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ABSTRACT 

Bovine prothrombin has been isolated and purified to homogeneity 

with 50% recovery compared to plasma. The purification procedure in

volves precipitation of the prothrombin with barium citrate, elution of 

the prothrombin from the precipitate with sodium citrate and EDTA, DKAE 

cellulose chromatography of the eluate, and finally preparative elec

trophoresis of the prothrombin. The resulting prothrombin was homoge

neous by analytical ultracentrifugation, disc gel electrophoresis, and 

SDS electrophoresis and possessed a specific activity of 4-5 units/mg. 

The prothrombin purified by this procedure has apparent molecu

lar weights of 67,500 by analytical ultracentrifugation, 73,000 by SDS 

electrophoresis, and 72,000 by gel filtration on calibrated columns of 

Bio-Gel P-200. The apparent molecular weight of prothrombin on columns 

of Sephadex G-150 was 95-105,000. The prothrombin contains 8.01 carbo

hydrate as 2.5% neutral hexose, 2.3% amino sugar, and 3.0% sialic acid. 

By equilibrium dialysis and gel filtration binding techniques, prothrom

bin was found to bind 10 moles of calcium ions per mole of protein with 

a dissociation constant of 6.3 x 10 ̂  M. This calcium ion binding was 

not pH dependent between pH 6.0 and 8.0. It was also apparent from the 

Scatchard plot of these data that two types of binding sites were in

volved: 1) high affinity sites binding 3-4 moles of calcium ions and 

2) lower affinity sites accounting for the rest of the calcium ion bind

ing. 
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When this prothrombin, either in solution or bound to phospho

lipid aggregates in the presence of calcium ions, was treated with 

purified thrombin, two polypeptides were obtained: 1) a nonthrombogenic 

fragment 1 (MW 25,000) and 2) a thrombogenic intermediate 1 (MW 50,000). 

The fragment 1 was found to contain 2/3 of the carbohydrate and all of 

the calcium ion binding sites present in the native prothrombin. This 

calcium binding was also found not to be pH dependent between pH 5.0 and 

9.0. The intermediate 1 contains the remaining 1/3 of the carbohydrate 

of the original prothrombin which ultimately is found in thrombin. The 

intermediate 1 binds no calcium ions and subsequently does not bind to 

phospholipid aggregate surfaces. 

When the fragment 1 was digested with trypsin, several peptides 

were obtained, two of which contained the carbohydrate moieties of the 

fragment 1. One other peptide which did not contain carbohydrate pos

sessed the ability to bind 3-4 moles of calcium ions per mole of peptide 

(MW 3500). This number of calcium ion binding sites is the same number 

as the high affinity sites present in the native prothrombin. This cal

cium ion binding peptide contained a very high percentage of glutamic 

acid residues (33%) as determined by the amino acid composition. N-

terminal analysis of this peptide indicated that its location is proba

bly very near the N-terminus of fragment 1. Fragment 1 is approximately 

the amino terminal 1/3 of the prothrombin molecule. The calcium ion 

binding sites are most probably involved in binding to the surface of 

phospholipid aggregates since the calcium ion binding peptide could be 

separated from the other peptides by addition of calcium ions and phos

pholipid aggregates to the hydrolysis mixture. EDTA treatment of the 
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phospholipid aggregates was required to release the calcium ion binding 

peptide into solution. 

The asymmetry of the prothrombin molecule is very apparent in 

that a polypeptide located at the N-terminal end of prothrombin (frag

ment 1) contains all of the calcium ion binding sites and the majority 

of the carbohydrate moieties. Also a small peptide which is located at 

the N-terminus of fragment 1 contains the high affinity calcium ion 

binding sites of the original prothrombin and is very probably responsi

ble for the lipid binding characteristics of prothrombin. 



CHAPTER 1 

INTRODUCTION 

Overview of Blood Coagulation 

Characterization of the sequential reactions of blood coagula

tion, particularly the molecular mechanism of the conversion of pro

thrombin to thrombin, has been a goal of many investigators since the 

proposal of such a process by Morawitz (1905). The clotting process 

culminates in the conversion of a soluble plasma protein, fibrinogen, to 

an insoluble derivative, fibrin. Thrombin or factor IIa\ is the enzyme 

responsible for the conversion of fibrinogen to fibrin monomers. Poly

merization of these soluble fibrin monomers to the insoluble fibrin clot 

is mediated by factor XHIa. This enzyme, a transaminase, catalyzes the 

intermolecular transamidation of the a-amino group of lysine on one 

chain of fibrin and the a-carboxamido group of glutamine on an adjacent 

chain (Lorand, Konishi, and Jacobsen, 1962). 

The process of blood coagulation can be initiated by a variety 

of stimuli and proceeds by one of two recognized pathways. Included 

in the "intrinsic" pathway are factors VIII, IX, XI, and XII; the "ex

trinsic" pathway requiring tissue thromboplastins and factor VII. The 

site of stimulus governs the sequence of reaction steps in either the 

intrinsic or the extrinsic pathway. The intrinsic pathway is initiated 

1. Nomenclature for various coagulation factors is that recom
mended by an international nomenclature committee (Wright, 1959). 

1 
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by collagen (Niewiarowski, Bankowski, and Rogowicka, 1967) or glass 

which activates factor XII, while the extrinsic system is mobilized by 

the formation of a complex between circulating factor VII (Nemerson, 

1966) and a so-called tissue factor present in the vessel wall. The 

intrinsic system appears more complicated; it involves several sequen

tial reaction steps of initmately associated, concerted reactions in 

which inactive factors are activated in a stepwise manner by a preceding 

activated species as shown in Figure 1. This has been designated the 

"waterfall" scheme by Davie and Ratnoff (1964) or "cascade" scheme by 

McFarlane (1964). In contrast, the extrinsic system apparently has a 

much more simplistic mode of action and reacts more rapidly than the in

trinsic system. In fact, Nemerson (1966) reported that the foimation of 

the tissue factor--factor VII--Ca++ complex is virtually instantaneous. 

It is of import to note that the point of convergence of these two path

ways is the activation of factor X. Other means by which factor X is 

activated include the venom from the Russell's viper (Fujikawa, Legaz, 

and Davie, 1972) and certain proteolytic enzymes (Papahadjopoulos and 

Hanahan, 1964; Bajaj and Mann, 1973; Radcliffe and Barton, 1973). Rad-

cliffe and Barton (1973) presented evidence that factor Xa derived from 

various sources of activation were physically very similar if not iden

tical. 

As shown in Figure 1, phospholipids participate in three reac

tions: 1) the activation of factor X in the intrinsic system (factors 

VIII and IX, phospholipid and calcium); 2) the formation of factor Xa in 

the extrinsic system (tissue factor, factor VII, and Ca++); and 3) the 

conversion of prothrombin to thrombin by "prothrombinase" (factors Xa, 



Intrinsic System 

FACTOR HI —»- FACTOR XHo 

t 
FACTOR XT *• FACTOR 3Io 

{ 

Extrinsic System 

TISSUE DAMAGE, 
Release of Tissue Factor 

+ 
Foctor 'ZII, Ca*' + 

FACTOR TL 

Foctor vim , Co 

Phospholipid 

FACTOR I 

FACTOR XEa 

• + 

FACTOR Xa-*-

Foctor 3Z Co4 * 

Phospholipid 

FACTOR n — FACTOR Ho • 
• (Thrombin) 

FIBRINOGEN-

FACTOR X 

FACTOR XEr 

FIBRIN-

FACTOR XEHa 1 
—>• CLOT 

Figure 1. Cascade or waterfall scheme of the reactions of blood 
coagulation. 
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V, phospholipid and calcium). In vivo, Marcus (1966) has suggested the 

added phospholipid for reactions 1 and 3 above are derived from plate

lets. Research from many laboratories has shown that both factor Xa and 

factor V, a plasma protein which serves as a cofactor for prothrombin 

conversion, can be adsorbed onto phospholipid aggregates (Papahadjo-

poulos and Hanahan, 1964; Jobin and Esnouf, 1967). Apparently factor Xa 

requires calcium ions for adsorption to phospholipid while factor V does 

not. Evidence has been accumulating that this adsorption might be an 

essential feature of the formation of "prothrombinase." Barton, Jack

son, and Hanahan (1967), Hemker and Kahn (1967) and Barton and Hanahan 

(1969) have suggested that the complex of factor V and factor Xa occurs 

on a phospholipid aggregate and is probably the active physiological 

enzyme. Additional evidence for the thesis that phospholipids are an 

essential component in coagulation come from reports by Bergsagel and 

Hougie (1956), Spaet and Cintron (1963) and Lundblad and Davie (1964). 

These research groups independently reported that in all probability 

factor IXa and factor VIII adsorb to a phospholipid surface forming the 

macromolecular complex which activates factor X. These various studies 

suggest that factors IX, VII, X, and II all require adsorption to phos

pholipid via calcium ions for their conversion to an active species. 

Interestingly, these four coagulation factors also all 1) require vita

min K for their biosynthesis in the liver, 2) are relatively the same 

molecular size and 3) contain carbohydrate in varying amounts. 

These observations have given support to a concept that differs 

from the original cascade or waterfall schemes, namely that a series of 

complexes, involving at least two coagulation factors, phospholipid and 
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calcium ions are the important components of blood coagulation. An 

example is shown in Figure 2. 

Emphasis should also be placed on the recent evidence that every 

factor need not be activated as was originally proposed by McFarlane 

(1964). Reports by Hougie, Denson and Biggs (1967) on factor VIII and 

Barton et al. (1967) on factor V suggest that these two proteins are in 

an active state in the plasma. However they can apparently be activated 

further by thrombin. There is also a large body of evidence suggesting 

obligatory activation of these factors. 

Review of Other Preparations of Prothrombin 
and Their Physico-Chemical Properties 

Research recently has centered around elucidation of the molecu

lar mechanism whereby factor II is converted to thrombin, and the isola

tion and characterization of the intermediates formed in this process. 

This research has principally focused on bovine prothrombin, in view of 

its accessibility and the fact that factor II isolated from bovine and 

human sources are very comparable in most of their physico-chemical 

parameters. 

Tishkoff, Williams, and Brown (1968) prepared a crystalline 

barium ion-prothrombin complex which contained factors VII, IX, and X 

essentially by the barium citrate adsorption procedure described by 

Lewis and Ware (1953). The complex was homogeneous by sedimentation 

velocity, sedimentation equilibrium analysis and gel filtration chroma

tography. The prothrombin could then be isolated by chromatography of 

the barium citrate complex on DEAE cellulose. Its molecular weight was 

calculated to be 65,000 ± 1200. Ingwall and Scheraga (1969), employing 
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Activation of Factor X Production of Prothromblnose 

FACTOR IXo + FACTOR 3ZUI + Ca + 
PHOSPHOLIPID (PL) 

f IXo • F nn • PL » ca** 

FACTOR X- FACTOR Xa 

FACTOR Xa + FACTOR Y + Ca 
PHOSPHOLIPID (PL) 

I 
r F X a  •  F  I  •  P L  •  C a  

FACTOR H FACTOR Ha 
(Thrombin) 

Figure 2. Formation of complexes for two key reactions in blood coagu
lation. 
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a commercial preparation of partially purified bovine factor II, further 

purified the factor II by a combination of isoelectric precipitation at 

pH 4.1-4.5 and DEAE Sephadex chromatography. This purified prothrombin, 

which was not analyzed for other clotting factors, exhibited a single 

band on analytical disc gel electrophoresis, and by sedimentation equi

librium analysis yielded a molecular weight of 74,000 ± 1000. These 

investigators reported that prothrombin had only one chain and that the 

N-terminus was threonine. 

Malhotra and Carter (1968) purified bovine factor II by a combi

nation of barium sulfate precipitation, Bentonite and kaolin treatment. 

The prothrombin was then adsorbed to barium citrate and upon elution was 

subjected to ammonium sulfate fractional precipitation. The purified 

protein was obtained by isoelectric precipitation. These investigators 

reported a specific activity comparable to other published preparations 

and a symmetrical peak from a sedimentation velocity run in the analyti

cal ultracentrifuge. The molecular weight was not reported nor was 

there any indication given of the possible contamination by other clot

ting factors. 

Cox and Hanahan (1970) published a procedure for purification of 

bovine factor which probably yields prothrombin of the highest purity of 

any of the preparations mentioned above. Their prothrombin was isolated 

in 11-15% yield by a combination of barium sulfate treatment, DEAE cel

lulose chromatography and ammonium sulfate fractionation. The product 

showed a single band on disc gel electrophoresis and had a calculated 

monomer molecular weight of 68,000 ± 3000 by sedimentation equilibrium 

analysis. In order to prevent artifact formation (degradation), it was 
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necessary to include diisopropylfluoro phosphate (DFP) in all prepara

tive steps. The amino acid composition was determined and found to best 

agree with that reported by Seegers et al. (1967). 

Magnusson (1970) reported that he was unable to find any subunit 

structure in bovine factor II and concluded that the molecule consisted 

of one polypeptide chain of approximately 560 amino acids with a molecu

lar weight of 68,000. In contrast to the report of Ingwall and Scheraga 

who found threonine as the N-terminal amino acid, Magnusson could only 

identify alanine as the N-terminus. 

Recently, Bajaj and Mann (1973) and Esnouf, Lloyd, and Jesty 

(1973) have published procedures for the simultaneous purifications of 

factor II and factor X. Neither of these reports appear to be novel 

approaches to the purification of these two clotting factors, nor do 

they ameliorate any more amenable methods for the handling of large 

batches of plasma. In the factor X sections of these two procedures, 

only minor modifications of themethods of Fujikawa et al. (1972) and 

Jackson and Hanahan (1968) were employed. The recoveries of factor II 

reported by Bajaj and Mann (1973) are somewhat higher than that obtained 

by Cox and Hanahan (1970) and are very similar to that reported by 

Kisiel and Hanahan (1973a). Specific activities are identical which is 

to be expected. The yields reported by Esnouf et al. (1973) on factor 

II purification were some 30-501 lower than that reported by Cox and 

Hanahan (1970). The respective specific activities and recoveries re

ported for factor X purification by these two research groups are very 

similar to those reported by Fujikawa et al. (1972). On the basis of 

the above discussion, it seems that these simultaneous preparations of 
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these two clotting factors specifically, or proteV purification in 

general. 

Many laboratories have also concentrated on purification proce

dures for human factor II. Lanchantin et al. (1968) isolated human pro

thrombin from plasma by adsorption onto barium citrate followed by 

Dowex-50 elution to remove barium ions. After this ion exchange step 

prothrombin was batch adsorbed onto DEAE cellulose and eluted with 

citrate buffer. Following 50-66% ammonium sulfate precipitation, pro

thrombin was desalted on Sephadex G-25 columns. The factor II was 

judged homogeneous by both disc gel electrophoresis between pH 7-9, and 

by Immunoelectrophoresis. The protein was obtained in 30-501 yield and 

had a molecular weight of 68,700. Shapiro and Waugh (1966) also re

ported a purification scheme for human factor II based on DEAE cellulose 

adsorption, barium citrate precipitation and finally gel filtration 

chromatography. More recently, Kisiel and Hanahan (1973a) published a 

novel procedure for isolation of human factor II involving the initial, 

universally used barium salt adsorption to remove prothrombin complex 

from the plasma. After elution from the precipitate with slightly 

acidic citrate buffer and subsequent EDTA treatment, the prothrombin was 

separated from other proteins by DEAE cellulose chromatography. In con

trast to the bovine system, human factor X cannot be separated from 

factor II by DEAE cellulose. This separation was achieved in the last 

step of the isolation procedure by preparative disc gel electrophoresis. 

The final product can be obtained in 50% yield in 2-3 days. This factor 

II possessed a very high specific activity and was homogeneous by elec

trophoresis and sedimentation equilibrium. The observed molecular 
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weight on calibrated columns of Sephadex G-100, 150 and 200 was 90-

100,000 daltons. This is in contrast to the molecular weight of about 

65-70,000 daltons reported by Shapiro and Waugh (1966) and Derleth and 

Penner (1971) using columns of Sephadex G-100. 

Seegers reported in 1940 that his prothrombin preparation iso

lated from bovine plasma was a glycoprotein. Later research by Lorand 

and Seegers (1954) indicated that activation of prothrombin by 25% ci

trate liberated TCA soluble carbohydrate prior to thrombin activity 

generation. The reducing sugar content of their factor II was reported 

to be 51, based on standards of galactose and mannose. Laki and Seegers 

(1954) published a hexose value for bovine prothrombin of 6.51 in terms 

of glucose, 1.7% hexosamine and 0.6% pentose. Miller and Seegers (1956) 

also isolated a polysaccharide from their prothrombin which they deter

mined to be polyglucose. They also reported hexuronic acid as a hydrol

ysis product of prothrombin. It should be pointed out that a polymer of 

glucose and the presence of hexuronic acid are very unusual in a glyco

protein. 

Tishkoff, Pechet, and Alexander (1960) reported neuraminic acid 

as the major carbohydrate along with lesser amounts of hexose and hexos

amine. An extensive carbohydrate analysis of bovine prothrombin was re

ported by Magnusson (1965). By the orcinol reaction, Magnusson 

determined 4.8% hexose as galactose and mannose and 4.4% neuraminic acid 

of which essentially all was the N-acetyl derivative as assessed by 

paper chromatography. In addition, Magnusson determined that the neur

aminic acids were the terminal sugar on the carbohydrate moieties and 

that the 2% hexosamine consisted of 1.8% glucosemine and 0.2% 
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galactosamine. Total prothrombin carbohydrate was found to be 11.2%. 

Neither pentose nor glucoronic acids were observed after hydrolysis. 

Ingwall and Scheraga (1969) reported 231 hexose as determined by the 

Anthrone reaction which is considerably higher than any other report 

on the hexose content of bovine factor II. 

Recently Stenflo (1972) published values of 5.71 neutral sugar, 

4.51 N-acetyl glucosamine and 3.4% sialic acid for his preparation of 

prothrombin. Concurrently, Nelsestuen and Suttie (1972b) published simi

lar values for their preparations of factor II. 

The carbohydrate composition of human factor II has not been 

investigated as thoroughly. Lanchantin et al. (1968) reported 10% car

bohydrate consisting of 4.11 hexose, 3.4% neuraminic acid, and 2.4% N-

acetyl glucosamine. Kisiel and Hanahan (1973a) reported 8% carbohydrate 

consisting of 2.8% hexose, 2.3% sialic acid and 3.1% hexosamine. 

While the presence of carbohydrate as an integral portion of the 

prothrombin molecule has been known for quite some time, the function 

of these sugar moieties is poorly understood. A possible function for 

the carbohydrate residues on circulating glycoproteins, especially those 

terminating in neuraminic acid with galactose in the penultimate positio 

tion, has been reported by Morell et al. (1968, 1971) and Van den Hamer 

et al. (1970). These researchers observed that when the terminal sialic 

acid residues were removed from glycoproteins (notably ceruloplasmin, 

haptoglobin, thyroglobulin) by enzymatic or chemical means the remaining 

asialoglycoprotein, upon injection into the bloodstream, was rapidly 

taken up by the liver. If the penultimate galactose (now terminal) was 

also removed, the liver uptake was no longer rapid and the half-life of 
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the modified protein approaches that of the native protein. This sug

gests that the terminal sialic acid residue possibly acts as a determi

nant for circulatory half-life. 

For many glycoenzymes it is possible to remove much of the car

bohydrate and not lose enzymatic activity. An example of this is throm

bin (Skaug and Christensen, 1971). In contrast, there are other 

glycoproteins in which destruction of biological activity is attendant 

upon removal of even small amounts of carbohydate. Examples of this 

were reported by Spiro (1970) and include carbohydrate-containing hor

mones of the anterior pituitary where minor modification of the carbo

hydrate portion abolishes the specific interaction of the hormone with 

its target organ. Similarly, fibrinogen requires intact carbohydrate 

for fibrin formation (Mester, 1968). Another possible attribute of the 

sugar moieties on protein is seen in the proposal by Morgan et al. 

(1970) suggesting that the disaccharide units attached to hydroxylysine 

residues in collagen may determine the packing arrangement of the fi

brils. The above evidence indicates there may be at least a dual role 

for the carbohydrate moieties. In some glycoproteins the function of 

the attached carbohydrate may be only for the determination of circula

tory half-life and the presence or absence of the terminal sialic acids 

the major signal for parenchymal cells of the liver to catabolize these 

types of glycoproteins. In other groups of glycoproteins, the sugar 

moieties play a distinct role in the biological function of the molecule 

at its target cells or organs. 

Whether the attached carbohydrate moieties on prothrombin play 

a role in determination of a circulatory half-life of the glycoprotein 



or whether the sugars play a role in the actual clotting mechanism has 

been studied with varying degrees of success. Nelsestuen and Suttie 

(1971) removed 851 of the sialic acids of bovine prothrombin with neur

aminidase and injected this asialoprothrombin into a rat. They found 

that the asialo derivative had a half-life of 9 minutes while the con

trol, untreated factor II, had a half-life of 90 minutes. These authors 

conclude that these observations broaden the support for the theory pro

posed by Morell et al. (1971) that sialic acid is a determinant for 

circulatory half-life of some glycoproteins in general and factor II, 

specifically. It would seem that their results would have achieved 

greater significance had they injected their asialoprothrombin back into 

the same species of animal from which they had obtained the prothrombin. 

