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Total internal reflection fluorescence microscopy 
has been used to compare the membrane binding char- 
acteristics of fluorescein-labeled bovine prothrombin 
and fluorescein-labeled bovine prothrombin fragment 
1. The Ca2+-dependent association of these proteins 
with quartz-supported planar membranes  composed  of 
mixtures of phosphatidylserine (2-10 mol %) and phos- 
phatidylcholine was examined. Equilibrium binding 
measurements showed that the apparent equilibrium 
dissociation constants increased with decreasing molar 
fractions of phosphatidylserine and that the dissocia- 
tion constants were somewhat lower for intact pro- 
thrombin. Kinetic measurements, using fluorescence 
photobleaching recovery, showed that the measured 
dissociation rates  were approximately equivalent for 
prothrombin and fragment 1 and did not change with 
the protein solution concentration or the molar fraction 
of phosphatidylserine. The kinetic data also implied 
that the surface binding mechanism for both proteins 
is more complex than a simple reversible reaction be- 
tween monovalent proteins and monovalent surface 
sites. Measured equilibrium and kinetic constants are 
reported and compared for prothrombin and fragment 
1 on planar membranes. 

The conversion of prothrombin to thrombin is a crucial 
step  in thrombosis and hemostasis. This proteolytic step is 
catalyzed by a membrane-bound enzyme (factor X.) in  the 
presence of a membrane-bound cofactor (factor Va), calcium 
ions, and  a phospholipid surface (1-3). Efficient membrane 
binding of prothrombin  as well as  catalysis by the prothrom- 
binase enzyme complex requires negatively charged phospho- 
lipids such as phosphatidylserine (4-7). The fragment 1 por- 
tion of the proenzyme is thought to be primarily responsible 
for the association of prothrombin with the membrane and 
the subsequent membrane-mediated catalysis to thrombin by 
factor X.. The binding event is believed to occur through  a 
mechanism in which the interaction of  Ca2’ with y-carboxy- 
glutamic acid residues in prothrombin  facilitates association 
with membranes containing acidic lipids (8). 
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The membrane-localized assembly and activation of the 
prothrombinase enzyme complex and subsequent prothrom- 
bin cleavage involves an interplay between chemical reaction 
processes (protein-protein  interactions  and  protein-mem- 
brane  interactions)  and  transport processes (lateral diffusion, 
rotational diffusion, and segmental flexibility both in solution 
and on the membrane) (9). Understanding the manner in 
which these reaction and  transport processes are coupled at 
the membrane surface requires physical (e.g. spectroscopic) 
measurements. Characterizing these processes will also serve 
as  a paradigm for other Ca2’-mediated enzymatic functions 
in blood coagulation that require the association of proteins 
containing y-carboxyglutamic acid residues with membranes 
that contain negatively charged phospholipids. 

One method for obtaining  quantitative information about 
the physical dynamics of proteins at membrane surfaces is to 
use substrate-supported  planar membranes and techniques in 
fluorescence microscopy (10-13). In previous studies, total 
internal reflection fluorescence microscopy (TIRFM)’ (14) 
has been used to examine the equilibrium binding of bovine 
prothrombin  and its fragment 1 to supported membranes 
composed of mixtures of phosphatidylcholine and  phosphati- 
dylserine (15, 16). These  studies showed that  the proteins 
bound to  the planar membranes in  a Ca2+-specific manner 
and  that  the equilibrium dissociation constants were approx- 
imately equivalent to those measured on phospholipid vesicles 
by  more conventional methods. 

Total  internal reflection illumination has also been com- 
bined with fluorescence photobleaching recovery (TIR-FPR) 
(14,  17) to examine the binding kinetics of bovine prothrom- 
bin fragment 1 at  the planar membranes (16). However, the 
TIR-FPR  data were complicated by  two factors. First, the 
TIR-FPR recovery curves were partially diffusion-controlled 
at low protein solution concentrations, so that  the intrinsic 
surface dissociation kinetic rates could not be determined at 
physiological concentrations. Second, for high protein concen- 
trations where the  TIR-FPR recovery curves were reaction- 
limited, the  data were not monoexponential; whether this 
characteristic arose from an intrinsically complex surface 
binding mechanism or from lateral  protein-protein  interac- 
tions resulting from nonphysiologically high protein surface 
densities was unclear. 

In  the work herein, the molar fraction of phosphatidylserine 
in the planar membranes has been decreased in that a previous 
theory (18) predicts that  TIR-FPR recovery curves should be 
more reaction-controlled when the equilibrium dissociation 

The abbreviations used are: TIRFM,  total internal reflection 

tidylcholine; PS, bovine brain phosphatidylserine; TIR-FPR,  total 
fluorescence microscopy; POPC, l-palmitoyl-2-oleoyl-3-sn-phospha- 

internal reflection fluorescence photobleaching recovery; TBS,  Tris- 
buffered saline. 

22984 

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


Binding  Kinetics of Prothrombin  and  Fragment 1 22985 

constant is higher or the surface density of bound proteins is 
lower. Therefore, one purpose of the present investigation 
was to measure membrane binding kinetics for both  pro- 
thrombin and fragment 1 at lower surface densities in an 
attempt to reveal mechanistic information concerning the 
mode of membrane binding for vitamin  K-dependent proteins. 

