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SUMMARY

Platelet aggregation plays an important role in the early stages

of blood coagulation and is accompanied by the selective release into

the blood stream of the soluble contents of the platelet storage

granules, which include proteins. This suggested the possibility of

developing a highly specific and sensitive immunological assay for

in vivo platelet destruction if it were possible to recognise, purify

and prepare an antiserum to a platelet specific protein contained in

the released material.

Thrombin in low concentrations was used to induce the aggregation

of washed human platelets and the release of granule contents. The

soluble phase containing the release products was obtained by

centrifugation and fractionated by gel filtration procedures. Various

fractions were isolated which were initially characterised by physico-

chemical methods.

Platelet factor k (PF*f) was isolated as a proteoglycan-PF^f

complex of molecular weight 358 000 and with a Stokes radius of 1*f.O nm,

sedimentation coefficient of 7-1S and frictional ratio of J.Ob. The

complex was dissociated at high ionic strength (I = 0.75) and the

proteoglycan separated from PF*f by gel filtration. PF*t had a molecular

weight of 27,000, Stokes radius of 2.52 nm, sedimentation coefficient

of 2.hS and frictional. ratio of 1.26, was insoluble under physiological

conditions, but readily soluble at pH 3»2. Under these conditions

the evidence suggested that PF*f dissociated into four subunits with

a molecular wei^it of 6,900, Stokes radius of 1.92 nm, sedimentation

coefficient of 0.8s and frictinnal ratio 6f 1.52. Qualitative N-

terminal analysis showed the presence of glutamic acid or glutamine

as the major end group. PF** was compared with protamine sulphates

(which has similar biological properties) by electrophoresis at pH 2.2,



in which both migrated as single bands but with differing mobility,

and by amino acid analysis which showed a more normal distribution

of residues in PF*f than occured in protamine sulphate. Of the

basic amino acids PF*f contained 5-97% arginine, 3-18% histidine

and 12-31% lysine compared to protamine sulphate with 6b.2% argj.ni.ne,

0.6% lysine and no histidjlne. A partial specific volume of 0.7^7

was calculated from the amino acid analysis.

SDS polyacrylamide gel electrophoresis of PF*f in the presence

of dithiothreitol resolved three bands of molecular weight 2^,300,

16,000 and 6,800. The 16,000 molecular weight component was present

in the highest concentration. This behaviour was at variance with

the molecular weight calculated from sedimentation and diffusion data

and could not be readily explained.

A membrane fraction with antiheparin activity, an isopycnic

density of 1.090 to 1.110 and Stokes radius of 15 to 35 nnii was also

isolated by sucrose density gradient centrifugation from the ultra-

sonicated insoluble residue remaining after thrombin jLnduced aggreg¬

ation of washed platelets. Trypsin treatment of the membrane fraction

neither solubilised nor destroyed the activity.

Further investigation of the platelet release products enabled

a fraction to be isolated by gel filtration which contained as the

major component a hitherto unknown 3S protein with a moleculax weight

of 35,800 and the electrophoretic mobility of a serum p-globulin at
pH 9-9- Immunodiffusion against a rabbit antiserum to the fraction

showed that the major component was undetectable in platelet poor

plasma but present in clotted whole blood serum thus suggesting that

the protein was platelet specific. A very small concentration of

serum albumin was also detected. Subsequent investigation showed



that the major component, thereafter named j}-thromboglobulin, could
be isolated in high purity by gel filtration at pH 3-2 due to the

dissociatidn under these conditions into six 0.8S subunits of

molecular weight 6,500 and frictional ratio of 1.56. A complete

separation of p-thromboglobulin from albumin and minor platelet
specific components was achieved using this procedure. SBS

polyacrylamide gel electrophoresis confirmed the observed subunit

molecular weight calculated from sedimentation and diffusion data

and also demonstrated the high purity of the preparation. Anti-

plasminogen activator activity, which was present in the original

crude fraction, was not present in purified p-thromboglobulin.
It was suspected that B-thromboglobulin existed in polymorphic

forms. Isoelectric focusing in polyacrylamide gel gave inconclusive

results in this respect but showed that p-thromboglobulin had a pi
of approximately 8.

The antiserum and purified p-thromboglobulin were found to be
suitable for use in a highly specific radioimmunoassay. Preliminary

results indicated a raised plasma p-thromboglobulin level in some
pathological conditions. The p-thromboglobulin concentrations in
platelet poor plasma and clotted whole blood serum were measured

and found to be 20 to 50 ng/ml and 10 to 20 |ig/ml respectively
corresponding to an approximate 1000 fold difference.

Of the other proteins released from thrombin aggregated platelets

a fraction was isolated which when rechromatographed on 6% agarose

eluted as a single peak. A Stokes radius of *t.8 nm and sedimentation

coefficient of 6.6S was measured which corresponded to a molecular

weight of 1^5,000. This was consistent with an IgG or IgE like

protein. The possible platelet specificity of this fraction was



not investigated. A further fraction was identified which was

mainly composed of albumin but also contained a low level of

antiplasmin activity and was devoid of antiplasminogen activator.
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CHAPTER 2

Aims of the Study

Many pathological conditions are characterised by the appearance

in the blood of abnormal compounds or the presence of normal compounds

in increased quantities. Due to the functional differentiation of

cells into tissues, organs and organ systems a difference in

distribution of a specific compound is often apparent in different

regions of the organism such that many compounds are refered to as

being cell specific. Secretory cells are good examples and in particular

those involved in regulating metabolic processes.

Because specificity occurs the presence of abnormal compounds

or abnormal1y high levels of normal compounds can be used to monitor

the malfunction of various parts of the organism. The blood stream,

which is the main transport system for metabolites, is an ideal

place for such monitoring and is indeed the basis for a large number

of routine clinical chemical determinations.

Circulating blood, which itself can be regarded as an organ,

contains various functionally distinct cell types. In the case of

blood cells, haemoglobin is well known as occurring only in red blood

cells. Red cell lysis is therefore easily recognised and quantitated

by the measurement of the concentration of free haemoglobin in plasma.

A similar situation does not exist for blood platelets since

there is no comparable platelet chromoprotein. Platelet aggregation

is known to play an important role in the early stages of blood

coagulation and is accompanied by the selective release of the contents

of the platelet storage granules. This selective release has been

recognised as a type of secretory activity. In theory, therefore, the



identification of a platelet specific compound as a component of the

material released from the platelet granules would be very useful

for detecting in vivo platelet aggregation if an assay were available

for its detection.

Previous work has been mainly confined to the study of platelet

factor h (PF^f) which is released during platelet aggregation. PF^f

has potent antiheparin activity and can be recognised by the

reduction of the clotting time of a heparin-thrombin system. There

have been reports of an increase in the antiheparin activity of

plasma during intravascular coagulation using this assay system. The

heparin-thrombin system however has serious disadvantages since the

presence of heparin, widely used during anticoagulant therapy, affects

the results obtained. Therefore the availability of a more reliable

method for the detection of PF*f or any other platelet specific

compound would provide a valuable assay for the monitoring of in vivo

platelet function.

The type of assay required should ideally be both highly specific

and sensitive, since the circulating levels of such compounds sire

likely to be low. These stringent requirements are more likely to

be satisfied using an immunological assay. To produce such a system

however, requires the availability of a highly purified preparation

of a platelet specific protein released during platelet aggregation.

It was the aim of the work presented in this thesis to isolate,

characterise and purify platelet specific proteins by biochemical

and immunological methods and to produce as an end result a platelet

specific antigen and antiserum suitable for future development of an

immunological assay designed to detect in vivo platelet aggregation.
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INTRODUCTION

The process of blood coagulation and its initiation has been

the subject of much research over many years with the result that

there is a basic understanding of the major features of the system.

The history of the involvement of blood platelets in this process

is more recent. It is clear, however, that the phenomenon known

as platelet plug formation is very important in the initiation of

blood coagulation at the site of vessel lesions.

A brief survey of the history of the development of the

current knowledge concerning blood coagulation and its regulation,

and the important aspects of platelet function is given in the

following section.
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I COAGULATION

The classical theory of coagulation was first postulated by

Horowitz (1905)•

This was based on the earlier hypothesis of Schmidt (1872) of

the existence of thrombin, an active coagulant, derived from an

inactive precursor, prothrombin. The existence of thrombin and it* s

protein nature was verified by Gamgee (1879)» and the existence of

fibrinogen, suggested by Virchow (1856), verified by Denis (13.59) •

Morowitz,s theory was forgotten for thirty years until the

independent development by Quick, Stanley-Brown and Bancroft (1955)

and Warner, Brinkhous and Smith (1933) of assay methods for the
«

determination of prothrombin.

The existence of other factors in the coagulation system

became rapidly apparent. Haemophilia was not explained by the

classical theory nor was the anticoagulant action of coumarin.

Subsequently Quick (19*05) discovered the existence of a new coagulation

factor which was subsequently confirmed by Owren (19^7) and termed

factor V. The observation of Pavlovsky (19^7) that the in vitro

mixing of blood from two haemophiliacs abolished the clotting defect

led to the discovery of haemophilia A (factor VIII deficiency) and

haemophilia B (factor IX deficiency). Further factors were

subsequently recognised, factor VII by Owen and Bollman (19*^8),

factor X by Telfer et al., (1953), factor XI by Rosenthal (1953), factor
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A mechanism for the enzymatic interaction of the known clotting

factors was suggested by Macfarlane (196*0 and is known as the

cascade theory, a modification of which is shown in Fig.1.

The cascade theory proposes that each clotting factor is activated

during coagulation by the activated form of the preceeding factor in

the reaction scheme. The mechanism is initiated by contact of

Factor XII with glass or other such "wettable" surfaces. This is

known as the "intrinsic" pathway and is that which occurs when blood

is allowed to stand in glass vessels without the addition of anti¬

coagulants. There also exists an "extrinsic" mechanism which can

be initiated by the addition of tissue extracts the active principle

of which is phospholipid in nature. Both the intrinsic and extrinsic

pathway share a common function in activating factor X to Xa. The

extrinsic mechanism therefore bypasses the stages of the intrinsic

mechanism preceding the activation of factor X. Factor Xa is

responsible for the conversion of prothrombin (factor II) to thrombin

(factor Ila) in the presence of factor V, thrombin then acting

directly on fibrinogen (factor I) with the resulting formation of

fibrin (factor la). Fibrin as such is unstable and is converted

to stable fibrin by factor Xllla. Ca^+ ions are an essential

cofactor in stages of both the extrinsic and intrinsic pathways.

Kemoval of Ca^+ by the addition of chelating agents such as citrate,

oxalate and EDTA prevents coagulation and is the basis of the

anticoagulant action of these compounds.

While the cascade theory as proposed in Fig. 1 is useful for

explaining the reaction sequence of coagulation it does not provide

for the control of the mechanism. It is thought that coagulation

is a dynamic process which is subject to positive and negative
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feedback control at various stages and is also complemented by the

fibrinolytic system which has the function of removing fibrin

deposits in the vascular system.

(1) ANTICOAGULANTS

(a) Antithrombins

In contrast to the variety of factors involved in the complex

procoagulant mechanism described by the cascade theory, there exist

a number of physiological clotting inhibitors which do not generally

act against specific clotting factors but rather against intermediate

products. The result of an excess of these inhibitors is not

generally reflected in increased haemorrhagic tendency (Biggs, 196*0.

The most actively studied of these inhibitors is Antithrombin

III (Kaulla and Kaulla, 1967) and refers to a progressive thrombin

inhibitory activity in plasma and serum. It is thought that an

increase in antithrombin III activity may increase an existing

haemorrhagic tendency but is not itself responsible in the absence

of other clotting defects.

Of the other inhibitors, antithrombin I is the ability of fibrin

to adsorb thrombin a function which may be useful in localising the

effects of thrombin (Quick, 1966 (b)). Antithrombin II refers to heparin

cofactor activity. Recent evidence (Rosenberg et al»,1973) suggests

that antithrombin II and III are identical. Antithrombin V describes

a pathological compound thought to be produced during normal clotting

and having gin immediate inhibitory effect (Loeliger and Hers, 1957)-

This activity has not been studied in detail. The degradation

products of both fibrin and fibrinogen produced by the proteolytic

action of plasmin also have inhibitory activity and is collectively

\
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refered to as antithrombin VT (Niewiarowski et al., 1957* 1959; and

Lewis and Wilson, 196*0.

(b) Heparin

This powerful anticoagulant is normally found only in small

quantities in circulating blood (Kowalski et al. ,196*ta). Heparin

cofactor is necessary for it's anticoagulant action which inhibits

the action of thrombin on fibrinogen and also the action of some

clotting factors (Shaneberg, 1968).

(c) Pathological Inhibitors

Pathological inhibitors have been reported in certain clinical

conditions and usually act against specific clotting factors. The

majority of these inhibitors axe IgG immunoglobulins and in contrast

to the antithrombins their presence often results in haemorrhagic

conditions.

(II) FIBRINOLYSIS

The fluidity of blood removed from the body after sudden death

was first noted by Hunter in 179^- This was later shown to be due

to the absence of fibrinogen and it was suggested that this was due

to proteolytic action. Tillet and Garner (1953) observed that the

supernatant from cultures of haemolytic streptococci caused

fibrinolysis. This was later shown (Milstone, 19*H) not to be due

to a direct action on fibrin since a highly purified fibrinogen

preparation was resistant to such action. This led to the

postulation of the existence of plasmin, a proteolytic enzyme capable

of digesting fibrin. Plasmin was thought to exist in circulation

as plasminogen an inactive precursor (Christienson and Macleod, 19^5).