Other research groups have removed varying amounts of carbohy

drate from prothrombin and measured the biological activity remaining 

after treatment. Tishkoff et al. (1960) described the removal of 701 of 

the sialic acids from factor II with a bacterial neuraminidase and found 

an accompanying 201 loss of factor II activity. Neither their prothrom

bin or the neuraminidase was pure, however. In contrast, Miller and 

Seegers (1956) reported the removal of 60-701 of the carbohydrate in 

their preparations without loss of any biological activity. Their prep

aration contained large amounts of impurities including other clotting 

factors. They also failed to report the presence of any sialic acid in 

their starting material. Recently, Nelsestuen and Suttie (1971) re

ported the removal of some 401 of the carbohydrate from bovine factor II 

measured by free hexosamine, by treatment with large amounts of various 

glycosidases. They found a 301 loss of clotting activity. From these 
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studies, it is not clear whether carbohydrate, especially the terminal 

sialic acids, play a role in the clotting activity of prothrombin. From 

the available data, it appears that an unambiguous conclusion cannot be 

drawn as to whether the sugar is a determinant for liver uptake and sub

sequent destruction of the glycoprotein. 

Interactions of calcium ions with carbohydrates have been impli

cated in such biological processes as calcium transport through mem

branes (Moore, 1971) cell-cell adhesion (Hays, Singer, and Malamed, 

1965) and the binding of glycoproteins to cell surfaces (Pricer and 

Ashwell, 1971). It has also been demonstrated that calcium ions complex 

with both uncharged (Rendleman, 1966) and anionic (Herring, Andrews, and 

Chipperfield, 1971) carbohydrates in aqueous solution. Whether the 

carbohydrate chains, especially the terminal sialic acids which carry a 

negative charge at neutral pH (pKa 2.3), facilitate calcium binding to 

prothrombin or in some way orient the protein to bind calcium and subse

quently adsorb to phospholipid aggregates, is unknown. 

Role of Calcium Ions and Phospholipids 
in Blood CoagulaTTon 

Certain phospholipid mixtures in the presence of calcium ions 

have been shown to have a profound effect on the rate of the reaction 

converting factor II to thrombin. Jobin and Esnouf (1967) demonstrated 

that factor II is slowly converted to thrombin in the presence of factor 

Xa alone, while addition of 5 mM calcium chloride increases the rate 3 

fold. Further, if an aliquot of an emulsion of equimolar amounts of 

phosphatidylcholine and phosphatidic acid was added in the presence of 

calcium ions the rate increased 138 fold. While the exact molecular 
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interaction contributing to these rate increases remain uncharacterized, 

many research groups have extensively studied the lipid as well as the 

calcium ion requirements in this reaction. 

Rapport (1956) and Therriault, Michols, and Jensen (1958) re

ported that the clotting activity of phosphatidylcholine and phosphati-

dylserine could be greatly increased if these two lipids were emulsified 

together prior to use in the reaction. Bangham (1961) noted that emul

sions containing varying amounts of phosphatidylethanolamine with 

phosphatidylcholine exhibited increasing clotting activity with increas

ing surface charge. Papahadjopoulos, Hougie, and Hanahan (1962) con

vincingly demonstrated that the rate of clot formation was strongly 

influenced by the surface charge of the phospholipids used in the sys

tem. Later Papahadjopoulos and Hanahan (1965) demonstrated equimolar 

mixtures of phosphatidylcholine-phosphatidylserine developed the optimal 

"prothrombinase" activity in the presence of factor Xa, factor V and 

calcium ions. They also noted that these factors were all adsorbed to 

the phospholipid aggregate and could be isolated as a macromolecular 

complex on Sephadex G-200. Barton and Hanahan (1969) and Hanahan, Bar

ton, and Cox (1969) demonstrated by density gradient centrifugation that 

"prothrombinase" behaved as a lipoprotein. They further showed the 

stoichiometry of prothrombin binding to phosphatidylcholine-

phosphatidylserine (1:1, w/w) in 0.025 M calcium chloride, noting that 2 

grams of prothrombin could bind to 1 gram of phospholipid. It was also 

demonstrated in these reports that maximal binding of lipid and protein 

occurred between 10 and 25 mM calcium chloride ion concentrations. Di

valent metal ion concentrations above and below this range decreased 
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prothrombin-phospholipid binding. Bull, Jevons, and Barton (1972) ob

tained further information as to the nature of the lipid aggregate re

quired for optimal binding of factor II. Bull et al. (1972) reported 

that while phosphatidylcholine or a mixture of this lipid with phos-

phatidylethanolamine bound very little prothrombin, mixtures of phos

phatidyl serine with phosphatidyl choline were very effective up to 50% 

(w/w) aggregates of each lipid. When the major amount of lipid present 

was 1) the anionic species, 2) phosphatidylserine alone, 3) phospha

tide acid alone or 4) mixtures of these two, the prothrombin would bind 

but generate only ve:ry small amounts of thrombin when assayed. They 

concluded this anticoagulant effect was due to very strong irreversible 

binding of prothrombin to lipid and that the optimal surface for both 

binding and subsequent conversion of prothrombin to thrombin should 

allow reversible binding. 

The role of calcium in the prothrombin conversion reaction, es

pecially with regard to inducement of some type of conformational change 

in factor II, has also been extensively studied. Hanahan et al. (1969), 

measuring the difference spectrum of the aromatic absorption region of 

prothrombin under various experimental conditions of calcium ions with 

and without phospholipid, found that calcium ions either with or without 

phospholipid (PS:PC dispersion) did not induce a perturbation of the 

aromatic residues. These results strongly suggested that the calcium 

ions are not bound to these residues or are even in close proximity to 

them. Further evidence as to the limited nature of binding of calcium 

and lipid was obtained from the optical rotatory dispersion (ORD) of 

prothrombin. Essentially no change in the ORD of prothrombin in the 
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free or bound state was detected in the 230-400 nm wavelength region. 

This lack of change in the ORD indicates that the conformation of the 

prothrombin does not change and supports a concept of very limited sur

face binding. 

More recently Bjork and Stenflo (1973) reported some perturba

tion in the circular dichroism spectrum of prothrombin at 280 nm in the 

presence of 0.005 M calcium chloride. No change was found in the circu

lar dichroism spectrum when the peptide bond region was scanned in the 

presence of calcium chloride. This conformational change manifests it

self at a fairly low calcium ion concentration (below 5 mM) and under 

the physiological conditions of the circulatory system the calcium level 

is such that the active conformation of the prothrombin is probably al

ways maintained. 

As a means of more clearly defining the role of calcium ions in 

the reaction converting factor II to thrombin, some research groups are 

studying an abnormal prothrombin in comparison to the native molecule. 

The abnormal prothrombin is synthesized by the liver in the presence of 

the vitamin K antagonists dicumarol or warfarin. This treatment mimics 

a vitamin K deficiency in the liver and effects a profound change in the 

prothrombin molecule synthesized under these conditions. Nelsestuen and 

Suttie (1972a) and Stenflo and Ganrot (1972) published purification 

schemes and physico-chemical data on the abnormal prothrombin. The amino 

acid composition, carbohydrate composition and molecular weights of the 

dicumarol factor II are very similar if not identical to the native 

prothrombin. There is however a very profound difference in the calcium 

ion affinities between the two molecules. Stenflo (1972) found that the 
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abnormal molecule would only bind 1 mole of calcium ions per mole of 

protein while the native factor II would bind about 10 moles of calcium 

per mole protein. No association constants were determined in this 

study. Nelsestuen and Suttie (1972c) also found that the abnormal mole

cule would bind only 1 mole of calcium compared to 4 moles of calcium 

per mole of normal prothrombin and no formation constants were reported. 

Nelsestuen and Suttie (1972c) followed a procedure measuring binding by 

the ultrafiltration method of Paulus (1969). Heyde (1973) demonstrated 

convincingly that great variations in binding data accompany use of this 

technique. Stenflo (1972) failed to measure the amount of calcium pres

ent in his factor II preparations before binding and he also did not de

termine if the binding was reversible. While their calcium ion binding 

data is not unequivocal, it appears very provocative that the abnormal 

prothrombin binds so much less calcium (if any at all) than the normal 

molecule. It is also of import to note that the abnormal prothrombin is 

completely refractory to conversion to thrombin by the prothrombinase 

reaction. However, thrombin activity can be generated from the abnormal 

factor II by limited proteolysis with trypsin or with Echis carinatus 

venom (Nelsestuen and Suttie, 1973b). This strongly suggests that the 

thrombin portion (C-terminal, Magnusson, 1970) of the abnormal molecule 

is identical to the native factor II. The anomaly must lie therefore 

in the nonthrombogenic portion of the molecule, i.e., even though throm

bin is present in the abnormal zymogen its activity cannot be liberated 

by the physiological conversion system unless the nonthrombogenic por

tion retains the ability to bind calcium ions. This is apparently the 

case in the normal molecule. 
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Conversion of Prothrombin to Thrombin 

In conjunction with carbohydrate and calcium ion studies of the 

prothrombin molecule, many research groups are approaching mechanistic 

studies on prothrombin conversion from another viewpoint. Purified pro

thrombin is incubated with some or all of the "prothrombinase" enzyme 

complex. At various times aliquots of the reaction mixture are removed 

and some separation technique is used to separate the activation prod

ucts and fragments. Aronson and Menache (1966) used a partially puri

fied preparation of human thrombokinase (Milstone, 1964), or factor Xa, 

to activate factor II. The products from this incubation were then 

chromatographed on a column of DEAE cellulose. These researchers ob

served two additional peaks of factor II two-stage activity in addition 

to unreacted factor II. Thrombin was found to co-chromatograph with one 

of the peaks of factor II two-stage activity, suggesting a thrombin 

precursor with molecular properties similar to prothrombin. 

Mann, Heldebrant, and Fass (1971) activated bovine prothrombin 

in 251 sodium citrate-defibrinated plasma temporally monitoring molecu

lar weight changes by sodium dodecyl sulfate electrophoresis and the 

production of thrombin activity toward fibrinogen and N-a-tosyl-L-

arginine methylester. Their results indicated the factor II (72,000 

daltons) was first converted to an intermediate of 65,000 daltons. This 

intermediate is subsequently cleaved to produce two single chain mole

cules of 39,000 and 24,000 daltons. This 39,000 species gives rise to 

an active thrombin molecule which consists of two disulfide linked 

chains of 33,000 and 6,000 daltons. Magnusson (1968) also reported this 

to be the molecular weight of the two chains of thrombin. 
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More recently, Heldebrant et al. (1973) revised their earlier 

sequential pathway of prothrombin activation. In this sequence factor 

II (70,000 daltons) is converted by factor Xa or factor Ila to a throm-

bogenic intermediate 1 (51,000 daltons) and intermediate 3 (23,000 dal

tons) which had no detectable biological activity. The intermediate 1 

was subsequently cleaved by factor Xa to generate a nonthrombogenic in

termediate 4 (13,000 daltons) and a thrombogenic intermediate 2. Inter

mediate 2 appears to be a single chain molecule of 41,000 daltons, which 

through a single peptide bond cleavage by factor Xa becomes active a-

thrombin. Consequently, a-thrombin is a two-chain molecule. 

The results of Gitel et al. (1973) corroborate these results 

exactly. These researchers introduced a nomenclature for the activation 

intermediates in which thrombogenic precursors of thrombin are labeled 

as intermediates and nonthrombogenic peptides are labeled as fragments. 

In their report, prothrombin was converted to intermediate 1 (thrombo

genic) and fragment 1 (inactive). This fragment 1 is identical to in

termediate 3 proposed by Heldebrandt et al. (1973). This intermediate 

1 is then converted to intermediate 2 (thrombogenic) and fragment 2 

(corresponds to intermediate 4). The intermediate 2 is then cleaved by 

factor Xa to form the two chain thrombin. The pathway is shown in Fig

ure 3. 

Stenn and Blout (1972), using an insolubilized derivative of 

thrombokinase (factor Xa) to activate bovine factor II concluded that 

thrombin could be generated from prothrombin by two separate pathways: 

1) a factor Xa catalyzed reaction and 2) a pathway catalyzed by thrombin 

(Figure 4). The thrombin-initiated pathway generated the same 
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PROTHROMBIN (70,000) 

Factor Ha 

INTERMEDIATE 3 (23,000) 
(FRAGMENT I )  

INTERMEDIATE I  (51,000) 

or Za 

Factor 

INTERMEDIATE 4 (13,000) 
(FRAGMENT 2) 

INTERMEDIATE 2 (41,000) 

Zo 

Factor X a  

a-THROMBIN (39,000) 

Figure 3. The conversion reaction of prothrombin to thrombin according 
to Heldebrant et al. (1973). 
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FRAGMENT I (Fa) 
(29,000) 

Foctor 

INTERMEDIATE I ( Po ) 
(59,000) 

->- FRAGMENT 2 (Fb) 

Factor \  Xo 

PROTHROMBIN (P, )-
(83,000) Factor Xa 

INTERMEDIATE 2 (P3) 
(37,000) 

FRAGMENT 1-2 (Fx) 
(45,000) 

Factor Xa 

THROMBIN (T|) 
(37,000) 

Figure 4. The prothrombin conversion pathways proposed by Stenn and 
Blout (1972). 

The nomenclature of the intermediates and fragments is that used by 
Esmon et al. (1973). The nomenclature employed by Stenn and Blout for 
the intermediates and fragments is listed in parenthesis. 
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intermediates as did the pathway of factor Xa activation proposed by 

Gitel et al. (1973) and Heldebrant et al. (1973). That is the appear

ance of intermediate 1 and fragment 1 and intermediate 2 and fragment 2 

followed by conversion of the intermediate 2 to thrombin. In contrast, 

the factor Xa catalyzed reaction generated intermediate 2 directly with 

the liberation of a fragment with an apparent molecular weight equal to 

the sum of fragment 1 and fragment 2 (41,000 daltons). Interestingly, 

both pathways converge at apparently the same place, formation of inter

mediate 2, and from there to thrombin the pathways are identical. 

Kisiel and Hanahan (1973b) also reported a similar pathway to 

that of Heldebrant et al. (1973) for human prothrombin. Further, they 

demonstrated that not only factor Xa would catalyze the reaction, but 

very low concentrations of trypsin would also carry out the activation, 

with subsequent digestion of thrombin, however. Moreover purified 

thrombin was shown to only catalyze the initial reaction of prothrombin 

going to intermediate 1 and fragment 1. 

Recently Esmon, Owen, and Jackson (1974) confirmed the two path

ways proposed by Stenn and Blout (1972) for prothrombin activation. 

Esmon et al. (1974) incubated bovine factor II in the presence and ab

sence of diisopropylfluoro phosphate (DFP). Intermediates rrom the 

activation were isolated and characterized. Factor Xa generated two 

intermediates, intermediate 2 and fragment 1-2. Fragment 1-2 is made up 

of fragment 1 and fragment 2. It was also shown that only thrombin 

could convert fragment 1-2 to fragment 1 and fragment 2. Kisiel and 

Hanahan (1974) demonstrated that similar pathways exist in the activa

tion of human prothrombin. Human factor Xa was incubated with human 
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factor II in the presence and absence of hirudin, a specific inhibitor 

of thrombin. The intermediates from these incubations were purified by-

preparative polyacrylamide gel electrophoresis. The isolated fragment 

1-2 (39,000 daltons) could not be cleaved to fragment 1 and fragment 2 

by human factor Xa. Human thrombin, on the other hand, would convert 

fragment 1-2 to two products of 27,000 daltons and 14,000 daltons, the 

molecular weights of fragment 1 and fragment 2 respectively. 

These data all indicate that initially factor Xa cleaves pro

thrombin to intermediate 2. Through a nicking reaction carried out by 

factor Xa, intermediate 2 is converted to the two chain thrombin. Once 

formed, this thrombin can then act back on other prothrombin molecules 

generating fragment 1 and intermediate 1. This intermediate can then 

be acted upon by factor Xa to ultimately generate thrombin. Whether the 

thrombin catalyzed pathway exists in vivo has not been determined. 

A theory for the maintenance of such a large number of reactions 

in blood coagulation is to provide a number of points of control for the 

process (Seegers, 1974). The thrombin catalyzed activation pathway 

might possibly be another means of control. Benson, Kisiel, and Hanahan 

(1973) and Jesty and Esnouf (1973) have shown that fragment 1 inhibits 

the factor Xa catalyzed conversion of prothrombin to thrombin in the one 

stage assay. The mechanism of unknown, but presumably involves compe

tition for prothrombinase sites by factor II and fragment 1. Kisiel and 

Hanahan (1973b) and Heldebrant et al. (1973) have also noted that the 

rate at which purified intermediate 1 is converted to thrombin by factor 

Xa is only a fraction of the rate in which factor Xa converts prothrom

bin to thrombin. These two intermediates generated by thrombin from 
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factor II may provide another novel means of controlling clot formation 

and enzymatic reactions in general. The product of the reaction (throm

bin) feeds back on the starting material (prothrombin) to convert it to 

intermediates that act as a kind of competitive inhibitor to the enzyme 

catalyzing the reaction, factor Xa. In classical allosteric feed back 

inhibition processes, the product directly interacts with the enzyme 

causing some type of conformational change. After the interaction the 

enzyme is usually no longer able to catalyze the reaction. In this case 

the enzyme is unaffected but competitive inhibitors generated by the 

product from the starting material are interjected into the reaction. 

This would also serve to lower the amount of prothrombin that could be 

converted to thrombin by factor Xa. 

Rationale 

The foregoing literature survey of the more pertinent observa

tions regarding the conversion of prothrombin to thrombin especially 

with regard to calcium ions, lipid requirements and conversion inter

mediates form a basis for this dissertation. The objectives of which 

were to isolate and fully characterize bovine factor II, and to identi

fy, isolate and partially characterize the regions of prothrombin re

sponsible for calcium and lipid binding, and those containing 

carbohydrate residues. Factor II, in large quantities, was isolated by 

a procedure unique to the purification of plasma proteins, preparative 

disc gel electrophoresis. It was necessary therefore to compare the 

prothrombin isolated by this procedure to other published procedures. 

In this regard it was also of import to physico-chemically describe 



the prothrombin as it is the starting material for the generation, iso

lation, and subsequent characterization of the conversion intermediates, 

calcium ion binding peptides and glycopeptides described in this study. 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

DEAE-cellulose, Whatman DE-52, pre-swollen, 1.0 mequiv/g, pre-

cycled according to manufacturer's instructions, H. Reeve Angel and Co., 

Clifton, N. J. Sephadex G-10, 25, 75, 100, 150, 200, DEAE A-25, SE and 

SP C-50, and Dextran Blue 2000 were obtained from Pharmacia Fine Chemi

cals, Piscataway, N. J. 

Neuraminidase (Clostridium perfringens, 1.1 units/mg), bovine 

serum albumin, cytochrome c, bovine carbonic anhydrase, myoglobin, insu

lin, mannose, galactose, glucose, N-acetylneuraminic acid, glucosamine, 

acetyl acetone, p-dimethylaminobenzaldehyde, 2-thiobarbituric acid, 

sodium lauryl sulfate (SDS), glycine, Trizma base, bovine fibrinogen 

(CQHN fraction I), bovine factor II and VII deficient plasma, bovine 

factor VII and X deficient plasma, N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid (HEPES) were purchased from Sigma Chemical Co., St. 

Louis, Mo. 

Diisopropylfluorophosphate (DFP) was used as a 1.0 M solution in 

anhydrous 2-propanol, urea, and guanidine hydrochloride were obtained 

from Schwarz-Mann, Van Nuys, Calif. N,N'-methylenebisacrylamide and 

acrylamide, recrystallized from acetone and chloroform respectively, ac

cording to Loening (1967), and N,N,N',N'-tetramethylenediamine were pur

chased from Eastman Chemicals, New York, N. Y. Dialysis tubing was 

27 
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obtained from Van Waters and Rogers, Los Angeles, Calif., and treated 

according to McPhie (1971) before use. Ortho Plasma Coagulation Control 

was obtained from Ortho Diagnostics, Paritan, N. J. Russel's viper 

venom, Lot VR24F, was supplied by the Miami Serpentarium, Miami, Fla. 

Trypsin, pre-treated with tosylphenylalanyl chloromethylketone (TPCK), 

189 units/mg, was purchased from Worthington Biochemicals, Freehold, 

N. J. Fetuin was obtained from Grand Island Biological Co., Huntington 

Beach, Calif. 

Cephalin used in the routine assay of factor II and factor X was 

a chloroform extract of human brain acetone powder prepared according to 

the procedure of Bell and Alton (1954). Phosphatidylserine and phospha

tidylcholine were purified from bovine brains and hens eggs respective

ly, by Dr. Masami Gamo (Department of Biochemistry, The Univeristy of 

Arizona Medical Center). Cyclohexanone was purchased from Mallinckrodt 

Chemical Co., St. Louis, Mo. Cyanogen bromide was obtained from Aldrich 

Chemical Co., San Leandro, Calif. Agarose was supplied by Bio-Rad 

Laboratories, Richmond, Calif. Bovine topical thrombin was purchased 

from Parke-Davis, Los Angeles, Calif. The dansyl amino acid standards 

were obtained from CalBiochem, San Diego, Calif. The standards (barium 

chloride and calcium chloride) used for atomic absorption analysis were 

obtained from Beckman Instruments, Palo Alto, Calif. 
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Assay Procedures 

Factor II concentration was measured by absorption at 280 nm 

using an E2gQ =13.6 correcting for Rayleigh light scattering according 

to Shapiro and Waugh (1966). 

Amino acid analyses were performed according to Spackman, Moore, 

and Stein (1958) using a Beckman 120 amino acid analyzer. Peak areas 

were determined by manual integration. The protein solutions were de

salted by dialysis and lyophilized prior to hydrolysis in constantly 

boiling HC1 at 110° for 24, 48, and 72 hours. The peptides released by 

TPCK-tryptic digestion were hydrolyzed for 48 hours. All acid hydrol-

yses were carried out in evacuated tubes. An internal standard of nor-

leucine was used in all hydrolysates. The values for serine and 

threonine were determined by semilogarithmic extrapolation to zero hy

drolysis time while valine and isoleucine were determined by their value 

at 72 hours of hydrolysis. Tryptophan was estimated spectrophotometri-

cally by the method of Goodwin and Morton (1946). 

