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Differentiation of Enzyme and Substrate Binding in the Prothrombinase 
Complex? 

Marjorie M. Tucker, Michael E. Nesheim, and Kenneth G. Mann* 

ABSTRACT: The Ca2+ dependence of factor Xa binding to 
phospholipid vesicles was measured in the presence and absence 
of factor Va. The increase in polarization of a fluorescently 
labeled derivative of factor Xa, [5-(dimethylamino)-1- 
naphthalenesulfonyl]glutamylglycylarginyl factor Xa (Dns- 
EGR-Xa), was used as a probe to measure the interaction of 
factor Xa with phospholipid. The Ca2+ concentration required 
for half-maximal binding of Dns-EGR-Xa to phospholipid 
vesicles was 3.5 X lo4 M in the presence of factor Va and 
9.5 X M in the absence of factor Va. At a Ca2+ con- 
centration of 5 X lo4 M, the binding of Dns-EGR-Xa to 
phospholipid-bound factor Va was near maximal, whereas 
there was no detectable interaction of Dns-EGR-Xa with 

x e  maximum rate of conversion of prothrombin to thrombin 
by factor Xa requires factor Va, phospholipid, and Ca2+ ions. 
The activity is dependent on the condensation of substrate 
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phospholipid alone at this CaZ+ concentration as detected by 
fluorescence polarization. These results were qualitatively 
confirmed by high-performance liquid chromatography. The 
rate of hydrolysis of the factor Xa synthetic substrate, 
benzoylisoleucylglutamylglycylarginine pnitroanilide, by factor 
Xa in the presence of factor Va and phospholipid decreased 
in a Ca2+-dependent manner. These data were analyzed as 
fraction of factor Xa bound to the phospholipid. A Ca2+ 
concentration of 2.7 X lo4 M resulted in half-maximal binding 
by this technique. The relationship observed between rates 
of prothrombin activation and Ca2+ concentration could be 
predicted quantitatively from calculations of local enzyme and 
substrate concentrations. 

(prothrombin), enzyme (factor Xa), and cofactor (factor Va) 
on the surface of the phospholipid. The integrity of this 
prothrombinase complex is dependent on Ca2+ ions, as was 
initially shown by Papahadjopoulos & Hanahan (1964). The 
binding of prothrombin to phospholipid is also dependent on 
Ca2+ ions (Nelsestuen et al., 1976; Nelsestuen & Lim, 1977; 
Prendergast & Mann, 1977; Nelsestuen & Broderius, 1977; 
Lim et al., 1977; Dombrose et al., 1979). The binding of the 
vitamin K dependent proteins to phospholipid is thought to 
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occur through Ca2+ bridges between y-carboxyglutamic acid 
residues of the proteins and acidic groups on the phospholipid 
surface (Papahadjopoulos & Hanahan, 1964; Bull et al., 1972; 
Stenflo & Suttie, 1977; Nelsestuen et al., 1974; Howard & 
Nelsestuen, 1975). Both the y-carboxyglutamic acid residue 
containing region of thrombin fragment 1 and factor X bind 
Ca2+ ions with dissociation constants of 6.3 X lo4 M (Bajaj 
et al., 1975; Henriksen & Jackson, 1975). 

Although the binding of factor Va to phospholipid is not 
Ca2+ dependent (Bloom et al., 1979; Papahadjopoulos & 
Hanahan, 1964), the association of factor Va peptide chains 
is dependent upon Ca2+ (Esmon, 1979; Hibbard & Mann, 
1980). Factor V has two classes of binding sites, one site 
containing a single Ca2+ with a dissociation constant of less 
than M and a second site that binds 2 mol of Ca2+/mol 
of factor V with a dissociation constant of 5.9 X M 
(Hibbard & Mann, 1980). Evidence has been presented in- 
dicating that factor Va binds a single CaZ+ ion with a disso- 
ciation constant of 2.4 X M (Guinto & Esmon, 1982). 

Factor Va serves as a factor Xa receptor on both phos- 
pholipid vesicles (Nesheim et al., 1979a, 1981a,b) and platelets 
(Tracy et al., 1979, 1981; Miletich et al., 1978; Kane et al., 
1980; Dahlback & Stenflo, 1978). In the present study, we 
examined the Ca2+ dependence of factor Xa binding to 
phospholipid vesicles both in the presence and absence of factor 
Va. Experiments of Nesheim et al. (1981a) suggested that 
the CaZ+ dependence of these two processes is different. Thus, 
we anticipated that by selecting an appropriate Ca2+ con- 
centration, we could distinguish between the binding of factor 
Xa to phospholipid and the binding of factor Xa to phos- 
pholipid-factor Va and relate this to the Ca2+ dependence of 
prothrombin conversion to thrombin. The Ca2+ dependence 
of prothrombinase activity was rationalized from knowledge 
of the Ca2+ dependence of the condensation of enzyme, factor 
Xa, and substrate, prothrombin, onto the phospholipid surface. 