The fibrinolytic activity of haemolytic streptococci supernatants

was thus considered to be due to the proteolytic action of

streptokinase on plasminogen resulting in the formation of plasmin.
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This basic theory has since been developed; the current concept

is shown in simplified form in Fig.2. In normal conditions the

fibrinolytic system is inhibited by the plasma antiplasmins and

antiactivators. The components of the fibrinolytic system exist

in the form of inactive precursors ie. plasminogen, the precursor

of plasmin, and proactivator the precursor of activator. Various

activators have been described which convert plasminogen to active

plasmin, these include heart and tissue activators, streptokinase

and urokinase. Of these, heart and tissue activators are probably

responsible for in vivo activation of plasminogen. Streptokinase

is present in the supernatants of haemolytic streptococci and

urokinase in urine but not in plasma.

While the fibrinolytic system as shown in Fig. 2 appears to

be independant of the coagulation mechanism this is not the case.

The end product of fibrinolysis, the fibrin degradation products

(FDP,s) have antithrombin activity. This is in fact a type of

negative feedback control as the end product of the fibrinolytic

system inhibits the conversion of fibrinogen to fibrin which provides

the substrate for the fibrinolytic system.

Another point of interaction between the fibrinolytic and

coagulation mechanisms is thought to occur at the stage of activation

of proactivator to activator. It has been suggested that factor

XHa and thrombin can catalyse this process, and that plasmin

inactivates factors V and VIII.

This suggests that while fibrinolysis and coagulation are often

considered separately they are in fact complementary and are

interconnected by positive and negative feedback control stages

which contrive to maintain an effective haemostatic mechanism.
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(m) PIATELET PARTICIPATION IN COAGUIATION AND THROMBUS FORMATION

The in vivo formation of platelet clumps was first demonstrated

by Schultze (1865)» the involvement of platelets in blood coagulation

by Eanvier (1873) and Vulpian (1873), and their role in haemostasia

by Hayem (1882) and Zucker (19^7) among many others.

More recently research into platelet function has increased

due to a better understanding of blood coagulation and the

availability of improved techniques.

Platelet function in haemostasis can be divided into the

following steps:

1. Platelet adhesion to the damaged vessel wall.

2. Aggregation accompanied by the selective release of

certain platelet contents - the release reaction.

3. Viscous metamorphosis in which the platelet aggregate

is reinforced by fibrin formation.

Since aggregation is accompanied by selective release of some

platelet compounds, investigation of the composition of the released

material is likely to give an insight into platelet function in

haemostasis and provide a suitable assay technique for in vivo

platelet aggregation. The release reaction will therefore be

considered in detail.

(IV) THE PIATELET RELEASE REACTION

The release reaction can be divided into three main steps:

1. Induction - the interaction between an extracellular

agent and the platelet surface which creates a release

impulse.

2. Transmission - the impulse created on the platelet surface

is transmitted inside the cell to the platelet granules.
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3. Extrusion - the emptying of the granule contents into the

surrounding medium.

(1) Induction

(a.) Compounds which are inducing agents

(i) Connective tissue

Bounameaux (1959) first described the adhesion of platelets to the

periphery of areas of vessel damage and demonstrated that collagen

was the specific agent for this effect. Later work also showed

that platelets aggregated on exposure to collagen fibres (Zucker and

Borreli, 1962) for which confirmatory evidence, using electron

microscopy, was provided by Hovig (1963a). The aggregation phenomenon

was shown to be a secondary effect due to the liberation of platelet

ADP (Hovig, 1963b and Spaet and Cintron, 1963)*

(ii) Adhenosine Diphosphate (ADP)

The active constituent of a water soluble red cell extract

described by Hellem (i960), as causing platelet adhesion to foreign
1

surfaces and aggregation, was identified as ADP by Gaarder et al.(1961).

ADP is active in concentrations of the order of 10~Sl or less and under

certain conditions (MacMillan, 1966) produces biphasic aggregation.

There are conflicting views concerning the potentiating effect of

calcium ions on ADP induced platelet aggregation. Grette (1962),

Sneddon (1972) and Kinl.ough-Rathbone et al.(l973) have provided some

evidence for such a potentiating effect which has a parallel in

other secretory cells which require Ca^+ as a cofactor in secretion

(Douglas 1968, Stormorken 1969). Contradictory evidence has been
\

presented by Holmsen et al. (1970) and Murer (1968). The conflicting

evidence however may be due to differences in concentrations of

thrombin used as the aggregating agent and in the methods used for
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platelet preparation (Xinlou'-h-te.thbono et al., 197" ).

(iii) Proteolytic enzymes

The aggregating effect of thrombin has been described by Zucker

and Borreli (1955,59), O'Brien (1962) and subsequently by many others.

Since the action of thrombin on fibrinogen is well known and

fibrinogen is present in platelets (Davey and Luscher,1966) it was

suggested (Morse et al., 1965) that fibrinogen was the target protein

for thrombin induced aggregation. However studies involving other

proteolytic enzymes capable of clotting fibrinogen, such as trypsin

(Mihalyi et al., 1963) and some snake venom preparations (Didisheim

et al., 1956 and Nahas et al., 196k) have shown that while trypsin

(Gaintner et al., 1962) and papain (Markwardt et al., 1965) were active

platelet aggregating agents some snake venoms which had a potent

coagulant action on fibrinogen had no aggregating effect on platelets.

Others had both coagulant and platelet aggregating activity (Davey

and Luscher, 1965a,b; 1967). An enzymic interaction between thrombin

and platelets has been suggested (Davey and Luscher, 1967) from the

observation that blocking the active serine group of thrombin with

diisopropylfluorophosphate (DKP) inhibits its platelet aggregating

activity.

There have been various reports of the isolation of thrombin

sensitive platelet proteins. Ganguly (1969, 1971) reported the

isolation from soluble platelet extracts of a 110-150,000 molecular

weight p-globulin with factor XIII activity. This p-globulin v/hen
treated with thrombin could not be detected in its original position

in polyacrylamide electrophoresis. A similar activity was reported

by Kiesselbach et al., (1966). Baenai-er et al.,(1971,72) isolated froi

platelet fractions a 190, 00 molecular weight glycoprotein distinct
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from that reported by Ganguly (197*1) - Other platelet proteins

considered to be thrombin sensitive include thrombosthenin M, a

contractile protein similar to muscle myosin (Cohen et al., 1969)1

and reports of thrombin sensitive proteins by Nachman (1965) and

Salmon (1958).

(iv) Other aggregating agents

Various other agents have been shown to induce aggregation

including -globulins (Ishizaka et al., 1962), viruses (Motulski,

1955)» long chain fatty acids (Haslam, 1964), latex particles

(Glynn et al., 1965)1 antigen-antibody complexes (Movat et al., 1965)

and intermediates in fibrin polymerisation (Solum, 1966). Adrenaline,

noradrenaline and 5-hydroxytryptamine also have platelet aggregating

ability which under certain circumstances is biphasic (Clayton et al.,

1963; Swank et al., 1963; 0»Brien 1964; Mitchell et al., 1964).

(b) Inhibitors of Aggregation

(i) Acetyl salicylic acid (aspirin)

In vivo, aspirin prolongs the bleeding time in normal subjects

(Quick 1966, Hirsh et al., 1975)- Aspirin has been reported to

inhibit the secondary wave of ADP induced platelet aggregation (Weiss

et al., 1968; Zucker and Peterson, 1968) and also aggregation

induced by Collagen (Evans et al.,1967, 68; Weiss and Aledort, 196?),
low concentrations of thrombin (Evans et al., 1968) and critical

amounts of adrenaline (O'Brien, 1963; Weiss, 1968).

Aspirin has detectable inhibitory activity at 0.05 pg/ml on the

platelet release reaction induced by ADP as measured by the release

of platelet factor 4, maximal activity being reached at 3 to 5 jug/ml

(Youssef and Barkhan,1969)•

The mechanism of the inhibitory effect of aspirin is thought to
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be due to protein acetylation since the uptake of isotopic label
1*f 1*t

from acetyl- C- aspirin is greater than found with C- salicylic

acid, the former having inhibitory activity the latter none (Youssef

and Barkhan 1968). The acetylation of plasma proteins by aspirin

has been demonstrated (Pinckhard et al., 1968).

(ii) Heparin, protamine and Polybrene

Heparin has been found to act both as an inhibitor and inducer

of platelet aggregation. Eika (I971a,b; 1972) showed that aggreg¬

ation of washed platelets induced by heparin plus divalent cations was

preceded by a lag phase and inhibited by aspirin, adenosine and

inhibitors of platelet metabolism thus indicating that the aggregation

may be due to ADP release. In contrast heparin and antithrombin III

separately inhibit thrombin induced aggregation while together they

have a marked synergistic effect (Eika 1971b; Clayton and Cross 1963;).

Heparin also inhibits collagen induced and the second phase of

adrenaline induced aggregation (O'Brien et al., 1969)-

Protamine (Eika,1972) and Polybrene (Grottum ,1969; Eika,1972)

both cationic molecules and inhibitors of the anticoagulant activity

of heparin, have been shown to induce platelet aggregation. Since

the aggregation was immediate and not inhibited by aspirin, adenosine

and inhibitors of platelet metabolism, it was suggested that absorption

of cationic polymers onto the negatively charged platelet surface,

(Abrahamson,1928), caused a change in surface potential which may be

responsible for aggregation (Grottum ,1969) by promoting bridges

between adjacent platelets (Brossmer,1968J' Grottum,19697 Jenkins et al.,

1971)* Protamine and Polybrene also inhibit thrombin induced

aggregation. Protamine however has only moderate antithrombin

activity (Eika,1971b) and it was suggested (Eika,1972) that in this
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case inhibition was due to a surface coating of protamine.

(iii) Fibrinogen degradation products (FDP's)

Kowalski et al. (l96A-a,b) have reported the inhibition of

ADP induced platelet aggregation by FDP's, an effect which can only

be demonstrated with low concentrations of ADP (Larrieu et al., 1967;

Niewiarowski et al., 1971)- Later work by Solum et al., (1973)

suggested that the inhibitory activity was due to low molecular weight

degradation products but was probably non-specific since plasmin

digests of serum had an equivalent activity.

(iv) Metabolic inhibitors

Platelet aggregation and the release reaction can be inhibited

by both cyanide and iodoacetic acid (Zucker and Jerushalmy, 1967;

O'Brien and Heywood, 1967) thus indicating that oxidative phosphor¬

ylation and glycolysis are essential requirements. Deoxy-D-glucose,

antimycin and oligomycin have the same effect (Murer, Hellem and

Rozehberg, 1967; Hellem, 1967). N-ethyl maleimide (NEM), a sulphydryl

blocker, is also inhibitory. However the effect can be reduced by

the presence of L-cysteine suggesting that sulphydryl groups on the

cell surface are necessary (Harrison, Emmons and Mitchell, 1966).

(v) Drugs.

Other drugs besides aspirin are known to affect platelet

aggregation. Phenotolamine, which blocks the ot-receptor system,

inhibits the second wave of catecholamine induced aggregation (O'Brien,

1963)» However ^-receptor blockers such as propanalol are without
effect (Mills and Roberts, 1967) suggesting that c*.-receptor sites are

involved in catecholamine induced aggregation.

The inhibitory effect of prostoglandin is described below in

the section describing the transmission of the aggregation impulse to

the interior of the cell.
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(2.) Transmission

Relatively little is known concerning the mechanism of

transmission due to obvious technical difficulties. However various

theories have been proposed. Work on the adrenaline induced

stimulation of glycolysis in liver cells (Sutherland et al., 1960)

has shown that liver phosphorylase exists in an active and inactive

form, the latter being activated by a protein kinase which in turn is

activated by cyclic AMP (c-AMP). c-AMP is produced from ATP by an

adrenaline stimulated adenyl cyclase.

Weisenberger (1972) has reviewed the involvement of c-AMP in

platelet aggregation and release. The following points are of interest.

Since platelet aggregation and release are energy dependant, alteration

in the activity of the glycogenolytic and glycolytic systems would be

an important controlling factor. Many substances which inhibit

aggregation have been shown to produce raised c-AMP levels in platelets.

The converse ie. decreased c-AMP has been reported by some workers

for thrombin, collagen and ADP. The level of c-AMP can be controlled

in four ways; by inhibition of activation of phosphodiesterase (PDE),

which destroys c-AMP, or by inhibition or activation of adenyl cyclase

which produces c-AMP. Prostoglandin E^ (PGE^) has been shown to
stimulate adenyl cyclase and theophylline, papaverine and dipyrimadole

to inhibit PDE, both effects leading to increased c-AMP levels. The

site of action of c-AMP has not been clearly identified although a

c-AMP stimulated protein kinase capable of binding c-AMP and phosphor-

ylating various proteins has been reported. PGE^ inhibition of thrombin
induced aggregation is accompanied by decreased lactate production

for which there is some evidence of phosphofructokinase inhibition by

c-AMP. It is possible therefore that the activity of some emzymes
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in the breakdown of glycogen are under the control of a c-AMP protein

kinase system.

Activation of 5'-AMP deaminase has also been suggested as the

controlling agent. Since AMP is a powerful inhibitor of aggregation

(Holmsen et al., 1969) and ATPase activity it is possible that AMP

is present at an inhibitory level in the intact cell. Activation of

5'-AMP deaminase would quickly remove AMP thus removing ATPase

inhibition and rendering energy available for the release reaction.

(3) Extrusion

The process of extrusion, occurring in platelets during the

release reaction, can be differentiated from cell lysis by the

selective nature of the compounds released and their specific

storage in granules in the native platelet. In comparison the

cytoplasmic, mitochondrial and membrane components axe not released.

The speed of the release, which is complete within 60 seconds at 37°C,
the dependance on glycolysis and oxidative phosphorylation for energy

and the fact that the platelet retains its ability to participate

in clot retraction, perform anaerobic glycolysis and other functions

show that the platelet has many similarities to other secretory
i A

type cells (Holmsen, et al., 1969).