Neutral sugars were determined by the anthrone procedure de

scribed by Spiro (1966), using an equimolar mixture of mannose and 

galactose as a standard. Hexosamines were assayed according to a modi

fication of the procedure of Elson and Morgan as reported by Gatt and 

Berman (1966) using galactosamine and glucosamine as standards. The 

sialic acid content of factor II as well as of its conversion fragments 

and peptides was assessed by the 2-thiobarbituric acid assay of Warren 

(1959). In early studies fetuin was used to calibrate the assay. 



Neutral sugars and amino sugars were also quantitated by gas-

liquid chromatography of the alditol acetates of the sugars according 

to the method reported by Grimes (1974). Samples containing 10-20 pg 

of each sugar were hydrolyzed in sealed tubes containing 1.0 ml of 2 N 

trifluoroacetic acid at 120° for 90 minutes. The hydrolyzates were 

dried at 40° under a stream of nitrogen, and 10-20 ug of 2-deoxyglucose 

in 0.5 ml of water was added as an internal standard. Then 0.1 ml of 

3 N sodium borohydride in 5 N ammonium hydroxide 0.1 ml was added to the 

hydrolyzate, plus 0.4 ml of water (final volume, 1.0 ml; final concen

tration, 0.3 N sodium borohydride in 0.5 N ammonium hydroxide). The 

samples are then left at room temperature for 1 hour, and glacial acetic 

acid was next added dropwise until the foaming stopped. These samples 

were dried under a stream of nitrogen. The dried samples were then ex

tracted with 1 ml of 70% ethanol, centrifuged at 2000 x g, and the super

natant solution removed and saved. The pellet was washed two more 

times with 0.5 ml of the 701 alcohol and the supernatants were pooled 

with the previous supernatants. These combined supernatants were again 

taken to dryness under nitrogen. One ml of methanol containing 0.5% 

glacial acetic acid was then added to the residue and the resulting 

solution was again dried under nitrogen. This step was repeated 5 more 

times. After the final drying the samples were left overnight in a 

desiccator containing P2O5 and KOH. One ml of acetic anhydride was then 

added to this residue in 13 x 100 tubes. After sealing the tubes, they 

were placed in an autoclave at 120° for 90 minutes. Upon cooling, 1.0 

ml of saturated sodium carbonate was added and the mixture left at room 

temperature for 1 hour. The reaction was then transferred to a 15 ml 
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centrifuge tube and the old reaction tube was washed with 2 ml of 

methylene chloride and transferred to the new centrifuge tube. The con

tents were mixed repeatedly and the upper layer removed and discarded. 

The lower layer was then washed twice with 1 ml of water and then fil

tered through a Pasteur pipette containing sodium sulfate as a drying 

agent. A stream of nitrogen was then directed onto the contents of the 

tube until just dry (drying at this point can cause loss of volatile 

alditol acetates). The residue remaining was then extracted 3 times 

with 0.1 ml methylene chloride and placed in 0.5 ml reaction vails with 

teflon stoppers and gently dried. For analysis, 20-60 yl of acetone was 

added to the reaction vial and 1.0 yl of this was injected into the gas 

chromatograph. The gas chromatograph used for these analyses was a 

Hewlett-Packard 5700 equipped with 1/8-inch glass columns containing 

2 2 $  
3% OV on supelcon 80/100 mesh (Supelco). The gas chromatograph was 

programmed for 8 minutes at 170° and then the temperature was increased 

at 2°/minute to 220°. The responses and retention times were determined 

on a Hewlett-Packard 3370b integrator. 

Factor II was assayed by the one-stage assay according to Hjort, 

Rapaport, and Owren (1955). The amount of factor II activity in this 

assay was interpolated from a log-log plot of clotting time versus Ortho 

factor II units. One Ortho factor II unit is defined as the amount of 

factor II activity in 1.0 ml of Ortho coagulation control plasma at 

37°C. Factor II was also assayed by the two-stage assay developed by 

Ware and Seegers (1949) as modified by Shapiro and Waugh (1966). In 

the two-stage assay, plasma samples were defibrinated prior to assay, 

and a II clottable protein solution of fibrinogen was employed. A 1% 
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clottable protein fibrinogen solution is defined as one containing 10 

mg/ml clottable protein. Thrombin was generated in the first stage at 

28° and assayed at the same temperature in the second stage. In all 

factor II two-stage assays performed in this study, thrombin unitage was 

assessed from the table developed by Ware and Seegers (1949). Factor X 

activity was assayed by the procedure of Bachmann, Duckert, and Koller 

(1958). Thrombin was assayed at 28° according to Shapiro and Waugh 

(1966) using a 0.41 solution of bovine fibrinogen (981 clottable). The 

fibrinogen was the 1-2 fraction prepared by the procedure of Blomback 

and Blomback (1956). This is actually the second stage of the two-stage 

factor II assay. 

Analytical ultracentrifugation was carried out in a Beckman 

Model E ultracentrifuge which was equipped with a photoelectric scanner. 

Sedimentation equilibrium determinations were all scanned at 280 nm 

using absorption optics. The molecular weights for 3 different concen

trations of factor II (0.072, 0.498, and 0.865 mg/ml) were determined 

after dialysis for 48 hours in 0.005 M Tris-HCl, 0.1 M sodium chloride, 

pH 7.5. Attainment of equilibrium was assessed by reading the absor-

bance from the scanner at a given radial position at various time inter

vals after 24 hours. When the optical density at a given radial 

position remained unchanged for over 4 hours it was assumed that equi

librium had been reached. For the factor II the molecular weight deter

minations were made at 20° at a rotor speed of 10,000 rpm while the 

rotor speed for the tryptic fragments was 34,000 rpm at 20°. A partial 

specific volume for factor II of 0.700 ml/g determined by pycnometry 



(Cox and Hanahan, 1970) was used in the calculation of the weight aver

age molecular weight by the equation 

M = (2.303) 2 RT e d log A 

w (1-vp) ID2 dr2 

where A refers to the absorbance at 280 nm, p is the density of the 

buffer, v is the partial specific volume of the protein in ml/g, u> is 

the angular velocity in radians/seconds, r is the distance from the axis 

of rotation in cm, R is the gas constant and T is the absolute tempera

ture. 

Calcium and barium ion content in factor II was quantitated at 

427 and 553 nm, respectively, in Beckman 440 atomic absorption spectro

photometer. Samples for atomic absorption measurement were placed in 

15 ml platinum crucibles and heated on a hot plate until the contents 

were dry. Blanks containing only water were treated in similar manner. 

The crucibles were then placed in a muffle furnace at 800-1000°C for 

at least 5 hours to ash the samples. After cooling, the crucible con

tents were transferred quantitatively into acid-washed test tubes with 

1% lanthanum chloride in 0.1 N HC1. These solutions were subjected to 

analysis in the atomic absorption spectrophotometer. Standards of cal

cium and barium ions (1 to 20 ug/ml) were used to calibrate the instru

ment. 

The extinction coefficient of bovine factor II was calculated 

from measurements of the absorbance value at 280 nm and the refractive 

index of a factor II solution in 0.1 M sodium phosphate, pH 7.0. A re

fractive index increment of 1.86 x 10 ̂  ml/mg was assumed for factor II 
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(Armstrong et al., 1947). Absorbance measurements at 280 nm were cor

rected for Rayleigh scattering, and the refractive index of the factor 

II solution was measured in a Brice-Phoenix differential refractometer 

at 546 nm. 

Polyacrylamide disc gel electrophoresis was performed by the 

technique of Ornstein (1964) in the Tris-HCl-glycinate buffer system 

devised by Davis (1964). Polyacrylamide gels were also run in the pres

ence of sodium dodecyl sulfate according to Weber and Osborn (1969) or 

in the 8 M urea-SDS system reported by Swank and Munkres (1971). Subse

quent to electrophoresis the gels were stained with either Amido 

Schwartz or in Coomassie Brilliant Blue by the system described by Fair

banks, Steck, and Wallach (1971). Some of the gels were also stained 

for carbohydrate after electrophoresis by the periodate-Schiff reagent 

method reported by Segrest and Jackson (1972). 

Molecular weights of proteins and peptides were also estimated 

under denaturing conditions in the presence of 6 M guanidine hydro

chloride (GuHCl). Columns (1.6 x 40 cm) of 81 agarose were equili

brated, packed, and run in the denaturant as described by Mann and Fish 

(1972). The columns were calibrated with bovine serum albumin, bovine 

carbonic anhydrase, myoglobin, cytochrome c, and insulin. The void 

volume of the column was determined with dinitrophenyl alanine (DNP-

ala). The standards as well as the samples were all equilibrated for 

24 hours prior to application to the column. The columns were packed by 

gravity and then a constant flow rate of 3-4 ml/hour was maintained with 

a Buchler polystaltic pump. Fractions were collected by drop counting 

and weighed to determine the elution positions. This method was chosen 
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instead of collecting the fractions by timer to insure that fluctuations 

in the flow rate, if any, would not be reflected in the molecular weight 

determinations. 

Gel filtration experiments were performed according to the pro

cedure of Andrews (1964). The gels were all treated according to the 

manufacturer's specifications published in their technical data sheets 

for either the Sephadex gels or the Bio-gel series. 

The affinity of factor II, intermediate 1, and fragment 1, as 

well as the peptides released by tryptic digestion for calcium ions was 

investigated by equilibrium dialysis according to Hughes and Klotz 

(1956) and by the gel filtration method of Hummel and Dreyer (1962) as 

modified by Price (1972). In ligand binding studies by the gel filtra

tion methods, approximately 10 mg protein was applied to 1.6 x 60 cm 

columns of Sephadex G-25 previously equilibrated at 25° with 0.04 M 

HEPES-0.1 M KC1 at the desired calcium ion concentration and pH. Cal

cium concentrations varied from 0.01 to 10 mM; pH varied between 6 and 

9. Specific activity of calcium-45 in the equilibrating and elution 

buffer was maintained at 500 cpm/nmole. Equilibrium dialysis experi

ments were performed at 4° in a CRC multicavity dialysis cell for 12 

hours, and calcium binding was investigated over the same range of cal

cium ion concentrations, pH, and buffer conditions employed in the gel 

filtration experiments. Protein concentrations were 1-2 mg/ml in the 

equilibrium dialysis studies. 100 ul aliquots of gel filtration chroma

tographic fractions and the retentates and diffusates from the equili

brium dialysis cells were suspended in 10 ml of scintillation cocktail 

[80 g naphthalene, 4 g PPO (2,5-diphenyloxazole), 400 ml methanol 
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diluted to 1 liter with 1,4 dioxane]. Radioactivity was determined in 

14 a Beckman LS-250 scintillation spectrometer using the C window. 

Amino terminal analysis was performed according to Seiler 

(1970). Approximately 0.5-1.0 mg of lyophilized protein was dissolved 

in 1.0 ml of 0.5 M sodium bicarbonate in 8 M urea. To this solution was 

added 1.0 ml of an acetone solution of dansyl chloride (50 mg/ml). The 

mixture was stirred occasionally and kept at 37° for 10 hours. The re

action tube was protected from the light during the incubation. The 

sample was then dialyzed overnight in 1 liter of 0.1 N ammonium hydrox

ide at 4° and subsequently lyophilized. When dry, 1.0 ml of constantly 

boiling HCl was added to the residue, the tube was sealed and placed in 

an oven for 18 hours at 105°. After cooling the contents were blown 

dry under a stream of nitrogen and then the residue was washed twice 

with water and blown dry with a stream of nitrogen. The material was 

then redissolved in 0.2 ml of acetone-0.1 N acetic acid (3/2, v/v), and 

50-100 y1 aliquots of the samples were then chromatographed on 0.5 mm 

thin layer plates of Silica Gel G. The solvent system was toluene: 2-

chloroethanol: 25% NĤ  (6:10:4). Various dansyl amino acid standards 

were also run on the same plate to identify the unknown N-terminus. 

Preparative Methods 

Purification of Bovine Factor II. Bovine blood was obtained 

from local meat packing houses. The blood was collected in 7 liter 

polyethylene bottles containing 700 ml of 0.11 M sodium citrate, pH 7.0 

in each container. Immediately after collection, the blood was swirled 

vigorously to insure mixing of the anticoagulant with the blood. The 
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cellular components of the blood were removed by centrifugation at 4° 

for 30 minutes at 5500x g ina Sorvall RC-3 centrifuge or for 60 minutes 

at 2200 x g in a Lourdes Clinifuge. The plasma was siphoned off from the 

sedimented cells and one volume of plasma was mixed with 0.1 volume of 

1.0 M barium chloride. This suspension was stirred for 1 hour. The 

barium citrate precipitate was sedimented by centrifugation in 1 liter 

centrifuge bottles for 20 minutes at 2200 x g in the Lourdes Clinifuge at 

4°. The supernatant from the centrifugation was discarded. The precip

itate in each bottle was then washed with 50 ml of 0.015 M sodium ci

trate, pH 6.0, followed by another centrifugation at 2200 x g. The 

supernatant was again discarded. The factor II was eluted from the 

barium citrate by suspension of the precipitate of each bottle in 100 

ml of 0.15 M sodium citrate, pH 6.0, followed by stirring of the mixture 

for 30 minutes at room temperature. The mixture was then centrifuged 

and the supernatant was saved. The pellet was again extracted with 0.15 

M sodium citrate, pH 6.0 prior to centrifugation. The supernatant from 

this centrifugation was combined with the supernatant from the first ex

traction. This mixture was then made 0.1 M in EDTA (tetra sodium salt) 

and stirred for 1 hour at room temperature. The factor II solution was 

then placed in dialysis bags and dialyzed overnight against 3 changes of 

4 liters of 0.01 M Tris-phosphate, pH 6.0, containing 1 x 10M DFP. 

The contents of the dialysis bags were then centrifuged at 5000 g to re

move the precipitate which had formed during dialysis. The factor II 

solution was then charged onto a 2.6 x 40 cm column of DEAE cellulose at 

about 80 ml/hr. After the sample had been applied to the column, 250 ml 

of the 0.01 M Tris-phosphate, pH 6.0 equilibrating buffer was passed 
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through the column to wash off the unadsorbed protein. The column was 

next washed with 500 ml of 0.15 M sodium chloride in the equilibrating 

buffer to remove the weakly adsorbed proteins. After this was was com

pleted, the factor II was desorbed from the DEAE column by a linear 

gradient arising from 500 ml of 0.15 M sodium chloride in 0.01 M Tris-

phosphate equilibrating buffer in 1 chamber of a gradient maker and 500 

ml of 0. 5 M sodium chloride in the same equilibrating buffer in the sec

ond chamber of the gradient former. Ten ml samples were collected. 

After assaying the eluant for factor II activity, those fractions con

taining the highest specific activity of factor II were pooled and con

centrated to 25-30 ml in an Amicon ultrafiltration apparatus utilizing 

a PM-10 Diaflo membrane. The concentrate was then dialyzed against 0.05 

M Tris-borate (3 mM EDTA), pH 8.35 at 4°C for at least 5 hours prior to 

the preparative electrophoresis. 

The dialyzed sample was subjected to preparative electrophoresis 

at 5° in a Buchler Poly-Prep 200 apparatus employing the Tris-HCl-gly-

cinate buffer system described by Davis (1964). The conditions of the 

electrophoresis were 100 ml of resolving gel (7.51 acrylamide, 0.2% bis-

acrylamide monomer concentration) overlaid with 40 ml of concentrating 

gel (4% acrylamide, 0.25% bisacrylamide monomer concentration). The 

gels were chemically polymerized with ammonium persulfate (0.15% w/v 

final concentration in the gel). The buffer in the resulting gel was 

0.375 M Tris-HCl, pH 8.9, while the buffer in the concentrating gel was 

0.058 M Tris-0.032 M phosphate, pH 7.25. The upper electrode buffer was 

0.052 M Tris-glycine, pH 8.9, while the lower electrode buffer was 0.4 M 

Tris-HCl, pH 8.1. The sample was made 5% in sucrose prior to layering 
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onto the concentrating gel surface. The sample was electrophorized at 

40 mA constant current at 5° for approximately 16-17 hours. The factor 

II was eluted from the bottom of the resolving gel by a symmetrical flow 

of 0.1 M Tris-HCl, pH 8.1 elution buffer, at a flow rate of 1.0 ml/min 

employing a Buchler Polystaltic pump. Those fractions possessing factor 

II activity were examined by analytical polyacrylamide disc gel electro

phoresis in a Buchler Polyanalyst apparatus. Subsequently, those 

eluates exhibiting electrophoretic homogeneity and with only trace 

amounts of factor X activity were pooled and made 4 mM in phenylmethyl-

sulfonyl fluoride (PMSF) or else were immediately shell frozen after 

de-salting and lyophilized. A flow diagram is shown in Figure 5. 

Preparation of Bovine Factor Ila (Thrombin). Bovine factor Ila 

was purified by a modification of the procedure published by Lundblad 

(1971). Parke-Davis topical thrombin (10,000 units/vial) was recon

stituted in 10 ml of 0.1 M sodium phosphate, pH 6.5, and then dialyzed 

for 12 hours against the same buffer containing 0.001 M E-amino caproic 

acid. The retentate after dialysis was then centrifuged at 30,000 g at 

4° for 15 minutes in a Sorvall RC2-B centrifuge. The supernatant from 

this centrifugation was then applied to a 2.6 x 20 cm column of sulfo-

propyl (SP) Sephadex C-50 at a flow rate of 0.75 ml/min. After appli

cation the column was washed with 200-300 ml of the 0.1 M sodium 

phosphate equilibrating buffer until all the unadsorbed proteins had 

been washed off the column. The ionic strength of the eluting buffer 

was then increased to 0.25 M sodium phosphate, pH 6.5, which then eluted 

the thrombin. The thrombin was assayed and the units/ml were calculated 
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using a standard of N.H thrombin. Those fractions containing thrombin 

were checked for homogeneity by polyacrylamide disc gel electrophoresis. 

Those fractions which were pure were pooled. The activity of the pooled 

samples varied from 300-400 NIH units/ml. One ml aliquots were then 

placed in plastic tubes and frozen. 

Preparations of Fragment 1 and Intermediate 1. Typically 50 mg 

of purified factor II was incubated in 20 ml of 0.05 M Tris-HCl, pH 7.5, 

with 300-350 units of factor II was incubated in 20 ml of 0.05 M Tris-

HCl, pH 7.5, with 300-350 units of factor Ila for 1 hour at 25°. In 

other experiments in which preparation of large amounts of fragment 1 

was necessary, between 200 and 250 mg of factor II was incubated with 

700-1000 units of thrombin at 37° for 2 hours in the 0.05 M Tris-HCl, 

pH 7.5, buffer. At the end of the incubation periods, the sample was 

made 5% in sucrose and applied to a preparative polyacrylamide gel elec

trophoresis system. The preparative disc gel system for this separation 

was identical to the system described for the isolation of factor II 

except that the resolving gel volume was reduced to 80 ml. All other 

conditions were exactly the same. The highly anionic character of the 

fragment 1 allowed it to be separated very well from the more cationic 

intermediate 1. The elution profile from such an electrophoresis indi

cated that all of the original factor II starting material had been con

verted to fragment 1 and intermediate 1 by the thrombin treatment. 

Those fractions containing fragment 1 and intermediate 1 were tested for 

homogeneity by both polyacrylamide disc gel electrophoresis and by SDS 

gel electrophoresis prior to pooling and storing. 
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Lipid Dispersions. Dispersons of (egg) phosphatidylcholine and 

mixed dispersions of phosphatidylcholine/phosphatidylserine were gener

ated in the following manner: 50 mg of phosphatidylcholine (PC) or 25 

mg each of PC and PS is chloroform:methanol (2:1) were taken to dryness 

under a stream of nitrogen. The residue was redissolved in anhydrous 

diethylether and again blown dry under a nitrogen stream. The addition 

of diethyl ether with subsequent drying was repeated 3 more times to 

remove all traces of chloroform and methanol. The appearance of the 

phospholipid at this time was that of a smooth, very pale yellow oil. 

The phospholipids were redissolved in about 2 ml of diethyl ether and 

then 2.5 ml of buffev, 0.1 M Tris-HCl, 0.1 M sodium chloride, pH 7.5, 

was added. The tube was swirled vigorously to mix the phases and then 

the diethyl ether was blown off under nitrogen. When all traces of 

others were removed, an additional 2.5 ml of the buffer was added. Ni

trogen was then bubbled through the emulsion for 10 minutes. The emul

sion appeared to be smooth and milky at this time. The contents of the 

tube were then sonicated under nitrogen for 45 minutes at power level 

5 on a Branson Model S110 sonifier equipped with a microtip. The tem

perature of the phospholipid solution was kept at 4°C during the sonica-

tion procedure. After sonication was completed, the mixture appeared 

slightly opalescent. The phospholipid dispersion was then centrifuged 

in a Beckman Model L2-65 ultracentrifuge at 4°C using a TY-65 rotor, for 

1 hour at 100,000 x g. The contents of the tube after centrifugation 

appeared almost clear with a slight opalescent cast. There was a small 

yellowish-gray precipitate containing undispersed phospholipid and bits 

of titanium from the sonifier probe. The solution was stored at 4°C 
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and checked by thin layer chromatography to be certain that no destruc

tion of the phospholipids had occurred during the sonication. The phos

phorus concentration of the phospholipid dispersion was assayed by the 

method of Bartlett (1959). There was consistently between 9.2 and 9.4 

mg phospholipid/ml (theoretical = 10 mg/ml) in all the preparations of 

phospholipid dispersions. 

Tryptic Digestion of Fragment 1. Fifty to seventy mg of puri

fied fragment 1 was dialyzed overnight against 0.1 M ammonium bicarbon

ate and concentrated to 3 ml. TPCK-trypsin (50:1 fragment w/w, 1: 

_ 7. 
trypsin) was added in 0.2 ml of 10 N HC1 and the incubation was 

allowed to proceed for 3 hours in a Teflon-lined screw cap tube at 37°. 

