrombin  is added, 
thrombin  production will be proportional to  the  amount of factor  Xa 
bound to  factor Va on the lipid  surface. This  is only true, of course, 
if production of thrombin by factor  Xa  not included in  prothrombin- 
ase complexes can be neglected. In  that case one  has 

dIIa/dt = u,.,.Xa/(Xa + K d )  (2) 

with umar the  rate of thrombin  production for  excess factor  Xa. 
Equation 2  was  used to  estimate Kd from steady-state  thrombin 
production. 

The kinetic  constants k,, and k,ff of prothrombinase complex 
formation  in vesicle suspensions were estimated  as follows. If a low 
concentration of factor  Xa  is  added  to excess  lipid, prothrombin,  and 
factor Va, the  concentration of prothrombinase complexes changes 
according to  the following. 

dP/dt = k,,.Va(Xa - P )  - kOfr.P. 

Integration of this expression gives the  amount of prothrombinase 
formed up  to  time t: P ( t )  = Peq)ll - exp(-kt)l  with k = k,. Va + kerf 
and P,, = kOn VaXa/k.  Multiplication  with  the  turnover  number of 
prothrombinase kc,, and  integrating  again,  one  obtains  the  amount of 
thrombin formed up  to  time t: 

IIa(t) = u,,lt - l /k  + exp(-kt)/k)  with ueq = k,.,P,, (3) 

Parameters were obtained  from  non-linear  least  square  fits of 
pooled data  to  the model Equations 1-3, using  a standard  computer 
program  (BMDP  Statistical  Software Inc.,  procedure BMDP-3R, 
version 1988).  Errors  are  expressed  as  standard  error of estimate, 
that  is,  the  standard  deviation of the  estimated  parameter. 

RESULTS 

Znfluence  of Preadsorbed Factor Va on the Binding of Factor 
Xa to Planar Bilayers-Equilibrium concentrations of ad- 
sorbed factor Xa as  a function of the buffer concentrations 
are presented in Fig. 1. Fitting  Equation 1 (see "Materials 
and Methods") to these data resulted in values of K d  = 46.5 
? 7.9 nM and r,,, = 10.3 f 0.8 pmol cm-* or 0.45 ? 0.035 pg 
cm-2 (mean f S.D.). Preadsorption of factor Va largely in- 
creases the binding affinity for factor Xa and K d  drops below 
the nanomolar range. Such low values are difficult to measure 
directly by ellipsometry because of the extremely long adsorp- 
tion times for such low concentrations. For instance, for a 
buffer concentration of 1 nM (= 1 pmol cm-3) factor Xa and 
a value of A = 6.3 X cm s" (see "Materials  and Methods") 
it would take lo4 s before 6.3 pmol cm-' has adsorbed. There- 
fore K d  was measured from steady-state  rates of thrombin 
production as explained under "Materials and Methods." In 
order to prevent  transport  limitation,  the bilayer should con- 
tain very low prothrombinase activity. To  this end, the bilayer 
was  exposed during 1 min to a buffer solution containing 3 
PM of factor Va and  the cuvette was then rapidly flushed with 

O Y  
0 50 100 150 200 

Xu (nM) 

FIG. 1. Binding isotherm of factor  Xaon  planar 20% DOPS, 
80% DOPC bilayers. Mean values of six experiments with best  fit 
of the model equation  are shown and  S.D. is indicated. 
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fresh buffer. Initial  adsorption of factor Va is  transport lim- 
ited (20) and  the  amount  adsorbed  in 1 min will thus  be 60 X 
A X Cb = 60 X 5.2 X X 3 X = 0.094 fmol.cm-’. 
Desorption of factor Va during  and  after  the  flushing of the 
cuvette  is negligeable (20). Excess (200 nM prothrombin  and 
various  concentrations (1-20 pM)  of factor  Xa were now 
added. The  minute  amount of factor Va is rapidly equilibrated 
with  factor  Xa, even  for factor  Xa  concentrations  in  the 
picomolar  range  (see Fig. 3), and Fig. 2 shows the  resulting 
steady-state  rates of thrombin  production.  Fitting  Equation 
2 (see “Materials  and  Methods”)  to  these  data  one  finds Kd = 
2.15 k 0.30 PM. For a final  prothrombinase  concentration  on 
the surface equal  to  the  total  factor Va concentration of 0.094 
fmol.cm-’, it  follows from  these  data  that kcat = 32.3 f 1.3 
s-’. This  result  is only  valid if the  contribution  to  thrombin 
production of free factor  Xa,  not complexed to  factor Va, can 
be neglected. From  the values of Kd = 46.5 nM and r,,, = 
10.3 pmol cm-’ for the  binding of factor  Xa  to  the lipid  bilayer 
it follows that for the  highest  concentration of 20 pM factor 
Xa  used in Fig. 2 about 4 fmol cm-’  of factor  Xa will be lipid- 
bound.  This is about 40 times more factor  Xa  than  present  in 
the form of prothrombinase,  but kcat for the  factor  Xa-lipid 
complex is about 1000 times lower than for prothrombinase 
(28,  29). The  contribution of lipid-bound  free factor  Xa  to 
thrombin  production  in Fig. 2 will thus be less than 4%. 