Materials and Methods 
Materials. The factor Xa chromogenic substrate, S2222,' 

was obtained from Ortho Pharmaceutical. The Dns- 
glutamylglycylarginine chloromethyl ketone (Dns-EGR-CK) 
was the generous gift of Drs. Charles Kettner and Elliott Shaw. 
The phosphatidylcholine-phosphatidylserine (PCPS) vesicles 
(25% phosphatidylserine by weight) were prepared by a 
modification of the method of Barenholz et al. (1977) as 
previously described (Bloom et al., 1979). Egg L-a-phos- 
phatidylcholine and bovine brain L-a-phosphatidyl-L-serine 
were purchased from Sigma. 

Proteins. Bovine prothrombin and factor X were prepared 
as described by Bajaj & Mann (1 973). Factor X was activated 
to factor Xa by a modification of the procedure of Downing 
et al. (1975), with factor X activator from Russell's viper 
venom immobilized on agarose. The electrophoretically ho- 
mogeneous factor X activator was the generous gift of Dr. 
Walter Kisiel. The Dns-glutamylglycylarginyl factor Xa 
(Dns-EGR-Xa) was prepared as described by Nesheim et al. 
(1981a). Bovine factor V was isolated and assayed as de- 
scribed by Nesheim et al. (1982). Factor Va was prepared 
by incubating factor V (approximately 0.6 mg/mL in 0.02 M 
Tris-HC1, pH 7.4, containing 0.15 M NaCl) with 2 NIH 
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units/mL of thrombin at 37 OC for 4 min. The molecular 
weights and extinction coefficients ( ~ ~ ~ ~ , m , 2 8 0 ~ ~ )  of the proteins 
were taken to be as follows: prothrombin, 72000, 14.4 
(Heldebrant et al., 1973; Owen et al., 1974); factor Xa, 55 100, 
12.4 (Jackson et al., 1968; Fujikawa et al., 1972); factor V, 
330000, 9.6 (Nesheim et al., 1979b). 

Polarization Measurements. Fluorescence polarization 
measurements were made in a Perkin-Elmer Model MPF-44A 
fluorescence spectrophotometer equipped with a DSU-2 unit 
and a Wood automated polarizer. An excitation wavelength 
of 335 nm and an emission wavelength of 545 nm were used 
with band-passes of 10 and 15 nm, respectively. A wavelength 
cutoff of 430 nm was used. Measurements were made at 22 
OC in a 1-cm cuvette. The initial volume for the titrations was 
1.5 mL of 0.02 M Tris-HC1, pH 7.4, containing 0.15 M NaCl, 
30 pM PCPS vesicles, 0.3 pM Dns-EGR-Xa, and 1% poly- 
(ethylene glycol) 6000. Where stated in the text, solutions 
contained 0.4 pM factor Va. The CaZ+ concentrations were 
varied as described in the text. All proteins used in the po- 
larization experiments were dialyzed for 2 h vs. 0.02 M 
Tris-HC1, pH 7.4, containing 0.15 M NaCl, prior to use. 

Kinetic Data of S2222 Hydrolysis. The spectrophotometric 
measurements were made on a Beckman Acta I11 recording 
spectrophotometer. Measurements were made at 22 "C in a 
1-cm cuvette. The initial volume for the measurements was 
0.6 mL of 0.02 M Tris-HC1, pH 7.4, containing 0.15 M NaCl 
and 25 pM S2222. The CaZ+, PCPS, and factor Va concen- 
trations were varied as described in the text. The reaction was 
initiated by the addition of microliter amounts of factor Xa, 
and the reaction was monitored continuously at 405 nm. The 
reactions performed with 2.9 nM factor Xa also contained 1% 
poly(ethy1ene glycol) 6000. Reaction velocities were deter- 
mined by measuring the slopes of the recorded data. An 
extinction coefficient ( E ~ ~ ~ ~ ~ ~ , , ~ )  of 14.6 was used for the re- 
lease of PNA from S2222. 

The decrease in rate of hydrolysis observed at increasing 
Ca2+ concentrations was converted to the fraction of factor 
Xa bound to PCPS vesicles by using the following equation 
described by Nesheim et al. (1 98 1 b), where b is the fraction 
of factor Xa bound, vo and urn are the limiting velocities when 
no factor Xa is bound and all the factor Xa is bound, re- 
spectively, and v is the velocity at any point between these 
extremes: 

I Abbreviations: S2222, benzoylisoleucylglutamylglycylarginine p -  
nitroanilide; PNA, p-nitroanilide; Tris, tris(hydroxymethy1)amino- 
methane; Dns, 5-(dimethylamino)- 1-naphthalenesulfonyl; Dns-EGR-Xa, 
Dns-glutamylglycylarginyl factor Xa; Dns-EGR-CK, Dns-glutamyl- 
glycylarginine chloromethyl ketone; PCPS, phosphatidylcholine-phos- 
phatidylserine; DAPA, Dns-arginine N-(3-ethyI-l,S-pentanediyl)amide. 