After 3 hours TPCK-trypsin was again added (50:1) in 0.2 ml of 10 ̂  N 

HC1. The digestion was allowed to proceed for an additional 15 hours 

at 37°. The reaction was stopped by shell freezing the incubate in dry 

ice-acetone followed by lyophilization. To insure complete removal of 

the ammonium bicarbonate, the sample was reconstituted in water, frozen 

and lyophilized again. The dried digestion mixture was then reconsti

tuted in 2 ml of 0.1 M Tris-HCl, 0.1 M sodium chloride, pH 7.5. To this 

solution was added 2 ml of the PC/PS dispersion and the reaction mixture 

was vortexed gently to insure mixing. To this mixture 10 yl of 0.5 M 

calcium chloride in 0.1 M sodium chloride, pH 7.3, was added (final cal

cium concentration, 0.025 M). As the calcium chloride concentration was 

increased above 10 mM, the incubation mixture became increasingly cloudy 

and tended to aggregate. After incubating for 15 minutes, the entire 

mixtue was centrifuged at 5000 x g. The supernatant was removed and 
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saved and the lipid pellet was gently redispersed in the buffer contain

ing 0.025 M calcium chloride and the dispersion was centrifuged again. 

The combined supernatants from these 2 centrifugations were applied to 

a 1.6 x 50 cm column of Sephadex G-75. The absorbance at 280 nm was 

monitored for all the fractions. Every fraction was also assayed for 
» 

sialic acid as a means of determining which fractions contained carbo

hydrate moieties (glycopeptides). The fractions containing protein 

indicated by absorbance at 280 nm as well as those containing carbohy

drate (absorption at 549 nm due to sialic acid) were pooled separately. 

The phospholipid pellet was redispersed in 0.05 M Tris-HCl, 0.1 

M sodium chloride, 0.025 M EDTA, pH 7.5. After a 15 minute incubation 

the mixture was applied to the same Sephadex G-75 column as was run 

previously for separation of the glycopeptides. The eluate from this 

chromatography was also assayed for protein and carbohydrate. The frac

tions in the protein peak from this gel chromatographic separation were 

pooled. 

The individual pooled protein peaks from the above gel filtra

tion experiments were concentrated in an Amicon ultrafiltration cell 

using a UM-2 Diaflo membrane. After concentration to a minimal volume 

the solutions were diluted with 0.01 M Tris-phosphate, pH 7.0 buffer 

and concentrated again. This dilution and reconcentration was repeated 

twice. The solutions containing the individual peaks from the gel fil

tration separations were then applied to columns (1.0 x 30 cm) of DEAE 

Sephadex A-25 which had been equilibrated and packed in 0.01 M Tris-

phosphate buffer. After the samples had been applied, the columns were 

washed with 2 column volumes of equilibrating buffer. Development of 



the columns was facilitated with a linear gradient arising from 100 ml 

of the equilibrating buffer in one chamber of a gradient maker and 100 

ml of 0.5 M sodium chloride in equilibrating buffer in the other chamber 

of the gradient maker. In the case of the tryptic peptide liberated 

from the phospholipid precipitate with EDTA, a gradient of 0-1.0 M so

dium chloride was required to desorb the peptide. All the fractions 

from these ion exchange columns were then assayed for protein and for 

carbohydrate. The peaks of interest, i.e., those containing carbohy

drate and the peptide bound to the phospholipid in the presence of cal

cium ions, were then desalted by passage of the peptides through 1.2 x 

30 cm columns of Sephadex G-10 in 0.1 M ammonium bicarbonate. The pep

tide samples were shell frozen and lyophilized. A flow diagram is 

shown in Figure 6. 

In some of the early studies designed to isolate the various 

peptides, fragment 1 was first bound to a PC/PS dispersion in the pres

ence of 10 mM calcium ions prior to treatment with trypsin. While the 

same tryptic fragments were obtained from this method as found if diges

tion is carried out prior to addition of phospholipid the yields of the 

peptides were much lower and there was a considerable amount of unhydro-

lyzed fragment 1 present at the end of the digestion. This was appar

ently caused by some type of hindrance of attack by the trypsin on the 

fragment 1 when the fragment 1 was bound to the phospholipid aggregate. 

Preparation of Asialo Factor II. Thirty mg of purified bovine 

factor II was dissolved in 12 ml of 0.1 M Tris-phosphate, pH 6.0. Two 

ml were removed as a control and also aliquots were removed for 
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measuring free sialic acid, total bound sialic acid, and for SDS elec

trophoresis. To the remainder of the original factor II sample was 

added 1.0 mg neuraminidase (1.1 unit/mg), and the incubation mixture was 

placed at 37°C. Aliquots were removed at 0, 10, 20, 30, 45, and 60 min

utes and transferred to conical centrifuge tubes and heated in a boiling 

water bath for 2-3 minutes to stop the reaction. Aliquots were removed 

to determine the amount of free sialic acid which had been liberated 

by the enzyme and thus assess the progress of the reaction. A control 

factor II solution (not enzyme treated) was also placed in a boiling 

water bath. The incubation was allowed to proceed for 120 minutes at 

37°. The incubation mixture was then concentrated to 1.0 ml and then 

diluted to 10 ml. The buffer concentration was now 0.01 M Tris-

phosphate, pH 6.0 after the 10 fold dilution. This 10 ml sample was 

then charged onto a 1.6 x 60 cm column of DEAE cellulose which had been 

equilibrated and packed in the 0.01 M Tris-phosphate, pH 6.0 buffer. 

The factor II was eluted with a linear gradient of 0.0 to 0.5 M sodium 

chloride in the equilibrating buffer. Those fractions containing factor 

II activity were pooled and concentrated and assessed for calcium ion 

binding ability, factor II activity compared to untreated control, and 

also the amount of sialic acid that still remained on the factor II af

ter the sialidase treatment. 

Derivatization of Carboxyl Groups on Factor II. This treatment 

was carried out according to Carraway and Koshland (1969). Ten mg of 

purified factor II was dialyzed against water and then concentrated to 

3 ml. The solution was made 1.0 M in glycine methyl ester and the pH of 
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the solution was adjusted to 4.75. At this time the solution was made 

0.1 M in cyclohexyl-morpholino-carbodiimide (CMC). The mixture was 

stirred at room temperature and the pH was continually monitored and 

maintained at 4.75. After 1 hour the same amount of glycine methyl 

ester was added again along with the same amount of CMC. The pH was 

kept at 4.75 and the reaction was continued for 3 hours. The reaction 

was stopped by addition of 1.0 M acetate, pH 4.75, and the reaction 

_3 mixture was then dialyzed against 1 liter of 10 N HC1 overnight. The 

derivatized factor II was then checked for activity and for its ability 

to bind calcium ions. 

Cyanogen Bromide Cleavage of Fragment 1. This method was based 

on the procedure published by Jackson et al. (1973). Thirty mg of frag

ment 1 were lyophilized and redissolved in 3 ml of 70% formic acid. A 

500 fold molar excess of cyanogen bromide was then added to 2 ml of 70% 

formic acid. The 5 ml reaction mixture was then flushed with nitrogen 

and stirred at room temperature for 18 hours. The volume of the incuba

tion mixture was then reduced to about 2 ml in vacuo, 4 ml of water 

added and the volume again reduced to 2 ml in vacuo. The solution was 

diluted to 10 ml with water, shell frozen in dry ice-acetone and lyophi

lized. After lyophilization an oily residue remained. The residue was 

redissolved in water and lyophilized again. The products from the re

action were then subjected to SDS electrophoresis as a means of deter

mining the extent of the reaction. 

Binding of Factor II and Conversion Products to Phospholipid 

Dispersions. In those experiments designed to elucidate that region of 



the factor II molecule bound to phospholipid aggregated in the presence 

of calcium ions, purified factor II was incubated in the presence of a 

PC/PS dispersion (approximately equal protein:lipid, w:v, • in the pres

ence of 10 mM calcium chloride in 0.05 M Tris-HCl, 0.1 M sodium chlo

ride, pH 7.5. After a 15 minute incubation, the mixture was 

chromatographed on a 2.6 x 50 cm column of Sephadex G-150 equilibrated 

in the same buffer. The void volume material was pooled, concentrated, 

and assayed for factor II, phosphorous, and protein. The unbound factor 

II eluted later from this column. The fractions which eluted at the 

void volume were pooled and concentrated to 2 ml and then treated with 

purified thrombin for 1 hour and the mixture was chromatographed on a 

1.6 x 50 cm column of Sephadex G-150 in the same buffer as used for the 

first column. Each peak resulting from this chromatographic separation 

was assayed for protein concentration, factor II activity, phosphorus, 

and also subjected to SDS electrophoresis. 



CHAPTER 3 

RESULTS 

Purification of Bovine Factor II 

The purification steps and fold purification achieved for each 

step is shown in Table 1. One liter of citrated blood was the starting 

material for this purification. The data in Table 1 was obtained using 

the one-stage prothrombin assay of Hjort et al. (1955). The purifica

tion procedure involves adsorption of the factor II with barium citrate 

and subsequent elution with a sodium citrate buffer. This step results 

in a 50 fold purification with 901 recovery of factor II activity. This 

eluate was then subjected to DEAE cellulose chromatography. The factor 

II was desorbed from the DEAE cellulose by use of a linear gradient 

arising from an increasing sodium chloride concentration from 0.0 to 0.3 

M tris-phosphate equilibrating buffer. The factor II was desorbed at an 

ionic strength of 0.22 M determined utilizing a Radiometer ohmmeter. 

Hie elution profile for this DEAE cellulose chromatography is shown in 

Figure 7. 

The factor X eluted at an ionic strength of 0.3 M. The frac

tions containing greater than 1 unit per ml one-stage factor II activity 

were pooled and concentrated in an Amicon ultrafiltration cell. Assay 

of the concentrated DEAE-prothrombin solution indicated that this anion 

exchange chromatography resulted in a 265 fold purification with 60% re

covery of factor II activity. 
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Table 1. Purification of bovine factor II (ortho one-stage assay). 

Fraction Volume 
Ortho Units 

ml 
Total 
Units 

Specific 
Activity 
Ortho Units Recovery 

Fold 
Purification 

Plasma 450 

Barium Citrate 440 
Eluant 

DEAE Cellulose 104 
Chromatography 

Preparative 47 
Electrophoresis 

.64 

. 60  

1.73 

3.05 

290 

260 

180 

153.7 

.0079 

.4 

2.1 

4.3 

100 

89.9 

62 

53 

1 . 0  

50.8 

265 

545 
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Figure 7. Elution profile of the barium citrate eluate on DEAE cellu
lose. 

TVro hundred and sixty units of factor II in 440 ml of 0.01 M Tris-
phosphate, pH 6.0 was charged onto a 2.5 cm x 40 cm column of DEAE 
cellulose. A linear gradient of from 0.0-0.3 M sodium chloride eluted 
the factor II activity (•—•). The absorbance at 280 nm (o—o) was 
monitored on each fraction. Factor II activity (A—A) eluted at 0.22 M 
ionic strength followed closely by the factor X activity (o•••o) at 
0.3 M. 
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The DEAE-factor II was then subjected to preparative disc gel 

electrophoresis as described in the Methods. The electropherogram re

sulting from this electrophoresis is shown in Figure 8. The first peak 

(fraction 106) is factor X which was incompletely separated from the 

factor II in the DEAE cellulose chromatography. The second protein peak 

contains factor VII (fraction 118-119) and the last protein peak (frac

tion 137) is factor II. While the separation of these three factors 

appears quite good by measuring absorbance at 280 nm, assay of these 

three factors indicates that the factor X is found in all three peaks. 

This finding is borne out by analytical disc electrophoretic analysis of 

the proteins throughout the elution profile shorn in Figure 9. The band 

representing the protein with the highest mobility is factor X, while 

the middle band is factor VII. The band with the lowest electrophoretic 

mobility is factor II. From this photograph it is apparent that the 

factor X has a higher anionic mobility than factor II on an analytical 

scale. Despite the difference in mobility, on a preparative scale the 

factor X eluted in a broad peak which trailed into the early fractions 

in the factor II protein peak. 

Those fractions containing no apparent factor X protein as de

termined by analytical disc gel electrophoresis were pooled. Less than 

_3 1 x 10 units per ml factor X activity was present in the purified fac

tor II. 

Use of the final preparative electrophoresis step resulted in a 

500-550 fold purification with 40-501 recovery of factor II. The spe

cific activity of the purified protein was 4-5 units per mg. 
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Figure 8. Preparative electropherogram of prothrombin after DEAE cellu
lose chromatography. 

One hundred and eighty ortho units of prothrombin activity obtained from 
the DEAE cellulose column was dialyzed against 0.05 M Tris-HCl, pH 8.0 
and electrophoresed at 40 mA constant current for 16 hours at 5°C. The 
flow rate was 1.0 ml/min and 6.0 ml fractions were collected. The ab-
sorbance at 280 nm was monitored for each fraction (o—o). 
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Figure 9. Analytical disc gel electrophoresis of the fractions obtained 
after preparative electrophoresis. 

Approximately 20 ~g of the protein in each fraction from Figure 8 and 
listed above was subjected to analytical disc gel electrophoresis. The 
gels were stained with Amido Schwarz after electrophoresis. Migration 
is from the top (cathode) to the bottom (anode). 
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The purified prothrombin could be stored in 501 glycerol at 

-20°C for at least 3 weeks without noticeable loss of activity. Alter

natively the factor II could be desalted and then lyophilized with sub

sequent storage at -20°C for over 1 month with 5-10% loss of activity. 

The homogeneity of the factor II preparations purified by this 

procedure was routinely assessed by analytical disc gel electrophoresis 

(Davis, 1964) and by electrophoresis in the presence of SDS (Weber and 

Osborn, 1969). The presence of only 1 band after destaining the gels 

was taken as preliminary evidence for homogeneity of the preparation. 

The resulting polyacrylamide gels from electrophoresis of a factor II 

preparation by these 2 different electrophoretic systems is shown in 

Figure 10. 

The purified prothrombin was virtually free of other clotting 

factors (VII, Ila, Xa) and other proteins. There was very minute 

amounts of factor X activity present in all preparations. 

Physico-Chemical Properties of 
Bovine Factor II 

In order to determine the molecular characteristics of the 

intermediates and fragments generated when prothrombin is converted to 

thrombin, it was necessary to be able to purify large quantities of bo

vine factor II in high yields in a short period of time (2-3 days) while 

still retaining the integrity of the molecule. The procedure utilized 

in this study fulfills these criteria. 

Since this purification procedure is quite different from other 

published purification schemes, it seemed necessary to rigorously char

acterize the prothrombin purified by this method. This is of import not 
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Figure 10. Examination of purified prothrombin by disc and SDS electro
phoresis. 

Nligration is from the top (cathode) to bottom (anode). Gel A is 10 ~g 
of prothrombin which has been electrophorized in the presence of SDS. 
Gel B is also 10 ~g of prothrombin after analytical disc gel electro
phoresis. 
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only as a comparison to other factor II preparations but also to estab

lish a set of molecular parameters for this factor II to serve as a 

basis for elucidating the physico-chemical properties of the conversion 

intermediates and fragments. 

Molecular Weight Estimations 

The molecular weight of bovine factor II was estimated by elec

trophoresis in the presence of SDS (Weber and Osborn, 1969). Both the 

factor II samples and standard proteins used for molecular weight mar

kers were denatured at 37° for 2 hours prior to electrophoresis in the 

presence of II SDS, 0.01 M sodium phosphate, pH 7.0. In some experi

ments B-mercaptoethanol (1%) was included in the incubation. Ten pg 

amounts of each protein in 10 pi of solution in the presence of 0.1% 

pyronin Y were layered onto 2 ml of gel in 10 cm x 6 mm glass tubes and 

electrophorized at 8 mA per gel. In Figure 11 is shown a typical molec

ular weight standard curve derived from plotting the Rf (mobility of 

protein with respect to mobility of the tracking dye) against the log 

molecular weight. The factor II had an apparent molecular weight of 

73,000. Incorporation of B-mercaptoethanol had no effect on the ob

served molecular weight of the factor II. 

Good agreement of the molecular weight estimated by SDS electro

phoresis was obtained by sedimentation equilibrium studies in the ana

lytical ultracentrifuge. A ̂  of 67,500 ± 1500 was obtained for bovine 

factor II over a range of concentrations from 0.072 mg/ml to 0.865 

mg/ml. Straight lines were obtained by plotting log A against the 

square of the radial distance, giving further evidence for homogeneity. 
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Figure 11. Standard curve for the estimation of the molecular weight 
of prothrombin by SDS electrophoresis. 

Ten to twenty yg of the standards (o) and the sample (A) in II SDS were 
applied to 2 ml gels of 101 acrylamide. 
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Figure 12 is the graph of log A versus the radial distance squared ob

tained from a scan of the cell containing 0.865 mg/ml factor II solu

tion. The straight line is also evidence for nonaggregation of the 

prothrombin molecules, at least at this concentration of factor II. 

Aggregation of prothrombin molecules has been noted by Cox and Hanahan 

(1970). They observed the aggregation at low pH values (below pH 6) 

and at protein concentrations above 2 mg/ml. 

The molecular weight of purified factor II was also estimated on 

on gel filtration columns. Columns of Sephadex G-100 and G-150 were 

run according to Andrews (1964), and the molecular weight of the factor 

II was determined by first calibrating the gel filtration columns with 

proteins of known molecular weight. Bovine serum albumin, 68,000 dal-

tons, ovalbumin, 40,000 daltons, and bovine carbonic anhydrase, 29,000 

daltons were used for the molecular weight markers. Blue Dextran 2000 

was used to determine the void volume (V ) of the columns. A standard 
o 

curve of the elution volume (V ) of the standard divided by the elution 

volume of the Blue Dextran (V /V ) plotted against the log of the molecu-c o 

lar weight of the standard is shown in Figure 13. The molecular weight 

of the factor II was estimated by interpolation of its Ve/VQ ratio on 

the standard curve. On all columns of Sephadex G-100 and G-150, bovine 

factor II had an apparent molecular weight of 95-105,000. This molecu

lar weight appears to be anomalously high when compared to the molecular 

weight values obtained by sedimentation equilibrium and SDS electropho

resis. Andrews (1970) reported that glycoproteins often have anomalous 

apparent molecular weights when estimated by gel filtration. This phe

nomenon is usually explained as a result of the disproportional 
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Figure 12. Plot of the logarithm of the concentration of factor II 
versus the square of the radial distance during low speed 
sedimentation equilibrium ultracentrifugation. 

0.865 mg/ml factor II in 0.005 M Tris-HCl, 0.1 M sodium chloride pH 7.5 
was centrifuged to equilibrium at 20°C at 10,000 rpm. 
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Figure 13. Molecular weight standard curve of prothrombin from columns 
of Sephadex G-150. 

Standard proteins (o) and the prothrombin sample fcj) were dissolved in 
0.05 M Tris-HCl, 0.1 M potassium chloride, pH 7.5, at a concentration of 
2 mg/ml and 1 ml was applied to the column at a flow rate of 0.6 ml/min. 
The ratio of the elution volume of the proteins to the void volume of 
the column was plotted versus the log molecular weight of each standard. 
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hydration and asymmetric nature of the glycoprotein molecule. This 

anomaly was further tested by estimating the molecular weight of bovine 

factor II on columns of another gel filtration medium, polyacrylamide. 

Bio-Gel P-200 columns were equilibrated and packed in exactly 

the same manner as the Sephadex molecular weights columns had been 

treated. Standard proteins (BSA, 67,000, ovalbumin, 40,000, bovine 

carbonic anahydrase, 29,000, and cytochrome c, 12,500) were used to 

calibrate the Bio-Gel P-200 columns. The same concentrations of bovine 

factor II (2 mg/ml) was used in these experiments to rule out any type 

of aggregation that might have been occurring on the Sephadex columns 

to give a higher molecular weight. Figure 14 is a standard curve plot

ting the Ve/VQ of standard proteins versus the logarithm of their 

molecular weight. The molecular weight of the factor II obtained by 

interpolation on this standard curve is 72,000. This result indicates 

that possibly seme type of repulsion is occurring between the factor II 

and the dextran matrix of the Sephadex gel beads to allow it to elute 

from the column more rapidly and thus giving evidence for a higher 

molecular weight. The 72,000 dalton molecular weight from the Bio-Gel 

columns is in excellent agreement with both the sedimentation equilib

rium and SDS electrophoresis molecular weight estimations. 

Extinction Coefficient of Bovine Factor II 

The extinction coefficient of bovine factor II was found to be 

13.6 as determine.! by differential refractometry measurements and ab-

sorbance measurei; , s at 280 nm. A refractive index increment of 1.86 x 

10 ̂  ml/mg obtain \] for bovine serum albumin (Armstrong et al., 1947) 
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Figure 14. Standard curve for the estimation of the molecular weight of 
prothrombin by gel filtration in Bio-Gel P-200. 

Standard protiens (o) and the prothrombin sample (A) were dissolved in 
0.05 M Tris-HCl, 0.1 M potassium chloride, pH 7.5, at a concentration of 
2 mg/ml. One ml of the protein solution was applied to the 2.5 x 35 cm 
column at a flow rate of 0.6 ml/min. The ratio of the elution volume of 
the column was plotted versus the log molecular weight of each standard. 



65 

was assumed for factor II. While bovine serum albumin is not a glyco

protein, this assumption of the refractive index increment is probably 

valid since Schmid (1953) has also reported a refractive index increment 

of 1.80 x 10 4 ml/mg for acid glycoprotein of human plasma. 

Amino Acid and Carbohydrate Composition 
of Bovine Factor II 

The amino acid composition of bovine factor II is listed in 

Table 3. The total amino acid content was 80% on a weight basis. As

suming 8-101 carbohydrate in prothrombin there is still some 10-12% of 

the original weight which cannot be accounted for by addition of total 

amino acid and carbohydrate. This loss was very consistent from one 

hydrolysis preparation to another. No plausible explanation for this 

discrepancy can be presented. 