MATERIALS AND  METHODS 

Proteins-Prothrombin was obtained from bovine plasma and 
fragment 1 was produced and purified as previously described (19- 
21). Both  proteins were greater than 95% pure as determined by high 
performance liquid chromatography on Mono Q (prothrombin) and 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (prothrom- 
bin and fragment 1).  Protein concentrations were determined by 
ultraviolet spectrophotometry at 280 nm  (prothrombin, c = 1.44  ml 
mg"  cm", molecular mass = 72 kDa; fragment 1, c = 1.05  ml mg" 
cm", molecular mass = 23 kDa). Prothrombin and fragment 1 were 
conjugated with fluorescein 5-isothiocyanate (Molecular Probes, Eu- 
gene, OR) as described (15). The concentrations of labeled proteins 
were determined by the bicinchonic acid assay (Pierce Chemical Co.) 
and  the molar ratios of fluorescein to protein (0.6-1.6)  were deter- 
mined using the molar absorptivity of protein-conjugated fluorescein 
at 494 nm ( C  = 64,800 M" cm"; Molecular Probes).  Protein  solutions 
were stored in Tris-buffered saline (TBS; 0.05 M Tris, 0.1 M NaCl, 
pH 7.4). Prothrombin was used within 48 h following final purification 
by high performance liquid chromatography on Mono Q (Pharmacia 
LKB Biotechnology Inc.) and fragment 1 was stored at -70 "C until 
immediately before use. 

Planar Membranes-Supported planar membranes were deposited 
on 1 X 1 inch fused silica substrates as previously described (15, 16). 
Small unilamellar vesicles  were prepared at 2 mM from l-palmitoyl- 
2-oleoyl-3-sn-phosphatidylcholine (POPC)  and bovine brain phos- 
phatidylserine (PSI (Avanti  Polar Lipids) by sonication and air 
ultracentrifugation. Vesicles  were fused and deposited on the sub- 
strates by spontaneous adsorption for 25 min followed by rinsing with 
2 ml  of TBS.  Planar membranes were then treated with 200 ~1 of  20 
mg/ml bovine serum albumin (Sigma) to block nonspecific binding 
sites, rinsed with 2 ml  of TBS, and  treated with 250 ~1 of TBS 
containing various concentrations of unlabeled protein, fluorescein- 
labeled protein, 10 mM Ca&l or 1 mM Na,EDTA, and 2 mg/ml bovine 
serum albumin. Samples containing protein were prepared so that 
labeled protein was diluted 5-10-fold by unlabeled protein to yield 
the appropriate final protein concentration. All  250-pl samples were 
incubated at room temperature for at least 30 min prior to use. 

Fluorescence  Microscopy and Data Analysis-The fluorescence mi- 
croscope for TIRFM was as previously described (16, 22, 23), with 
two modifications. First, the 488-nm argon ion laser beam was passed 
through a 488-nm interference filter. Second, the laser beam was 
directed through two lenses to reduce the beam diameter; the focal 
lengths were  223 and 25  mm and  the lenses were separated by 
approximately 248  mm. This arrangement produced an elliptically 
shaped evanescent wave with minor and major axes approximately 
equal to 15 and 120  pm, respectively. Parameters for TIRFM  and 
TIR-FPR were as follows: fused silica prism, 1 cm3; incidence angle, 
75"; objective (Nikon), water, 40 X, 0.75  N.A.;  focal length of auxiliary 
lens, 50  mm; evanescent wave depth, -820  A; bleaching time, 10 ms 
-1 S; depth of bleach, 30-95%; observation beam power, 0.1-5 micro- 
watts; bleaching beam power, 20-100 milliwatts. For measurements 
with circularly polarized excitation light, a quarter-wave plate 
(Melles-Griot, Irvine, CA)  was introduced into  the  path of the laser 
beam. 

TIRFM equilibrium binding curves and  TIR-FPR recovery curves 
were fit to theoretical forms with the iterative Gauss-Newton nonlin- 
ear curve fitting  routine  in the ASYST software package (Macmillan 
Software, New York). For TIR-FPR recovery curves, the experimen- 
tal  data were fit to monoexponential and biexponential forms by 
minimizing a chi-squared statistic that was weighted according to  the 
photon noise. The chi-squared values for the best fits to different 
functional forms were compared with an F-statistic (24). 

RESULTS 

Equilibrium Binding of Prothrombin  and  Fragment 1 to 
Planar Membranes-TIRFM was used to measure the  sur- 

face-associated fluorescence on PS/POPC  planar membranes 
that had been treated with solutions of fluorescein-labeled 
prothrombin or fluorescein-labeled fragment 1. The evanes- 
cently excited fluorescence on PS/POPC  planar membranes 
was significantly higher when the solutions contained Ca2+ 
rather  than EDTA (Fig. 1). Also, in  the presence of  Ca", the 
measured fluorescence was saturable with increasing pro- 
thrombin  or fragment 1 solution concentrations, whereas, 
with EDTA, the fluorescence was approximately linear with 
the protein  concentration.  These  results confirm that both 
prothrombin  and  its  fragment 1 were binding to  the mem- 
branes in the physiologically relevant, Ca2+-specific and PS- 
specific manner. 

The equilibrium binding data shown in Fig. 1 were fit to 
the following approximate functional form, which describes a 
reversible bimolecular reaction between monovalent proteins 
and monovalent surface sites. 