High-Performance Liquid Chromatography. A high-per- 
formance liquid chromatograph equipped with an Altex TSK 
3000 SW 0.75 X 30 cm column was used in the gel-filtration 
experiments. The column was equilibrated with 0.02 M 
Tris-HC1, pH 7.4, containing 0.15 M NaCl and the Ca2+ 
concentrations stated in the text. All experiments were per- 
formed at 22 "C with a flow rate of 1.2 mL/min. The column 
was monitored with a Varian fluorescence detector with the 
excitation wavelength centered at 360 nm and the emission 
wavelength cutoff at 390 nm. The fluorescence data were 
collected on a Bascom-Turner Series 8000 recorder and cor- 
rected for lipid autofluorescence. 

Prothrombinase Activity. The rate of formation of thrombin 
from prothrombin was measured by following the increase in 
fluorescence intensity of DAPA (DAPA-thrombin) with time 
as described by Nesheim et al. (1982). Fluorescence intensity 
was measured on a Perkin-Elmer MPF-44A fluorescence 
spectrophotometer. Measurements were made at 22 OC in 0.02 
M Tris-HC1, pH 7.4, containing 0.15 M NaCl, 20 pM PCPS, 
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1.6 pM prothrombin, and 5 . 5  nM factor Va. The Ca2+ con- 
centrations were varied as described in the text. The reaction 
was started by the addition of microliter quantities of factor 
Xa, resulting in a final concentration of 6.0 nM. The pro- 
thrombin used in these assays was dialyzed for 2 h vs. 0.02 
M Tris-HC1, pH 7.4, containing 0.15 M NaCl prior to use. 
The prothrombin was allowed to incubate at the appropriate 
Ca2+ concentration for at least 20 min prior to the start of the 
assay. 

Light Scattering Measurements. Light scattering mea- 
surements were made at  90' with a Perkin-Elmer Model 
MPF-44A. The excitation and emission wavelengths used were 
320 nm with band-passes of 5 nm. Measurements were per- 
formed at 22 "C in 1-cm cuvettes. The initial volume for 
titiations was 1.5 mL of 0.02 M Tris-HC1, pH 7.4, containing 
0.15 M NaCl, 30 pM PCPS, and 1.6 pM prothrombin. Ad- 
ditions of CaCl, were made with a microsyringe. The increase 
in light scatteri-ig intensity was converted to increase in relative 
molecular weight by a method developed by Nelsestuen & Lim 
(1977). At the highest Ca2+ concentration used, 3.7 mM, the 
relative molecular weight of the vesicle had increased 1.45-fold. 

Calculated Rate of Prothrombinase Activity. When factor 
Xa and prothrombin bind to PCPS in the presence of Ca2+ 
and factor Va, the enzyme and substrate presumably cocon- 
centrate in the vicinity of the PCPS vesicles. The binding of 
these proteins to the phospholipid surface, as measured by light 
scattering, results in an increase in the hydrodynamic radius 
of the scattering particle (Lim et al., 1977), which can be 
defined as a "shell" around the phospholipid vesicle (Nesheim 
et al., 1981b). When factor Va, the largest of the proteins 
in the prothrombinase complex, binds to the vesicle, the hy- 
drodynamic radius of scatter increases from 163 to 283 A 
(Higgins & Mann, 1982). This increase in radius describes 
a shell with a volume of 7.68 X L/vesicle. A PCPS 
concentration of 20 pM was used in these experiments, and 
this corresponds to a vesicle concentration of 1.54 nM (vesicle 
M ,  = 7.0 X IO6; Higgins & Mann, 1982). At this concen- 
tration, the volume in which bound protein is found (the shells) 
comprises approximately 0.01% of the total volume of the 
reaction mixture. The amounts of prothrombin and factor Xa 
bound to the PCPS at varying Ca2+ concentrations were ob- 
tained from measurements described earlier in this paper, 
allowing for the calculation of the protein concentration in this 
120-8, shell. Knowing the concentration of enzyme, factor Xa, 
and substrate, prothrombin, in this region around the phos- 
pholipid vesicle allows the calculation of the velocity of pro- 
thrombin conversion to thrombin according to the Michael- 
is-Menten rate equation 

(2) 

where Y is the velocity of prothrombin conversion, k is the 
turnover number for the reaction, [E] is the concentration of 
factor Xa on the vesicles, [SI is the concentration of pro- 
thrombin on the vesicles, and Km is the Michaelis constant. 
A K ,  value of 13 1 pM was used in the calculations (Rosing 
et al., 1980). 