Included for comparison in Table 2 is the amino acid data pub

lished by Cox and Hanahan (1970) for bovine factor II and also the amino 

acid composition reported by Kisiel and Hanahan (1973a) for human fac

tor II. 

The carbohydrate composition of bovine factor II was determined 

both by calorimetric assays and also by gas liquid chromatographic anal

ysis. Table 3 shows the data for both the methods of analysis. Neur

aminic acids were determined by the thiobarbituric acid assay reported 

by Warren (1959). By gas liquid chromatographic analysis there was 

found to be 8.01 carbohydrate as 3.0% sialic acid, 2.7% neutral hexose, 

and 2.3% glucosamine respectively per mole of prothrombin. The colori-

metric values are 1.8% amino sugar (Gatt and Berman, 1966), 2.7% neutral 



Table 2. Amino acid composition of prothrombin. 
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Grams aa/100 Grams Protein 
Bovine Human 

This Study 
Cox and 

Hanahan (1970) 
Kisiel and 

Hanahan (1970) 

lysine 6.1 6.19 5.19 
histidine 1.97 1.94 1.91 
arginine 11.35 11.37 8.34 

aspartic acid 10.83 11.87 9.85 
threonine* 4.45 4.38 4.80 
serine* 4.62 4.58 4.36 
glutamic acid 14.80 14.26 13.17 
proline 5.40 5.13 4.28 
glycine 4.30 4.24 3.83 
alanine 4.00 3.74 3.75 
1/2 cystine 2.64 2.89 2.51 
valine 5.40 5.43 4.53 
methionine 0.90 1.09 1.29 

isoleucine** 3.23 3.37 3.30 
leucine 8.40 7.88 6.52 
tyrosine 4.80 4.56 4.31 
phenylalanine 3.60 3.51 3.28 
tryptophan*** 4.90 4.46 5.07 

* Values determined by extrapolating to zero hydrolysis time. 

**72 hour values. 

***Determined according to Goodwin and Morton (1946). 
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Table 3. Carbohydrate composition of bovine prothrombin. 

GLC Colorimetric 
Sugar Analysis Analysis 

Sialic Acid* 3.0% 3.0% 

Amino Sugar 2.3% 1.8% 

Neutral Sugar 2.5% 2.7% 

*Assayed according to Warren (1959). 
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sugar by anthrone reaction (Spiro, 1966) and 2.8% sialic acid by the 

Warren (1959) procedure. 

This data represents a purification and characterization of the 

bovine factor II isolated by the preparative electrophoresis technique. 

The discussion of the properties of this prothrombin compared to other 

prothrombin preparations reported in the literature will follow in a sub

sequent section (Discussion). 

Isolation and Characterization of 
Conversion Polypeptides 

This foregoing characterization of the factor II molecule forms 

the basis for the following experiments on the generation, isolation and 

characterization of some of the conversion intermediates and fragments 

formed in the process of converting factor II to thrombin. 

Kisiel and Hanahan (1973b) demonstrated convincingly that human 

prothrombin could be converted by factor Ila to two polypeptides, frag

ment 1 and an intermediate 1 species which was thrombogenic. Their re

sults indicated that the thrombin could catalyze the cleavage of only 

one peptide bond in the molecule. On the basis of this observation, 

bovine thrombin was used to generate both fragment 1 and intermediate 1 

from bovine factor II on a preparative scale. 

Thrombin was isolated from Parke-Davis topical thrombin by ion 

exchange chromatography on SE or SP Sephadex C-50. The results of such 

a separation are shown in Figure 15. The peak (fraction 38) was eluted 

with 0.25 M sodium citrate pH 6.5. This peak contains the only frac

tions possessing thrombin activity in the entire eluate. The fractions 
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Figure 15. Elution profile of thrombin on SE-Sephadex C-50. 

Ten thousand NIH units of thrombin in 0.1 M sodium phosphate pH 6.5, 
was applied to a 2.6 cm x 30 cm column of SE-Sephadex C-50. The throm
bin was eluted in a single peak (fractions 30-40) with 0.25 M sodium 
phosphate, pH 6.5. This buffer change occurred at fraction 10. The 
absorbance at 280 run (o) was determined for each fraction. 
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in the peak were pooled and separated into 1 ml aliquots and frozen. 

The pooled preparation was 350 NIH units/ml. 

Purified prothrombin (50-100 mg) was incubated with 2 ml (700 

units) of purified bovine thrombin in 20 ml of 0.05 M tris-HCl, pH 7.5, 

for 2 hours. At this time the solution was made 5% in sucrose and sub

jected to preparative electrophoresis to separate the fragment 1 and 

intermediate 1. The electropherogram for such a separation is shown in 

Figure 16. The anode is on the left of the figure. The first peak of 

absorbance (fraction 105) contains no thrombogenic activity which could 

manifest itself in the one-stage prothrombin assay. The peak (fraction 

195) which eluted much later from the gel electrophoresis possessed 

factor II activity as assessed by the one-stage assay. The peak (frac

tion 170) is placed on this electropherogram as a point of reference. 

It represents the elution position (mobility) of factor II in this elec-

trophoretic system. There was no factor II activity nor any absorbance 

at 280 nm present at this elution position. The thrombin treatment had 

fully converted the prothrombin to the first peak, fragment 1, and sec

ond peak, intermediate 1. 

The elution positions of fragment 1 and intermediate 1 indicate 

that the fragment 1 has a high anionic character as evidenced by its 

greater electrophoretic mobility relative to both prothrombin and inter

mediate 1. The purity and molecular weights of these 2 conversion poly

peptides as assessed by polyacrylamide electrophoresis in the presence 

of SDS according to Weber and Osborn (1969) is shown in Figure 17. The 

molecular weights were also determined by gel filtration. The carbohy

drate composition and N-terminal amino acid analysis is shown in 
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Figure 16. Preparative disc gel electropherogram of the isolation of 
fragment 1 and intermediate 1. 

Twenty mg of factor II was electrophorized at 75 mA, 5°C after treatment 
with 350 NIH units of purified thrombin. The absorbance at 280 nm (0-0) 

is shown for fragment 1 and intermediate 1. The absorbance at 280 nm 
for factor II (*-») is shown for reference purposes. The migration of 
the proteins was from right (cathode) to left (anode). 



Figure 17. SDS electrophoresis of prothrombin, intermediate 1, and 
fragment 1. 

Migration is from the top (cathode) to the bottom (anode). Approxi
mately 10 ~g of each protein in 1% SDS was electrophorized in 2 rnl of 
10% polyacrylamide gels containing 0.1% SDS. 

72 
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Table 4. These results are presented for comparison with the data from 

Table 3 obtained for prothrombin. As can be seen fragment 1 and pro

thrombin both have the same N-terminal amino acid, alanine. They also 

both behave anomalously on Sephadex G-150 gel filtration columns. It is 

also apparent that the fragment 1 portion of prothrombin (most likely 

the N-terminal end) contains about 2/3 of the carbohydrate contained in 

the native prothrombin. The intermediate 1 portion contains the remain

ing 1/3 of the carbohydrate. The polarity inherent in the prothrombin 

molecule is again manifest in the carbohydrate data. The fragment 1 is 

apparently derived from the amino-terminal portion of the factor II 

molecule as assessed by the N-terminal studies. The N-terminal portion 

of the molecule (approximately 1/3 of the total) contains approximately 

2/3 of the total carbohydrate present in prothrombin. Also the anoma

lous molecular weight estimation of prothrombin by gel filtration is 

mainfest in the gel filtration molecular weight of fragment 1 while 

intermediate 1 has a similar molecular weight regardless of the method 

of estimation. The amino acid composition of fragment 1 is shown in 

Table 5. Based on gravimetric measurements and absorbance at 280 nm, 

the extinction coefficient for fragment 1 was found to be 9.8. 

Calcium Ion Binding of Prothrombin 
and Conversion Polypeptides 

Since calcium ions play such a fundamental role in prothrombin 

conversion, the calcium ion binding parameters of bovine factor II were 

determined next. Prior to measurement of the calcium ion binding of 

prothrombin, the calcium ion content of the protein was determined. 

Since the purification involves an initial precipitation with barium 



Table 4. Physico-chemical parameters of bovine prothrombin, intermediate 1, and fragment 1. 

Molecular Weight By 

Protein 
N-Terminal 
Amino Acid 

Sialic Acid* 
(moles sugar/ 
mole protein) 

Neutral Sugar** 
(moles sugar/ 
mole protein) 

Glucosamine** 
(moles sugar/ 
mole protein) 

Electro
phoresis 
(SDS) 

Gel 
Filtration 

Factor II Alanine 7.0 9.5 9.0 75000 95000 

Intermediate 1 Serine 2.2 3.3 3.2 55000 55000 

Fragment 1 Alanine 3.7 6.0 5.7 25000 43000 

* Determined according to Warren (1959). 

**Obtained by gas-liquid chromatographic analysis of alditol acetates. 



Table 5. Amino acid composition of fragment 1. 

Amino Acid 
Moles of Amino Acid/ 

Mole Fragment 1 (22,000) 

Lys 5.65 

His 2.21 

Arg 17.7 

Asp 16.7 ' 

Thr* 13.1 

Ser* 15.7 

Glu 29.2 

Pro 13.4 

Gly 15.3 

Ala** 11.7 

Cys (1/2) 11.5 

Val 10.5 

Met 0.93 

He 4.72 

Leu** 12.0 

Tyr 5.0 

Phe 4.98 

Trp*** 4.2 

* Value for extrapolation to zero time of hydrolysis. 

** Value determined for release at 72 hours of hydrolysis. 

***Determined spectrophotometrically. 
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ions, the level of this latter divalent was also determined by atomic 

absorption spectrophotometry. The calcium ion concentration is quite 

variable from one preparation to another and the barium ion level is so 

low as to be barely detectable by the atomic absorption spectrophotom

eter. The purified factor II preparations contain between 0.17 and 7 

pmoles of calcium ions per pmole of prothrombin. This associated cal

cium could be easily removed by dialysis for 12 hours against 0.05 M 

Tris-HCl, 0.001 M EDTA, pH 7.5. This treatment effectively removed 

calcium ions from the factor II to levels less than 1 ymole calcium ions 

per pmole protein. 

45 ++ 
Calcium ion binding experiments using the radionuclide, Ca , 

were carried out by both gel filtration equilibrium experiments and 

equilibrium dialysis. The range of concentrations of calcium ions was 

0.01 mM to 10 mM. The buffer used in all of the experiments was 0.04 M 

HEPES, 0.1 M potassium chloride, pH 7.0 with the desired calcium ion 

concentration. The elution profile of a gel filtration binding study of 

factor II (for 1 mM calcium chloride) is shown in Figure 18. The amount 

of calcium bound at a particular concentration is determined by calcu

lating the amount of calcium ions above the baseline value of radio

activity and dividing this value by the amount of protein in that 

fraction. In this way the amount of calcium bound per mole of protein 

can be determined over many protein concentrations in a single experi

ment. The baseline concentration for radioactivity is determined by the 

average of the cpm in those fractions containing no protein. 

Reversibility of calcium ion binding is shown in Figure 19. The 

fractions containing protein were concentrated to 1.0 ml and applied to 
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Figure 18. Plot of calcium ion binding by factor II on gel filtration 
columns. 

Approximately 10 mg of factor II was applied to a 1.6 cm x 50 cm column 
of Sephadex G-25 equilibrated in 0.04 M HEPES, 0.1 M potassium chloride, 
0.001 M calcium chloride containing 45Calcium chloride at 500 cpm/nmole. 
The flow rate was 24 ml/hr and 2.0 ml fractions were collected. The 
absorbance at 280 nm (o-o) was monitored and 0.1 ml from each fraction 
was counted to determine the radioactivity in each fraction (A-A). 
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Figure 19. Plot of the reversibility of calcium ion binding of pro
thrombin on Sephadex gel filtration columns. 

An aliquot of the prothrombin protein peak from the experiment shown in 
Fiugre 18 was passed through a 1.6 x 50 cm column of Sephadex G-25 
equilibrated in 0.04 M HEPES, 0.1 M potassium chloride, 0.001 M calcium 
chloride without 45caQ2. The flow rate was 24 ml/hr and 2.0 ml frac
tions were collected. The absorbance at 280 nm (o-o) was monitored and 
0.1 ml from each fraction was counted to determine the radioactivity in 
each fraction ( — ). 
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a column of Sephedex G-25 with the same dimensions as the column in 

Figure 18. The buffer and calcium ion concentrations were identical ex

cept no radiolabeled calcium ions were included. As can be seen there 

is no radioactivity in the factor II protein peak above background ra

dioactivity indicating that the calcium ions are freely exchangeable and 

that the binding is reversible. It was also determined that the initial 

calcium ion content of factor II (that determined by atomic absorption 

spectrometry) had no effect on the amount of calcium ions bound in 

either gel filtration or equilibrium dialysis experiemnts. Both EDTA 

treated and nontreated factor II preparations bound identical amounts 

of calcium ions. 

The calcium ion binding activity of the two activation poly

peptides was determined by both gel filtration equilibrium and equili

brium dialysis under the same conditions as those utilized for calcium 

ion binding experiment of the factor II. A typical elution profile from 

gel filtration equilibrium experiment with 1 mM calcium chloride for 

fragjnent 1 and intermediate 1 is in Figures 20 and 21 respectively. 

While fragment 1 binds calcium ions, the intermediate 1 did not bind 

calcium ions at any concentration of this divalent metal. A Scatchard 

plot is shown in Figure 22. The curves on this graph show the calcium 

ion affinity for factor II and fragment 1. 

The points on each of these curves represent the average of at 

least 4 different calcium ion binding experiments at a given calcium ion 

concentration, each on a different preparation of the respective pro

tein. The factor II maximally binds 10 moles of calcium ions/mole of 

-4 protein with a dissociation constant of 6.3 x 10 M. Similarly the 
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Figure 20. Plot of calcium ion binding by fragment 1 on gel filtration 
columns. 

Approximately 10 mg of fragment 1 was applied to a 1.6 x 50 cm column of 
Sephadex G-25 equilibrated in 0.04 M HEPES, 0.1 M potassium chloride, 
0.001 M calcium chloride containing 45Calcium chloride at 500 cpm/nmole. 
The flow rate was 24 ml/hr and 2.0 ml fractions were collected. The 
absorbance at 280 nm (o-o) was monitored and 0.1 ml from each fraction 
was counted to determine the radioactivity (A-A). 
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Figure 21. Plot of calcium ion binding by intermediate 1 on gel filtra
tion columns. 

Approximately 10 mg of intermediate 1 was applied to a 1.6 x 50 cm 
column of Sephadex G-25 equilibrated in 0.04 M HEPES, 0.1 M potassium 
chloride, 0.001 M calcium chloride containing 45calcium chloride at 500 
cpm/nmole. The flow rate was 24 ml/hr and 2.0 ml fractions were col
lected. The absorbance at 280 nm (o-o) was monitored and 0.1 ml from 
each fraction was counted to determine the radioactivity (A-A). 
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Figure 22. Scatchard plot of the calcium ion binding to prothrombin 
and fragment 1. 

Each point on the curves represents the mean value obtained from four 
experiments with different preparations of prothrombin (o-o) and frag
ment 1 (A-A) in each experiment. 
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fragment 1 apparently binds 12-15 moles of calcium/mole of protein with 

a dissociation constant of 6.8 x 10 ̂  M. The biphasic nature of both 

curves indicates that all the binding sites are not equivalent. The 

lower part of each curve represents the high affinity sites and they are 

responsible for binding from 3-4 moles of calcium, while the upper por

tions of the curves represent the lower affinity binding sites. The 

polarity inherent in the factor II molecule is again apparent in the 

calcium binding localization. All of the calcium binding sites present 
% 

in factor II are localized in a small portion of the molecule, frag

ment 1. 

As an initial means of determining the type of functional group 

or groups on factor II and fragment 1 responsible for the calcium ion 

binding, the affinity of these 2 components for calcium ions was mea

sured as a function of pH. The results from series of experiments are 

shown in Figure 23. Prothrombin was found to bind identical amounts of 

calcium ions between pH 6 and 8 while the fragment 1 bound identical 

amounts of calcium ions over a range of pH values from 5-9. If the 

binding were due to normal carboxyl functions on the proteins, varying 

the pH would be expected to influence the binding, because the carboxy-

late ions would become protonated as the pH was increased. 

In order to test further the hypothesis of carboxylate ion in

volvement in the calcium ion binding, the carboxyl groups on the factor 

II were derivatized with glycine methyl esters according to Carraway and 

Koshland (1969). The derivatization was accomplished by use of a water 

soluble carbodiimide, eyelohexyl-morpholino carbodiimide (CMC). Mien 

the calcium ion binding of this derivatized factor II was determined, 



84 

ui 

fe 
a a. 
UJ 
_i o 
2 

o 
(/> 
UJ 
J o 
5 

7 

6 

5 

4 

3 

2 

—r~ 
6 6.5 

pH 

™T™ 
7 

•i 
7.5 

-i 
8 

z 
Ui 
I-
s a. 
UJ 
5 
5 

*o 
o 
cn 
UJ 3 
5 

15 

12 

9 

6 

3 

B 

—r-
5 

i 
6 

pH 

—r~ 

8 

Figure 23. Plot of calcium ion binding as a function of pH. 

Panel A is the curve obtained for factor II when its calcium ion binding 
ability was determined at the pH values listed. Panel B is the calcium 
binding activity of fragment 1 at the various pH values listed. Each 
point is the average of at least two experiments for each pH value. The 
calcium ion binding values were determined using both equilibrium dialy
sis and gel filtration. 



85 

the results were ambiguous. Though the derivatized molecule bound no 

calcium ions, it could not be converted to thrombin in the factor II 

assay. These data could indicate that not only are carboxyl functions 

involved in calcium ion binding but also a prothrombin molecule that 

does not retain the ability to bind calcium ions cannot be converted to 

thrombin. Alternatively, the factor II may have undergone a gross con

formational change during the derivatization reaction rendering it in

capable of binding calcium ions, and/or altering it such that it was 

not a substrate for the "prothrombinase" enzyme. 

The derivatized factor II displayed significant alterations in 

its net charge as evidenced by the observation that it would not migrate 

in the disc gel electrophoresis system of Davis (1964). This result in

dicates that most probably a large majority of the carboxyl groups in 

the factor II molecule have been derivatized by the procedure. 

Since the net negative charge inherent in many glycoproteins is 

a function of the terminal sialic acids in the sugar chains, a series of 

experiments was initiated to determine the involvement of the sialic 

acids in calcium ion binding. 

Approximately 30 mg of factor II were incubated with 1 mg of 

neuraminidase (1.1 unit/mg) and aliquots were removed at various times 

and assayed for free sialic acid. These data are shown in Figure 24. 

These values were compared with the amount of sialic acid released by 

acid hydrolysis of an aliquot of the factor II control to determine the 

extent of the reaction. Enzymatic treatment of the prothrombin with 

neuraminidase was found to liberate some 901 of the sialic acid that was 

released by acid hydrolysis. When the reaction was completed, the 
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Figure 24. Plot of the amount of sialic acid released from factor II 
with neuraminidase as a function of time. 

Approximately 30 mg of factor II was incubated in 0.1 M Tris-phosphate 
pH 6.0 in the presence of 1 mg (1.1 unit/mg) Clostridium perfringens 
neuraminidase. Aliquots were removed from the incubation mixture at 
various times and assayed for liberated sialic acid. 
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asialo prothrombin was separated from the neuraminidase by DEAE cellu

lose ion exchange chromatography. The separation is shown in Figure 25. 

The pooled asialo prothrombin was then assessed as to its abil

ity to bind calcium ions compared to a native prothrombin control. No 

difference in calcium binding activity could be detected for the asialo 

derivative compared to the control factor II. Also the specific activ

ity of the asialo factor II was identical to the specific activity 

possessed by the native prothrombin control. 

Phospholipid Binding of Prothrombin, 
Fragment 1 and Intermediate 1 

The conversion of prothrombin to thrombin is markedly acceler

ated in the presence of phospholipid aggregates (Barton et al., 1967; 

Jobin and Esnouf, 1967). Both prothrombin (Barton and Hanahan, 1969) 

and activated factor X (Papahadjopoulos and Hanahan, 1964) bind to phos

pholipid vesicles in the presence of calcium ions. The binding is re

versible, as shown by removal of the divalent metal ions. In contrast 

to prothrombin, the final product of the prothrombin conversion, throm

bin, does not bind to phospholipid surfaces (Barton and Hanahan, 1969). 

Since fragment 1 avidly binds calcium ions and the intermediate 

1 does not it would be quite possible that the fragment 1 would bind to 

phospholipid while the intermediate 1 would not be similarly associated. 

It is also possible that the intermediate 1 lost its ability to bind 

calcium ions by undergoing some conformational alteration during genera

tion of the intermediate from prothrombin or during its subsequent puri

fication. Therefore the following series of experiments were undertaken 



88 

T 1 1 1 cr-B r 

FRACTION NUMBER 

Figure 25. Plot of the separation of neuraminidase and factor II on 
DEAE cellulose column. 

The incubation mixture from Figure 24 was diluted to 0.01 M Tris-
phosphate pH 6.0 and applied to a 1.6 cm x 60 cm column of DEAE cellu
lose. The factor II was eluted with a linear gradient of sodium 
chloride in the 0.01 M Tris-phosphate equilibrating buffer. 
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to determine if the fragment 1 and/or intermediate 1 bind to phospho

lipid aggregates. 

Twenty-five mg of factor II were incubated in the presence of 

phospholipid dispersions of equimolar mixtures of PS/PC in 0.05 M Tris-

HC1, 0.025 M calcium chloride pH 7.5. This entire incubation mixture 

was then applied by upward flow to a 2.6 x 40 cm column of Sephadex G-

150 equilibrated in the same buffer. The elution profile from this 

chromatography is shown in Figure 26. The first peak (fraction 23) 

contains both phospholipid phosphorus and factor II clotting activity. 