0 5 10 15 20  25 30 

[Prothrombin] (puM) 

0 5 10 15 20  25 30 35 

[Fragment 1 ] (pM) 
FIG. 1. Equilibrium binding of prothrombin and fragment 

1 to planar membranes. Binding curves were constructed by meas- 
uring the evanescently excited fluorescence of (a) prothrombin or (b)  
fragment 1 on various PS/POPC planar membranes as a function of 
the protein solution concentration. Binding curves were measured for 
membranes with 2 mol % PS (circles), 6 mol % PS (triangles), and 
10 mol % PS (squares). All samples contained 10 mM Ca2+ except for 
the control samples which contained 1 mM EDTA (diamonds). The 1 
mM EDTA curve is the average of data for 2,  6, and 10 mol % PS 
membranes. Each point is the average of two binding curves obtained 
from independent vesicle and protein  preparations.  Uncertainties  are 
displayed as  standard deviations. Theoretical curves were generated 
by fitting the directly measured fluorescence values (open symbols, 
dotted hnes) and  the corrected fluorescence values (closed  symbols, 
solid lines) to Equation 1 (see Table I). 
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TABLE I 
Equilibrium  binding of prothrombin  and  fragment 1 to  planar  membranes 

The equilibrium binding data shown in Fig. 1 were curve-fit to Equation 1 to obtain best fit values of the equilibrium dissociation constants, 
K d ,  and the theoretical maximum relative fluorescence values, F ( m ) .  The equilibrium binding data for prothrombin and fragment 1 on PS/ 
POPC planar membranes in the presence of Ca2+ were analyzed by two methods. In one method, the fraction of the measured fluorescence 
due to solution fluorescence (excited by the finite  depth of the evanescent field) and nonspecifically bound protein was assumed to be 
negligible; i.e. no background was subtracted.  In the other method, the amount of the measured fluorescence that was due to background was 
assumed to equal the fluorescence measured on the same type of planar membrane and for the same solution concentration of protein,  but in 
the presence of EDTA. For this analysis, the fluorescence values for samples with EDTA were subtracted as background from the fluorescence 
values for samples with Ca2+. The best fit values of Kd and F ( m )  were assumed to vary more for identical data  sets  and different types of 
background subtraction than for binding curves obtained with independent  protein and vesicle preparations and  the same type of background 
subtraction. Therefore, the  apparent values of K d  and F ( m )  were taken  to equal the averages of the two values obtained from the  data  as 
analyzed with or without background substration, and uncertainties in the average values were taken  to equal one-half of the difference of 
the two values. The surface site-densities were calculated as described in the  text using Equation 2. For membranes with 2 mol % PS, data 
were measurable only for concentrations approximately equal to twice the measured value of Kd. Therefore, values are given as lower  or upper 
limits. 

K d  F ( m )  IN1 IN]" 
mol % PS " relative molecules/pm2  A2/molecule 

Prothrombin 
2 215.1 k 0.7 20.64 f 0.08 217,000 f 2200 55900 f 800 

8.2 ? 0.2  0.98 f 0.04  24,100 f 3200 4100 f 500 
4.2 f 0.1  1.00 f 0.02  39,200 f 5500  2600 f 400 

6 
10 

Fragment 1' 
2 221.8 f 4.0 20.48 f 0.23 218,200 ? 2700 55500 f 800 
6 

10 
5200 f 500 

8.5 f 0.6  1.00 f 0.06 27,500 f 3800  3600 f 500 
14.6 f 0.8 0.98 f 0.08 19,400 f 2000 

In  this analysis, the protein solution concentration, [A], and 
the surface fluorescence, F([A]), were known parameters; and 
the dissociation constant, K d ,  and  the fluorescence at infinite 
protein solution concentration, F(w), were free parameters. 
The measured dissociation constants for both  prothrombin 
and fragment 1 were in the p~ range (Table I): increased 
with decreasing molar fractions of PS,  and were smaller for 
prothrombin than for fragment 1. For  both  proteins, the best 
fit values of F ( w )  were approximately equivalent for mem- 
branes with 6 or 10 mol % PS  and were consistent with the 
lower limits measured for membranes with 2 mol % PS (Table 
I). Because the measured fluorescence for a given surface 
density of prothrombin was not necessarily equal to  the 
measured fluorescence for the same surface density of frag- 
ment 1, the values of F(w) for prothrombin  and  fragment 1 
are  not directly comparable. 

Surface site densities, [M, were estimated by measuring 
the fraction of the evanescently excited fluorescence that was 
bleachable (25) and using the expression, 

where [AIsat is a  protein solution concentration that (nearly) 
saturates  the surface sites; d (-820 A) is  the evanescent field 
depth; F(+)  and F(-) are  the measured fluorescence intensi- 
ties in the presence and absence of Ca2+, respectively; and 
B(+) and B(-) are the fractions of the measured fluorescence 
that were bleachable in the presence and absence of Ca2+, 

The K d  values for fragment 1 differ somewhat from those given 
in a previous publication (16). This discrepancy is due to  the addi- 
tional measurements of fluorescence at higher solution concentra- 
tions (25 and 30 p ~ ) .  Analysis by Equation 1 of the  data shown in 
Fig. Ib in which  only points  up to 10 p~ were used yielded dissociation 
constants similar to those previously reported. Because data were 
obtained closer to saturation  in the present  study, the reported 
dissociation constants  are more accurate than those given previously. 