Results 
Ca2+-Dependent Factor X a  Interactions with PCPS and 

Factor Va, Studied by Fluorescence Polarization. Factor Xa 
binds to phospholipid surfaces alone and to PCPS-factor Va. 
The dissociation constant for the latter interaction is 3 orders 
of magnitude lower than the former (Nesheim et al., 1979a, 
1981b). Both of these interactions are dependent on Ca2+ ions. 
Initial studies by Nesheim et al. (1981a) suggested that the 

W I  [SI 
Km + [SI 

v =  
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FIGURE 1 : Ca2+ dependence of interaction of Dns-EGR-Xa with PCPS 
and PCPS-factor Va. The fluorescence polarization of Dns-EGR-Xa 
in the presence of PCPS vesicles and factor Va (0) or PCPS vesicles 
(0) is shown at increasing Ca2+ concentrations. 

binding of factor Xa to PCPS-factor Va occurs at lower Ca2+ 
concentrations than those required for the binding of the vi- 
tamin K dependent proteins to phospholipid (Dombrose et al., 
1979). Thus, the Ca2+ dependence of the binding of factor 
Xa to phospholipid alone and to PCPS-factor Va was studied 
in further detail in efforts to distinguish these interactions. 

The interaction of factor Xa with phospholipid plus factor 
Va was studied by using a fluorescently labeled derivative of 
factor Xa, Dns-EGR-Xa. Dns-EGR-Xa is a factor Xa mol- 
ecule that has been modified at  its active site with Dns- 
glutamylglycylarginine chloromethyl ketone (Nesheim et al., 
1981a). As illustrated in Figure 1, increasing Ca2+ concen- 
trations result in an increase in the fluorescence polarization 
of Dns-EGR-Xa in the presence of phospholipid alone or in 
the presence of phospholipid plus factor Va. This increase in 
polarization has been interpreted as resulting from the im- 
mobilization of the fluorescent probe on the phospholipid 
surface (Nesheim et al., 1981a). The transition midpoint 
obtained for the phospholipid-factor Xa interaction, 0.95 mM 
Ca2+, is similar to the calcium concentration required for 
half-maximal binding of other vitamin K dependent proteins 
to phospholipid vesicles (Dombrose et al., 1979). The Ca2+ 
dependence of this curve was shifted in the presence of factor 
Va with the transition midpoint occurring at 0.35 mM Ca2+. 
At concentrations of Cat+ of between 0.5 and 0.6 mM, nearly 
maximal binding of factor Xa to the phospholipid surface 
occurred in the presence of factor Va; but in the absence of 
factor Va (at these Ca2+ concentrations), no detectable in- 
teraction of factor Xa with phospholipid was observed. Thus, 
if one chooses the appropriate CaZ+ Concentration, the binding 
of factor Xa to PCPS-factor Va and the binding of factor Xa 
to phospholipid itself can be distinguished. 

Ca2+-Dependent Factor Xa, PCPS, and Factor Va Inter- 
actions Studied by High-Performance Liquid Chromatogra- 
phy. The results obtained from the fluorescence polarization 
measurements were verified by high-performance liquid 
chromatography. Figure 2 shows the elution position of 
Dns-EGR-Xa in the presence of PCPS at increasing concen- 
trations of CaZ+. The elution position of Dns-EGR-Xa alone 
is shown in panel A. In the presence of PCPS vesicles and 
0.5 mM Ca2+, panel B, the majority of the fluorescent material 
eluted in the position of free Dns-EGR-Xa. The material 
eluting at approximately 300 s elutes at the position of the 
PCPS vesicles. Only a small amount of Dns-EGR-Xa was 
found eluting with the PCPS vesicles at this Ca2+ concen- 
tration. The elution position of Dns-EGR-Xa in the presence 
of PCPS at 2 mM Ca2+ is shown in panel C. The peak of 
fluorescence eluting at the position of free Dns-EGR-Xa was 
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FIGURE 2: High-performance liquid chromatography of Dns-EGR-Xa 
and PCPS vesicles at increasing CaZ+ concentrations. The panels 
correspond to (panel A) Dns-EGR-Xa, (panel B) Dns-EGR-Xa and 
PCPS at 0.5 mM Ca2+, and (panel C) Dns-EGR-Xa and PCPS at 
2.0 mM Ca2+. The amounts of Dns-EGR-Xa and PCPS applied were 
7.3 X lo-" and 3.8 X lo4 mol, respectively. All samples were injected 
in volumes of 0.042 mL or less at zero time. The elution position of 
Dns-EGR-Xa was followed by measuring relative fluorescence. 

markedly diminished at this CaZ+ concentration, and a sig- 
nificant increase in the fluorescent material eluting with the 
PCPS vesicles was observed. Since these are not equilibrium 
measurements, some broadening of the peaks occurred as the 
phospholipid-bound Dns-EGR-Xa separated from the free 
Dns-EGR-Xa. These results are in qualitative agreement with 
the results obtained with fluorescence polarization. 