The second peak (fraction 31) contains only factor II clotting activity. 

The approximate molecular weight of this peak is 95-100,000. This sec

ond peak is excess factor II which was not adsorbed to the amount of 

lipid used. 

Fractions 21 through 26 of the void volume peak were pooled and 

concentrated to 2 mis and treated with 20 NIH units of factor Ila for 1 

hour. A control factor II without phospholipid and calcium ions was 

similarly treated. An aliquot of the factor II-Ca++-phospholipid after 

thrombin treatment was subjected to gel filtration in a 1.6 x 50 cm 

column of Sephadex G-150 in the same buffer as the column in Figure 26. 

The elution profile is shown in Figure 27. The absorbance at 280 nm, 

factor II clotting activity and phosphorus analysis was determined on 

all the fractions. While there was a small amount of factor II activity 

in the void volume peak (fraction 28), most of the activity resided in 

the second peak (fraction 42). The molecular weight of this peak is 

approximately 55,000. There is no phospholipid phosphorus present in 

the second peak. The fractions in the respective peaks were pooled and 
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Figure 26. Plot of the elution profile obtained by passage of a mixture 
of factor II and a PC/PS dispersion incubated in the pres
ence of calcium ions through Sephadex G-150. 

Approximately 25 mg of factor II was incubated in the presence of a 10 
mg dispersion of equimolar PC/PS in the presence of 10 mM calcium chlo
ride. Two ml of the incubate was then passed through a 2.6 cm x 60 an 
column of Sephadex G-150 in 0.05 M Tris-HCl, 0.1 M sodium chloride, 
0.010 M calcium chloride. The flow rate was 30 ml/hr. The fractions 
obtained from this chromatography were monitored for absorbance at 280 
nm (•-•), phosphorus content (absorbance at 830 nm, o-o), and factor II 
activity (A-A). 
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Figure 27. Plot of the elution profile from Sephadex G-150 of the prod
ucts formed by treatment of prothrombin with thrombin. 

Fractions 22, 23, and 24 from Figure 26 were pooled and concentrated to 
1.0 ml and subsequently treated with 20 NIH units in 0.1 ml. After the 
incubation the mixture was applied to a 1.6 cm x 50 cm column of G-150. 
The flow rate was 14 ml/hr. The fractions from this experiment were 
monitored for absorbance at 280 nm (o-o), phosphorus content (absorbance 
at 830 nm,n-0), and factor II activity (A-A). 
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treated with diethyl etherrethanol 3:1 (v/v) to remove phospholipid 

that was present. Aliquots from both peaks as well as the control fac

tor II which had been treated with thrombin were treated with SDS and 

subjected to gel electrophoresis in the presence of SDS. 

The control factor II sample had stained bands with values 

corresponding to 70,000, 54,000, 40,000 and 25,000 daltons respectively. 

The void volume peak from the gel filtration separation had stained 

bands corresponding to molecular weights of 70,000 (faint) and 25,000. 

The second peak had a very darkly stained band corresponding to a molec

ular weight of 54,000 and a very faint band corresponding to a molecular 

weight of 40,000. These data-indicate that the void volume peak con

tains mostly fragment 1 with some unreacted factor II while the second 

peak contains almost totally intermediate 1 with a small amount of 

thrombin (40,000 daltons). The control contains exactly the same molec

ular weight species indicating that the fragment 1 and intermediate 1 

are formed by thrombin treatment of factor II in the presence or absence 

of phospholipid and calcium ions. Also the fragment 1 binds calcium 

ions and subsequently adsorbs to phospholipid aggregates while the in

termediate 1 does not. 

Isolation and Characterization of the 
Calcium Binding and Carbohydrate 
Containing Peptides in Fragment 1 

Since the fragment 1 contains all of the calcium ion and lipid 

binding sites present in the factor II molecule, further fractionation 

of the fragment 1 was necessary to localize the carbohydrate and calcium 

binding sites. 
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By amino acid analysis, there is apparently only 1 methionine 

residue in fragment 1. It was hoped that cleavage of the fragment 1 

with cyanogen bromide would liberate two peptides, one of which would 

contain some of the calcium ion binding sites. The fragment 1 was dis

solved in 70% formic acid and treated with cyanogen bromide. After the 

reaction was completed, the excess cyanogen bromide and formic acid were 

removed by lyophilization. The residue was then subjected to SDS elec

trophoresis in the presence and absence of 1% 3-mercaptoethanol. The 

standard curve with corresponding molecular weights are shown in Figure 

28. Hie point labeled fragment 1 is the unreduced material after cyano

gen bromide treatment. The points labeled CNBrI and CNBrll are obtained 

after treatment of the reacted fragment 1 with 6-mercaptoethanol. Even 

though cleavage has occurred presumably at the methionine residue, no 

peptides are released without reducing the molecule. This cyanogen 

bromide treatment did not give the desired result of cleaving the frag

ment 1 into two free portions. Separations would have required reduc

tion of the disulfide bonds and subsequent acetylation of the sulfhydryl 

groups to keep them from reoxidizing. Also the structure of the poly

peptides was to be maintained as much as possible since Nelsestuen and 

Suttie (1974) presented preliminary evidence that prothrombin was not 

able to be activated or bind calcium when it was denatured. 

The effect of trypsin on fragment 1 was next determined in a 

preliminary experiment to ascertain whether peptides could be liberated 

without denaturing and reducing the molecule. The native structure was 

to be maintained as nearly as possible in hopes of later isolating small 

peptides containing intact calcium ion binding sites. 19.7 mg of 
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Figure 28. Plot of the molecular weight standard curve of cyanogen 
bromide peptides from fragment 1 determined by SDS electro
phoresis . 

Approximately 20 ug of the standard proteins and samples were dissolved 
in 20 pi of 1% SDS, 8 M urea, 0.1 M Tris-phosphate pH 7.0. Some of the 
samples were treated with $-mercaptoethanol (1%) prior to electrophore
sis. The proteins were applied to 12.51 polyacrylamide gels (2 ml gels) 
and electrophorized at 2.5 mA/gel. The gel solution also contained 8 M 
urea. The gels were stained and destained according to Fairbanks et al. 
(1971). 



purified fragment 1 in 3 ml Ĥ O pH 8.0 and 300 yg of TPCK-trypsin in 

-3 
50 pi of 10 N HC1 was mixed. The material was incubated with trypsin 

for 3 hours and pH was maintained with small additions of 0.5 N sodium 

hydroxide. Another 30 pg of TPCK-trypsin was then added and digestion 

allowed to continue overnight. The solution was then made pH 4.5 with 

10 pi aliquots of 0.5 N HQ and the entire mixture was applied to a 

1.6 x 50 cm column of Dowex 50-X8 (200-400 mesh) at 18 ml/hr at 38°C. 

The elution of peptides was attained by using the pyridine acetate buf

fer system described by Schroeder (1967). Two hundred and fifty ml of 

pH 3.1 pyridine acetate was placed in the mixing chamber of the gradient 

box and 250 ml of pH 5.1 pyridine acetate in the reservoir. One ml 

fractions were collected and 0.1 ml aliquots were removed from each 

fraction and hydrolyzed with 13.5 N NaOH. This hydrolyzate was then 

allowed to react with the ninhydrin reagent prepared according to Hirs 

(1967). After the ninhydrin treatment the absorbance of each fraction 

was read at 570 nm. The results from this ion exchange separation of 

tryptic peptides is shown in Figure 29. From this experiment it is 

very apparent that the fragment 1 is hydrolyzed by trypsin into many 

peptides without reducing and denaturing the molecule. 

Since fragment 1 binds calcium ions and subsequently binds to 

phospholipid vesicles, it seemed likely that after proteolysis of the 

molecule with trypsin, those peptides containing the calcium ion binding 

sites would remain bound to the phospholipid vesicles while the non-

calcium ion binding peptides would be released into solution. 

In a typical experiment 20 mg of purified fragment 1 was incu

bated with 2 ml of a sonicated dispersion of 10 mg/ml PS/PC. After a 
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Figure 29. Elution profile of tryptic digestion mixture of fragment 1. 

19.6 mg of fragment 1 was treated with 0.4 mg of trypsin for 16 hours. 
The incubation mixture was then applied to a 1.6 cm x 40 cm column of 
Dowex 50-X8. Elution of the peptides was facilitated by a linear gra
dient of pyridine acetate from pH 3.1 to pH 5.5. Aliquots of each frac
tion were reacted with ninhydrin and the resulting abosrbance at 570 nm 
was determined. 
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15 minute incubation the mixture was chromatographed on a 2.5 x 35 cm 

column of Sephadex G-150 in 0.05 M tris-HCl, 0.1 M NaCl, 10 mM calcium 

chloride pH 7.5. The elution profile from this chromatography is shown 

in Figure 30. Fraction 16 (void volume) contains phospholipid phospho

rus by assay and fragement 1 was shown to be present by disc gel elec

trophoresis. Fraction number 24 also contains fragment 1 as assessed 

by disc gel electrophoresis. This small s; nd peak is fragment 1 which 

was unadsorbed to the phospholipid vesicles in the first, void volume 

peak. The fractions in the first peak (fractions 14-18) were pooled and 

concentrated to 2 ml and treated with 0.4 mg of TPCK-trypsin (50:1, 

fragment 1:trypsin). After 3 hours the same amount of TPCK-trypsin was 

again added and the digestion was allowed to continue for an additional 

12 hours. 

The incubation mixture was then charged onto the same Sephadex 

G-150 column in the same buffer still containing 10 mM calcium chloride. 

The elution profile for this separation is shown in Figure 31. In addi

tion to the void volume peak (fraction 16) two additional peaks of low 

molecular weight have been liberated by the trypsin proteolysis (frac

tion 30 and 37, respectively). The fractions in the void volume peak 

(fraction 15-18) were again pooled and concentrated to 2 ml and made 

0.01 M in EDTA. The Sephadex G-150 column was reequilibrated with 4 

column volumes of 0.05 M tris-HCl, 0.1 M sodium chloride, pH 7.5 without 

calcium chloride. After the column had been reequilibrated the EDTA-

treated phospholipid mixture was chromatographed. Figure 32 is the 

elution profile from this chromatographic separation. Fraction 16 is 

the void volume containing phospholipid. There are two other peaks of 



98 

2.0 

1.6 

1.2 
o 
oo 

<W 0.8 

0.4 

t 1 1 1 1 r 
o 

Jl 

\ «°0 w L qO O 
nnlnnrtnrf  I 3£ I °tfnnnhf)dQQQ 

0 10 20 30 40 
FRACTION NUMBER 

Figure 30. Plot of the elution profile obtained by passage of a mixture 
of fragment 1 and a PC/PS dispersion incubated in the pres
ence of calcium ions through Sephadex G-150. 

Approximately 20 mg of fragment 1 was incubated in the presence of a 
dispersion of equimolar PC/PS in the presence of 0.01 M calcium chlo
ride. This incubation mixture was then passed through a 2.5 x 35 cm 
column of Sephadex G-150 in 0.05 M Tris-IICl, 0.1 M sodium chloride, 0.01 
M calcium chloride. The flow rate was 30 ml/hr. Two ml fractions were 
collected and each fraction was monitored for absorbance at 280 nm 
(o-o). 
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Figure 31. Plot of the elution of the noncalcium ion binding peptides 
after tryptic digestion of fragment 1. 

After treatment of the void volume fractions from Figure 30 with TPCK-
trypsin, the entire hydrolyzate was applied to a 2.5 x 35 cm column of 
Sephadex G-150 in 0.05 M Tris-HCl, 0.1 sodium chloride, 0.01 M calcium 
chloride, pH 7.5. The flow rate was 30 ml/hr and 2 ml fractions were 
collected. The fractions were then monitored for absorbance at 280 
(o-o) and 220 fr-o) nm. 
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Figure 32. Plot of the elution of the calcium ion binding peptide after 
tryptic digestion of fragment 1. 

The phospholipid peak (void volume) from Figure 31 was treated with 0.01 
M EDTA. The mixture was then chromatographed through a 2.5 x 35 cm 
column of G-150 Sephadex in 0.05 M Tris-HCl, 0.1 M sodium chloride, pH 
7.5 without calcium chloride. The flow rate was 30 ml/hr and 2 ml frac
tions were collccted and the fractions were monitored for absorbance at 
280 (o-o) and 220 (o— o) nm. 



protein (fraction 26 and fraction 37). Analytical disc gel electro-

phoretic analysis of these peaks indicated that the second peak con

tained only fragment 1. The material in the third peak (fraction 38) 

did not stain with Coomassie Blue. This third peak was thought to be a 

peptide that could be liberated from the phospholipid vesicles with 

EDTA and therefore contained calcium ion binding sites. 

These data indicate that some of the peptides generated from 

tryptic digestion do contain intact calcium ion binding sites which 

remain bound to the phospholipid vesicles and elute in the void volume 

while those peptides that contain no calcium ion binding sites or bind

ing sites that are no longer intact are released. It can also be seen 

that not all of the fragment 1 was digested by the trypsin treatment. 

A likely explanation of this phenomenon might be hindered access to 

susceptible bonds in the fragment 1 by trypsin which it is bound to the 

vesicles since it was apparently all cleaved when treated with trypsin 

when not bound to a phospholipid surface. The fact that unreacted frag

ment 1 and another peptide of low molecular weight were released into 

solution only after EDTA treatment indicated that this small peptide is 

binding calcium ions and being adsorbed to the phospholipid vesicles. 

Results from these experiments gave a reasonable indication that 

the calcium binding peptides will bind to phospholipid aggregates in the 

presence of calcium chloride. In order to circumvent the problem that 

all the fragment 1 could not be cleaved by trypsin when bound to phos

pholipid, a variation of this procedure was employed. The fragment 1 

was hydrolyzed with trypsin prior to addition of phospholipid and cal

cium chloride which would allow isolation of the calcium binding peptide 
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by adsorption to the phospholipid surface. The experiment was conducted 

as follows. 

Fifty to seventy mg of purified fragment 1 were incubated with 

3 ml of 0.1 M ammonium bicarbonate buffer and then 1.0-1.4 mg of TPCK-

trypsin (50:1, fragment 1:trypsin) was added and incubated for 3 hours. 

At this time an additional 1-1.4 mg of TPCK-trypsin were added and the 

reaction was allowed to proceed overnight. After lyophilization, and 

reconstitution in 1.5 ml of 0.05 M Tris-HCl, 0.1 M sodium chloride, pH 

7.5, 2 ml of a PC/PS dispersion, 10 mg of each/2 ml were added and cal

cium chloride was added from a 0.5 M stock solution in 10 yl aliquots to 

make the final concentration of the mixture 0.025 M calcium. After a 

*4**4* 
15 minute incubation the phospholipid-Ca -peptides aggregate was cen-

trifuged at 30,000 x g. The supernatant was then chromatographed on a 

1.6 x 40 cm column of G-75 Sephadex in the incubation buffer without 

calcium ions. The elution profile is shown in Figure 33. There are 

two peaks of absorbance at 280 nm. Aliquots of the fractions in each 

peak were subjected to mild acid hydrolysis and then assayed for free 

sialic acid by the thiobarbituric acid assay (Warren, 1959). Presence 

of this sugar was used as a marker for the location of the glycopep-

tides. All of the sialic acid containing peptides were found in the 

first peak. No sialic acid was found in those aliquots in the second 

peak. The fractions in each peak (fractions 29 to 36) were pooled and 

concentrated with an Amicon ultra filtration cell with a UM-2 Diaflo 

membrane. 

The phospholipid pellet was washed in buffer containing calcium 

chloride and then reconstituted in 0.05 M Tris-HCl, 0.1 M sodium 
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Figure 33. Plot of the elution profile of noncalcium ion binding pep
tides. 

Fifty mg fragment 1 was treated twice with TPCK-trypsin (50:1, fragment 
1:trypsin). After 16 hours, 20 mg of a sonicated dispersion of equi-
molar PC/PS was added and the mixture was made 0.025 M in calcium chlo
ride. After centrifugation, the supernatant was applied to a 1.6 cm x 
40 cm column of Sephadex G-75. The flow rate was 45 ml/hr and 5 minute 
fractions were collected. The column was equilibrated at 20-25° in 
0.05 M Tris-HCl, 0.1 M sodium chloride pH 7.5. The fractions were all 
monitored for absorbance at 280 nm and aliquots from each fraction were 
hydrolyzed in 0.1 N sulfuric acid and assayed for sialic acid at 549 nm 
(ArA). 
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chloride, 0.025 M EDTA. The phospholipid solution cleared and no pre

cipitate was present any longer. After a 15 minute incubation the 

solution was chromatographed on the same 1.6 x 40 cm Sephadex G-75 column 

as used for the supernatant separation previously. Results from this 

separation are shown in Figure 34. The first peak (fraction 14) is the 

void volume of the column and contains phospholipid. The second peak is 

calcium ion binding peptide and the last small peak elutes at the inclu

sion volume of the column and contains EETA. This is the position at 

which EDTA elutes as determined in a separate experiment. There was no 

sialic acid present in any of these peaks. The second peak (fractions 

24-29) was pooled and concentrated in an Amicon ultrafiltration cell 

using a UM-2 Diaflo membrane. The concentrated solutions containing the 

glycopeptides (those which were sialic acid positive) as well as the 

calcium ion binding peptide were repeatedly reconstituted and concen

trated in 0.01 M Tris-phosphate pH 6.0 buffer to change the concentra

tion of buffer associated with these peptides to 0.01 M in 

Tris-phosphate pH 6.0. 

Further fractionation of these peptides was achieved by ion ex

change chromatography. The glycopeptide solution was then applied to a 

1.0 x 30 cm column of DEAE Sephadex A-25 equilibrated in 0.01 M Tris-

phosphate, pH 6.0. After the sample was applied a linear gradient aris

ing from 100 ml of 0.01 M Tris-phosphate, pH 6.0 in the reservoir was 

used to develop the column. The separation is shown in Figure 35. 

The fractions from this chromatographic separation were assayed 

for sialic acid as a marker for those peptide containing attached car

bohydrate. The first peak which assayed positively for sialic acid 
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Figure 34. Plot of the elution profile of the calcium ion binding pep
tide (CaBP) released from the phospholipid aggregates with 
EDTA. 

The phospholipid aggregates were treated with 0.025 M EDTA and after a 
15 minute incubation, the mixture was applied to a 1.6 x 30 cm column of 
Sephadex G-75 equilibrated with 0.05 M Tris-HCl, 0.1 M sodium chlroide, 
pH 7.5. The flow rate was 45 ml/hr and 5 minute fractions were col
lected. The absorbance at 280 nm (o-o) was monitored for each fraction. 
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Figure 35. Plot of the fractionation of the glycopeptide peak (Figure 
33) on DEAE Sephadex A-50. 

The glycopeptide-containing fractions from Figure 34 were applied to a 
1.0 x 30 cm column of DEAE Sephadex A-50 in 0.01 M Tris-phosphate, pH 
6.0. The peptides were eluted with a linear gradient of sodium chloride 
from 0.0-0.5 M. The flow rate was 0.5 ml/inin and 5 minute fractions 
were collected. Each fraction was then monitored for absorbance at 280 
(•-•) and 220 (o-o) nm. 0.1 ml aliquots from each fraction were hydro-
lyzed and treated witli 2-thiobarbituric acid and subsequently monitored 
at 549 nm (4—A) sialic acid. 
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(fraction 26) was labeled glycopeptide-1 (GP-1). The second peptide 

containing carbohydrate (GP-2) eluted at fraction 36. The fractions in 

these respective peaks were pooled and concentrated for further physico-

chemical analysis. 

The peptide released from the phospholipid aggregate with EDTA 

was applied to another 1 x 30 cm column of DEAE Sephadex A-25 equili

brated in 0.01 M Tris-phosphate, pH 6.0. The peptide was a great deal 

more anionic than either of the glycopeptides in that a linear gradient 

of 0.0-1.0 M sodium chloride was required to elute this peptide from 

the DEAE Sephadex column. The results of this chromatography are shown 

in Figure 36 and suggest that this calcium-binding peptide (CaBP) is 

pure. Only one peak of absorbance was detected whether fractions were 

read at 280 or 230 nm. 

These three peptides (GP-1, GP-2, and CaBP) were next chromato-

graphed on a calibrated column of Sephadex G-75. Standard proteins of 

known molecular weight were used to calibrate the column for molecular 

weight estimation. A standard curve of the elution volume-void volume 

ration (V /V ) versus log molecular weight for bovine carbonic anhy-
6 O 

drase, cytochrome c and insulin is shown in Figure 37. Interpolation 

of the V /V for these three peptides on this curve gave apparent molec-© 0 

ular weights of 8500, 7000, and 6500 for CaBP, GP-1 and GP-2 respec

tively. 

Further estimation of themolecular weights of these three pep

tides was attempted by polyacrylamide gel electrophoresis in the 

presence of SDS-8 M urea (Swank and Munkres, 1971). After electropho

resis the gels were stained with Coomassie Blue according to Fairbanks 
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Figure 36. Plot of the elution profile of CaBP from DEAE Sephadex A-50. 

The CaBP-containing fractions from Figure 35 were applied to a 1.0 x 30 
cm column of DEAE Sephadex A-50 in 0.01 M Tris-phosphate, pH 6.0. The 
peptide was eluted with a linear gradient of sodium chloride from 0.0 to 
1.0 M. The flow rate was 0.5 ml/min and 5 minute fractions were col
lected. Each fraction was then monitored for absorbance at 280 (A—A) 
and 230 (o-o) nm. 
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Figure 37. Plot of molecular weight standard curve for GP-1, GP-2, 
and Ca++BP on calibrated columns of Sephadex G-75. 