The  Rate of Prothrombinase Assembly by  Lateral Diffusion 
of Factor Vu and Factor Xa  on  Planar Bilayers-Fig. 3 pre- 
sents  the  initial  phase of the  experiments  with 1 pM factor 
Xa  shown in Fig. 2. The  thrombin  production  rate  increases 
during  about 4 min  until  the  steady-state  rate  is  obtained. If 
u, is the  initial  rate of formation of prothrombinase complexes, 
the  amount of prothrombinase  formed at  time t will be u,. t 
and  the  rate of thrombin  production kcat. uc. t (excess pro- 

- .  
0 5 10 15 20 

X 0  (PM) 

FIG. 2. Steady-state  rates of thrombin production after ad- 
dition of factor Xa to planar 20% DOPS, 80% DOPC bilayers 
containing 0.094 fmol cm-’  of factor Va and incubated in 200 
nM of  prothrombin. Mean results of four experiments with best fit 
of the model equation are shown and S.D. is indicated. 

minutes 

FIG. 3. Kinetics of thrombin production by planar 20% 
DOPS, 80% DOPC bilayers containing 0.094 fmol cm-’ of 
factor Va. Bilayers were incubated for 5 min in 200 nM  of prothrom- 
bin  and, at zero time, 1 p~ of factor Xa was added to  the buffer. 
Mean results of three experiments are shown and S.D. is indicated. 

thrombin).  Integrating  this  expression,  it is found  that  total 
thrombin  production  up  to  time t ,  as shown in Fig. 3, equals 
0.5. kcat. u,. t2. Fitting  the  inital 3 min of Fig. 3 to  this  expres- 
sion  and using the value of kcat = 32.3 s-’ we found that uc = 
0.20 x fmol cm-’ s-’. For  the  factor Va concentration of 
0.094 fmol. cm-* and  the  factor  Xa  concentration of 1 PM, 
this  result implies  a  value of 2.1 X IO9 M” s-’ for the 
bimolecular rate  constant of complex formation. However, 
this value is  an  underestimation by  more than  one  order of 
magnitude because, due  to  the  gradient  in  the  boundary  layer, 
the  factor  Xa  concentration close to  the surface is much lower 
than  the buffer concentration.  During  the  initial  adsorption 
phase,  the  relation between the buffer concentration c b  and 
the  concentration close to  the  surface Co is given by Ref. 19: 
co/c, = A/(A + k,, rmaX). For  factor  Xa we have A = 6.3 X 

cm s” (cf. “Materials  and  Methods”), rmax = 10.3 pmol 
cm-’ and k,, = 0.4 X lo9 M” s” (cf.  “Results”). The  latter 
value was expressed per mole of factor Va or per mole of 
vesicles because each vesicle will carry (less than) one factor 
Va molecule. From  the vesicle radius of 12.5 nm  and  the value 
of r,,,, a  value of 118 binding  sites for factor Xa/vesicle is 
calculated. So, expressed per mol of binding  sites, k,, = 3.4 X 
lo6 M-’ s-l = 3.4 X lo9 (mol/cm3 )-’ s-’. Inserting  these values, 
one  finds cO/cb = 0.02. The  rate of complex formation  thus 
exceeds the maximal theoretically possible  value of 2.0 X IO9 
M-’ s-’ (see “Materials  and  Methods”) by a factor of about 
50. It  is concluded that  direct  binding of factor  Xa molecules, 
from  the  buffer  to  factor Va molecules adsorbed on  the lipid 
surface,  contributes  only marginally to  the observed rate of 
prothrombinase  formation  (see  “Discussion”). 