The elution position of Dns-EGR-Xa in the presence of 
PCPS and factor Va at  increasing concentrations of Ca2+ is 
shown in Figure 3. The elution position of Dns-EGR-Xa is 
again shown in panel A. The inclusion of factor Va and PCPS 
had no influence on the elution of Dns-EGR-Xa when no Ca2+ 
was added (panel B). At 0.5 mM Ca2+, the peak of 
fluorescence eluting at  the position of free Dns-EGR-Xa had 
markedly diminished, and a significant increase occurred in 
the fluorescent material eluting with the PCPS vesicles (panel 
C). This is in contrast to the results obtained in the absence 
of factor Va (Figure 2, panel B) where the majority of the 
fluorescent material eluted as free Dns-EGR-Xa at this Ca2+ 
concentration. The elution position of Dns-EGR-Xa in the 
presence of 2 mM Ca2+, PCPS, and factor Va is shown in 
Figure 3, panel D. At this Ca2+ concentration, no fluorescent 
material eluted at  the position of free Dns-EGR-Xa. It was 
all found migrating with the PCPS vesicles. These results 
again illustrate that the binding of factor Xa to PCPS vesicles 
alone and to PCPS-factor Va can be differentiated by selecting 
an appropriate Ca2+ concentration. These data, although 
qualitative, are in excellent agreement with the data obtained 
from fluorescence polarization. 

Kinetics of S2222 Hydrolysis. Having determined that the 
binding of factor Xa to phospholipid alone or to PCPS-factor 
Va can be differentiated by varying the Ca2+ concentration, 
we then ascertained whether the enzymatic activity of factor 
Xa would show Ca2+-dependent changes that reflected its 
binding to phospholipid or its binding to PCPS-factor Va. 
Nesheim et al. ( 1  98 1 b) have shown that the rate of hydrolysis 
of the factor Xa synthetic substrate, S2222, decreases when 
factor Xa forms a complex with factor Va and phospholipid 
when the substrate is at less than saturating concentrations. 

Relative 
Fluorescence 

0 200 400 600 
t. sec 

FIGURE 3: High-performance liquid chromatography of Dns-EGR-Xa, 
PCPS vesicles, and factor Va at increasing Ca2+ concentrations. The 
panels correspond to (panel A) Dns-EGR-Xa, (panel B) Dns-EGR-Xa, 
factor Va, and PCPS with no added CaZ+, (panel C) Dns-EGR-Xa, 
factor Va, and PCPS at 0.5 mM Ca2+, and (panel D) Dns-EGR-Xa, 
factor Va, and PCPS at 2 mM Ca2+. The amounts of Dns-EGR-Xa, 
factor Va, and PCPS applied were 7.3 X lo-", 2.18 X and 3.8 
X lo-* mol, respectively. Samples were injected in volumes of 0.16 
mL or less at zero time. The elution position of Dns-EGR-Xa was 
followed by measuring relative fluorescence. 

The CaZ+ dependence of this decrease in rate was examined. 
The data are shown in Figure 4A. Maximal inhibition was 
obtained at concentrations of Ca2+ exceeding 1 .O mM. This 
decrease in hydrolysis rate most likely reflects the immobili- 
zation of factor Xa on the phospholipid surface (Nesheim et 
al., 1981b). The fraction of bound factor Xa was calculated 
from these measurements, as described under Materials and 
Methods, and is shown in the insert in Figure 4A. The con- 
centration of Ca2+ required for half-maximal binding was 0.28 
mM. This value is comparable to that of 0.35 mM Ca2+ 
required for half-maximal binding of Dns-EGR-Xa to 
PCPS-factor Va obtained from the fluorescence polarization 
studies (Figure 1). These observations suggest that the 
Caz+-dependent profile obtained by measuring an enzymatic 
property of factor Xa reflects the binding of factor Xa to factor 
Va on the phospholipid surface and not the binding of factor 
Xa to the phospholipid surface alone. 