(a) Compounds released and their subcellular localisation

(i) ATP and ADP

Incubation of platelets with radioactively labelled adenine

nucleotide precursors has shown that the nucleotides are distributed

between the cytoplasm, mitochondria and membranes but not in the

granules. In contrast the non-metabolic adenine nucleotides,

which are not labelled following incubation with radioactive

precursors, are contained in the dense o( -granules (Holmsen et al., 1969)



and are those released during the release reaction. Approximately

50% of the total platelet ATP and ADP is found in the non-metabolic

pool (Holmsen, 1969) and the proportions released are the same as

present in the dense c* -granules.

(ii) 5-Hydroxytryptamine (serotonin, 5-HT)

5-HT differs from other compounds released in that preincubation

of the native platelet with labelled 5-HT leads to active uptake and

storage in the dense <A -granules along with ATP and ADP. In vitro,

a complex formation between 5-HT and ATP has been described (Da Prada

and Pletscher, 1968; Da Prada, Von Berlepsch, Pletscher, 1972) and

this has been assumed to be the in vivo mechanism of granule storage.
I

However more recently a mucopolysaccharide-protein complex with amine

binding properties has been described in rat platelets (Aborg and Uvnas,

1971)- A similar situation was reported in rat mast cells except in

this case the mucopolysaccharide was heparin (Uvnas, Aborg and

Bergendorff, 1970)*

(iii) Proteins

A large variety of proteins are released during thrombin induced

aggregation, which include albumin, prealbumin, ^-lipoprotein, p,
and V-globulins, fibrinogen, acid phosphatase, p-glucuronidase in
Email quantities (Davey and Liischer, 1968), and platelet factor

(Niewiarowski et al., 1968). The proteins released appear to be

localised in the c/L. granules as opposed to nucleotides and serotonin

which are localised in the dense (/.-granules. This difference is

reflected in the kinetics of release and the requirement for

extracellular Ca^+. The nucleotides and serotonin are released much

more rapidly and independantly of the presence of Ca^+ while the
2+

proteins are released more slowly and the presence of Ca is
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stimulatory (Holmsen and Day, 1970).

Civ) Metal ions
4.

Platelets release upto 50% of their total K . Incubation

01 intact platelets with radioactive K+ did not label the K+ ions

released during platelet aggregation but resulted in labelling of

cytoplasmic K+ (Zieve, Gamble and Jackson, 196*+), suggesting that

the pool of K+ released during aggregation is inexchangeable with

cytoplasmic and extracellular K+.
The release of Ca^+ has been reported (Murer, 19&9) a*"* recently

the kinetics of thrombin induced Ca^+ release have been extensively

studied (Detwiler and Feinman, 1973)• The release of Ca^+ is of

interest since it has been shown to mediate the release reaction in

other types of secretory cells (Douglas 1968; Stormorken, 19^9)•

(v) Procoagulant activity

The appearance of platelet factor 3 (thromboplastic activity)

during the release reaction has been described. Although not

actually released this activity is made available on the platelet

surface and is probably due to structural changes.

(b) Mechanism of release of granule contents

In the native platelet the storage organelles are dispersed

randomly. Following exposure of the platelet to a release inducing

stimulus the organelles are drawn together and fuse prior to release

(White, 1968; 71). It is thought that the granules and dense

bodies empty their contents into the platelet canalicular system

which is connected to the platelet surface (Behnke, 196?? White,1970).

Incubation of platelets with Polybrene and Polylysine has a stabilising

effect on granules and dense bodies. Polylysine and Polybrene were

taken up into the structure of the granules and dense bodies.
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Subsequent exposure to cationic polypeptides caused release of intact

granules and dense bodies into the open canalicular system, supporting

the idea that release occurs through this system (White, 1972).

Platelets contain thrombosthenin, a contractile protein which

has a Ca^+/Mg^+ stimulated (Bettex-Galland and Luscher, 1961) and

Mg^+ dependant ATPase activity (Heinrich, Da Prada and Pletscher,

1972) which is similar in many respects to the muscle contractile
2+

protein (Luscher and Bettex-Galland, 1971)- Ca ATP has been reported

(Abramowitz et al., 1972) to affect the state of polymerisation of

platelet contractile protein which would therefore indicate an
j

involvement of thrombosthenin in the release reaction (Grette, 19&2;

Holmsen, Day and Stormorken,19^9) a view which is in accordance with

the rapid nature of the release reaction.

(V) CONCLUSIONS

Current knowledge indicates that platelet involvement in the

process of coagulation is very complex. Of particular interest

are the profound chemical changes that accompany platelet aggregation.

The recognition of the platelet release reaction as part of these

changes is significant since it indicates the possibility of detecting

the occurrence of platelet aggregation in vivo if a specific assay can

be developed to quantitate one of the platelet specific compounds

present in the released material. Quantitation of this component in

the circulation would therefore give some indication of the degree

of platelet sequestration.

Table 1 summarises the various compounds which are thought to be

released from aggregating platelets (Holmsen et al., 1969).

Inspection of this list of compounds with a view to selecting a

compound suitable for use in a specific assay led to the elimination
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TABLE 1

Compounds released from platelets (Holmsen et al., 1969)

Amines

Serotonin, catecholamines, histamine

Adenine nucleotides

ADP, ATP Cnon metabolic)

Enzyme activities

Acid hydrolases

Ions

Calcium, potassium

Platelet factors

Platelet factors 3* and

/

Proteins

Fibrinogen, albumin, permeability factor+, also other

unidentified platelet proteins

Other compounds

Lipoproteins, mucopolysaccharides

*

Not released but made available on the platelet surface

+
Nachman et al., (1970)
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of all inorganic compounds, the biogenic amines, fibrinogen and

albumin, since none are platelet specific. Permeability factor is

poorly characterised and is tedious to assay. Platelet factor 3 is

lipid in nature and is not released into free solution. Platelet

factor k (antiheparin activity) appeared to have the required

properties being a protein and therefore suitable for antiserum

production. PF*f also has antiheparin activity which is of benefit

in monitoring its isolation and purification.

Platelet factor k was therefore selected for purification and

characterisation. It was also recognised from work of Davey and

Luscher (1968) and Nachman (1965) that other platelet specific

proteins are present in platelet release products. However these

had not been purified or characterised and thus a further aim was

to identify, purify and characterise some of these proteins.
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ISOLATION AND CHARACTERISATION OF PF^

(I) INTRODUCTION

1. Historical aspects

The discovery of platelet antiheparin activity is normally

credited to Van Creveld and Paulssen (1951» 52). However

previous work notably by Conley et al., (19**8) had shown that

the susceptability of plasma to heparin in clotting experiments

was a direct function of the platelet count.

Van Creveld and Paulssen (1951 * 52) went a stage further and

isolated a water insoluble phosphatide fraction from platelets

alter removal of factors 1 and 2. This insoluble fraction was

named "factor 3" and. was shown to accelerate the clotting of

heparinised plasma. It should be noted that their assay system

was based on prothrombin-thrombin conversion. Factor 3 was found

to accelerate the clotting time of heparinised plasma in this

system and was thus thought to be thromboplastic, no clear

distinction being made between antiheparin activity and thrombo¬

plastic activity.

Jurgens (1952, 5*0 and subsequently Deutsch (195*0 and

Garrett and Klein (1957) suggested that the factor 3 of Van Creveld

and Paulssen consisted of two factors which were named platelet

factor 3 (FF3)i possessing thromboplastic activity and platelet

factor k (PF*0, possessing antiheparin activity. Deutsch (195*0

used saline extraction of freeze thawed platelets and subsequently

demonstrated by ultra centrifugation techniques that PF*f was present

in the freeze thaw supernatant with some activity remaining in the

platelet fragments, in contrast to PF3 which remained in the insoluble

platelet residue. The fact that some PF*t activity remained in the
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platelet fragments explains the observations of Van Crevald and

Paulssen who reported both antiheparin and thromboplastic activity

in their fraction. Deutsch employed two separate assay techniques,

a heparin-thrombin system for PF*f and a prothrombin activation system

for PF3. This facilitated the demonstration of PF3 and PF*f as

separate entities.

No serious attempt was made to isolate PF^t in a pure state

until Deutsch and Kain (1960) isolated with a specific activity

100 times that of crude platelet extracts. They found the pure

material to be non-dialysable and to have peptide absorption at

210 nm and tyrosine absorption at 275 am. Chemical analysis showed

that the material contained 80% protein and 15% carbohydrate and it

was therefore deduced that PF^ was probably a glycoprotein. It was

also found that PF*f reversed the metachromatic effect of heparin on

toluidine blue thus suggesting that PF^ reacted with heparin and not

heparin cofactor. They also suggested that PF^ may be responsible

for the lipaemia clearing effect of heparin although no experimental

evidence was presented. This hypothesis was subsequently shown to

be unfounded by Poplawski et al., (196^).

The solubility of PF^ was investi -ted by Deutsch and Kain (i960) and

Poplawski et al., (196*+) • It was found that PF*f was soluble in

trichloroacetic acid, sulphosalicylic acid, 50% saturated ammonium

sulphate, and distilled water. Insolubility was found in 15%

ethanol and low ionic strength media at pH 5*1 to 5*5*

Estimates as to the heat stability have varied widely from

retention of full activity after 100°C for 30 minutes.

(Vandendriessche, 1958, 59) to heat liability (Deutsch et al., 1957a, 60).

This apparent contradiction was explained by Deutsch and Kain, (i960) who
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found that heat stability was markedly affected by impurities in

the preparation, the most highly purified preparations being the

most stable to heat exposure. Intermediate values were found

by Gastpar and Goossens (1959) aud Garrett and Klein (1957)-

Inactivation by proteolytic enzymes was studied by Deutsch

(1960) and Farbizewski (1966) who found partial inactivation with

trypsin, plasmin, and d -chymotrypsin. In contrast Deutsch (i960)

reported complete inactivation with trypsin in alkaline solution

after 30 minutes and by pepsin in acid solution.

Molecular weight estimates have varied widely from less than

10,OCX) (Niewiarowski et al., 1966) to greater than 100,000

(Deutsch et al., 1966). Niewiarowski found his PF*t preparation

to be homogeneous in 30% polyacrylamide gel electrophoresis and

hence a molecular weight of approximately 10,000 could be deduced

from the fact that migration occurred. It should be noted that

a PF*f assay was not performed and that PF1) could equally well have

been excluded from the gel if its molecular weight was high. The

data of Deutsch et ail., (1966) showed that PF*f eluted at Vq on

Sephadex G-100 from which a molecular weight in excess of 100,000

can be deduced.

A correlation between platelet antiplasmin activity aind

antiheparin activity has been suggested by Moriau (1969); this has

not since been confirmed.

Niewiarowski et al., (1965) presented evidence for the

neutralisation of fibrinogen breakdown products (Antithrombin VI)

by PF^ which lead to the postulation of an in vivo involvement of

PF^f. Further evidence for an in vivo function of PF*f was reported

by Lipinski et al., (1968) who reported a decrease of soluble fibrin
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monomer complexes during the second phase of the generalised

Schwartzmann reaction, the appearance of eosinophilic granules in

renal glomerulii and the release of PF*f from damaged platelets.

The in vivo method of PJ^f release was first sur/gested by

Youssef et al, (1968) and subsequently by Niewiarowski et al., (1969)

who found that PF4 became available in the supernatant of platelet

rich plasma following the addition of platelet aggregating agents.

Antiheparin activity has also been reported in other tissues.

Rapaport et al., (1957) demonstrated the antiheparin activity of red

cell haemolysates, in contrast to intact red cells which were devoid

of antiheparin activity. Deutsch et al., (1957b) found that water

extracts of acetone treated brain had antiheparin activity which was

not immediately available, incubation at 37°C being necessary.

Antiheparin activity of water extracts of aortic walls has been

reported by Hoffmeister et al., (1961) and serum antiheparin activity

described by Hermansky et al., (1968). O'Brien et al., (1970) found

that platelet membrane antiheparin activity appeared during reversible

platelet aggregation and disappeared on disaggregation. The use of

aspirin, which is known to inhibit the platelet release reaction

(Youssef et al., 19&9)» s*"* hence the release of PF*f, did not prevent

the appearance of membrane bound antiheparin activity.

Antiheparin activity is not specific to PF*f; protamine sulphate,

a compound isolated from the sperm of members of the salmon family,

is well known clinically as an antiheparin agent. More recently

"Polybrene" has replaced protamine in this role. It is interesting

to note that all these compounds are distinctly basic in nature,

which in consideration of the acidic nature of heparin, is not

surprising. This suggests some form of ionic interaction in the

phenomenon of heparin neutralisation.
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2. Survey of previous isolation procedures

Any purification procedure designed to give a high purity

product should consider the following factors:

(1.) The overall yield should be as high as possible consistent

with obtaining a pure product.

(2.) Due regard should be paid to existing knowledge of the

chemical and physical properties in choosing the isolation

conditions.

(3.) If chemical analyses of the purified material are

contemplated the purity of the isolated material should

be as high as possible.

(^.) The isolation conditions should be as mild as possible

to minimise any form of denaturation or chemical

modification unless such effects are specifically required.

Investigation of previous literature concerning the purification

of platelet factor b yielded only one figure for overall yield.

Farbizewski et al., (1966) isolated 7®g of PF*f from 200 litres of

pig platelet rich plasma with an overall yield of 50/^- From this it

is obvious that particular attention should be paid to the overall

yield of any procedure used.