2500 

2250 

1000 
-20 0 20 40 60 80 100  120 140 

T ime ( s e c )  
FIG. 2. Representative  TIR-FPR  fluorescence  recovery 

curve. Shown is a typical recovery curve for 1 p~ prothrombin with 
10 mM Ca2+ on  a 6 mol % PS planar membrane. The line shows the 
best fit to Equation 3 with n = 2. 

re~pectively.~  The absolute surface site densities determined 
from these data using Equation 2 (Table I) increased for both 
fragment 1 and  prothrombin with PS content.  Prothrombin 
packed more densely on the planar membranes compared to 
fragment 1. 

Surface  Binding  Kinetics of Prothrombin and Fragment 1-  
TIR-FPR was used to examine the surface binding kinetics 
of prothrombin  and fragment 1 at  PS/POPC planar mem- 
branes. As shown in Fig. 2, the characteristic  time for fluo- 
rescence recovery  was  on the order of seconds and nearly 
complete recovery occurred after  a few minutes. 

3The measured values of F(+)/F(-),  B(+) and B(-) were as 
follows: 25 pM fragment 1, 10 mol % Ps,  11.1,  0.90,  0.40;  25 pM 
fragment 1, 6 mol % PS, 9.2,  0.70, 0.35;  25 pM fragment 1, 2 mol % 
PS, 4.2,0.75, 0.60; 20 pM prothrombin, 10 mol % Ps ,  27.0,0.85, 0.30; 
20 p~ prothrombin, 6 mol % PS, 22.7,0.61,0.20; 25 pM prothrombin, 
2 mol % PS, 8.6,  0.75,  0.25. 
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TIR-FPR recovery curves were fit to  the following empirical 
form, 

F ( t )  = F(- )  - a. + aie-kit (Eq. 3 )  

where ai (for i = 0 to n )  and ki (for i = 1 to n)  were free 
parameters  and n = 1 or n = 2. The fractional recovery 
associated with each rate was calculated by dividing the 
amplitudes ai by the sum of all amplitudes, 

[ I i=l  

r .  = - ai 
‘ a, 

(Eq. 4) 

for i = 1 to n. The average recovery rate, k,,, was calculated 
as  the following. 

kave = 
rlkl + r2k2 

rl + r2 (Eq. 5) 

Analysis with an  F-statistic of the chi-squared goodness- 
of-fit parameters was used to determine if a  statistically 
significant, better fit was obtained for n = 2 (five free param- 
eters) relative to n = 1 (three free parameters);  a  better fit 
yields a value of F > 3 (24). The values of F ranged from 50 
to 300 (for all sample types)  and were therefore much larger 
than  the critical value of 3. Therefore, all TIR-FPR  data were 
fit to Equation 3 with n = 2.4 

The four measured parameters (k1, kz ,  rl, and r2) and  the 
value of k.,,, obtained from the best fits of the  TIR-FPR  data 
to Equation 3 with n = 2, were approximately equivalent for 
most samples (Tables I1 and 111). 

Several control measurements were performed. First, in 
the absence of the bleach pulse, the fluorescence was constant 
for at least 5 min. Second, the best tit values of k l ,  kz, rl, and 
r2 did not change significantly when the duration of the bleach 
pulse was varied from 10 ms to 1 s; when data were obtained 
by repetitively bleaching the same area  (up to five sequential 
curves); or when the incident laser beam was circularly rather 
than linearly polarized. Therefore, both photoinduced arti- 
facts such as chemical cross-linking (26) and fluorescence 
emission or collection artifacts (14) are unlikely. 

‘For most samples, fluorescence recovery  was monitored with 
sample times equal to 200 ms and for 120 s after  the photobleaching 
pulse. For data with 200-ms sample intervals but longer durations 
(500 s), the best fit values of ki were slightly reduced (2.0-fold). For 
curves with a postbleach duration of 120 s but with a sample interval 
of 50 ms, the values of k, and r, were increased (1.4- and 1.1-fold, 
respectively). Data obtained with a 10-ms sample interval and a 
shorter postbleach duration (30 s )  yielded larger ki values (-5-fold) 
and slightly reduced r, values (1.2-fold). To determine whether these 
trends resulted from a property intrinsic to  the  data or from a curve 
fitting  artifact,  a set of theoretical, biexponential recovery curves ( k ,  
= 0.5, k2 = 0.025, rl = 0.5, r2 = 0.3) were generated by using Equation 
3 and adding Gaussian noise. The best fit values of the rates and 
amplitudes for these simulated recovery curves were  very  close to  the 
(known) theoretical values for all four analysis conditions (50-ms 
sample interval, 120 s duration; 200-ms sample interval, 500 s dura- 
tion; 200-ms sample interval, 120 s duration; 10-ms sample interval, 
30 s duration). Therefore, the anomalous behavior of the best fit 
parameters in the analysis of the  true  TIR-FPR  data arose from a 
property intrinsic to  the data,  perhaps because the  data were not 
completely described by a sum of two exponential terms.  In  a previous 
work that examined the binding kinetics of fragment 1 on planar 
membranes (16), it was shown that  the best fits of TIR-FPR recovery 
curves to Equation 3 with n = 2 (five free parameters)  or n = 3 (seven 
free parameters) had values of F that were approximately equal to 4; 
therefore, whether or  not the fits with three exponentials were statis- 
tically better than  the fits with two exponentials was inconclusive. 