The Ca2+ dependence of the factor Xa-PCPS-factor Va 
interaction was determined at  two factor Va concentrations, 
as shown in Figure 4B. An identical Ca2+ dependence was 
obtained with either 6 or 132 nM factor Va. Although a 
systematic study of the protein concentration dependence of 
the reaction has not been undertaken, a number of experiments 
have been performed with different preparations of factor Va 
and factor Xa at  different, randomly selected concentrations, 
and these results are summarized in Table I .  These data 
illustrate that the Ca2+ dependence of the factor Xa-PCPS- 
factor Va interaction is independent of protein concentration 
as factor Xa is varied from 1.36 to 300 nM and as factor Va 
is varied from 6 to 400 nM. 

ea2+ Dependence of both Prothrombinase Activity and 
Binding of Prothrombin to PCPS. The conversion of pro- 
thrombin to thrombin by factor Xa in the presence of phos- 
pholipid and factor Va is dependent on Ca2+, and the maximal 
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kinetic 30 10.6 1.36 0.36 
kinetic 26 7.3 1.65 0.27 
kinetic 30 400 3.0 0.27 
kinetic 20 6.0 6.0 0.35 
kinetic 20 132 6.0 0.35 
Dns-EGR-Xa 16 100 70.0 0.25 
Dns-EGR-Xa 30 400 300 0.35 

a The kinetic measurements were made by measuring the 
decrease in the rate of S2222 hydrolysis as described under 
Materials and Methods. The increase in polarization of Dns-EGR- 
Xa was measured at increasing concentrations of Caz+ as described 
under Materials and Methods. Nesheim et  al.. 1981a. 

rate of the reaction occurs at approximately 2 mM Ca2+ 
(Nesheim et al., 1979a). We wished to study the Ca2+ de- 
pendence of prothrombinase activity in more detail, especially 
at the lower Ca2+ concentrations, to determine whether the 
expression of prothrombinase activity reflects (1) the formation 
of the enzymatic complex (the condensation of factor Xa on 
PCPS-factor Va), (2) the binding of factor Xa to phospholipid, 
(3) the binding of the substrate, prothrombin, to phospholipid, 
or (4) a combination of these phenomena. 

The rate of prothrombin activation as a function of con- 
centration of Ca2+ is shown in Figure 5. In agreement with 
others, maximal activity was obtained at Ca2+ concentrations 
of 2.0 mM. The activity profile is complex and is reminiscent 

I -1 

0 5  1 0  1 5  2 0" 4 0  

[Ca+*], mM 

FIGURE 5 :  Ca*+ dependence of prothrombinase activity. Prothrombin 
conversion by factor Xa was measured at increasing concentrations 
of Ca2+ in the presence of PCPS and factor Va. The observed 
prothrombinase activity (A) and the calculated prothrombinase activity 
(A) are expressed as percent of maximal activity. The binding of factor 
Xa to factor Va-PCPS (0) is expressed as percent of maximal binding 
as determined in Figure 4A. The binding of prothrombin to PCPS 
(0 )  is expressed as percent of maximal binding. 

of the data obtained by Prendergast & Mann (1977) from 
studies in which prothrombin activation was studied at  in- 
creasing Ca2+ concentrations in the presence of 1 mM Mg2+ 
ion. For comparison, the Ca2+ dependence of binding of 
prothrombin to PCPS and the CaZ+ dependence of binding of 
factor Xa to PCPS-factor Va are also shown in Figure 5 .  
Detectable prothrombinase activity was observed at CaZ+ 
concentrations less than those required for maximum binding 
of prothrombin to the PCPS vesicles. Half-maximal pro- 
thrombinase activity occurred at approximately 0.5 mM Ca2+, 
while half-maximal prothrombin binding did not occur until 
approximately 1 mM Ca2+. Thus, the initial rise in pro- 
thrombinase activity seems to reflect, primarily, the formation 
of the enzyme complex on the surface of the phospholipid. As 
CaZ+ concentrations were increased beyond those required for 
maximal binding of factor Xa to PCPS-factor Va, a further 
increase in prothrombinase activity was observed. This further 
increase in activity appears to reflect the increase in pro- 
thrombin binding to the phospholipid vesicles. From knowl- 
edge of the Ca2+ dependence of the discrete events of factor 
Xa-factor Va-PCPS binding and prothrombin-PCPS binding, 
a value for prothrombinase activity at  any given Ca2+ con- 
centration was calculated. The calculated values assume that 
the rate of prothrombin conversion is predictable from the local 
concentrations of factor Xa and prothrombin bound at  the 
phospholipid vesicle surface. These calculated values are also 
shown in Figure 5 and accurately predict the observed increase 
in prothrombinase activity. These results support the idea that 
the Ca2+ dependence of prothrombinase activity is determined 
by the resulting effect on local concentrations of prothrombin 
and factor Xa on the surface of the phospholipid vesicle. 

Discussion 
The interaction of the vitamin K dependent proteins with 

phospholipid is CaZ+ dependent (Papahadjopoulos & Hanahan, 
1964; Bull et al., 1972; Stenflo & Suttie, 1977; Nelsestuen et 
al., 1974; Howard & Nelsestuen, 1975). The interaction of 
factor Xa with phospholipid-bound factor Va also is Ca2+ 
dependent (Nesheim et al., 1981b). In this study we examined 
the Ca2+ dependence of these interactions and have found that 
the two processes can be distinguished by selecting an ap- 
propriate CaZ+ concentration. At a CaZ+ concentration of 0.5 
mM, the binding of factor Xa to phospholipid-bound factor 
Va is nearly complete, whereas the interaction of factor Xa 
with phospholipid per se could not be detected. This infor- 



P R O T H R O M B I N A S E  C O M P L E X  

mation permits differentiation of the direct binding of factor 
Xa to phospholipid and the factor Xa-factor Va-PCPS in- 
teraction. 