Previous isolation procedures have made use of the properties

of l?Fk outlined in the "historical aspects of PF*f" section of this

work, and which are summarised below. Poplawski et al., (196*0

developed a zinc acetate precipitation procedure consisting of the

following steps:

(1.) A crude platelet extract was obtained from freeze thawed

platelet suspensions.

(2.) The crude platelet extract was heated to 70°C and
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(2.) centrifuged. This makes use of the heat stability of

PF*+ to remove heat sensitive contaminants by denaturation.

However crude platelet extracts are known to loose PF4

activity when subjected to this treatment (Deutsch et al.,

1960). This step should therefore be regarded with

suspicion because of the possible losses involved.

(3.) The pH of the supernatant from (2) above was adjusted

to b.O] PF*f is precipitated under these conditions.

(4.) The precipitate was dissolved in distilled water and

PF^+ precipitated with zinc acetate.

(5.) The precipitated PF^ was redissolved in and dialysed

against distilled water. The pH was adjusted to 11 and

followed by centrifugation to give a supernatant containing

pure PF*f. Subsequent dialysis end lyophilisation gave a

final, stable product.

Poplawski's method relies entirely on the solubility properties

of PF^f and as noted above the heating step probably gives considerable

losses. No figures for the yield in this step were quoted. As the

method makes use of only one property it would be expected that

contaminants with similar solubility properties would be present,

especially as precipitation has relatively poor resolution. In this

respect the PF^ preparation obtained by the above method also contained

PF2 (fibrinoplastic activity).

A modified zinc acetate method was developed by Farbizewski (1966)

to separate PF^ and PF2. The final product from the zinc acetate

procedure was chromatographed on DEAE-cellulose using stepwise

elution with increasing salt concentration and decreasing pH. PF^

eluted with 0.5M NaCl, 0.05M NaH^PO^ at pH b.5 and was completely



- 36 -

separated from PF2. The specific activity of PF*t was 278 times

that of crude platelet extract.

Deutsch et al., (1960) chromatographed their platelet extracts

directly on DEAE-cellulose and obtained PF*f activity eluting with

0.1M NaCl, 0.05M NaH^PO^. The specific activity of this
preparation was 100 times that of the crude platelet extract. No

indication was given as to the presence of contaminants.

Zone electrophoresis was used by Deutsch et al., (1966) to

separate crude PF4-, obtained by precipitation at pH 5.0, from the

bulk of contaminating protein. The active material was

chromatographed on Sephadex G-100 and the activity eluted at Vq
with an overall purification of JfO times. A high purification

was obtained (950 times) by chromatographing crude platelet extract

on DEAE-Sephadex A50 using stepwise elution with triethylammonium

acetate buffer. The active fraction eluted at 0.1M.

As noted above in the historical aspects section, molecular

weights quoted by previous workers or deduced from their results

have varied greatly. This is possibly due to multiple forms of

PF^ or to degradation during the isolation procedure.

Because of the variability of the product obtained using the

existing procedures outlined above, it was decided to investigate
\

gel filtration as a method for the isolation of PF*t and the

possibility of using the platelet release reaction as an initial

stage in the procedure as this provides a rapid and effective purification.

Both gel filtration and the release reaction are advantageous in

that the conditions used are very mild. If a specific biological

assay is available, useful physical data can also be obtained from

the gel filtration data without the necessity of isolating the
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desired, protein in a state of high, purity (Siegel and Monty,

1966). In the case of PF^t the heparin-thrombin assay system

can be used for this purpose.

(II) EXPERIMENTAL RESULTS

1. Isolation of PF^

(a) Preliminary fractionation of the release

products from thrombin aggregated washed

platelets.

Consideration of the methods used by previous workers to

isolate PF^ and the variation of the physical and chemical

properties of the products obtained suggested that PF** may be

modified by the isolation procedures used or that multiple forms

of PF*f may exist. It was decided therefore to use thrombin as

the aggregating agent as PF*f is known to be released under these

conditions. (Niewiarowski et al., 1968).

The preparation of soluble release products from thrombin

aggregated washed platelets was performed according to the procedure

outlined in the methods section.

The release products from a total of 12 platelet units were

concentrated 10 times by pressure ultrafiltration. Preliminary

gel filtration experiments indicated that PF*+ eluted with an

approximate of 0.5 on Biogel A15® agarose) and 0.35 on

Biogel A50m (2% agarose). Biogel A15® was used for subsequent

procedures as a better separation was obtained in comparison to

Biogel A50m.

5«5ml (6.3mg/ml) of concentrated release products was applied

to a column containing Biogel A15m of bed dimensions 1000 mm x 25 mm,

equilibrated and eluted with 25mM tris, 1mM EDTA, 3«8mM borate,



HEXURONIC ACID (pg/ml) O O

FIG.3



- 38 -

0.15M NaCl, pH 8.8 at 26.5ml/h. 5-15ral fractions were collected

and analysed for protein and antiheparin activity. Antiheparin

activity eluted in fractions *f8 to 65 as &. brdad peak suggesting

that the material was heterogeneous. The specific activity of

this material was 620jig equivalents per mg of protein at fraction
57. A further peak of activity eluted in fractions 86 to 91 with

a specific activity of 95pg equivalents/mg protein.
During these investigations Kaser-Glanzmann et al., (1972)

and Barber et al., (1972 a,b) reported the isolation of PF^ by agaros

gel filtration of the release products of thrombin aggregated

washed human platelets. PF^ was found to be complexed to a

proteoglycan carrier composed mainly of chondroitin-ff-sulphate.

Dissociation of the complex occurred at an ionic strength of 0.75

to give platelet factor *+ (PF*)-) of molecular weight 28,000 and the

carrier of molecular weight 59»000 which could be separated by gel

filtration. Following this report, which is discussed in detail

in a later section of this work, a hexuronic acid assay was

performed on the column fractions. Hexuronic acid containing

material eluted in fractions *t8 to 65 and was coincident with

the antiheparin activity. The results of the protein, antiheparin

activity and hexuronic acid assays sire shown in Fig.3*

(b) Dissociation of the PF*f-carrier complex.

Following the report of Kaser-Glanzmann et al., (1972) the

fractions containing the antiheparin activity were pooled and

concentrated to a final protein concentration of h.2. mg/ml. 6ml

of this material was applied to the column containing Biogel A15*n

used in the preliminary separation of release products. The

column was equilibrated and eluted at 26.5 ml/h with 25mM tris,
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1mM EDTA, 3»8mM borate, 0.75M NaCl, pH 8.8. The ionic strength,

of the sample was adjusted to 0.75 by the addition of solid

KaCl. 5.75ml fractions were collected and analysed for protein,

antiheparin activity and hexuronic acid. The results are shown

in Flg.k. The antiheparin activity eluted in fractions 88 to 96

and was coincident with the peak of protein. In this case the

peak was sharp and symmetrical in contrast to the elution profile of

antiheparin activity in 0.15M NaCl. PF*t was well separated from

contaminating protein and hexuronic acid containing material which

suggested that dissociation had occurred. The specific activity

of PF*t was 15*tOjig equivalents/mg protein.
Fractions 88 to 96 containing the purified antiheparin activity

were pooled and concentrated.

(c) Lyophilisation

Dialysis against distilled water of the concentrated PF*f

isolated above resulted in precipitation. The precipitate was

found to be readily soluble in 0.5% pyridine, 10% acetic acid,

pH 3.15- Subsequently desalting on Sephadex G-25 was employed.

A sample of concentrated fractions 88 to 96, containing PF^f, was

applied to a column containing Sephadex G-25 of bed dimensions ^30mm

x 25mm, equilibrated and eluted with 0.5% pyridine, 10% acetic acid,

pH 3-15 at 115ml/h. 11ml fractions were collected and analysed for

protein and conductivity. All the protein eluted at Vq and was

completely separated from the conductivity peak corresponding to the

presence of salts. The volatile buffer system was removed by

lyophilisation. The lyophilised preparation was stored at *f°C
until required for further investigations.

Reference to the purity of this material is made at intervals
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in the subsequent sections of this work.

2. Physicochemical Properties of PF*f

(a.) Amino acid analysis.

The amino acid composition of PF*f and protamine sulphate was

determined to see if there were any features in common which could

explain their common activity in neutralising heparin.

Protamine sulphate is unusual in containing a high percentage

of arginine and being entirely devoid of sulphur containing amino

acids. No amino acid analysis had been reported at the time this

work was undertaken. Subsequently a report was published

(Kaser-Glanzmann et al., 1972, 73), and a comparison of the results

obtained in this work and the reported analysis is made in the

discussion.

Lyophilised PF*t and commercially available protamine sulphate

were hydrolysed and the component amino acids analysed quantitatively

by an automated procedure (see methods). The results are presented

in Table II. The total quantity of amino acids detected was taken

to represent 10C$ of the total composition of the protein. A

reported amino acid analysis for serum albumin is also included as

a representative example of an amino acid analysis found for proteins

without antiheparin activity.

Inspection of the results showed that the analyses were very

different. PF4 differed from protamine sulphate in containing

sulphur amino acids and a much lower basic amino acid content. Of

interest was the relatively high content of the hydrophobic residues

leucine and isoleucine in PF*f. In other respects PF^ was very similar

to serum albumin.
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TABLE II

Amino acid analysis of PFif and, protamine sulphate

RESIDUES/
100,000g

* +*+ RESIDUES/MOLE *

PFif PROT. SERUM
SOif ALBUMIN

PFif PROT.
SOif

SERUM
ALBUMIN

PFif PROT
SOif

. SERUM
AL3UMI1

1 2 3 1 2 3 1 2 3

Lysine 12.31 0.6 12.30 96 5 96 27 0 65

Histidine 3.18 0.0 3.50 25 0 25 7 0 17

Arginine 5-97 6^.2 6.15 39 412 39 11 21 27

Aspartic Acid 7.12 0.05 10.if 61 1 90 17 0 61

Threonine 6.27 0.0 5.0 61 0 50 17 0 3if

Serine 3.89 10.1 3.70 kG 116 ^3 13 6 29

Glutamic Acid 15.^3 0.0 17.^ 118 0 135 33 0 92

Proline 3-9^ 8.9 5.1 39 92 53 11 5 36

Glycine 2.50 7.0 1.60 if3 123 28 12 6 19

Alanine ^.75 1.7 n.d 68 2if n.d 19 1 n.d

Cysteine ^.59 0.0 5.58 if3 0 5^ 12 0 37

Valine 3.88 5.9 7-7 39 60 78 11 3 53

Methionine 0.16 0.0 1.28 2 0 11 1 0 7

Isoleucine 6.95 0.8 1.7 61 7 15 17 0 10

Leucine 1^.56 0.09 11.9 128 1 105 36 0 72

Tyrosine 2.37 0.0 if.66 1if 0 29 if 0 19

Phenylalanine O.ifl 0.0 7.8 7 0 53 2 0 36

* To nearest whole number of anhydrous residues

+ Tristram, G.R. and Smith, R.H. (196?)

+ Molecular weights (1) 28,000 (2) 5)000 (3) 68,000

nd Not determined
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(b) Qualitative N-terminal amino acid analysis

The analysis was performed, using a dansyl chloride technique.

The dausyl amino acids were identified by two dimensional thin layer

chromatography on polyamide thin layer plates. Glutamic acid was

identified as the major end group. Other dansylated amino acids

detected in trace quantities included serine, aspartic acid, tyrosine,

phenylalanine and alanine. These were considered to be due to

degradation of the sample, or to the presence of trace contaminants.

In this respect attempts to quantitate the relative amounts of the

residues detected gives a false estimate of the minor components, as

the intensity of fluoresence of the dansylated residues in U/V light

is not proportional to concentration. Low concentrations of residues

give disproportionately high fluoresence.

The identification of glutamic acid as the major end group is

consistent with PF'f being composed of either one single chain or

subunits with identical end groups. It should be noted that

glutamine and glutamic acid are not resolved by this procedure as

the amide group is hydrolysed by the dansylation procedure.

(c) Partial specific volume

A partial specific volume (v) of 0.7^7 was calculated from the

amino acid composition by the technique of Cohn and Edsall (see methods).

Using this value an estimate of the v for the PF't-proteoglycan

complex was made from the reported composition of the complex (Barber

et al., 1972). If it is assumed that the proteoglycan and PF*f combine

in a molar ratio of /\:k with molecular weights of 59jOOO and 28,000

and v of O.566 and 0.7^7» respectively, then a v of O.685 can be

calculated for the complex.



 



Cf-Zfrd

9Old

i

|

ANTIHEPARINACTIVITY(pgequiv./ml)

orogo.(ten



- b3 -

(d) Determination of r and D
s

(i) PFA—proteoglycan complex at 0.15 ionic

strength.

The Biogel A15m column used in the preliminary separation of

the release products (Fig.3) was calibrated with proteins of known

rg tinder identical elution conditions. Fig.5 shows the calibration
—*1

obtained. An erfc- (1-K^) of 0.72 was found for the PF^-
proteoglycan complex and thus a value of 1^.0 nm by interpolation

on the calibration graph. This corresponded to a value of 1.53

for D. ,

(ii) Ionic strength = 0.75

Since Vq and V^. are unaffected by changes in ionic strength
and pH within a wide range, the calibration for Biogel A15m obtained

—1
above was used in this experiment. An erfc (1-K^) of 0.11 was
found for PF*f after dissociation, corresponding to values of 2.6 nm

and 8.27 for r and D respectively,
s

Because PF^ eluted close to V, on Biogel A15m the r value
b S

determined was considered to be subject to some error. To obtain

a more accurate value, 2ml (0.83mg/ml) of PF^ was applied to a

Sephadex G-75 column of bed dimensions 8 35&m x 25mm, equilibrated

and eluted with 25mM triEi 1mM EDTA, 3»8mM borate, 0.75M NaCl,

pH 8.8 at 21.7ml/h» ^.7®1 fractions were collected and analysed

for protein and antiheparin activity. The results are shown in

Fig.6. No protein was detected in any of the column fractions.