DISCUSSION 

Equilibrium  Binding as Measured by TIRFM-TIRFM was 
used to measure the  apparent equilibrium dissociation con- 
stants for prothrombin  and fragment 1 on PS/POPC  planar 
membranes (Table I). The measured dissociation constants 
display the well-known trend  that  the Kd values become 
smaller with increasing molar fractions of PS (5, 7, 27). The 
absolute Kd values for membranes containing 10 mol % Ps 
compare favorably with literature values determined for pro- 
thrombin on small, unilamellar vesicles  by quasielastic light 
scattering (5, 7). 

Surface Dissociation Kinetics as Measured by TIR-FPR-A 
previous theoretical work has predicted the shapes of TIR- 
FPR recovery curves for the case in which soluble ligands 
bind to discrete surface sites  through  a simple bimolecular 
reversible reaction (18). The general expression reflects a 
rather complex coupling between surface dissociation kinetics, 
solution diffusion, and surface diffusion. There  are four char- 
acteristic  rates whose values determine the rate  and shape of 
fluorescence recovery. One rate is the average intrinsic dis- 
sociation constant, k,ff. The other  three  rates describe diffu- 
sion in solution or on the membrane and  are given by, 

(Es. 7) 

In  Equations  6  and 7, Daoln and Dsurf are the protein diffusion 
coefficients in solution and on the surface, respectively, and 
s is the semiminor axis of the elliptically shaped evanescent 
illumination. RN is the rate for diffusion in solution through 
a  distance equal to the ratio of the surface density of bound 
ligand and  the solution concentration of free ligand. RL and 
Rs are  the rates for hffusion in solution and on the surface, 
respectively, through the evanescently illuminated area. 

In the absence of surface diffusion, surface dissociation 
( kOff)  and solution diffusion ( RN and RL) act approximately in 
series; i.e. the slower of the two processes dominates the rate 
of fluorescence recovery. Also, RN and RL correspond (roughly) 
to diffusion in solution in directions perpendicular and  par- 
allel to the surface, respectively, so that  the diffusional process 
with the larger rate will  be the dominant mode of replacing 
bleached, surface-bound ligands. Surface diffusion acts  ap- 
proximately in parallel with the binding/dissociation kinetics, 
so that  the faster of those two processes governs the rate of 
fluorescence recovery. Thus,  the observed rate of fluorescence 
recovery  will  be approximately given by the following. 

kave = maxi&, minlkorr,  max(RL,  RN)]] (Eq. 8) 

For large observation areas, Rs + 0. Then, in the “diffusion 
limit” of TIR-FPR, ksYe = RN and  the recovery rate increases 
with the protein solution concentration (16). In the “reaction 
limit,” k., =: keg, and  the recovery rate does not depend on 
the bulk protein  concentration  and provides information 
about the kinetics of the intrinsic surface dissociation process. 
For  a simple surface binding mechanism that occurs between 
monovalent proteins  and monovalent surface sites, the shape 
of the reaction-limited recovery curve is predicted to be a 
single exponential with a  rate equal to  the surface dissociation 
rate  constant, i.e. Equation 3 with n = rl = 1 (18). 

In a previous work with planar membranes containing 25 
mol % PS, concentration-independent (i.e. reaction-limited) 
recovery rates were found only at fragment 1 concentrations 
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TABLE I1 
Dissociation rates and fractional  recoveries  for  prothrombin 

Values were obtained from the best  fits of TIR-FPR recovery curves to Equation 3 with n = 2, and are the averages of 3-13 measured 
curves. Average  recovery rates, kave, were determined for individual recovery curves using Equation 5. Errors  are standard deviations. 

PS [A  I kl rl kp 72 rl + r2 k., 
m o l  ?6 IrM S" x l o o  s-1 x 100 S" 

2 1 0.54 f 0.17  34 f 6 
2 

0.023 f 0.006 
0.49 f 0.22 

29 f 1 
36 f 5  0.022 f 0.003 

64 f 6  0.30 f 0.12 

5 
36 f 3 

0.48 f 0.10 
72 f 5  0.26 f 0.12 

33 f 2 0.023 f 0.001 
10 

43 f 3 
0.65 f 0.40  26 f 4 

76 f 2 0.22 f 0.05 

20 
0.021 f 0.004  42 f 6 68 f 5 

0.53 f 0.25 
0.27 f 0.19 

31 f 8 0.019 f 0.004  38 f 9  69 f 11 0.26 f 0.17 

6 1 
2 

0.32 f 0.07 55 f 7  0.032 f 0.007 35 f 3  90 f 5  0.21 f 0.05 
0.36 f 0.14 

10 
52 f 3  0.024 f 0.013  33 f 6 85 f 7  0.23 f 0.08 

0.44 f 0.18 33 f 3  0.019 f 0.003  36 f 1 68 f 3 0.22 f 0.10 

10 1 0.27 f 0.10 49 f 4  0.032 f 0.006  39 f 5  87 f 4 0.17 f 0.06 
2 

10 
0.35 f 0.02  44 f 3  0.025 f 0.003  39 f 4 83 f 3  0.20 f 0.02 
0.63 f 0.09 35 f 2  0.024 f 0.001 31 f 3  66 f 2  0.34 f 0.05 

TABLE I11 
Dissociation rates and fractional recoveries  for  fragment I 

Values were obtained from the  best  fits of TIR-FPR recovery curves to Equation 3 with n = 2, and are the averages of 3-13 curves. Average 
recovery rates, L e ,  were determined for  individual  recovery curves using Equation 5. Errors  are standard deviations. 