The only alternative  mechanism of prothrombinase  for- 
mation  is complex formation between molecules meeting by 
lateral diffusion on  the bilayer.  An estimate of the bimolecular 
rate  constant for  complex formation between  lipid-bound 
molecules can  be  obtained  as follows. After 2 min,  the  total 
amount of factor  Xa  adsorbed  on  the surface is 120 x 6.3 x 

X = 0.076 fmol cm-’. From  the  factor Va concen- 
tration of 0.094 fmol. cm-’ and  the observed rate of prothrom- 
binase  formation of u, = 0.2 x10-3 fmol cm-2 s-’, a  bimolecular 
reaction  rate  constant of 2.8 X 1013 mol-’ cm2 s-’ is calculated. 
This  is  an  underestimation because, due  to  formation of 
prothrombinase complexes, the  actual  concentrations of free 
factor Va and  factor  Xa  on  the surface will be lower than 
indicated (see “Discussion”). 

I t  is interesting  to  calculate  the  surface  concentration of 
factor  Xa  corresponding  to a  buffer concentration of 2 pM, 
that  is for half-saturated  bound  factor Va. By applying Equa- 
tion l with r,,, = 10.3 pmol cm-’, Kd = 46.5 nM, and cb = 2 
PM, one  obtains req = 0.44 fmol cm-’, which is the Kd value 
expressed in  the surface concentration. 

Estimation of the Dissociation Constant  from  Steady-state 
Thrombin  Production  in Vesicle Suspensions-The value of 
Kd = 2.15 PM for the dissociation constant of the  prothrom- 
binase complex obtained  in  the preceding  section could be 
influenced  by the physical state of the lipids  deposited on a 
solid  surface. Similar  measurements were therefore performed 
in vesicle suspensions. A low concentration of factor Va was 
incubated for 10 min  with excess  lipid and various concentra- 
tions of factor  Xa.  The  reaction was started by addition of 
excess prothrombin.  The  results,  presented  in Fig. 4, were 
similar if factors  Xa  and Va were interchanged.  Fitting  these 
results again to  Equation 2, a  value of Kd = 1.0 f 0.1 pM was 
obtained,  after  correction for the  fraction of factor  Xa (50%) 
bound  to  the lipid. 

As demonstrated by the  constant  rate of thrombin produc- 
tion  in  the  upper curve of Fig. 5, adsorption of prothrombin 
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FIG. 4. Steady-state rate of thrombin production in suspen- 
sions of 20% DOPS, 80% DOPC vesicles  of 20-30-nm diam- 
eter. Open and closed  circles indicate, respectively, 0.5 pM of factor 
Va titrated with factor Xa, and 0.5 PM of factor Xa titrated with 
factor Va. Mixtures were incubated for 10 min in 2 pM of lipid before 
400 nM of prothrombin  was  added. Mean results of eight experiments 
with best fits of the model equation are shown and S.D. is indicated. 
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FIG. 5. Thrombin production in suspensions of 20% DOPS, 
80% DOPC vesicles  with 20-30 nm diameter, containing 1 
PM of factor Xa, 5 pM of factor Va, 400 nM of prothrombin 
and 2 WM of lipid. Mixtures were incubated for 10 min before the 
reaction was started with factor Va (O), factor Xa (0) or  prothrombin 
(A). 

to  the lipid surface does not influence the assembly of pro- 
thrombinase. Although the lipid will almost instantaneously 
be saturated with prothrombin,  formation of extra  prothrom- 
binase activity from the very low factor Xa  and Va concen- 
trations in the buffer would require several minutes, as shown 
in  the lower curves of Fig. 5.  These  latter curves show little 
effect of starting  the reaction with either factor Xa or factor 
Va. The number of  vesicles is more than 100 times larger 
than  the number of  Va molecules and factor Va  will bind 
rapidly. In  both cases one essentially observes the much 
slower binding of factor Xa  to  the relatively few vesicles 
containing  a factor Va molecule. 