Aliquots of the peptides and the standard proteins were dissolved in 
0.05 M Tris-HCl, 0.1 M sodium chloride pH 7.5 and applied to a 1.6 cm x 
40 cm column of Sephadex G-75. The flow rate was 40 ml/hr. Blue dex-
tran was used to measure the void volume of the column. 
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et al. (1971). Upon destaining the gels, no bands of protein were 

apparent. Regardless of the amount of peptide electrophorized, they 

would not bind Coomassie Blue. 

Due to the ineffectiveness of SDS gels for determination of the 

molecular weights of these peptides, gel filtration in the presence of 

guanidine hydrochloride (GuHCl) was employed. The procedure of Mann and 

Fish (1972) was followed in these molecular weight determinations. 

These authors reported that gel filtration in the presence of GuHCl gave 

more accurate molecular weights for small peptides than any other pro

cedure. 

A 1.6 x 30 cm column of 8% agarose equilibrated in 6 M GuHCl was 

poured at room temperature. After equilibration of the flow rate, the 

column was calibrated with molecular weight markers. Blue dextran was 

used to determine the void volume while dinitrophenyl alanine was used 

to measure the inclusion volume. Bovine serum albumin, bovine carbonic 

anhydrase, cytochrome c and insulin were used as standards for the 

molecular weight curve. Aliquots of all three peptides were also dis

solved in 6 M GuHCl and charged onto the column. Interpolation of the 

elution volumes of these three peptides on the standard curve is shown 

in Figure 38. The molecular weights of the three peptides were 6500, 

5900 and 5200 for GP-1, GP-2, and Ca++BP respectively. 

The molecular weights of these peptides were also determined by 

analytical ultracentrifugation. The peptides were dissolved in 0.005 M 

Tris-IICl, 0.1 M sodium chloride, pH 7.5 and centrifuged at 34,000 rpm to 

equilibrium. Scans were made and the absolute absorbance at various 

radical positions was determined. A value of v = 0.7 ml/g was assumed 
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Figure 38. Molecular weight standard curve from gel filtration of the 
peptides and standard proteins in 6 M guanidine hydrochlo
ride. 

The peptides and standard proteins were dissolved in 6 M guanidine 
hydrochloride and chromatographed on a 1.6 cm x 30 cm column of 81 
agarose in 6 M guanidine hydrochloride at room temperature (20-25°). 
The flow rate was 4 ml/hr. Blue Dextran was used as a void volume 
marker. 
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for Ca++BP, while 0.696 ml/g = v was assumed for each of the glycopep-

tides. This assumption is based on data provided by Spiro (1960). 

Using pycnometry, he determined the v of fetuin, a bovine fetal serum 

protein containing 34% carbohydrate, to be 0.696 ml/g. The calculated 

molecular weight for the Ca++BP was 3500. Molecular weights of 4600 

and 1960 were determined for GP-1 and GP-2 respectively. The log A 

versus r plots were linear for all three peptides. This is another 

criterion of homogeneity of these peptides. A comparison of the appar

ent molecular weights of these peptides estimated by the various tech

niques is shown in Table 6. 

The calcium ion binding parameters of Ca++BP were next deter

mined by equilibrium dialysis in the presence of ̂ CaĈ . The CaBP was 

found to have between 3 and 4 binding sites for calcium ions based on a 

molecular weight of 3500. This number of sites is also approximately 

the number of high affinity binding sites present in factor II and frag

ment 1. 

The carbohydrate composition of GP-1 and GP-2 was determined by 

formation of the alditol acetates of the free sugars released from the 

peptides by trifluoroacetic acid hydrolysis. The derivatized sugars 

were then subjected to gas liquid chromatography and the resultant peaks 

were integrated. A typical gas liquid chromatogram of the sugars for 

GP-1 is shown in Figure 39. The peak labeled UNK is an unknown compo

nent present in the hydrolysate. The unknown is also present in all 

standard runs. It is presumably a contaminant in one of the reactants 

used in synthesizing the alditol acetates. 
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Table 6. Molecular weight estimations of CaBP, GP-1, and GP-2 by 
various physico-chemical techniques. 

6 M Guanidine 
Gel Hydrochloride Ultracentrif-

Peptide Filtration Chromatography ugation 

CaBP 8500 5200 3490 

GP-1 7000 6500 4600 

GP-2 6500 5900 1960 
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Figure 39. Gas liquid chromatography of the alditol acetate derivatives 
of the carbohydrates present in GP-1. 

One vil of the alditol acetates in acetone was injected onto a 1/8 inch 
glass column packed with OV225 on 80/100 mesh supelcon. The alditol 
acetates were eluted with a temperature program of 8 minutes at 170° 
followed by an increase of 2°/min to 220°. 
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Table 7 is the composition of sugars in each glycopeptide. The 

glycopeptides each >.vain 361 sugars on a weight basis. Each carbo

hydrate chain from cither GP-1 or GP-2 appears to have the same sugar 

composition. The Ca++BP contained no detectable carbohydrate groups. 

After acid hydrolysis of the three glycopeptides for 48 hours 

in constant boiling HC1, the amino acid composition of each peptide was 

determined by integrating the amino acid peaks obtained from the Beckman 

120 amino acid analyzer. The amino acid composition for each of the 

+ + 
three glycopeptides is shown in Table 8. The N-terminus of Ca BP was 

glycine as determined by thin layer chromatography in chloroform: 

methanol:acetic acid (15:4:1) (Seiler, 1970) on 0.5 mm Silica gel G 

plates against a standard of dansyl-glycine. 



Table 7. Carbohydrate composition of GP-1 and GP-2 by gas liquid, 
chromatographic analysis. 
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Sugar GP-1 GP-2 

Sialic Acid 17.11 15.9% 

Mannose 10.69% 9.82% 

Galactose 8.1% 7.6% 

Glucose 0.8% 1.0% 

Glucosamine 11.3% 11.0% 
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Table 8. Amino acid composition of CaBP, GP-1, and GP-2. 

Amino Acid 

g Amino Acid/100 g Peptide 

Amino Acid CaBP GP-1 GP-2 

Lys 2.52 6.92 4.87 

His - 13.9 8.57 

Arg 9.17 11.8 10.7 

Asp 6.69 4.96 11.8 

Thr* 2.61 12.71 9.70 

Ser* 6.12 1.52 6.46 

Glu 33.1 2.99 6.89 

Pro 3.24 12.26 9.85 

Gly 2.20 5.32 5.55 

Ala** 8.15 2.44 3.05 

Cys (1/2) 5.36 - -

Val - 5.59 7.70 

Met - - -

He - 5.87 3.86 

Leu** 12.01 5.79 4.31 

Tyr - 4.81 4.04 

Phe 6.63 - -

Trp*** 4.91 3.01 2.37 

* Value determined for release at 48 hours. 

** Value determined for release after 48 hours of hydrolysis. 

***Value determined spectrophotometrically. 



CHAPTER 4 

DISCUSSION 

Purification of Bovine Factor II 

Bovine prothrombin has been purified to homogeneity by a combi

nation of barium citrate adsorption, sodium citrate and EDTA elution, 

DEAE cellulose ion exchange chromatography and finally preparative disc 

gel electrophoresis. The final purification step, preparative electro

phoresis, is a novel procedure for the isolation of plasma proteins, 

especially bovine prothrombin. Employment of this procedure was re

cently reported by Kisiel and Hanahan (1973a) for the isolation of human 

prothrombin. 

This purification procedure, like virtually every other pub

lished purification scheme for prothrombin, incorporates a barium ion 

precipitation step. This procedure employs barium citrate rather than 

barium sulfate (Cox and Hanahan, 1970; Esnouf, Lloyd, and Jesty, 1973). 

Higher amounts of factor II can be eluted from barium citrate (80-90%) 

than from barium sulfate precipitates (20-30%). All the buffers em

ployed for elution of prothrombin from both the barium citrate precipi

tate and DEAE cellulose columns were adjusted to pH 6.0. This moderately 

acidic pH was utilized to minimize the amount of factor Xa which can be 

produced under more basic conditions (Jackson and Hanahan, 1968). 

Similarly, all solutions were made 0.1 mM in DFP following the sodium 

118 
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citrate elution to inhibit the formation of factor Xa and thrombin and 

their subsequent proteolytic action on factor II. 

The removal of barium ions with EDTA prior to DEAE cellulose was 

employed rather than on ammonium sulfate precipitation step. After the 

DEAE cellulose chromatography, those fractions possessing factor II ac

tivity were pooled and rapidly concentrated in the presence of 0.1 mM 

DFP. Five hours prior to electrophoresis, this concentrated factor II 

was dialyzed against the sample buffer for the preparative electropho

resis. Since this sample buffer is pH 8.0, the factor II was dialyzed 

against it for only a short time period to minimize degradation. The 

final procedure in this protocol is preparative disc gel electrophore

sis, a technique which has the resolving power to rapidly (12-16 hours) 

separate factor II from other clotting factors. In a single separation, 

200-300 mg of protein can be applied to the gel system. 

While the purification table shown in Chapter 3 (Table 1) is 

based on 1 liter of citrated blood (500 ml plasma), this procedure can 

be scaled up (this author has used 10 liters of citrated plasma) with 

no loss in yields or specific acitvity. The only modification that is 

necessary when handling very large scale preparations is that the DEAE 

factor II protein would have to be separated into at least two aliquots. 

Each aliquot would then be electrophorized separately due to the large 

amount of protein eluted with the factor II in the DEAE cellulose chro

matographic step. 

The specific activity of prothrombin isolated by this procedure 

was consistently 4-5 units/mg one stage activity with a 500-550 fold 

purification relative to the citrated plasma starting material. The 



specific activity reported here is about twice that reported by Bull et 

al. (1972), but the reason for this disparity is not apparent. Their 

procedure was a modification of the protocol of Cox and Hanahan (1970). 

The difference may be meaningless in that the physico-chemical properties 

of the factor II isolated in their procedure was almost identical to 

what has been described for this prothrombin prepared electrophoretical-

ly in the study. The fold purification and specific activity of this 

factor II represents a much better purification in terms of yield to the 

preparation of Esnouf et al. (1973) who obtained a 7% overall yield with 

a similar specific activity. While the yields reported by Cox and 

Hanahan (1970) are quite low (11%) compared to this electrophoretic pro

cedure, the specific activity reported by these researchers is signifi

cantly higher than the preparation described here. The difference is 

inexplicable, but their specific activity is also a great deal higher 

than any other published report on the purification of bovine factor II. 

Complete separation of factor II from factor X could never be 

realized using DEAE-cellulose chromatography. Regardless of the method 

of elution, stepwise or linear gradient development, the factor II ac

tivity peak was always contaimined with factor X and factor VII when 

examined by analytical disc gel electrophoresis and by assay. In con

junction with these two clotting factors there were some other contami

nant protein bands migrating with a lower electrophoretic mobility than 

factor II. Resolution of factors VII and X from prothrombin could only 

be realized by preparative disc gel electrophoresis. Many variations of 

the electrophoretic procedure to separate these factors proved to be 

fruitless. Repeated attempts on a preparative continuous 



121 

electrophoretic system described by Frattali and Steiner (1969) employing 

a Tris-borate-EDTA buffer, pH 8.35 failed to resolve these three fac

tors. Apparently the mass to charge ratios of these three factors are 

too similar to be resolved on a continuous electrophoretic system. No 

variation in the electrophoretic technique achieved the resolution of the 

procedure finally used and described in this study. 

Physico-Chemical Properties of 
Bovine Factor II 

The molecular weight of purified prothrombin was 67,800 ± 1500 

as determined by sedimentation equilibrium ultracentrifugation. This 

value agrees very well with molecular weight estimations of 72,000 ± 

3000 obtained by electrophoresis in the presence of SDS and by gel fil

tration on calibrated columns of Bio-Gel P-200. These molecular weight 

values are in excellent agreement with published molecular weight vlaues 

for bovine factor II (67,500, Bull et al., 1972; 68,300, Cox and 

Hanahan, 1970; 70,000, Mann et al., 1971; 70,300, Esnouf et al., 1973) 

and human factor II (68,000, Lanchantin et al., 1968; 72,000, Kisiel and 

Hanahan, 1973a). 

No significant variation in the ultracentrifugation molecular 

weights was observed over a range of prothrombin protein concentrations 

from 0.072 to 0.865 mg/ml at pH 7.5. Other reports on bovine factor 

II (Cox and Hanahan, 1970) and on human factor II (Lanchantin et al., 

1968; Kisiel and Hanahan, 1973a) have indicated these molecules will ag

gregate to higher molecular weight species under conditions of lowered 

pH (pH 5), higher protein concentrations (>2 mg/ml) and decreased ionic 

strength. 



The excellent correlation of molecular weight values for ultra-

centrifugation, SDS electrophoresis, and Bio-Gel gel filtration tech

niques for the prothrombin in this study are in disparity with the 

apparent molecular weight values obtained utilizing calibrated columns 

of Sephadex G-100 and G-150. The estimated molecular weights from ex

periments using this gel media were always 90-100,000. These high 

molecular weight values were very reproducible regardless of the lot of 

Sephadex used. In no molecular weight estimation experiment on Sephadex 

gels was there an indication of any factor II molecules with an elution 

volume corresponding to a molecular weight of 70,000. The higher molec

ular weight of bovine prothrombin on Sephadex has been noted earlier by 

Cox and Hanahan (1970) and this molecular weight value, 81,000, was at

tributed to the high asymmetry of the molecule. This opinion stems from 

calculations of the frictional ration by both sedimentation and diffu

sion coefficient studies. They determined the frictional ratio to be 

1.45 which does support a conclusion that the molecule is asymmetric. 

Andrews (1970) reported that glycoproteins in general behave anomalously 

on Sephadex gel filtration columns. This phenomenon is generally ex

plained as a result of disproportional hydration and assymetry due to 

the carbohydrate moieties which would probably be completely exposed to 

the solvent. 

The asymmetry of the molecule may not be the only reason for the 

anomalously high molecular weights of factor II on Sephadex. Gel fil

tration of purified factor II on calibrated columns of Rio-Gel P-200 

gives an elution volume equal to a molecular weight of 72,000. If 

asymmetry was the only facet of the prothrombin responsible for the high 
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molecular weight character on Sephadex columns, it would be expected 

that this anomaly would also be manifest on another gel filtration 

medium. This was found not to be the case. The molecular weight ob

tained from Bio-Gel P-200 columns was always in the 72,000 molecular 

weight range. The high molecular weights on Sephadex columns must be 

attributed to some specific type of repulsive forces between the dextran 

polymers of the Sephadex beads and the prothrombin molecule, possibly 

resulting from the carbohydrate moieties. Higher molecular weights 

caused by aggregation of the prothrombin molecules can be ruled out 

since the prothrombin concentrations eluting from the columns were 0.1-

0.5 mg/ml. Cox and Hanahan (1970) noted that aggregation occurred at 

high protein concentrations and/or low ion strength and pH. These lat

ter two variables can also be ruled out as causing the anomaly since the 

columns were run according to the method of Andrews (1964) in 0.05 M 

Tris-HCl, 0.1 M potassium chloride pH 7.5. 

The extinction coefficient of the prothrombin purified in this 

study was 13.6 determined by a combination of differential refractometry 

and absorbance at 280 nm. This value is in reasonable agreement but 

somewhat lower than extinction coefficients reported by other research 

groups (13.2 and 14.4, Cox and Hanahan, 1970; 15.3, Tishkoff et al., 

1968; 16.5, Ingwall and Scheraga, 1969). The present esitamtion was 

based on a refractive index increment of 1.86 x 10 ̂  ml/g which was re

ported by Armstrong et al. (1947) for bovine serum albumin. This is a 

possible source of error in this computation because bovine serum albu

min does not contain any carbohydrate moieties although Schmid (1953) 
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reported a refractive index increment of 1.80 x 10 ̂  ml/mg for the 

acid glycoprotein of human plasma. 

Amino Acid and Carbohydrate Composition 

The amino acid composition of this electrophoretically prepared 

bovine factor II agrees very well with the amino acid composition re

ported by Cox and Hanahan (1970) for their preparations of bovine factor 

II. Interestingly this bovine factor II has a very similar amino acid 

composition to that of human factor II (Kisiel and Hanahan, 1973a) indi

cating the similarities of these two molecules from different species. 

This composition also is in good agreement with the amino acid composi

tion reported by Tishkoff et al. (1968) for bovine prothrombin, and to 

the report by Lanchantin et al. (1968) on the amino acid composition of 

human prothrombin. Only 80 to 85% recovery of amino acids could be 

accounted for after hydrolysis compared to starting material after tak

ing the carbohydrate composition (8-10%) into account. The reason for 

this loss cannot be explained, but was very consistent in every prepara

tion hydrolyzed for amino acid composition. 

The carbohydrate composition of this purified bovine factor II, 

8.2% on a weight basis, is somewhat lower than that reported by certain 

other research groups who have investigated the carbohydrate content of 

bovine prothrombin. Nelsestuen and Suttie (1972b) reported that pro

thrombin contained 11% carbohydrate. Magnusson (1965, 1970) also re

ported 11% carbohydrate. The carbohydrate values in this study do agree 

with those reported by Kisiel and Hanahan (1973a) for human prothrombin, 

which further indicates the similarity of these prothrombins from 
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various laboratories may stem from the various different assays used to 

determine sugar content and a variation in the extinction coefficients 

used for determining the prothrombin concentration. 

Intermediates and Fragments of 
Prothrombin Conversion 

The elucidation of the chemical description by which a reactant 

is converted to product has been approached by various stages of in

creasing specificity. Physical and chemical studies are first employed 

to define both the substrate and the product of the reaction in ques

tion. When the physico-chemical parameters of these entities are de

fined, investigation can be undertaken to isolate and characterize the 

intermediates in the reaction. With this knowledge in hand, the partial 

reactions undergone by the intermediates can be ascertained as well as 

determination of the kinetic parameters of the reaction. 

The physical properties of the substrate, prothrombin, have been 

characterized as has the product of the reaction, thrombin. Many re

search groups have identified the intermediates of the prothrombin con

version on a temporal basis. It has been observed that thrombin would 

convert prothrombin to two polypeptides, a thrombogenic intermediate 1 

and fragment 1. The isolation and characterization of these polypep

tides was undertaken as a means of gaining a greater understanding of 

the mechanism of prothrombin conversion. This characterization would 

allow physical localization of these polypeptides in the prothrombin 

molecule and provide information as to the orientation of prothrombin 

molecule as it is associated on the prothrombinase complex. 
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The observation that these two polypeptides could be separated 

by analytical disc gel electrophoresis prompted the investigation apply

ing preparative disc electrophoresis as a means of resolving these two 

peptides. The power of this technique was again realized in the separa

tion of fragment 1 and intermediate 1. The anomalously high molecular 

weight of fragment 1 in gel filtration systems made complete separation 

of these two polypeptides by gel filtration very difficult. Employing 

preparative disc gel electrophoresis achieved excellent separation of 

these two components. The fragment 1 has a very anionic character which 

gives it an extremely high electrophoretic mobility relative to both 

prothrombin, thrombin and intermediate 1. This high electrophoretic 

mobility indicates a polarization or separation of charge density in the 

original prothrombin molecule. Thrombin and intermediate 1 have similar 

mors cationic mobilities which are slow compared to prothrombin, while 

one portion of the factor II molecule which is nonthrombogenic is very 

anionic. From molecular weight analyses, the anionic fragment 1 is one-

third the size of prothrombin. Also the anomalous behavior of factor II 

on Sephadex columns is manifest further in the behavior of fragment 1 on 

Sephadex gel filtration columns. Whatever types of forces accounting 

for the anomaly in prothrombin is maintained in its fragment 1 portion. 

The polarization or asymmetry is further evident in the physico-

chemical properties of fragment 1 and intermediate 1. Apparently the 

fragment 1 is derived from the N-terminal portion of the molecule as is 

evident from amino terminal group analysis of factor II, fragment 1 and 

intermediate 1. This has also been corroborated recently by Gitel et 

al. (1973). The fragment 1 contains some two-thirds of the carbohydrate 
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originally present in the factor II molecule. Fragment 1 is very an

ionic compared to intermediate 1, contains two-thirds of the carbohy

drate of factor II yet is only one-third as large on a molecular weight 

basis. 

Calcium ions are obligatory for maximal activation of prothrom

bin to thrombin. Nelsestuen and Suttie (1972c) have proposed that the 

major difference between normal prothrombin and the abnormal prothrombin 

synthesized in the presence of dicumarol (Vitamin K antagonist) is that 

the normal molecule can bind calcium ions. Bull et al. (1972) also sug

gested that the calcium ion binding sites are also required for pro

thrombin to bind to a phospholipid aggregate surface. 

Since the importance of this calcium ion binding has been 

alluded to so strongly, a quantitative study of the calcium ion binding 

parameters of prothrombin was undertaken. Elucidation of the calcium 

ion binding characteristics was performed by two methods 1) equilibrium 

dialysis and 2) gel filtration equilibrium. These two techniques are 

identical in theory in that they both incorporate the use of separation 

of the macromolecular solution from the micromolecular solution by a 

semi-permeable boundary. In dialysis it is the cellulose membrane and 

in the gel filtration studies the boundary is formed by choosing a 

Sephadex matrix that will exclude the protein but include the micro ion, 

calcium. In both techniques the Donnan effect must be accounted for 

experimentally. That is a fairly high salt concentration must be main

tained to insure that nonspecific binding of the ion to be measured is 

not occurring. The charge of the macro-ion on one side of the membrane 

is compensated for in part by a reduced concentration on that side of 
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the small ion of like charge and in part by an increased concentration 

of the small ion of opposite charge (Tanford, 1969). 