Analysis for antiheparin activity detected a small peak of activity
—1

eluting in fractions V? to 59 from which an erfc (1-K^) of O.78 was
calculated corresponding to values of 2.52 nm and 9.53 for r and D

6

respectively.
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The recovery of activity in the column fractions was very low

and therefore it appeared that PF*4- was adsorbed irreversibly onto

the gel matrix, the most likely explanation being that the residual

carboxyl groups present in the gel matrix were responsible for the

adsorption.

Ciii) pH

As noted previously, PF*t was readily soluble in pyridine/acetic

acid. The behaviour of PF*+ under these conditions on Sephadex G-75

was investigated.

PF^ was dissolved in 0.5/£ pyridine, 10% acetic acid, pH 3-15*

2ml was applied to a G-75 column of bed dimensions 835mm x 25mm

equilibrated and eluted with the pH 3»15 buffer system at 21.7ml/h.

^.7ml fractions were collected and analysed for protein and anti-

heparin activity. The results are shown in Fig.7- A single

coincident peak of antiheparin activity and protein eluted in fractions

5k to 69 and provided further evidence of the purity of the

preparation. The column was calibrated with proteins of known rs

under identical conditions except that the column was equilibrated

and eluted with 25mM tris, 1mM EDTA, 3.8mM borate, 0.15M NaCl,
— 1

pH 8.8. The calibration obtained is shown in Fig.8. An erfc" (1-Kd)
of 0.50 was calculated corresponding to values of 1.92nm and 11.2 for r

v s

and D respectively.

In this case no adsorption effects were noted. The value of rg
determined was lower than that found in 0.75M NaCl which suggested

that dissociation had occurred.

(e) Sedimentation coefficients

(i) 0.15M NaCl, and 0.75M NaCl

6% to 30% w/w linear sucrose density gradients were constructed
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buffered by 25mM tris, 1mM EDTA, 3»8mM borate, pH 8.8 and contain¬

ing either 0.15M or 0.75& NaCl.

A sample of concentrated fractions *+8 to 65 from Fig.3 was used

as a source of the PF*!—proteoglycan complex. 0.15ml of this

preparation was applied to a gradient containing 0.15M NaCl. A

further 0.15ml was adjusted to an ionic strength of 0.75» by the

addition of solid NaCl to a final concentration of 0.?5M» and

applied to a gradient containing 0.75M NaCl. The third gradient,

containing 0.15M NaCl, was used for the sedimentation of 0.15ml of

serum albumin Omg'ml) as standard. The gradients were centrifuged

at 60,000 r.p.m. for 8.5h at ^C and then fractionated and analysed

for protein and antiheparin activity. The serum albumin standard

sedimented a distance equal to the value obtained in the preliminary

8.5h calibration (see Fig.12 and methods). Fig.9 shows the

sedimentation profile of the PF^-proteoglycan complex in 0.15M NaCl,

and Fig.10 of PF*t in 0.75M NaCl. In 0.15M NaCl the antiheparin

activity sedimented as a broad asymmetrical peak in comparison to

its behaviour in 0.7^ NaCl where a sharp symmetrical peak was

found with a lower sedimentation rate. The protein profiles of

both gradients confirmed the impure nature of the preparations used.

The use of the heparin-thrombin assay to detect antiheparin

activity enabled accurate sedimentation coefficients to be determined

despite the impurities present in the preparation. Reference to

the calibration graph (Fig.12) gave a value of 7»1S in 0.15M NaCl

and 2.kS in 0.75*1 NaCl thus providing further evidence for

dissociation at high ionic strength.

(ii) pH 3*15

Since the measured rg of PF*f was reduced in pyridine/acetic
acid buffer at pH 3»15j the sedimentation behaviour of PF*+ under
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these conditions was also investigated. 0.15ml (5ms/ml) of

lyophilised PF*f dissolved in 0.5% pyridine, 10% acetic acid,

pH 3.15 was applied to a 6-30% w/w linear sucrose density gradient

buffered by pyridine/acetic acid at pH 3-15- A second gradient

containing 25mM tris, 1mM EDTA, 3-8mM borate, 0.15M NaCl, pH 8.8

was used for the sedimentation of serum albumin as standard. The

gradients were fractionated and analysed for protein. The

sedimentation distance of the PF*t preparation was found to be

inadequate for accurate determination of the sedimentation

coefficient since the protein peak moved a distance of only 1.3

fractions from the origin. This was equivalent to a sedimentation

coefficient of 0.$S. The experiment was repeated using a l8.5h

sedimentation time. The protein analysis of the fractionated

gradient is shown in Fig.11. A sedimentation coefficient of

0.8s was found under these conditions providing further evidence

for the dissociation of PF^ at low pH.

(f) Molecular weight and Frictional ratio

(i) PF^--Proteoglycan Complex.

The value of 0.685 for the partial specific volume of the

PF^-proteoglycan complex, calculated as outlined in the section

describing the amino acid analysis of PF^, was used in conjunction

with the measured rg to calculate a molecular weight of 358,009
and f/f of 3.0*f.

o

(ii) PFk in 0.75H NaCl

f
A molecular weight of 27,100 and /^ of 1.26 was calculated

o

from the measured sedimentation and diffusion coefficients.



1 2 3
PLATE 1

P46-47



- k7 -

(iii) PFjf at pH 3-15
£

A molecular weight of 6,900 and. /^ of 1.52 was calculated.
o

(g) Electrophoresis

(i) Cellulose acetate

3ul (3mg/ml) samples of the proteins cytochrome C, PF1* and

protamine sulphate (samples 1,2 and 3 respectively, see Plate 1)

were applied to cellulose acetate strips equilibrated with 1?6 acetic

acid, h% formic acid at pH 2.2 and electrophoresis performed for

15 minutes at 10V/cm. The strips were stained with amido black

1QB, destained and photographed.

The order of mobility was; protamine > PF1* ^ cytochrome C.

The nature of the material remaining at the origin and present in the

PF*f preparation was unkown. This effect was not noted in subsequent

polyacrylamide gel electrophoresis experiments described below. This

material is possibly denatured PF*f. It was concluded that since PF^

and protamine sulphate had different mobilities that they were

chemically distinct molecules.

A variation of the amido black staining procedure was tested.

This employed the metachromatic shift of toluidine blue in the

presence of heparin. PF^f and protamine sulphate have been reported

to reverse this metachromatic effect and therefore a staining

procedure was devised which employed this technique.

A preliminary empirical investigation was made to determine

the appropriate heparin concentration. A protamine sulphate solution

(5mg/ml) was spotted on cellulose acetate strips which were immersed

in a 1^ solution of toluidine blue in 7% acetic acid. The strips

were blotted to remove excess stain and floated on the surface of a

heparin solution of known concentration. A stock heparin solution
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was added dropwise to the staining bath until protamine sulphate was
*

visualised as a blue dot on a red background. The red background

was produced by the metachromatic effect of heparin on toluidine

blue and the blue spot by a reversal of this effect. Once the

appropriate concentration of heparin had been determined the

procedure was applied to detecting PF1!- and protamine sulphate

following electrophoresis on cellulose acetate.

PF** and protamine sulphate were both visible as blue dots in

positions corresponding exactly to those found using the amido

black staining procedure. It was concluded that PF*+ and protamine

sulphate both reverse the metachromatic shift of toluidine blue in

the presence of heparin.

(ii) Molecular weight determination by SDS/PAGE

The procedures used for gel and sample preparation are

described in the methods section. Mercaptoethanol was used as

the reducing agent and the following samples applied to 7% gels.

1. Ovalbumin (30pg), p-lactoglobulin (30pg), kallikrein
inhibitor (30]ig) in a total, of 10pl.

2. Ovalbumin (30jig), chymotrypsinogen A (30pg),
cytochrome C (30pg) in a total of 15pl«

3. Ovalbumin (30jig), lysozyme (30pg), in a total of 15pl-
k. Platelet factor ^ (50pg) in 30pl.
Electrophoresis was performed for 10hr at 12V and the gels

stained with amido black. A photographic record of the results

is shown in Plate 2. The migration distance of each component was

measured and the values for the standard proteins plotted against

molecular weight (see Fig.13)- Three major components of molecular

weight 2^,300, 16,000 and 6,800 were observed in the PF1* preparation.
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The 16,000 molecular weight component appeared to be present in

the highest concentration and the 2^,300 molecular weight

component in the lowest. Trace concentrations of higher molecular

weight components were also noted. The nature of the three main

components was somewhat confusing and posed questions as to the

purity of the PF*f preparation. This was further complicated by

the approximate kiZ:*] ratio of the molecular weights which

suggested incomplete dissociation of the native molecule (m.wt. 27,100).

The alternative was the presence of major contamination in the

preparation.

The following experiment was performed which differed from

the above in that dithkrthreitol at a final concentration of 5®M was

used as the reducing agent and 12.5% gels were employed. The

reduction of S-S bonds by dithiothreitol is almost totally complete

in contrast to mercaptoethanol reduction which is an equilibrium

reaction requiring a large excess of mercaptoethanol to maintain

S-S bonds in a reduced state. The use of 12.5% gels gives

increased resolution in the low molecular weigjht region below

10,000. The following samples were applied.

Sample

1 Platelet Factor b

Vol Applied Quantity

2 Bacitracin

3 Glucagon

4 Adrenocorticotrophin

5 Trypsin inhibitor
(Bovine Pancreas)

30]il

10pl

5pl

10pl

10pl

50}ig

50iig

50pg

50}ig

50pg

6 Trypsin inhibitor
(Lima Bean)

10pl 50jig
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7 Cytochrome C

8 Myoglobin

9 Chymotrypsinogen A

SAMPLE Vol. Applied

6pl

6pl

6pl

6jil

Quantity

30]ig

30)ig

30jig

10 Ovalbumin 30)ig

Electrophoresis was performed for 18 hours at 15V applied

potential and the gels stained with amido black (see Plate 3)•

Migration distance was plotted against log molecular weight (Fig.1*f).

Three components were still detected and when these results were

compared with those obtained on 7»5% gels it was apparent that a

better resolution had been obtained.

Electrophoresis of PF*f at an alkaline pH was not possible due

to its insolubility in low ionic strength media. Electrophoresis

at pH 2 was possible as PF*f is soluble under these conditions.

Electrophoresis of 30ug of PF*t was performed in 2% acetic at pH 2

on a 7.% acrylamide gel for 10 minutes at 150V. The gel was

stained, destained and photographed (Plate k). Under these

conditions PF^ migrated as a single band with a sharp leading edge

and diffuse tail. An identical experiment in which the sample was

treated with mercaptoethanol to dissociate any S-S bonds gave an

identical result. The significance of these results is discussed

in a later section.

The Stokes radius of the proteoglycan was determined from the

elution profile of the hexuronic acid containing material in the

separation of the proteoglycan and PF*+ at high ionic strength

(iii) Polyacrylamide gel electrophoresis at pH 2

(3) Proteoglycan carrier

(a) Stokes radius
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—1
(see Fig.*!-). An erfc (1~K^) of 0.515 was found, corresponding
to values of 11.0nm for r and 1.95 for D.

s

(b) Sedimentation coefficient

Concentrated fractions 55 to 72 from the separation of the

proteoglycan and PF*f at high ionic strength (Fig.*+) were used

as a source of proteoglycan. 0.1ml of this material, containing

the equivalent of 2.0mg/ml of hexuronic acid, was applied to a

6-30% linear sucrose density gradient buffered by 2^nM tris, 1mM

EDTA, 3-8mM borate, 0.75M NaCl at pH 8.8. Serum albumin and

cytochrome C were applied to gradients differing only in the NaCl

concentration which was 0.15M. The gradients were centrifuge! at

60,000 r.p.m. for 8.5h at 20°C.
The assay used for the detection of hexuronic acid containing

material was not suitable for the determination of the hexuronic acid

content of the fractionated gradient directly as sucrose

interferes with the assay. The fractions were therefore concentrated

to dryness on Amicon centriflo cones (molecular weight cut off -

50,000) and 1ml of 0.75M NaCl added to the dry cone to redissolve

the proteoglycan. The process was repeated and the fractions, now

devoid of sucrose, analysed for hexuronic acid and protein in the

normal way. The proteoglycan had a sedimentation coefficient of b.JS.

(c) Molecular weight

A molecular weight of 123*700 was calculated from the

sedimentation and diffusion data.

(*!•) Antiserum Production

An attempt was made to produce a rabbit anti-PF*f serum, however

difficulties were encountered. At the time only a sufficient quantity

of PF*f was available to immunise one rabbit. Unfortunately the rabbit
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subsequently died of causes which were unrelated to the injection

of PF^ and before antibodies could be detected.

The insolubility of PF1* in low ionic strength media presented

problems when attempts were made to detect VFk antibodies using

Ouchterlony immunodiffusion. This problem can be overcome by

complexing PF'f either to its natural carrier or to chondroitin-^f-

sulphate. This approach is however open to criticism which, while

not based on definite experimental evidence, is sufficient to cast

some doubt on the suitability of PF*t- for a specific immunological

assay. The formation of a complex between PF1* and sulphated

glycosaminoglycans such as heparin, chondroitin-^-sulphate and the

naturally occurring carrier raise the question as to whether

competition can occur between PF^ antibodies and sulphated

glycosaminoglycans for the binding of PF1*. If thermodynamic or

kinetic considerations dictate that a soluble PF^-sulphated

glycosaminoglycan complex is most favourable then problems may be

encountered when attempting to detect PF1* antibodies with complexed

PF^ or vice versa. Heparin, which forms the most stable known

complex, is frequently encountered in clinical samples. It is

precisely this type of sample which would be encountered in a

clinical study which included the quantitation of plasma PF*f by an

immunologicEil method. In this respect Nath et al., (1973) have

recently reported the production of an antiserum to a "PFV*

preparation. While the identity of this "PF1*" preparation to

the Wb described in this work is in doubt (see discussion) it is

significant that these workers experienced difficulty in detecting

PF*f in the presence of heparin.