PS [A  1 kl rl k2 r2 rl + r2 kwe 

mol '3% IrM S-1 x 100 5-1 x 100 S" 

2 0.5 0.59 f 0.29  26 f 2  0.030 f 0.005 38 f 3  64 f 3  0.26 f 0.12 
1 0.46 f 0.14 
5 

31 f 3  0.027 f 0.003  45 f 6  76 f 5  0.21 f 0.08 
0.70 f 0.25 29 f 3 0.021 f 0.004  49 f 6 78 f 7  0.28 f 0.11 

20 0.43 f 0.14 28 f 13 0.022 f 0.002  47 rf: 11 75 f 10 0.18 f 0.10 

6  0.5  0.32 f 0.09  45 f 6  0.029 f 0.005 40 f 4 85 f 6 0.18 f 0.05 
1 0.49 f 0.23 
5 

41 f 3  0.025 f 0.006 35 rf: 2  76 f 2 0.27 f 0.12 
0.40 f 0.03 38 f 2  0.025 f 0.001  44 rf: 3 82 f 4  0.20 f 0.02 

20 0.46 f 0.16  39 f 15 0.023 f 0.009 42 rf: 3 81 f 5  0.23 f 0.11 

10 0.5  0.41 f 0.22  40 f 6  0.032 f 0.012  45 rf: 3 84 f 4  0.20 f 0.08 
1 0.37 f 0.18 38 f 1 0.023 f 0.005 48 f 6 86 f 7 0.18 f 0.09 
5  0.40 f 0.15  37 f 3  0.022 f 0.004 41 rf: 2 79 f 2 0.20 f 0.07 

20 0.38 f 0.16 36 f 12 0.019 f 0.006 41 rf: 8 77 f 9  0.20 f 0.13 

that were greater than 10 I.LM and  not physiologically relevant 
(16). The primary motivation for the present investigation 
was to examine the membrane binding kinetics of fragment 1 
and  prothrombin using planar membranes, TIR-FPR,  and 
low,  physiological solution concentrations of protein. Accord- 
ing to previous theoretical predictions (18), the  transition 
between diffusion-limited and reaction-limited systems de- 
pends on the surface site  density  and equilibrium dissociation 
constant; decreasing the former or increasing the  latter opti- 
mizes the probability that  TIR-FPR  data will  be reaction- 
limited and reflect true surface dissociation kinetic rates.  In 
this study, lower surface concentrations of acidic lipids have 
been used to accommodate reaction-limited kinetics. 

The values of the  three characteristic  rates shown in Equa- 
tions  6  and  7 may  be estimated as follows. The maximum 
surface diffusion coefficient of the bound protein is (probably) 
the phospholipid diffusion coefficient, or Dsurf 5 lo-' cm2/s, 
and s = 7.5 pm, so that Rs 5 0.02 s-'. Also, because Dm,,, = 5 
X cm2/s, RL = 0.9 s" (Fig. 3). The predicted values of RN 
may  be calculated from Equation  6  and the information in 
Table I, and  are shown in Fig.  3. For  prothrombin, the 
calculated values of RN range from 0.3 to 77 s-'; for fragment 
1, the RN values range from 2 to 95 s-'. 

Because RS is much slower than  the observed recovery rate, 
kave, the fluorescence recovery curves are  not affected by 
surface diffusion (Equation 8). In  addition, for all  but the 

lowest solution concentrations of prothrombin on membranes 
with 10 mol % PS, the values of RN are larger than  the value 
of RL, so that replenishment of bleached, surface-bound mol- 
ecules occurs primarily through  transport in a direction per- 
pendicular rather  than parallel to  the surface. By comparing 
the  data  in Tables I1 and 111 with the calculations shown in 
Fig.  3, one may note that (for most samples) have is much less 
than  the larger of RN and RL so that  the  TIR-FPR recovery 
curves are "reaction-limited" and  the measured recovery rates 
primarily reflect the  true rates of surface dissociation (see 
Equation 8). This conclusion is consistent with the result that 
the measured values of kave do not depend on the protein 
solution concentration, which would  suggest the dominance 
of RN (Equation 6). Therefore, for most samples, one may 
conclude that  the measured values of k,, are  true kinetic 
dissociation rates, which we denote by k,ff. Because one pos- 
sible natural  substrate for prothrombin binding in the human 
blood coagulation system has been shown to be platelet mem- 
brane vesicles (28-30) that have a PS content of about 10 mol 
% (31), the measured intrinsic dissociation rates of fragment 
1 and  prothrombin offer a reasonable model for these inter- 
actions  on native-like membranes at a physiologically relevant 
protein  concentration. 