Collisionally Limited  Kinetics  of  Prothrombin  Assembly in  
Vesicle Suspensions-As explained under “Materials  and 
Methods,” the values of k,, and k,ff for the formation of 
prothrombinase  can be obtained from measurement of throm- 
bin production after addition of a low factor Xa  concentration 
to vesicles containing factor Va. It also follows from the 
preceding sections that, for vesicles with small surface areas 
(<<1  pm’), k,, is determined by the frequency of collisions 
between vesicles and factor Xa molecules and by the colli- 
sional efficiency, that is the probability that  the colliding 
factor Xa molecule  will stick to  the vesicle. If the collision 
indeed results in adsorption of the factor Xa molecule to the 
lipid surface, it will almost immediately be converted to 
prothrombinase, even if the vesicle contains only a single 
factor Va molecule. This implies that k,, will  be strongly 
dependent on vesicle  size because, as explained under “Ma- 
terials  and Methods,” the frequency of collisions is propor- 
tional  to vesicle radius. Moreover, by comparison of calculated 

k x l o 3  ”‘OT 

minutes 

P 

(s-l) 

2.5 

0.01 
0.0 2.5 5.0 7.5 10.0 

VQ (PM) 

FIG. 6. Thrombin production in suspensions of 20% DOPS, 
80% DOPC vesicles of 20-30 nm (0) and 60-80-nm (0) di- 
ameter. The upper part shows mean results with best fitting model 
curves and S.D. of five experiments with 1 pM of  factor Xa added to 
a mixture  of 2.5 pM factor Va and 400 nM prothrombin,  incubated 
for 10 min in 2 pM lipid. The lower  part shows values of k = ko,,[Va] 
+ kef, as  a function of factor Va concentrations (see text). 

collision rates  and observed values of k,,, one may directly 
estimate the collisional efficiency. 

These predictions were checked in suspensions of vesicles 
of  20-30- and 60-80-nm diameter. A mixture of 2 p~ vesicles 
and 400 nM prothrombin was incubated for 10 min with 2.5, 
5.0,  7.5, and 10 PM of factor Va and production of thrombin 
was started by addition of 1 PM of factor Xa. The upper part 
of Fig. 6 shows the results of these experiments. Fitting these 
curves to Equation 3 (“Materials  and Methods”) one obtains 
values of k = k,,.Va + kOff. The lower part of Fig. 6 shows a 
plot of k as  a function of factor Va concentrations from  which 
the slope k,, and  the cut-off k,ff were estimated by linear 
regression. Values obtained were k,, = (0.36 * 0.03) X lo9 M” 
s-l for 25-nm  vesicles and ko, = (1.6 f 0.19) X lo9 M” s-l for 
70-nm vesicles, using again a correction of 50% lipid-bound 
factor Xa. Values of k,ff were, respectively, (1.0 f 0.4) x 
s-’ and (1.6 f 2.3) x s” and values of Kd = k,ff/k,,, 
respectively, 2.6 and 1.0 PM. It is concluded that larger vesicles 
indeed have higher values of ko,, and  that values of Kd obtained 
by this kinetic method are in agreement with the values found 
from steady-state  thrombin production. The theoretically 
maximal value of k,, can be estimated  as (cf. “Materials  and 
Methods”) 47rN(Dx, + Dvesicle) (Rxa + Rvesicle) mol”  cm3 s-’. 
Using the Stokes-Einstein relation with Rvesicle = 12.5 nm, one 
finds Dvesicle = 1.7 x cm2 s-’, and  inserting also the values 
Dxa = 6.2 x lo-? cm2 s” and Rxa = 3.5 nm (cf. “Materials  and 
Methods”),  a value of k,,, = 9.5 X IO9 mol-’ cm3 s-’ is 
obtained. Comparison of this value with k,, demonstrates  a 
collisional efficiency of about 4%, that is, about six times 
lower than observed in binding experiments with stopped- 
flow light scattering (7).  This difference is probably caused 
by the coverage of vesicle surface with prothrombin because 
a 2.5 times higher value of k,, was found when the prothrom- 
bin concentration was  lowered to 50 nM, instead of 400 nM 
(result  not  shown). 

DISCUSSION 

The  Influence of Preadsorbed  Factor Va  on  the  Adsorption 
of Factor Xa-The value of Kd = 47 nM for the dissociation 
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constant of factor  Xa  on a 20% DOPS, 80% DOPC  planar 
bilayer  is  in reasonable agreement  with  the values of 100-114 
nM that were obtained  under  comparable  conditions (2-3 mM 
CaClz  and 25% phosphatidylserine, 75% phosphatidylcholine) 
for factor  X and  factor  Xa  binding  to  small  unilamellar 
vesicles as measured by light  scattering (7,  30). For  planar 
bilayers as well as for vesicles, the Kd value of factor  X(a)  is 
three  to five times lower than for prothrombin (30,  31). The 
maximal surface concentration of 0.45 pg cm-’ for factor  Xa 
is more than twice as high as for prothrombin (31). This high 
surface  mass implies that  the  factor  Xa molecules are  pro- 
truding relatively far  from  the  surface,  as  also concluded in 
studies using light  scattering (23) and fluorescence  energy 
transfer (32). 