A further attempt was not made to produce a PF*f antiserum as



- 53 -

at this time it became evident that B-thromboglobulin was probably

suitable for subsequent development of an immunological assay for

in vivo platelet destruction. However it is intended to make a

further attempt to raise a PF^ antiserum in the future, which if

successful will enable more reliable information to be obtained on

the possibility of producing a reliable immunological assay for PF*f.

(III) DISCUSSION OF RESULTS

(1) Experimental

(a) Isolation procedure

A three stage procedure was used to isolate PF*f in which each

stage exploited contrasts in the physico-chemical properties of

PF^ compared to those of the contaminants.

The first stage, the thrombin induced aggregation and release

reaction of washed platelets employed the selective release of the

platelet granule contents. In this way the supernatant of the

aggregated platelet suspension contained only the granule contents

and relatively little of the cytoplasmic or membrane components;

these remained intact within the platelet clumps (see Introduction)

which were removed by centrifugation.

The second stage employed gel filtration to separate the PF^

complex from the bulk of contaminating protein on the basis of

molecular size differences.

In the third stage the PF^ complex was dissociated at high

ionic strength (I = 0.75) into the proteoglycan (m.wt. 125i700) and

PF*f (m.wt. 27,100) which were subsequently separated by gel

filtration at high ionic strength. The PF^f thus obtained did not

contain the low molecular weight contaminants present in the crude

platelet release products as these had already been removed in stage 2.
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(b) Comparison with previous methods

With the exception of the report by Barber et al., (19?2), the

molecular weight of the PF*t complex isolated in this work is higher

than the values reported by other workers for platelet antiheparin

activity. Barber's preparation is almost certainly identical to

that reported here and therefore a separate comparison is made in the

discussion of the physico-chemical properties of PF*f.

With the above exception, a comparison of reported isolation

procedures showed that in many cases high ionic strength or low pH

or both were used at some stage in the isolation procedure. In the

work presented here the PF*+ complex, which was isolated from the

release products of thrombin aggregated platelets, was shown to

dissociate at high ionic strength to give PF*f (m.wt. 27,100) which

could then be further dissociated at low pH into subunits of molecular

weight 6,900. This may explain the wide variation of reported

molecular weights.

Another important feature of the isolation procedure employed

in this work was the use of the release reaction to obtain a soluble

preparation of PF*f in the form of its complex. At the start of this

work this initial purification procedure had not been used in

reported work.

It is uncertain that the antiheparin activities isolated by

other workers axe derived from the same source as the prepaxation

isolated by the fractionation of release products. The possibility

that some reports of low molecular weight antiheparin activity refer

to PF^ (m.wt. 27,100), as isolated in this work, can be excluded by

the reported solubility of these preparations in distilled water

(Poplawski et al?, 196^). In this respect when platelet release
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products were chromatographed on Biogel A15m at low ionic strength

(Fig.3) a peak of low molecular weight antiheparin activity eluted

with B-thromboglobulin, a protein which is fully described in

Chapter 6. It is therefore possible that the reported low

molecular weight antiheparin activities may correspond to the low

molecular weight activity described in this work. The antiheparin

activity of B-thromboglobulin was measured (see Chapter 6, page

and found to be of low specific activity which suggested that the

antiheparin activity had been removed during the purification of

B-thromboglobulin. The fate of this antiheparin activity was

not investigated and therefore it was not possible to equate the

activity with the antiheparin activity isolated by other workers.

(c) Note on nomenclature

As considerable confusion exists in the nomenclature relating

to antiheparin activities it is suggested that the term "PF*f complex"

should be reserved for the material released from thrombin aggregated

platelets and "PF^" for the antiheparin activity which can be

dissociated from this complex. It is suggested that all other

anti-heparin activities should be refered to as "antiheparin" activity.

(d) Criteria of Purity

(i) Introduction

The purity of the PF^ preparation was assessed from the

folowing parameters.

1. Electrophoresis: only one single component should

be detected as a sharp band.

2. Sedimentation behaviour: a single, sharp symmetrical

peak should be found. Any contaminants of different

sedimentation coefficient will be detected as distinct

peaks or as responsible for producing an asymmetry of the
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main peak.

3. Coincidence of the biological activity and protein

profile in gel filtration experiments.

(ii) Electrophoresis

Normally when assessing the purity, electrophoresis at two

different pH values is attempted as it is possible that at one

p3 the mobility of a contaminant may be identical to that of the

major component. Therefore if a second widely spaced pH value

is used, contaminants are likely to have a different mobility.

In the case of PF't this was not possible as the low ionic

strength buffers necessary for effective electrophoresis would

have caused PF*f (molecular weight 28,000) to precipitate at pH

values above neutral. Electrophoresis at acid pH was however

possible and this showed that PF*f migrated as a single, sharp band.

No other components were detected except for some material remaining

at the origin in cellulose acetate electrophoresis. This material

was not found in polyacrylamide gel electrophoresis at pH 2 and the

effect was therefore assumed to be due to some property of cellulose

acetate. SDS polyacrylamide electrophoresis, which was employed

to measure the molecular weight of PF*f, detected three bands which

suggested the presence of impurities. The origin of these bands

is however uncertain and requires further clarification (see below

for discussion).

(iii) Sedimentation

At pH 3.15, PF^f sedimented as a symmetrical peak. The width

of the peak, in comparison to the behaviour of most proteins, was

wide but this was caused by diffusion effects due to the time

interval of the experiment (l8.5hr.) and the high, diffusion
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n

coefficient (11.9 x 10 sec ). The width was in fact comparable

to that observed for cytochrome C, the standard of lowest molecular

weight used in the investigation.

(iv) Gel filtration

The antiheparin activity and protein profiles were coincident

on Biogel A15ni at 0.75 ionic strength and pH 3«15«

(e) Physico-chemical Properties

(i) The proteoglycan-PF^ complex and the

proteoglycan.

Preliminary experiments in this laboratory indicated that PF*f,

as released from thrombin aggregated washed platelets, was a high

molecular weight glycoprotein with a sedimentation coefficient of

7.1S and molecular weight of 370,000 (Pepper and Moore, 1972). At

this time, Kaser-Glanzmann (1972) reported that PF'f was released as

a high molecular weight complex which could be dissociated in 0.75M

NaCl into the carrier and PF*t of molecular weight 29,000. This was

confirmed by Barber et al., (1972a,b) who reported that the carrier

was a proteoglycan (molecular weight 59,000) composed of a

polypeptide chain covalently linked to four chondroitin-^-sulphate

molecules (molecular weight 12,000). They calculated the molecular

weight of the fully saturated complex as 350,000, which substantially

agrees with that found during preliminary experiments in this study.

Barber et al., suggested that since the molecular weight of the

complex was thought to be 350,000 the complex consisted of a dimer

containing 8 moles of PF^f and 2 moles of proteoglycan.

Subsequent investigation in this work confirmed that the PF*f-

complex, released from thrombin aggregated washed platelets, could

be dissociated at high ionic strength. Further measurements of

the Stokes radius of the PF*t complex gave a value of I'f.Onm
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corresponding to a diffusion coefficient of 1.53 x 10 . A v

of 0.685 was calculated by assuming the structure of the PF*f

complex and by using the v of Q.566 for the proteoglycan reported

by Barber et al. and the v of 0.7^7 for PF^+ calculated in this work

from the amino acid analysis. This enabled a molecular weight of
f

320,000 to be calculated. The calculated of 3.0*f suggested
o

that the complex was a very symmetric molecule.

There is some doubt as to the structure of the fully saturated

complex as reported by Barber et al. and to the degree of saturation

of the released complex. Kaser-Glanzmann (1972, 1972/1973)

reported a molecular weight of 350»0°0 and sedimentation coefficient

of 12.1S for the fully saturated complex. The molecular weight

of 350,000 corresponded closely to the value of 320,000 found in

this study however the sedimentation coefficient of 7»1S did not.

Kaser-Glanzmann also reported that the PF*f complex released from

platelets had a sedimentation coefficient of 7»8S (1972/73) which

suggested that the released complex was unsaturated. In this

study the elution profile of the antiheparin activity and hexuronic

acid containing material, corresponding to the proteoglycan carriers,

suggested that the complex was polydisperse. This apparent

polydispersity was thought to be due either to unsaturation of the

complex or to polydispersity of the chondroitin-^-sulphate moiety

of the carrier. The proteoglycan eluted as a broad peak during

the high salt separation of the carrier and PF*f which suggested

that the carrier was polydisperse. It would therefore appear that

both unsaturation and polydispersity of the carrier occur in the

released complex.

The discrepancy between molecular weights measured in this
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study and those reported by Barber et al. and Kaser-Glanzmann

et al. was explained by comparing the diffusion coefficients

obtained in both cases and the methods by which these were

obtained. Kaser-Glanzmann et al. and Barber et al. used boundary

—7
spreading to measure a diffusion coefficient of 2.58 x 10 for

the proteoglycan. In this study, using gel filtration, a

_7
diffusion coefficient of 1.95 x 10 was found which is much lower.

The technique of boundary spreading for the measurement of

diffusion coefficients is very sensitive to the presence of low

molecular weight components which produce an increase in the

observed boundary width due to the higher diffusion coefficient of

these components. The result is that the diffusion coefficient

measured is higher than if these components were absent. In

comparison the measurement of diffusion coefficients by gel

filtration measures the diffusion coefficient of the component

present in the highest concentration ie. the peak fraction, and is

unaffected by the presence of low molecular weight contaminants.

It is therefore suggested that when comparing the reported values

for the molecular weight of the PF^ complex and the proteoglycan

that the method of measurement of the diffusion coefficient should

also be compared. The situation is further complicated by the

unsaturation of the released complex. It is not known whether

the unsaturation is the same in all cases and in all individuals.

Calculation of the molecular weight using the Svedberg equation

requires a value for the partial specific volume which varies with

the degree of unsaturation of the complex. This should be noted

when performing such molecular weight calculations.

To summarise, the PF*f complex isolated in this study appears
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to be identical to that isolated by Kaser-Glanzmann et al. and

Barber et al. Molecular weights measured by a combination of

sucrose density gradient centrifugation and gel filtration gave

higher values than those reported by Barber and Kaser-Glanzmann.

In this study the molecular weight of the fully saturated complex

was not measured bit this should give a much higher value than the

reported 350,000.

(ii) PF*f in 0.75M NaCl

The measured molecular weight of 27,100 corresponds well with

the reported values of 28-29,000 (Kaser-Glanzmann, 1972), 29,000

(Barber, 1972), 29,700 (Kaser-Glanzmann, 1972/73) and 25-30,000

(Sear and Poller, 1973) for the molecular weight of PFk at high

ionic strength. The measured sedimentation coefficient of 2.^

agrees with the value of 2.6S reported previously (Kaser-Glanzmann,

1972; 1972/73, Barber, 1972).
f

The measured /^ of 1.26 can be accounted for by hydration
o

effects and suggests a spherical model for the protein.

(iii) PF*f at pH 3-15

PF^f dissociated in pyridine acetic acid, pH 3»15 into four
n

subunits of molecular weight 6,900, s = 0.8S and D = 11.2 x 10

This behaviour has not been reported to date. The presence of

thiol reducing agents was not required to produce the dissociation,

thus showing that interchain S-S bonds are not responsible for

maintaining the structure of the tetramer (molecular weight 27,100).

This was confirmed by polyacrylamide gel electrophoresis at pH 2,

using PF*f treated and untreated with ditiothreitol, when identical

mobility was noted in both cases. The molecular vreight of 6,900

therefore represents the minimum molecular weight of PF^. The
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calculated. /„ of 1.52 suggests a certain degree of asymmetry,
o

Nath et al., (1973) have reported that their heparin neutralising

activity had a molecular weight of 21,000 in 0.0ZM citrate buffer at

pH 3-5 and that under these conditions the activity eluted later

on Sephadex G-150 than occurred in 0.05M tris-HCl at pH 8.0. These

workers, however, employed collagen as the release inducing agent

and used ZnSO^ precipitation of the antiheparin activity followed
by extraction of the precipitate with 1M NaCl at pH 2.0. This

solubilised material was later dialysed against 1M NaCl at pH 7*0

to give the final product which was applied to Sephadex G-150. If

the ZnSO^ precipitated material contained the PF*f complex then this
procedure should have given PF*f (molecular weight 27,100) as the

final product. In the work reported here, PF^f was almost totally

adsorbed on Sephadex G-75 In 0.75M NaCl pH 8.8. This was thought

to be due to the interaction between the COOH groups present in

trace quantities on the gel matrix and PFA-. PF^+ was completely

insoluble at low ionic strength. Since Nath et al., used a low

ionic strength buffer at pH 8 and a Sephadex gel matrix it is

surprising that they were able to elute any activity assuming that

their antiheparin activity was in fact PF*f as described in this

study and by Barber et al. The variation between the molecular

weight of 21,000 and 6,900 reported in this work for PF^ at low

pH further suggests that the activities are different molecular

species. The molecular weight obtained by SDS PAGE is at variance

with the molecular weight of 6,900 calculated above. Kaser-

Glanzmann et al., (1972/73) have reported that SDS/PAGE of PF*f

detects three components of molecular weight 28,000, 20,000 and

1^,000 in comparison to 2^,300, 16,000arid 6,800 found in this work.