Apparent Kinetic Dissociation and Association Rate Con- 
stants-The apparent dissociation rate for both  prothrombin 
and fragment 1 on planar membranes with low molar fractions 
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FIG. 3. Characteristic rates. Values  for the  rates RN and RL 
were calculated for different membrane  types using Equations 6 and 
7. The value  shown  for <kff> is an average  dissociation rate for  all 
membrane  types  (Table  IV). 

of PS (2-10 mol %) was, within  experimental  uncertainty, 
independent of the  protein  type  (prothrombin  or  fragment  l), 
the  protein  solution  concentration,  and  the  molar  fraction of 
PS.  This  measured value for ( k , f f )  is  approximately  equivalent 
to  the dissociation rate previously measured by TIR-FPR for 
high concentrations of fragment 1 (>lo pM) on 25 mol % PS 
planar  membranes (16). However, the  measured value of (k,,ff) 
is  approximately an  order of magnitude  smaller  than a pre- 
vious measure for prothrombin  on  small,  unilamellar vesicles 
of the  same PS content (3 s-') obtained  using  light  scattering 
methods (32). 

Average association  rates (ha") were determined  using  the 
measured  values of ( kaff), Kd, and  the following expression. 

( k " )  = - ( korr) 
K d  

(Eq.  9) 

Because the values of (kOff) did  not  significantly  depend  on 
the PS content  and  the values of Kd decreased with  increasing 
PS content,  it followed that  the  values of (kan) increased  with 
increasing PS content  (Table IV). 

The values  for (ken) (-104-105 M-' s-') are  considerably 
lower than  the  on-rate previously measured  for  prothrombin 
on  PS/POPC  small,  unilamellar vesicles by light  scattering 
(=lo7 M" s-') (32). However, similarly low on-rates  have  also 
recently  been  measured  for  other  proteins at  planar or cell 

TABLE IV 
Average  intrinsic  dissociationlassociation  rates 

for  prothrombin  and  fragment 1 
Average dissociation rates were calculated  using  reaction-limited 

TIR-FPR data  for  fragment 1 (all  solution  concentrations)  and  pro- 
thrombin  (all  solution  concentrations for  2 and 6% PS membranes 
and  10 p~ for  10% PS membranes)  (Tables I1 and 111). The dissocia- 
tion  rate values, <kOff>, are  the  means of kave calculated for individual 
recovery curves  using Equation 5. Average association rates were 
determined using Equation 9. Values are averages of  5-29 trials for 
prothrombin  and 34-42 trials for fragment 1. Uncertainties  are  stand- 
ard  errors  in  the means.  Comparison of the <k,+ values  for  2 and 
10 mol % PS membranes using  a two-tailed,  unpaired t test  yieldedp 
values of 0.19 for prothrombin  and 0.048 for fragment 1. T h e p  values 
comparing <k,,> measurements with  2 and  10 mol % PS membranes 
were <<0.0001 for prothrombin  and  fragment 1. 

PS (kff) (k,) x 10-4 
mol % S" 

2 
6 

"1 s-l 

Prothrombin 
0.26 f 0.03 51.7 f 0.2 
0.22 f 0.02  2.7 k 0.2 

10 0.34 f 0.02 8.1 f 0.5 

Fragment 1 
2 0.25 f 0.02 
6 

51.1 k 0.1 
0.20 f 0.01 1.4 f 0.1 

10 0.19 k 0.02 2.2 f 0.2 

surfaces (17, 33). The discrepancy between the  apparent ki- 
netic  rate  constants  measured by TIR-FPR  and light scatter- 
ing suggests that  membrane  curvature may  play a role in 
determining  the  stability of protein-membrane complexes. 
Significant differences  in the  apparent bimolecular rate  con- 
stant for the conversion of prothrombin  to  thrombin by 
phospholipid-bound  prothrombinase complexes on vesicles 
and  planar  membranes  have also  been reported (34). In  ad- 
dition,  the  Ca2+-dependent lipid binding  properties of annexin 
V are highly dependent  on vesicle curvature (35) and  the 
dissociation rate of factor V, light  chain  from highly curved, 
small,  unilamellar vesicles is slower than  that from  less 
curved,  large unilamellar vesicles (36). Other possible expla- 
nations for the  discrepancy between the values of ( k , f f )  and 
(ken) shown in Table IV and  the previously  measured  values 
on vesicles (32) include  crowding,  rebinding, orientational, 
and  electrostatic effects  (see below). 

Both  estimates of (ken) are much lower than  the  apparent 
second order  rate  constants ( kCat/K,,,) reported for prothrom- 
bin  activation  to  thrombin by the fully assembled prothrom- 
binase  on  phospholipid vesicles (37). There  are  at  least  three 
possible explanations for this  seeming anomaly. 1) If the 
primary  substrate for the  prothrombinase complex is pro- 
thrombin  in  solution,  then  the  membrane  binding  rate for 
prothrombin would not be directly related  to  the  rate of 
thrombin  formation. 2) If the  primary  substrate  is  membrane- 
bound  prothrombin,  then  the  rate of thrombin  formation will 
be  determined  not only by the  rate of membrane binding, but 
also by the  rates of lateral diffusion on the surface and 
dissociation. These  factors  do  not couple in  such a way that 
the value of k,,,/K, is always  less than  the value of (ken) 
(calculations  not  shown). 3) Because of the difference  between 
prothrombin  binding  rates observed  for vesicles and  planar 
membranes,  it may not  be  accurate  to directly compare  bind- 
ing  rates  obtained  on  planar  membranes with enzymatic  rates 
obtained  on vesicles. 