From experiments measuring the association of calcium ions to 

factor II, it was ascertained that factor II possesses some 10 calcium 

ion binding sites. From Scatchard plots it was apparent that all of 

the binding sites are not identical. The lower portion of the biphasic 

curve indicates that some 3-4 binding sites have a higher affinity for 

calcium than the rest of the sites. This biphasic nature of the curve 

is only an indication of the nonidentical nature of the calcium affinity 

and no extrapolations from this data can be made as to evidence for co-

operativity of binding as proposed by Stenflo (1972). The affinity con

stant calculated for the binding does not indicate particularly tight 

binding of calcium ions. The process of normal coagulation in vivo is 

probably a fleeting, localized phenomenon. Available evidence indicates 

that at least two of the reactions in clotting (the activation of factor 

X and the conversion of factor II) are involved with adsorption-

desorption phenomena onto phospholipid surfaces. Binding of proteins 

too strongly to calcium ions and phospholipid surfaces would have an 

anti-coagulant effect. Increasing the anionic character of the phospho

lipid used has been shown to slow the prothrombin to thrombin conversion 

(Bull et al., 1972). The calcium ion binding to factor II phenomenon 

also indicates that the binding is reversible. This would also be a 

necessary phenomenon for these adsorption-desorption rate enhancement 

reactions. 

The polarization or asymmetry of the factor II molecule is fur

ther manifest in the calcium ion binding characteristics of fragment 1. 



129 

The fragment 1 apparently has some 12 binding sites, the affinity con

stant of which is essentially identical to the formation constant cal

culated for factor II. Also the apparent dissimilarity of binding sites 

in factor II is retained in fragment 1. The lower portion of the frag

ment 1 binding curve indicates 3-4 of the sites have a higher affinity 

for calcium ions. Intermediate 1 binds no calcium at any concentration 

used in the experiments. The influence of pH was determined and calcium 

ions would not associate with intermediate 1 at any pH tried. 

Similarly, the calcium ion binding of fragment 1 and factor II 

was not pH dependent. Many experiments with different pH values from 

5-9, incorporating a wide variance of calcium ion concentrations failed 

to show any influence of pH on calcium ion binding in the range tested. 

These data are in direct opposition to the data published by Nelsestuen 

and Suttie (1972c). They reported maximal binding between pH 8 and 9. 

Their data indicated that this pH maximum fell off sharply on both sides 

and no binding would occur at pH 7.5 and lower, or higher than pH 9.5. 

A recent note by these same researchers (Nelsestuen and Suttie, 1974), 

indicated a retraction in their pH data in that they now observed no pH 

effect of calcium ion binding for prothrombin. 

This lack of a pH effect precludes the possibility of qualita

tively determining the type of functional group on the protein respon

sibility for the binding. Other researchers have reported pH optima for 

various binding studies. For example, Klarmann, Shaklai, and Daniel 

(1972) recently reported on the calcium binding by hemocyanin. They re

ported an optimum near pll 7.2 and could from this data qualitatively im

plicate histidine residues as being involved in the interaction. 
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The observation that intermediate 1 could bind no calcium ions 

prompted an investigation to determine if the intermediate 1 portion in 

the prothrombin molecule retained the ability to bind calcium ions be

fore cleavage by thrombin, i.e., perhaps during generation and subse

quent purification the confromation of the intermediate 1 was altered 

such that it could not bind calcium ions in the isolated state. Gitel 

et al. (1973) also reported that fragment 1 would bind phospholipid in 

the presence of calcium ions while intermediate 1 would not. In con

trast, Mann et al. (1971) reported that the intermediate 1 did contain 

calcium ion binding sites. 

Purified factor II was incubated with PS/PC and calcium ions. 

After gel filtration of the incubation mixture, a single peak containing 

++ 
PS/PC-Ca -prothrombin was obtained in the void volume, indicating a 

macromolecular complex. This complex was subsequently treated with 

thrombin. This would allow formation of fragment 1 and intermediate 1 

in a more nearly "in vivo" environment. Barton and Hanahan (1969) and 

Hemker and Kahn (1967) have proposed that adsorption of the blood factors 

to phospholipid aggregate surfaces is probably an essential occurrence 

in the "prothrombinase" reaction converting prothrombin to thrombin. 

Analysis of the fractions obtained after gel filtration of the 

thrombin-treated PS/PC-Ca++-prothrombin complex indicated that the frag

ment 1 was indeed bound to the phospholipid aggregates in the void 

volume and the intermediate 1 eluted at a much later time with an elu-

tion volume corresponding to a molecular weight of 55,000. This infor

mation indicated that intermediate 1 most probably never possessed 

calcium ion binding sites while fragment 1 indeed does possess all of 
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the calciu: on binding sites originally present in the native factor 

II molecule. Further indications are that the fragment 1 is the portion 

of the factor II molecule which anchors it to the phospholipid surface 

and remains bound after conversion has taken place. These data further 

corroborate the asymmetric structure inherent in prothrombin. 

The carboxyl groups on the prothrombin were derivatized with 

glycine methyl esters in the presence of a water soluble carbodiimide. 

The derivatized molecule failed to migrate in a disc gel electrophoresis 

system, indicating very severe alterations in the charge of the poly

peptide compared with normal factor II. This phenomenon is indicative 

of the loss of most of the negative charges due to the carboxyl moieties 

on the aspartic and glutamic acid residues. This derivatized protein 

would not bind calcium ions under any conditions employed, and the de

rivatized protein was completely refractory in the bioassay for pro

thrombin. An intriguing explanation for this result is that since the 

factor II can no longer bind calcium ions, it can no longer be converted 

to thrombin by factor Xa in the assay. This would lend support to the 

hypothesis put forward earlier in this study that calcium ion binding 

capability is an absolute requirement for subsequent conversion. These 

results could also simply indicate that the calcium ion binding is a 

function of the carboxyl groups on the protein which are masked after 

derivatization. Consequently, the conformation of the factor II could 

have been so severely disrupted during the derivatization reaction that 

it is no longer recognizable as a substrate for factor Xa in the assay. 

The role of the terminal sialic acids in factor II with regard 

to calcium ion binding and biological activity was next determined. 
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After removal of seme 90% of the sialic acids with neuraminidase, the 

prothrombin was resolved very well from the neuraminidase by application 

of DEAE cellulose chromatography. The asialo prothrombin bound identi

cal amounts of calcium ions as the native molecule. Also the biological 

activity of the asialo prothrombin was unaffected. The specific activ

ity of the asialo prothrombin was identical to the normal prothrombin. 

This finding with respect to activity is at variance with other pub

lished reports (Tishkoff et al., 1960; Nelsestuen and Suttie, 1971). 

These researchers observed from 60-851 of original acitivity after re

moval of neuraminic acids. The data presented in this study indicate 

that the sialic acids play no demonstrable role in calcium ion binding 

and subsequent activity of the molecule for its conversion to thrombin. 

It may well be that the sialic acids and possibly the entire carbohy

drate moieties on prothrombin are only determinants for liver uptake 

and subsequent catabolism by the parenchymal cells as proposed for some 

plasma glycoproteins by Van Lenten and Ashwell (1971). This would lend 

support to the equivocal data of Nelsestuen and Suttie (1971) in which 

removal of the sialic acids altered the half-life of the prothrombin in 

the circulatory system. 

Calcium ions play an important role in prothrombin conversion by 

causing a 3 fold increase in rate by themselves (Jobin and Esnouf, 1967) 

and in conjunction with the proper phospholipid surface probably serve 

as a bridge to bind the fragment 1 portion in prothrombin to the phos

pholipid aggregate. This association results in more than a 100 fold 

rate increase. In order to more fully characterize the role of calcium 

ions and their interactions with portions of the fragment 1 molecule, 
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attempts were made to isolate small peptides derived from fragment 1 

which still contained intact calcium ion binding sites. 

Through pi: i. studies it was determined that trypsin would 

liberate a large number of peptides from fragment 1 without denaturing 

or reducing the fragment 1 prior to trypsinization. It was felt that 

it would be necessary to carry out the proteolysis on the fragment 1 

without denaturants since Nelsestuen and Suttie (1972c) demonstrated that 

the prothrombin would not bind calcium ions when unfolded in urea. 

It has been demonstrated that fragment 1 can be generated from 

prothrombin by thrombin when the factor II is bound to PS/PC aggregates 

in the presence of calcium ions. After the reaction was completed, the 

fragment 1 remained bound to the phospholipid vesicles as demonstrated 

by analysis of the protein associated with the phospholipid. This prop

erty of fragment 1, i.e., association to a phospholipid aggregate sur

face in the presence of calcium ions, was employed in the experiments to 

generate tryptic peptides which would bind calcium ions. Purified frag

ment 1 was incubated in the presence of sonicated dispersions of PS/PC 

and calcium ions. A single peak containing fragment 1 and PS/PC was 

isolated in the void volume as a macromolecular complex after elution 

from Sephadex G-150 columns. Unadsorbed fragment 1 was eluted at a much 

higher volume of solvent. The macromolecular complex containing frag

ment 1 was then treated with TPCK-trypsin and the entire incubation mix

ture was again passed through a Sephadex G-150 column in the presence of 

calcium ions. Besides a void volume peak, two small protein peaks were 

apparent. These were peptides which had been released by proteolysis 

into solution. They either contained no intact calcium binding sites or 



134 

no calcium binding sites at all. When the phospholipid peak was treated 

with EDTA and passed through a Sephadex G-150 column in buffer without 

calcium ions, unreacted fragment 1 was liberated into solution as well 

as a peptide of low molecular weight. This peptide was assumed to con

tain intact calcium ion binding sites since it could be released free 

into solution from the phospholipid aggregate only in the presence of 

EDTA. 

These experiments exhibited that a small peptide(s) retaining 

the ability to bind calcium ions could be generated and subsequently 

isolated from fragment 1 by trypsin digestion. This peptide, after 

cleavage, would remain bound to the phospholipid surface while those 

peptides not containing intact calcium ion binding sites or no calcium 

ion binding sites were released into solution. A problem with genera

tion of calcium binding peptide (Ca++BP) in this manner was that not 

all of the fragment 1 was digested by trypsin. The reason for this 

phenomenon is not readily apparent, but it probably relates to hindered 

access by trypsin to fragment 1 when the molecule is bound to phospho

lipid at a water interface. To circumvent this problem fragment 1 alone 

was cleaved by trypsin in solution. After the digestion PS/PC disper

sions were added in the presence of calcium ions. The phospholipid-

calcium ion-peptide complex could be separated by centrifugation. The 

supernatant was found to contain peptides of two molecular weight ranges 

and one of them was found to contain carbohydrate moieties as assessed 

by the thiobarbituric acid assay for sialic acid. 

The phospholipid-Ca++-peptide pellet could be redispersed by 

treatment with EDTA. When this material was chromatographed, a peptide 
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was released from the aggregate with an apparent molecular weight of 

8500 on Sephadex G-75. In these experiments no evidence for unreacted 

fragment 1 was exhibited. Some type of hindrance of proteolysis was 

involved when the fragment 1 was bound to the phospholipid surface be

fore cleavage. 

When the carbohydrate-containing fractions from gel filtration 

were subjected to DEAE Sephadex anion exchange chromatography, six dif

ferent peptide peaks were found, two of which contained carbohydrate. 

In contrast when the Ca++BP was chromatographed on DEAE-Sephadex 

columns, only one peptide peak was ever noted. This observation is 

reasonable evidence for the purity of the Ca++BP. Further evidence for 

homogeneity was obtained from the amino acid compositions of these 

peptides. In none of the three hydrolysates of either glycopeptide or 

Ca++BP was there evidence for partial residues less than 1 which could 

++ 
not be rounded off. For example, if in the Ca BP there were 0.3 moles 

of histidine the assumption would have to be made that there was some 

other peptide contaminant associated with it. 

++ 
The anomalous behavior of Ca BP with respect to molecular 

weight analysis is very provocative. All the molecules or peptides that 

bind calcium ions in this study exhibit anomalously high molecular 

weights on Sephadex gel filtration columns. Prothrombin had an apparent 

molecular weight of about 100,000 by gel filtration while its sedimen

tation equilibrium weight was 68,000. Fragment 1 which also binds cal

cium ions behaves anomalously on gel filtration columns (43,000) while 

under denaturing conditions it has a molecular weight of 25,000. In 

contrast, the intermediate 1 which does not bind calcium ions, but does 
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contain carbohydrate has an apparent molecular weight of 55,000 on both 

gel filtration columns and by SDS electrophoresis. The CaBP also ex

hibits anomalies in its behavior in the various molecular weight tech

niques. It has a sedimentation equilibrium molecular weight of 3500, 

a molecular weight of 5100 on GUHC1 columns which are supposed to be 

more accurate than SDS and 8500 on gel filtration. In contrast, the two 

glycopeptides which contain some 351 carbohydrate do not display the 

anomalous behavior to the degree that Ca++BP does. GP-1 and GP-2 are 

7000 and 6300 on gel filtration respectively and both about 5700 by es

timation in denaturing solvent columns. Their sedimentation equilibrium 

molecular weight is 4600 and 1950 which for GP-1 is not too dissimilar 

from the other estimations. (GP-2 has an anomalous molecular weight, 

but the error may be involved in the value of v.) These data indicate 

that the anomalous behavior of prothrombin and fragment 1 on Sephadex 

cannot be attributed solely to the presence of carbohydrate chains on 

the molecule because a peptide contained on both of these proteins dis

plays very anomalous behavior and contains no carbohydrate. This is 

further evidence that carbohydrate moieties do not play a role in the 

calcium ion binding of prothrombin. The peptide containing the calcium 

ion binding sites does not have any carbohydrate associated with it. 

Calcium ion binding studies indicated that the CaBP binds be

tween 3 and 4 moles of calcium ions per mole of CaBP. It is very inter

esting that CaBP apparently binds the same number of calcium ions as the 

higher affinity calcium binding sites demonstrated in prothrombin and 

fragment 1. These data indicate that in all probability the CaBP is a 

small peptide which contains the high affinity calcium ion binding 
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sites. Recently, Nelsestuen and Suttie (1974), studying the mode of 

Vitamin K action reported the isolation of a small peptide released 

from normal prothrombin by trypsin digestion. This small peptide which 

had an apparent molecular weight of 10,000 on Sephadex G-50 columns 

would bind 3-4 mole of calcium ions per mole of peptide. This peptide 

was not found in prothrombin molecules synthesized in the presence of 

vitamin K antagonists. The amino acid composition of this vitamin K-

dependent peptide indicates that its molecular weight based on amino 

acid composition is probably much lower. The amino acid composition of 

Ca++BP in our study is very similar to that of the vitamin K-dependent 

peptide. 

The variance in molecular weight observed in this study may be 

related to some heretofore unrecognized prosthetic group on prothrombin 

which is manifest in the Ca++BP. Nelsestuen and Suttie (1974) also 

postulated some type of prosthetic group responsible for the vitamin K-

dependent calcium ion binding observed in peptide they isolated from 

prothrombin. While the chemical character of this prosthetic group, if 

any, remains unknown, it is definitely a noncarbohydrate entity. The 

data in this study demonstrates that the peptide which binds calcium, 

Ca BP, does not contain carbohydrate and the peptides that do contain 

carbohydrate do not bind calcium ions. 

Howard and Nelsestuen (1974) employing derivatization studies 

determined that the group responsible for calcium ion binding in the 

vitamin K-dependent peptide contains carboxyl groups unrelated to amino 

acids (glutamic and aspartic acid). Recently Stenflo et al. (1974) 

isolated a tetrapeptide, residues 6-9, from the N-terminal, calcium ion 
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binding portion of normal prothrombin. This peptide was found to have 

an abnormally high electrophoretic mobility. When the peptide was ana

lyzed by nuclear magnetic resonance spectroscopy and mass spectrometry, 

it was found to contain two residues of modified glutamic acid y-

carboxy glutamic acid, a hitherto unidentified amino acid. It was fur

ther ascertained that these modified glutamic acids were not present in 

abnormal prothrombin and that these residues were responsible for the 

calcium ion binding characteristics in normal prothrombin. Girardot, 

Delaney and Johnson (1974), using a cell-free liver fraction incubation 

system, found that was incorporated into abnormal prothrombin in 

the presence of vitamin K. After extensive proteolysis the radioactiv

ity was found in one acidic amino acid, a y-carboxy glutamic acid. It 

seems likely that Ca BP characterized in this study contains the vita

min K dependent function. 

The amino acid data for CaBP, GP-1 and GP-2 are not unusual ex

cept for the high amounts of glutamic acid residues in the Ca++BP. 

They account for about one-fourth of the total amino acid composition. 

The carbohydrate content of GP-1 and GP-2 indicate that there 

are only two chains of carbohydrate present in fragment 1. This means 

there are only three chains in the whole prothrombin molecule, two 

chains in fragment 1 and one chain in intermediate 1 which ultimately is 

found in thrombin. Magnusson (1970) reported the existence of one car

bohydrate moiety in thrombin. 

++ 
The N-terminal amino acid of Ca BP is glycine. The exact posi

tion of this peptide is unknown but it is possible that the Ca++BP is 

very near the N-terminus of prothrombin. Fujikawa et al. (1974) 
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published a comparison of the 15 amino acids in the N-termini of pro

thrombin, factor IX and factor X to show the similarities of this re

gion in all three molecules. Three amino acids interior to the 

N-terminal alanine in prothrombin is a lysine residue. The fourth amino 

acid is glycine. It would seem that during trypsin digestion of this 

portion (fragment 1) molecule, this lys-3 would be cleaved very readily 

++ 
since it is so near the end of the polypeptide chain. If the Ca BP 

were located near the N-terminus of prothrombin, it would then be ex-

++ 
pected that the N-terminal amino acid in Ca BP would be glycine. 

In summary, the data in this study indicate that prothrombin can 

be isolated in large quantities by preparative disc gel electrophoresis. 

The molecule is a glycoprotein with 3 carbohydrate chains consisting of 

sialic acid, mannose, galactose, and glucosamine residues. It has a 

molecular weight of about 68,000-70,000 as estimated by sedimentation 

equilibrium, SDS electrophoresis and Bio-Gel P-200 gel filtration. 

Molecular weights of 90-100,000 were always observed for this molecule 

on Sephadex gel filtration columns. It has 10 binding sites for cal

cium, 3-4 of which are high affinity sites. When prothrombin is treated 

with thrombin, two peptides are formed, fragment 1 and intermediate 1. 

These are well separable by preparative disc gel electrophoresis due to 

assymetry of charges. The fragment 1 is highly anionic while the inter

mediate 1 (thrombogenic) is fairly cationic. 

The fragment 1 possesses all of the calcium ion binding sites 

present in prothrombin, including the high affinity sites, two-thirds 

of the carobhydrate and only one-third of the molecular weight as shown 

by SDS electrophoresis. The fact that apparently all of the calcium ion 
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binding sites and the majority of the carbohydrate in factor II is 

localized in a relatively small portion of the factor II molecule is 

indeed very provocative. It now appears that upon activation, bovine 

factor X releases a fragment with a very high carbohydrate character 

(Fujikawa et al., 1972). The observed similarities between these two 

activation fragments could be of potential importance. 

The molecular weight of fragment 1 is anomalously high on 

Sephadex gel filtration columns also. The intermediate 1 binds no cal

cium ions and does not give evidence for anomalous molecular weight be

havior on Sephadex columns. It was shown that the fragment 1 portion of 

prothrombin serves to anchor the molecule during attack by thrombin. 

After conversion, the intermediate 1 is released into solution while the 

fragment 1 remains bound in the presence of calcium ions. 

Tryptic digestion of the fragment 1 yields a number of peptides 

two of which are glycopeptides and one calcium ion binding peptide. The 

glycopeptides each have a different amino acid composition and behave 

differently on DEAE-Sephadex ion exchange columns, but both have the 

same weight per cent of carbohydrate and the same carbohydrate composi

tion indicating that these two peptides are in discreet, separate loca

tions in the fragment 1 molecule. The Ca++BP binds 3-4 moles of 

calcium ions (the same as the number of high affinity calcium ion bind

ing sites in prothrombin) and has an anomalously high molecular weight 

on Sephadex gel filtration columns. Its sedimentation equilibrium 

molecular weight is 3500. It is very possible that the calcium ion 

binding parameters localized in this molecule are vitamin K dependent. 

In all probability these calcium ion binding sites are also required 
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for the association of Ca++BP, fragment 1, and prothrombin to the sur

face of anionic phospholipid dispersions. 

Figure 40 is a model incorporating the many facets of the cal

cium ion and lipid binding as they pertain to the prothrombin to throm-

++ 
bin conversion reaction. This model shows how the Ca BP, which is 

located at the N-terminus of prothrombin binds the prothrombin to the 

phospholipid (prothrombinase) surface. The intermediate 1 portion is in 

position to be cleaved to intermediate 2 and thrombin by factor Xa. 

This cleavage would leave fragment 1-2 still bound to the phospholipid. 

This fragment 1-2 is cleaved by thrombin releasing fragment 2 into solu

tion leaving fragment 1 still attached via Ca++BP and calcium ions. 

This attachment of fragment 1 (and probably fragment 1-2) to the pro

thrombinase could explain why the fragment 1 exerts an inhibitory effect 

on the conversion of prothrombin to thrombin (Benson et al., 1973). It 

occupies a site on the prothrombinase enzyme complex wehre another mole

cule of prothrombin would bind and is thus a competitive inhibitor. 

This is probably the case since there is only very limited contact be

tween prothrombin and the phospholipid surface. This limited surface 

contact has been shown by spectral studies also (Hanahan et al., 1969). 

This binding of factor II to phospholipid surface in the presence of 

calcium ions is probably similar to the manner in which factor Xa binds 

also. Factor Xa requires calcium ions for binding. Howard and Nelses-

tuen (1974) have reported in a preliminary communication that a calcium 

binding peptide can be isolated from factor X, another vitamin K-

dependent protein. These calcium binding peptides may be universal to 

the other two vitamin K-dependent clotting factors, VII and IX. 
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INTERMEDIATE 2 

INTERMEDIATE I 

FACTOR Ha FRAGMENT 2 

FRAGMENT I 

Figure 40. Model of prothrombin bound to phospholipid aggregates and 
points of cleavage by factor Xa and factor Ha. 
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