In both cases the 1^,000 molecular weight component was present in
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the highest concentration.

The possibility that significant concentrations of contaminants

are present in the preparation cannot be discounted. However other

explanations are possible. Kaser-Glanzmann et al. reported that the

absence of mercaptoethanol had no effect on the results which suggests

that there are no interchain S-S bonds in the native molecule. This

agrees with the findings of this work where pyridine/acetic acid

buffer at pH 3«15» a medium which does not reduce S-S bonds, caused

an apparent dissociation into 6,900 molecular weight subunits. It

can therefore be suggested that incomplete reduction of S-S bonds is

not responsible for the molecular weight anomalies. Polyacrylamide

gel electrophoresis of PFk at pH 2 detected only a single band which

is in agreement with the Sephadex G-75 elution profile of PF*f in

pyridine/acetic acid buffer at pH 3-15 where only one peak of protein

was detected. This points to the possibility that the three

components detected in SDS PAGE are derived from one native PF*f

molecule (molecular weight 27,100) and that there is a monoraer-dimer-

tetramer equilibrium existing with PF^ in SDS/urea. The nature of

this equilibrium remains unknown, if this is indeed the true

explanation of the multiple bands. However it would explain

the molecular weight and concentration differences noted between this

work and that reported by Kaser-Glanzmann et al. A slight shift

in the equilibrium in favour of monomer (molecular weight 6,800)

may be caused by slight differences in the sample preparation

technique for SDS PAGE.

(iv) N-terminal end group analysis

The detection of glutamic acid as the only N-terminal end

group suggested that all the subunits in PF*f possess the same end

group. It is therefore not possible to say whether the subunits
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have identical composition or whether amino acid substitutions

occur.

(v) Amino acid analysis of PF*f compared to

protamine sulphate.

It was apparent from the amino acid composition of protamine

sulphate and PF*f that there were notable differences (Table II).

The analysis of the protamine sulphate preparation used in this

work was typical of the protamines in general in that it contained

a very high proportion of arginine (6*f.2%), the most basic of the

amino acids, and no sulphur containing residues. In comparison

PF4 contained all the amino acids commonly found in proteins

including both the sulphur containing residues cysteine and

methionine. The findings of only 3-37% arginine and 12-31% lysine was

interesting in view of the possibility that an acid-base interaction

is responsible for neutralising the anticoagulant action of heparin.

FFk and protamine sulphate have comparable activity in this respect

and therefore if heparin neutralising ability was proportional to

the % basic residue content then protamine sulphate would be

expected to have a higher activity. The sulphate content of

protamine sulphate was not known and therefore an accurate

comparison of the relative heparin neutralising activity of PF*t

and protamine sulphate could not be made.

The contribution of asparagine and glutamine residues to the

total measured content of glutamic and aspartic acid residues was

not determined and therefore the quoted figures for these residues

include aparagine and glutamine. Because of this factor no

attempt was made to calculate the isoelectric point of PF*f.

Kaser-Glanzmann et al., (197^/73) have recently reported a
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very similar amino acid analysis for PF*t which provides further

evidence for the identity of their preparation and that isolated

in this work. A comparison is made in Table III. These workers

reported values of 12.56% for lysine and 5-98% for arginine which

is in close agreement with the figures reported here. They

suggested that this represented a high basic amino acid content,

however inspection of the amino acid analysis of albumin

(see Table II) showed that it contained 12.30% lysine and 6.15%

arginine; very similar figures to those found in PF*)-. Kaser-

Glanzmann et al., (1972/73) also assumed that the ammonia present

in the PF*t hydrolysate was derived from the hydrolysis of the amide groups

of glutamine and asparagine, an assumption which is very subject to

error, and from this they calculated an excess of 29 basic over

acidic residues.

It was noted in an earlier section of this work that

dithiothreitol and mercaptoethanol were not required to produce the

observed dissociation of PF^ (molecular weight 27,100) into the

6,900 molecular weight subunits at pH 3 ancl from this it was

concluded that S-5 bonds between the subunits were not necessary

for maintaining the structure of PF^. The amino acid analysis,

however, suggested the presence of 12 residues of cysteine per

mole of PFk (molecular weight 27,100) and therefore it is assumed

that these form intrachain linkages.

The content of leucine and isoleucine accounted for 21.5% of

the total number of residues. This figure is higher than commonly

found in proteins and is interesting in a structural sense since

hydrophobic bonds play an important role in maintaining protein

structure. The high figure may also explain the observed
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TABLE III

Comparison of the amino acid analysis of PFif with that

reported by Kaser-Glanzmann et al., (1972/75)

Amino acid
residues (g/£)

Residues/mole
Protein

(1) (2) (1) (2)

Lysine 12.31 12.56 27 30

Histidine 3.18 3.02 7 7

Arginine 5-97 5.98 11 12

Aspartic acid 7.12 6.77 17 18

Threonine 6.2? 6.59 17 20

Serine 3.89 3-7^ 13 13

Glutamic acid 15.^3 15.27 33 36

Proline 3.9^ 5.Off 11 1p

Glycine 2.50 2.59 12 lif

Alanine ^•75 5-15 19 22

Cysteine ^•59 2.5ff 12. 8

Valine 3.88 if.65 11 Iff

Methionine 0.16 0.27 1 1

Isoleucine 6.95 6.82 17 18

Leucine iff.56 1^.53 36 39

Tyrosine 2.37 2.08 if if

Phenylalanine O.ffl 0.51 2 1

*

(1)

(2)

Expressed to the nearest whole number

This work

Kaser-Glanzmann et al., (1972/75)



- 66 -

insolubility of PF^ at low ionic strength.

Compared with serum albumin, PF^ had a low content of the

ultraviolet absorbing residues tyrosine and phenylalanine. PF1*

contained 2-37^ and 0.^1^ respectively compared with b.Gtyo and 7*8%
'l%

for serum albumin. The was not measured accurately for PFM-, but

evidence from the "Uvicord" chart record of column eluates from the

separation of proteoglycan and PF*f in 0.75M NaCl (Fig.1*) suggested a

low figure.

2. Biological activity of PF1* .

The biological activity of PF1* cannot be stated with any

degree of certainty. For some time PF1* was thought to precipitate

soluble fibrin monomer complexes, a phenomenon known as paracoag-

ulation (Niewiarowski et al., 1968). The neutralisation of

antithrombin VI (fibrinogen breakdown products) has also been

described (Niewiarowski et al., 1965)- The formation of insoluble

fibrin by paracoagulation of soluble fibrin monomer complexes and

the removal of antithrombin VI are both factors which would alter

the balance in favour of coagulation. However more recently a

preparation of platelet antiheparin activity has been isolated which

did not possess paracoagulating activity (Nath et al., 1972; Kaser-

Glanzmann et al., 1972/73)* It was suggested that the

paracoagulating activity of the preparation originally isolated

by Farbizewski et al., (1966) was due to the presence of residusil

Zn^+ ions resulting from the use of Zn acetate during the isolation

procedure (Kaser-Glanzmann et al., 1972/735 Nath et al., 1973)*

However as noted in an earlier section of this discussion there is

some doubt as to the identity of the preparation isolated by

Farbizewski et al., (1966) and by Nath et al., in relation to the
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preparation isolated, in this work and by Kaser-Glanzmann et al.,

(1972, 73) and Barber et al., (1972). It is interesting to note

that protamine sulphate, a comparable molecule to PF*f in terms of its

antiheparin activity, possesses paracoagulating activity. As far

as is known the method of preparation of protamine sulphate does

not involve the use of Zn^' ions. The paracoagulating activity of

the PF*l- preparation isolated in this work was not measured.

Although PF*f has potent antiheparin activity in vitro, the

in vivo significance is small since in normal circumstances the

circulating levels of heparin are low (Kowalski et al., 196*0.

During intravascular coagulation an increase in circulating anti¬

heparin activity has been described (Niewiarowski et al., 1968:

Fuster et al., 1973)* Therefore the efficiency of heparin as an

anticoagulant may be reduced under these conditions, the injection

of a higher dose being required to produce an equivalent effect.

The role of PF^ as a platelet aggregating agent has been

described (Niewiarowski et al., 1969)• Thus the release of PF*f

during the platelet release reaction would help to initiate further

platelet aggregation. This is a parallel situation to that

occurring with ADP. Membrane bound antiheparin activity in relation

to a possible role in platelet aggregation is discussed in another

section of this work.

The reported behaviour of the PF*f complex in the presence

of physiological glycosaminoglycans is interesting (Barber et al.,

1972). It was found that heparin, chondroitin-*f and -6 sulphates

and dermatan sulphate were able to displace PF*f from its complex.

Heparin was found to be most effective. The in vivo neutralisation

of heparin by complex formation with PF*f is consequently effective
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since there is no known glycosaminoglycan which is capable of

displacing heparin from its complex with PF1*.

It has been noted that PF*+ itself is insoluble under

physiological conditions. The PF^f complex acts as the soluble

form of PF*+ in vivo and therefore it is possible that PF^ is

transported to a point remote from the site of its release and

be displaced by sulphated glycosaminoglycans.

The presence in rabbit platelet d-granules of a mucopoly¬

saccharide- protein complex which was capable of binding

5-hydroxytryptamine and histamine has been reported (Aborg et al.,

1971; Anderson et al., 197*0• This complex was not extensively

characterised, however it was noted that the complex could be

dissociated at high ionic strength to give the mucopolysaccharide

and a low molecular weight protein. The presence in rat mast cell

granules of a heparin-protein complex which bound histamine has

been described, and it was found that exposure of intact granules

to isotonic NaCl resulted in release of all the bound amines. This

was shown to be due to equivalent exchange between Na+ and the bound

amines (Bergendorff et al., 1971; Uvnas et al., 1970). It is

interesting to speculate that if the complex isolated by these

workers is equivalent to the PF*f complex, then during the release

reaction when the platelet granule contents are released into the

surrounding medium, exposure to the NaCl present in plasma would

cause the release of bound 5-hydroxytryptamine and histamine. This

evidence suggests a possible in vivo storage mechanism for biogenic

amines. The possibility that the PF^f complex is responsible for the

storage of amines in platelet granules requires further investigation.

It is worth noting that PF*f is released in parallel to 5-hydroxytryp-

tamine both being located in the dense granules in the intact platelet

(Harada et al., 1971; Pny et al., 1973)-
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CHAPTER 5

MEMBRANE BOUND ANHHEPARIN ACTIVITY

O'Brien et al., (1970) have reported the appearance of membrane

bound antiheparin activity, which could be inhibited by aspirin,

during platelet aggregation. Niewiarowski et al., (1968) have

suggested that antiheparin activity may be present on the platelet

surface and that PF^f may induce coagulation of soluble fibrin

monomer complexes with resulting fibrin strand formation which

then induces mutual attachment between platelets.

It was thought that investigation of the insoluble residue

remaining after platelet aggregation may give some indication of

the localisation of any membrane bound antiheparin activity

present.

(1) Preparation of platelet membrane fraction

The insoluble residue from 12 platelet concentrates remaining

after the aggregation of washed platelets with thrombin was washed

once with 50ml of 25mM tris, 1mM EDTA, 3«8raM borate, 0.15M NaCl pH 8.8,

broken up with a glass rod and resuspended. This suspension was

sonicated on ice using a MSE 15CWatt ultrasonic disintegrator,

operating at 20XHz for 3 minutes, and then centrifuged at 12,000 xg

for 10 minutes to remove large debris. The supernatant was removed

and three 0.5ml aliquots applied separately to each of three 12-39^

w/w linear sucrose density gradients (total vol. = 6.3ml) buffered by

25mM tris, 1mM EDTA, 3-8mM borate, 0.15M NaCl, pH 8.8 and centrifuged

at 60,000 r.p.m. (^20,000 xg) and A°C. One gradient was removed

after 60 minutes and replaced by a blank gradient. This was repeated

for the second and third gradients after 90 and 120 minutes

respectively. Each gradient was fractionated immediately after
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removal into 25 equal volume fractions. The fractions were

analysed initially for protein. Comparison of the protein profile

of each gradient showed that equilibrium had been reached after

60 minutes. The experiment was repeated using the same gradients

except that the third gradient was run as a blank for the

subsequent determination of refractive index of the fractions.

Centrifugation was stopped after 60 minutes and all three gradients

fractionated. The two gradients containing samples were analysed

for protein, antiheparin activity and total phosphorus. The

refractive index of the fractions of the third gradient were

compared to standards of known density thus enabling a graph of

density versus fraction number to be plotted.

A composite graph was compiled (Fig. 15) of the data obtained

from all three gradients. Of interest was the coincidence of the

peaks of protein, antiheparin activity and phosphorus at a density

of 1.100. The specific activity of the antiheparin activity was

approximately 500jig equiv./mg protein and the ratio of protein to

phosphorus, 100:1.8.

Subsequently, to provide larger quantities of the insoluble

antiheparin activity, a discontinuous gradient was employed. 7ml

of 12?£ w/w sucrose was overlayered on 5ml of 30% w/w sucrose, both

buffered by 25mM tris, 1mM EDTA, 3.8mM borate, 0.15M NaCl pH 8.8,

in a 25ml polycarbonate centrifuge tube (MSE 59129)• A 7ml sample

of the sonicated preparation was applied to the discontinuous gradient

which was centrifuged at 30,000 r.p.m. for 2^- hours in a 23ml three

place swing out rotor (MSE 59590) at k C. The material which

collected at the interface was removed and retained thus consisted

of the antiheparin fraction.
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(2)l>3termination of -particle size for the membrane bound antiheparin

activity.