Comparison of Apparent  Rate  Constants for Prothrombin 
and  Fragment I-For each  membrane composition, intact 
prothrombin  bound  to  planar  membranes with  a  slightly 
higher affinity  than  did  fragment 1, confirming  a  similar 
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observation for planar membranes containing 30 mol % PS 
(15). Because the values of (kOff) were approximately equiva- 
lent for prothrombin  and  fragment 1, the values of (k,,,) were 
somewhat larger for prothrombin. Possible explanations  for 
this observation include the following: 1) prothrombin, but 
not fragment 1, experiences a weak, Ca2+-independent  inter- 
action with PS/POPC  and  perhaps  POPC membranes (15, 
21); 2 )  prothrombin experiences domain reorganizations and 
changes in interdomain  interactions in its  non-fragment 1 
portion when bound to PS-containing membranes (38,39); 3) 
an unidentified interaction,  such as a long-range electrostatic 
force (40), between the whole prothrombin molecule and  the 
membrane surface alters  the protein  orientation relative to 
the membrane surface so that  the PS-specific sites in the 
fragment 1 region are more readily occupied by membrane- 
associated PS. 

Complex Dissociation Kinetics for Prothrombin and Frag- 
ment I-Even for the low PS densities explored in this work, 
the reaction-limited TIR-FPR recovery curves for both frag- 
ment 1 and  prothrombin were not well described by a single 
exponential shape (Fig. 2).4 This result implies that  the as- 
sociation of fragment 1 and  prothrombin with PS/POPC 
membranes proceeds through  a mechanism that is  more com- 
plex than a discrete, reversible, bimolecular reaction between 
monovalent ligands and surface sites. Earlier studies of the 
membrane binding kinetics of fragment 1 (16),  prothrombin 
(32), and factor X (41) have also implied that,  at least at high 
protein  concentrations, the binding process is complex and 
multiphasic. It is possible that  the  nature of protein-mem- 
brane  interactions, in general, is intrinsically complex and 
cannot be adequately described by conventional kinetics (42, 
43). 

Although the specific reasons for the complex binding be- 
havior are  not known, there  are several possible explanations 
that may  be grouped into  the following four categories. 

1) The existence of multiple protein species in solution (for 
example, protein dimers) might result  in complex membrane- 
binding behavior as observed by TIR-FPR.  Solution-phase 
dimerization of both  prothrombin  and  prothrombin  fragment 
1 have been described previously (44, 45). However, the low 
protein solution concentrations used in the  current study 
makes solution-phase dimer formation an unlikely contribu- 
tor  to our results. In addition, significant amounts of impu- 
rities in the prothrombin  and  fragment 1 preparations  are  not 
present (15, 16). Finally, it is unlikely that heterogeneity in 
the labeled proteins is responsible for the non-monoexponen- 
tial TIR-FPR  data, in that statistically equivalent results 
were obtained for both  proteins and for several different 
protein  preparations with different fluorophore-to-protein  ra- 
tios. Also, equivalent results were obtained for fragment 1 
labeled either with fluorescein isothiocyanate or with nitro- 
benzoxadiazole fluoride (data  not shown). 

2 )  The non-monoexponential TIR-FPR recovery could also 
be explained, in general, by the existence of different types of 
surface binding sites. However, this possibility is considered 
to be unlikely in that  the equilibrium binding data (Fig.  1; see 
Ref. 16)  are described well with a single dissociation constant. 

3) The existence of more than one membrane-bound protein 
species could result  in non-monoexponential TIR-FPR recov- 
ery curves (16, 17). Although bovine prothrombin is known 
to undergo conformational changes when bound to PS-con- 
taining membranes (38,39), these changes have been observed 
only for intact  prothrombin and  not for fragment 1. Thus,  the 
previously observed membrane-induced conformational 
changes are an unlikely explanation for the observed non- 

monoexponential recovery curves in that  the  TIR-FPR  data 
are identical for prothrombin and fragment 1. Another pos- 
sible explanation for multiple membrane-bound protein spe- 
cies is  the formation of protein dimers on the membrane 
surface. However, for this possible phenomenon to explain 
the  data,  the dimerization constant would have to be approx- 
imately equivalent for both  prothrombin  and fragment 1, 
which seems unlikely. A third explanation for the existence 
of different membrane-bound species is that  the proteins  bind 
to  the membranes through  a  multi-step binding process in 
which a weak, initial  interaction  is followed by a relatively 
slow rearrangement leading to mass-action controlled occu- 
pation of specific sites on prothrombin by membrane-associ- 
ated PS (7). A fourth  explanation for the existence of different 
membrane-bound species is that both  prothrombin  and frag- 
ment 1 can be bound to  PS/POPC membrane surfaces 
through  direct  interactions with different numbers of PS 
molecules or calcium ions. For this mechanism, the  TIR-FPR 
rates would reflect interconversion between, and/or release 
from, different membrane-bound states. 

4) In general, the observed complex  recovery curves may 
reflect an unanticipated  feature of the general mechanism of 
extrinsic  protein binding to planar membrane surfaces (e.g. 
crowding, orientational, rebinding, or  electrostatic effects). 
Strong geometric effects on binding kinetic rates have re- 
cently been experimentally demonstrated for Fab-hapten ki- 
netics (46).  In  addition, biexponential or even more  complex 
recovery curves have been observed in all previous TIR-FPR 
measurements of biologically  specific protein-membrane ki- 
netics (16, 17, 33).5 
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