In  contrast  to  the  situation for factor X or  Xa  and  pro- 
thrombin,  there  is  much confusion in  the  literature  about  the 
binding  parameters of factor V and Va. I t  seems  as if,  even 
under comparable conditions  such as 1-3 mM calcium and 
mixtures of phosphatidylcholine  with 20-25% phosphatidyl- 
serine,  different  techniques give different answers.  Values of 
Kd = 10-7-10-8 M have  been calculated from data  on  protein 
depletion (33) and  steady-state  light  scattering (34). Values 
of Kd = 3 X lo-’ M were obtained  from fluorescence polari- 
zation (35) and stopped-flow light  scattering  in  the  presence 
of excess prothrombin  fragment 1 (7). Values Of Kd = 10-l’ M 
were found from  stopped-flow light  scattering  in buffer (33) 
and ellipsometry (20). 

Part of these discrepancies may be explained by some 
inherent  limitations of the  various  techniques  used (37), but 
the main differences are probably caused by large variation 
in surface concentrations. It  has  been shown that,  due  to 
surface exclusion  effects and molecular interactions, Kd values 
will generally increase rapidly  for increasing  surface  concen- 
trations  and will be strongly influenced by the  presence of 
other adsorbed proteins (38). For instance,  the  saturation 
value of 42 mol of lipid/mol of Va, reported  in  some  studies 
(7,  35), corresponds  to  about 2 pg of Va/cm2 of lipid surface, 
which is six times more than  the value of r,,, = 0.35 pg cm-* 
found for  factor Va in  the  present  study  (data  not  shown)  and 
more  than five orders of magnitude higher than  the 0.094 
fmol cm-2 of adsorbed Va used for  the  prothrombinase  assem- 
bly  experiments. 

I t  follows from the  present  study  that, for such low surface 
concentrations,  preadsorption of factor Va lowers the value 
of Kd for the  adsorption of factor  Xa  from 47 nM to 2.2 pM, 
that is,  with  a factor of 25,000. This  “receptor” effect is  much 
stronger  than  reported  in two recent  studies by Krishnaswamy 
et al. In  those  studies,  prothrombinase assembly was measured 
from assembly  induced  fluorescence changes  in  dansyl-glu- 
tamyl-glycylarginyl chloromethyl  ketone-Xa (7), and from the 
kinetics of thrombin  production (39). Both  studies  indicate 
values of & = lo-’ M for the dissociation of the  prothrombin- 
ase complex, that  is  almost  three  orders of magnitude higher 
than  presently reported. This  is  consistent  with  the difference 
in  the dissociation constant of factor Va, just  mentioned,  and 
could thus also be caused by the large  differences in  surface 
concentrations.  The  fact  that  thrombin  production yielded a 
similar value of Kd (39) as  direct  measurement of complex 
formation in the absence of prothrombin (7) supports  the 
conclusion, obtained from Fig. 5 ,  that  prothrombin does not 
contribute  to  the  binding  affinity of the  prothrombinase com- 
plex. The conversion  process  does not involve a  so-called 
conformational cage effect (40). 

Analogy with Membrane-mediated Conversion of  Prothrom- 
bin-The formation of the  prothrombinase complex from  the 
activated coagulation factors  Xa  and Va, phospholipids, and 

calcium increases  the  catalytic efficiency of factor  Xa with 
five to six orders of magnitude (28,29) and  this  tremendous 
effect  strongly suggests that  the  principle of reduction of 
dimensionality  is  operative  in  the conversion of prothrombin 
(41). Some  doubts were raised,  however, by several studies (4, 
5) presenting evidence for  direct conversion of prothrombin 
from  the buffer. It was  shown that  the conversion  could be 
described as a  bimolecular rate process in bulk  solution. 