One can imagine a variety of Ca2+-dependent interactions 
that could be important in the assembly and function of the 
prothrombinase complex. A few of the processes that we know 
require CaZ+ are outlined below: 

3 
I1 + PCPS 7 11-PCPS 

Xa + PCPS e Xa-PCPS 

Xa + Va + PCPS - Xa-Va-PCPS 

I1 + Xa-Va-PCPS - IIa + F1.2 + Xa-Va-PCPS (6) 

The Ca2+ concentration at which half-maximal saturation 
of each of these processes occurs is approximately 1 ,  1 ,  0.3, 
and 0.5 mM for processes 3-6, respectively. The nature of 
the factor Xa-factor Va-PCPS interaction is unknown. Factor 
Xa may bind directly to factor Va on the PCPS surface or it 
might interact in a bidentate manner with both factor Va and 
PCPS. Either or both of these interactions may require Ca2+. 

Although factor Xa binds to factor Va-phospholipid at Ca2+ 
concentrations lower than those required for binding to 
phospholipid alone, higher concentrations of Ca2+ conceivably 
might further influence the catalytic properties of factor Xa. 
Studies with the factor Xa synthetic substrate (S2222), how- 
ever, suggest that the enzymatic activity of factor Xa shows 
a similar Ca2+ dependence to the binding of factor Xa to 
phospholipid-bound factor Va. This result would be expected 
if the binding of factor Xa to phospholipid-bound factor Va 
is the primary interaction essential for the function of factor 
Xa in the prothrombinase complex. 

In spite of the obvious complexity of the Ca2+ dependence 
of prothrombinase assembly and function, the Ca2+ dependence 
of prothrombinase activity can be rationalized quantitatively 
on the basis of the coconcentration of enzyme (factor Xa) and 
substrate (prothrombin) on the surface of the phospholipid 
(Nesheim et al., 198 1 b). The increase in prothrombinase 
activity observed is predicted from calculations of local enzyme 
and substrate concentrations obtained from direct binding 
measurements. Since the reaction rate is shown to be de- 
pendent on surface-concentrated enzyme and substrate, it may 
be concluded that it is the PCPS-bound or concentrated 
prothrombin that is the substrate for the prothrombinase 
complex. The volume occupied by bound substrate and the 
number of molecules bound provide a formal concentration 
of bound prothrombin approaching 178 pM. In contrast, the 
bulk prothrombin concentration is 1.6 pM. Clearly, a con- 
centration gradient must exist between bound and free sub- 
strate, and the consequences of the lipid binding of pro- 
thrombin would alter both the surface concentration and the 
gradient. Since the gradient is a direct consequence of binding, 
our treatment of the data does not distinguish between lipid- 
bound substrate and substrate in the immediate vicinity of the 
lipid. 

The activity profile of prothrombin conversion in the 
presence of factor Xa, PCPS, and factor Va at increasing CaZ+ 
concentrations is complex. Appreciable activity with factor 
Va present is seen at Ca2+ concentrations well below those 
required for the quantitative binding of factor Xa to phos- 
pholipid in absence of factor Va, further supporting the notion 
that the binding of factor Xa to phospholipid-bound factor Va 
is essential for prothrombinase activity. 

(3) 

(4) 

(5) 

Ca*+ 

3 

3 
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Assignment of Resonances in the Phosphorus-3 1 Nuclear Magnetic 
Resonance Spectrum of Poly[ d( A-T)] from Phosphorothioate Substitution+ 

Fritz Eckstein* and Thomas M. Jovin 

ABSTRACT: Two phosphorothioate analogues of poly [d(A-T)] 
have been synthesized enzymatically. In one, poly[d(A;T)], 
dTMP is replaced by thymidine 5’-Ophosphorothioate; in the 
other, poly [d(T;A)], dAMP is replaced by 2’-deoxyadenosine 
5’-0-phosphorothioate. The 31P NMR spectrum of poly[d- 
(AIT)] in solutions at low salt concentration shows two reso- 
nances at 51.80 and -4.25 ppm relative to trimethyl phosphate. 
The corresponding values for poly[d(T;A)] are 51.51 and -4.43 
ppm. These data allow the assignment of the downfield res- 
onance at -4.23 ppm in poly[d(A-T)] to the phosphate group 