Recently,  these seemingly conflicting  results were recon- 
ciled. I t  was shown (13) that  reduction of dimensionality 
indeed occurs. This  makes  the conversion  process so efficient 
that even a single prothrombinase complex will convert  al- 
most  instantaneously  all  prothrombin molecules landing  on a 
small  phospholipid vesicle. This implies that  in  suspensions 
of small  unilamellar vesicles, as usually studied,  the  conver- 
sion rate is limited by the  arrival of new prothrombin mole- 
cules on  the vesicle surface  and  thus will appear  to  be a 
bimolecular bulk  reaction between prothrombin molecules 
and prothrombinase-containing vesicles. Only  for  larger sur- 
face areas  per  prothrombinase complex, for  instance  on mac- 
roscopic planar bilayers (13), it  may be possible to  prevent 
such  transport  limitation. 

A similar  situation  exists  with respect to  prothrombinase 
assembly (7). The assembly will usually appear  to be a colli- 
sionally limited bimolecular rate process  between vesicles 
containing  one of the  components  and  the  other  component 
in  bulk solution. Only by bringing  the surface area/adsorbed 
factor Va molecule in  the  range of square micrometers, as  in 
the  present  study,  can  one  obtain a situation in which the 
total  transport of factor  Xa molecules towards  the  membrane 
surface may  exceed the  rate of complex formation. 

Quantitatiue Aspects of Membrane-mediated Prothrombin- 
use Assembly-The values of Kd = 47 nM and rmax = 10.3 
pmol cm-’ for the  binding of factor  Xa  to  the lipid membrane 
allow estimation of the  membrane-induced  increase of the 
rate of prothrombinase  generation.  For a given bulk  concen- 
tration of Cb = 1 PM factor  Xa,  it follows from  Equation 1 
that res = 0.2 X pmol cm-’. From  the values  for the 
maximal rate  constants, given under  “Materials  and  Meth- 
ods,” it  then follows that  per mole of adsorbed  factor Va, the 
maximal  rates will be 2.0 X s-’ for  assembly from bulk 
solution  and 1.6 s” for assembly by lateral diffusion on  the 
membrane.  Thus,  the  maximal  rate of prothrombinase gen- 
eration will be  increased by three  orders of magnitude. This 
implies that  the  lateral diffusion constant of factor  Xa could 
be lowered by about two orders of magnitude, for instance 
due  to lower fluidity of the bilayer, without losing the  mem- 
brane-induced  enhancement. 

It  should  be realized that  the value  calculated  for the 
bimolecular rate  constant  on  the  surface KO, = 2.8 X 1013 mol-’ 
cm2 s-’, is probably an  underestimation.  One  min  after  addi- 
tion of 1 PM (= mol ~ m - ~ )  of factor  Xa  to  the buffer a 
quantity of X 60 X 6.3 X = 0.038 fmol cm-’  of factor 
Xa  has adsorbed. If this adsorbed factor  Xa were in equilib- 
rium with the 0.094 fmol cm-’  of adsorbed  factor Va, it follows 
from  the value of 0.44 fmol cm-’ calculated  for the surface 
concentration of factor  Xa  at  half-saturation (see “Results”) 
that  the  prothrombinase  concentration would be approxi- 
mately 0.007 fmol cm-’. But  in 1 min,  and for the observed 
rate of prothrombinase assembly of 0.2 X lo-“ fmol cm-* S-’, 
a quantity of 0.012 fmol cm-’ is formed, and  this is even  more 
than  the  estimated equilibrium concentration.  Thus,  the  data 
are roughly consistent  with  almost  instantaneous equilibrium 
of adsorbed  factors  Xa  and Va, which would imply a much 
higher  bimolecular association  constant. 

These conclusions are only  valid, of course,  for the  condi- 
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tions used  in the present  study. Reduction of the residence 
time of proteins on the surface, for instance by  lowering of 
the percentage of acidic phospholipids, or “freezing” of the 
proteins on the surface by use of lipids with a high melting 
temperature, could change the situation. This may explain 
effects of phospholipid composition on the generation of 
prothrombinase activity (42,43). Such effects could also be 
produced more indirectly. For instance,  a change in phospho- 
lipid composition could alter  protein-binding  parameters  and 
thereby, depending on the lipid concentration, the bulk con- 
centration of proteins. Use of different phospholipid prepa- 
rations could also cause differences in vesicle  size and  thereby, 
as illustrated in the present  study, influence the kinetics of 
prothrombinase assembly. 
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