A variety of structural and spectroscopic studies suggest that 
the sugar phosphate backbone of the alternating copolymer 
of dAMP and dTMP (poly[d(A-T)]’ is not uniform but 
probably is best described by an alternating conformation [for 
a review, see Zimmermann (1982)l. Thus, 31P NMR spec- 
troscopy shows two signals for segments of helical poly [d(A- 
T)] less than 200 base pairs in length at 30 OC in solutions 
of low ionic strength (Shindo et al., 1979; Cohen et al., 1981). 
The difference in chemical shift disappears upon melting of 
the double helix but is increased in the presence of high salt 
concentrations, particularly CsF (Pate1 et al., 1981). For an 
interpretation of these spectra, an assignment of the two signals 
to the phosphorus of the two internucleotidic linkages d(ApT) 
and d(TpA) is necessary. We attribute the resonance at higher 
field to d(ApT) and that at lower field to d(TpA) on the basis 
of measurements performed with polymers carrying selective 
substitutions of the phosphate group by phosphorothioate. The 
upfield shifts observed upon an increase in ionic strength apply 
to all phosphates in the polymer as well as in the corresponding 
dinucleoside monophosphates. 

Experimental Procedures 

Materials 
The Sp diastereomer of dATPaS was synthesized from the 

chemically synthesized mixture of diastereomers of dADPaS 
by reaction with phosphoenolpyruvate and pyruvate kinase 

From the Max-Planck-Institut fur experimentelle Medizin, Abteilung 
Chemie (F.E.), and the Max-Planck-Institut fur biophysikalische Che- 
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of d(TpA) and the resonance at -4.41 ppm to that of d(ApT). 
Thus, strong evidence is provided for a repeating dinucleotide 
structure. A comparison of the 31P NMR spectra of the 
various polymers in solutions of 2 M CsF reveals that both 
resonances are shifted upfield by approximately 0.9 ppm in 
the case of the phosphorothioates and by 0.2 or 0.4 ppm in 
the case of the phosphates. An upfield shift of about 0.18 ppm 
can also be observed for the two corresponding dinucleoside 
monophosphates. Thus, the upfield shift induced by high 
concentrations of CsF is not specific for the polymer backbone. 

(Burgers & Eckstein, 1979) as described for ATPaS (Eckstein 
& Goody, 1976). The mixture of diastereomers of dTTPaS 
was synthesized by reaction of acetyl phosphate and acetate 
kinase with the mixture of diastereomers of dTDPaS (Bartlett 
& Eckstein, 1982) which were synthesized from dTMPS as 
described for ADPaS (Eckstein & Goody, 1976). The dia- 
stereomers of d[Tp(S)A] were prepared as described (Ro- 
maniuk & Eckstein, 1982) and those of d[Ap(S)T] by an 
analogous procedure (S. Spitzer and F. Eckstein, unpublished 
results). 

Poly[d(A-T)] and alkaline phosphatase from calf intestine 
were obtained from Boehringer Mannheim, Germany. Mi- 
crococcus luteus DNA polymerase I was from P-L Biochem- 
icals, Milwaukee, WI. d(TpA) and d(ApT) were purchased 
from Sigma Chemical Co., St. Louis, MO. High-pressure 
liquid chromatography was performed on a Waters Associates 

’ Abbreviations: dATPaS, deoxyadenosine 5 / 4 4  1-thiotriphosphate); 
dADPaS, deoxyadenosine 5’-O( 1-thiodiphosphate); dAMPS, 2‘-deoxy- 
adenosine 5’-0-phosphorothioate; dTTPaS, thymidine 5’-0-( l-thiotri- 
phosphate); dTDPaS, thymidine 5’-0-(l-thiodiphosphate); dTMPS, 
thymidine 5’-0-phosphorothioate; ATPaS, adenosine 5‘-0-( l-thiotri- 
phosphate); poly[d(A-T)], alternating copolymer of dAMP and dTMP; 
poly[d(G-C)], alternating copolymer of dGMP and dCMP; poly[d- 
(TIA)], alternating copolymer of dTMP and 2’-deoxyadenosine 5 ’ 4 -  
phosphorothioate; poly[d(AIT)], alternating copolymer of dAMP and 
thymidine 5’-0-phosphorothioate; d[Tp(S)A], 5’-0-( 2’-deoxyadenosyl) 
3’-0-thymidyl phosphorothioate; d[Ap(S)T], 5’-0-thymidyl 3’-0-(2’- 
deoxyadenosyl) phosphorothioate; d(TpA), 5’-0-(2’-deoxyadenosyl) 3’- 
0-thymidyl phosphate; d(ApT), 5’-0-thymidyl 3’-0-(2’-deoxyadenosyl) 
phosphate; NMR, nuclear magnetic resonance; HPLC, high-performance 
liquid chromatography; Tris, tris(hydroxymethy1)aminomethane; EDTA, 
ethylenediaminetetraacetic acid. 
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