A 5®1 sample of the sonicated insoluble residue from thrombin

aggregated washed platelets, containing 17mg/ml of protein, was

applied to a column containing Biogel A 5Cta of bed dimensions

890mm x 25am which was equilibrated and eluted with 25mM tris,

1mM EDTA, 3-8mM borate, 0.15M NaCl, pH 8.8 at 23ml/hr. Fractions

of 5ml were collected and analysed for protein and antiheparin activity

(see Fig.16). The antiheparin activity eluted as a broad peak in

fractions 37 "to 65 corresponding to a Stokes radius of 15 to 35e®«

The calibration for Biogel A 50m is shown in Fig. 17-

(3)Conclusions

The isopycnic density of 1.090 - 1.110 and the 1.8: 100 ratio

of phosphorus to protein corresponded closely to that reported for

platelet membrane microvesicles (Barber et al., 1970/71)- It was

therefore considered that the material isolated in this work was

similar.

There was one difference between the method of preparation of

this membrane fraction and those prepared by other workers. In

this work the starting material was the Insoluble residue of

aggregated platelets, in comparison with other studies which

used intact platelets as the starting material. This may have

some importance since other workers have been unable to detect

significant amounts of antiheparin activity in the membrane

fractions.

fU)Trypsin treatment of the insoluble residue
Some insight into the nature of active components of the

membrane surface can often be gained by treatment with proteolytic
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enzymes. In some cases solubilisation of the activity is

achieved in other cases the activity is destroyed.

A 3«6ml sample of the membrane fraction, isolated by density

step centrifugation, was dialyssd against 0.1M tris-HCl, 0.$$ NaCl,

pH 8.0 for 5 days at ^°C. 0.5ml of this solution was then removed

and added to 0.05ml of trypsin solution (2.6mg/ml). A 0.2ml

aliquot of this mixture was removed and mixed immediately with

0.02ml of soya bean trypsin inhibitor (2.6mg/ml); this was the zero

time sample. The remainder of the membrane/trypsin mixture was

incubated at 37°C for ^ hrs. after which 0.2ml was removed and

mixed with 0.02ml of trypsin inhibitor (2.6mg/ml). The anti-

heparin activity of the following were measured: 1. membrane

suspension before addition of trypsin, 2. zero time control,

3- ^ hrs. incubation mixture. There was no detectable difference

between the antiheparin activity of any of these samples. These

results were confirmed in a subsequent experiment in which the

bhr incubation mixture was also centrifuged at *f20,000xg for

1hr. In this case all the activity resided in the pellet showing

that solubilisation of the antiheparin activity had not occurred.

It was concluded that the antiheparin activity is neither

solubilised nor destroyed by trypsin.

It is not possible to say from these findings whether the

antiheparin activity is due to a specific membrane protein

component. It is reasonable to suggest that the activity appears

following some drastic rearrangement of the membrane structure

during aggregation with the lemlt that the component responsible

for the membrane activity is brought to the surface.

The uncertainty concerning the paracoagulating activity of
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PJpJf has been described in another section of this work. The

paracoagulating activity of the membrane antiheparin activity

was not measured, however it is interesting to speculate that

such activity may explain the interplatelet attachment due to

the formation of fibrin strands.
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I. Introduction

The investigation of PF*f described in the earlier sections of

this work showed that it was available only in relatively small

amounts; a total of 10mg being isolated from 100 platelet donation

units, and that PF*f was insoluble under physiological conditions.

As the major aim of this work was the isolation of a platelet

specific protein available in sufficient quantity to allow routine

antiserum production it was thought worthwhile to further investigate

the proteins released from thrombin aggregated washed platelets.

Since fractionation of the platelet release products was the

preliminary step for separation of PF^+ from the bulk of high and

low molecular weight components; this experiment was repeated.

H. Isolation of a semipurified preparation (peak III)

1. Biogel A15m separation of platelet release products.

A 6ml sample of concentrated platelet release products

containing 17-5mg/ral of protein was applied to a Biogel A15m

column (1070mm x 22mm bed dimensions) equilibrated and eluted

with 2tris, 1mM EDTA, 3-8aM borate, 0.15M NaCl, pH 8.8 at

22ml/hr. fractions were collected and analysed for protein

(see Fig.18). The column calibration performed previously for the

3iogel A15m column when used in the study of PF*f was repeated and

found to be unchanged: thus Fig.5 (Page 42-43) was used as the

calibration graph in this experiment.

Inspection of Fig.18 showed that a large proportion of the

protein released from thrombin aggregated platelets was contained

in two protein peaks eluting in fractions 60 to 67 and 68 to 73

with rg values of 3*65 nm and 2.85 nm respectively. The value of
3«65 nm corresponded closely to the quoted value of 3*55 nm for
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serum albumin (Andrews; 1970)• However 2.85 nm for the second

peak did not correspond to any r or D value quoted for any
s

known plasma protein. It was thought possible that the second

peak may be or may contain a large proportion of a platelet

specific protein.

2. The release reaction in *f8hr old washed platelets.

Forty eight hour old platelet concentrates were available

in relatively large quantities as material prepared initially for

therapeutic use. These are discarded after *f8hr, as no longer

suitable for use. It was decided to investigate this material as

a source of platelet release products. The units were washed

and incubated with thrombin, as described for fresh platelets

(see Methods). The soluble material present in the supernatant

was concentrated and applied to the same Biogel A15® column used

in the previous experiments. A total of 6ml, containing 17.5 mg/ml

of protein, was applied and eluted with 25mM tris, 1mM EDTA,

3.8mM borate, 0.15M NaCl, pH 8.8. Fractions of ^.75®! were

collected and analysed for protein (See Fig. 19).

The protein elution profile was different to that found for the

release products of fresh platelets. Only a single peak was found

eluting in the low molecular weight region and corresponding to

a value 3*65 nm for r . The peak with r of 2.85 nm was absent.S S

It was noted that on the addition of thrombin no visible

aggregation occurred which is in contrast to fresh platelets and

that there was no large peak of material absorbing at 259 nm and

eluting at V^. as found on all "Uvicord" chart records of the
separations of the release products of fresh platelets. This UV

absorbing material is due to the presence of nucleotides specifically
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released during platelet aggregation and is characteristic of the

occurrence of the platelet release reaction- The absence of the

second protein peak (r = 2.85 nm) and the absence of aggregation
s

together with the evidence indicating that the platelet release

reaction had not occurred suggested that the absent protein peak

may be a platelet specific component.

This experiment demonstrated that *f8hr old platelets were

unsuitable as a source of platelet release products. The absence

of the protein peak mentioned above is discussed in a later section

of this work.

3» Fractionation of low molecular weight platelet

release products.

Fractions 63 to 75 (Fig. 18) from the Biogel A15m separation

of the release products from fresh platelets were pooled and

concentrated to a final protein concentration of 27nig/ml. A 7^1

sample of this material was applied to a Sephadex G-200 column of

bed dimensions 1050 mm x 2^-5 equilibrated and eluted with

25mM tris, 1mM EDTA, 3-8mM borate, 0.15M NaCl, pH 8.8 at 22 ml/hr.

Fractions of ^.75^1 were collected and analysed for protein (see

Fig.20). The column was calibrated by eluting under identical

conditions, 2ml samples of proteins with known r (5 mg/ml) in a
s

range appropriate to the fractionation range of G-200.

Interpolation on the calibration curve (see Fig. 21) of the

erfc (1-IOj) values for the three protein peaks X, II and III
detected in the column fractions gave r values of 5-05 nm, 3*60 nm

s

and 2.85 nm for peaks I, II and III respectively. The value of

5-05 nm for peak I corresponded closely to that quoted for serum

IgG (Andrews: 1970) and 3»60 nm for peak II to the quoted value

°f 3-55 nm for serum albumin (Andrews; 1970). The r value of
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peak III did not correspond with any known serum or plasma component

but did correspond with the r determined for the second low
s

molecular weight peak on Biogel A15m (Fig.18).

The resolution of the low molecular weight components was

much improved on G-200 compared to that on Biogel A15m to the extent

that the material which was contained in the first peak on Biogel A15®

was resolved into two peaks, I and II. The separation of the

suspected platelet specific protein from the other components was

also improved.

Fractions 66 to 7^ were pooled and concentrated to a final

protein concentration of 8.3 mg/ml. This material is subsequently

refered to as peak III.

k. Desalting and lyophilisation.

Pooled peak III (7ml) was desalted on a Sephadex G-75 column

of bed dimensions *00 ram x 25 ram which was equilibrated and eluted

with 0.05M ammonia, formic acid, pH 8.8 at 115 ml/hr. The protein

eluted at Vq and these fractions were pooled and lyophilised. A
total of 55rag of protein was obtained which represented the yield

from 110 platelet concentrates.

Ill Physicochemical and immunological characterisation of peak III

1. Electrophoresis

The electrophoretic mobility of peak III was investigated on

cellulose acetate electrophoresis strips (Cellogel). A 3}il sample
of lyophilised peak III (3 rag/ml) was applied to a strip buffered

by 0.0^4 sodium barbitone, pH 9-9 and run at l8v/cm for 25 minutes,

(Sample 1). The strip was stained in 0.1% amido black 10B and

destained in 7% acetic acid. Human serum (Sample 2) was run in

parallel for comparison. Peak III migrated as a broad band between
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the serum p and -globulins (see plate 5) • Albumin was detected
as a minor contaminant (not reproduced in the photograph) which

was consistent with cross contamination from peak II in the

Sephadex G-200 separation (Fig. 20).

2. Determination of the sedimentation coefficient by

sucrose density gradient ultracentrifugation.

Six to yyfo linear sucrose density gradients were prepared

buffered by 25mM tris, 1mM EDTA, 3-8mM borate, 0.15M NaCl, pH 8.8.

A 0.15ml sample of lyophilised peak III (9•8 rag/ml), dissolved

in the above buffer, was applied to one gradient and 0.15ml of

a mixture of cytochrome C and serum albumin (5 mg/ml of each

protein) to a second. The gradients were centrifuged at 60,000

r.p.m. for 8.5hr at V^C. The gradients were fractionated and

analysed for protein and the results plotted as Fig.22. Peak III

protein sedimented as a sharp symmetrical peak which suggested

that significant concentrations of contaminants of different

sedimentation coefficient were not present. A value of 3«0S was

determined.

3. Molecular weight.
f

A molecular weight of 35*800 and of 1.30 was calculated
o

from the r and S values determined above for peak III by
s

assuming a value of 0.733 for v.

k. Immunological Investigation of peak III.

A rabbit antiserum to peak III was raised as described in

the methods.

Ouchterlony double immunodiffusion was performed in 1$ agarose

with the samples listed below. A photographic record of the results

is shown in plate 6.
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Well Nos. Sample

1 Peak III (2mg/ml)

2 Human red cell haemolysate

3 Human serum albumin (jmg/ml)

h Supernatant plasma from *+8hr old platelet units

5 3 x freeze thawed ^hr old platelet suspension

6 Peak III (500pg/ml)
7 Serum prepared from clotted whole blood.

8 Platelet poor plasma

9 Plasma from 28 day old blood stored at k°C

10 Plasma from 2 day old blood

11 Platelet poor plasma

12 Peak III (2mg/ml)

The following samples were also included in the experiment:

fibrinogen (3mg/ml), bovine thrombin (1000 Ill/ml). The antiserum

was defibrinated prior to the diffusion against thrombin, by heating

to 56°C followed by centrifugation.

No reaction was noted against fibrinogen and red cell

haemolysate. Albumin was detected in serum and the various plasma

samples as shown by the line of identity between albumin and these

samples (not shown in the photograph). No albumin was detected in

peak III but must have been present to have produced antibodies.

Albumin was therefore present in low concentration which is in

agreement with the electrophoresis data. The major component of

peak III gave a reaction which was not given by platelet poor plasma,
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albumin, fibrinogen and red cell lysate. A line of identity

was found between peak III and serum, the superaatants of 48hr

old platelet rich plasma, 28 day old stored blood and 3 x freeze

thawed platelet units. In all these situations platelet

release in one way or another has occurred. In the case of

serum this was probably due to thrombin induced aggregation of

the platelets present, but in all other cases a more likely

explanation is non specific leakage due to platelet damage

occurring over a long time period. The absence of peak III

antigen in 48 hr old washed platelets, described in a previous

section, and its presence in the supernatant plasma of 48hr old

platelet units further supports this view.

The detection of peak HI in serum but not in plasma was

of interest as this suggested that the antigen was platelet

specific. Evidence had already been obtained for its specific

release during the release reaction induced by thrombin. This

suggested that peak III antigen was suitable for further

investigation as a source of platelet specific protein released

during platelet aggregation and for the development of a

specific immunological assay for in vivo platelet sequestration.

At least three minor antigens not detected in any other

preparations tested were found in the peak III preparation.

5. Biological activity.

During the course of this investigation Ogston (1973)

reported the isolation of a protein (molecular weight 4-5,000)

with antiplasminogen activator activity from lyophilised whole

platelets. A fibrin plate assay system was used to detect this

activity.
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Initial investigation showed the presence of significant

antiactivator activity. Subsequently the column fractions from

the Sephadex G-200 fractionation procedure used to isolate peak

III were tested individually for antiactivator activity and also

for antiplasmin activity as these can be sometimes confused.

The results are shown in Fig.23» Antiactivator activity was

detected in fractions 63 to 72 with a peak at fraction 68 and a

specific activity of 19-6 Ploug units/mg protein. This was

coincident with the protein peak (peak III). Antiplasmin

activity was detected in fractions 56 to 66 with a peak at

fraction 62 and a specific activity of 0.5 CTJ/mg protein. The

antiactivator activity and antiplasmin were completely separated

on G-200.

The antithrombin activity of peak III was investigated as

fibrinogen degradation products, which may have been present

in peak III, show this activity. No antithrombin activity was

detected when a solution of lyophilised peak III (*f mg/ml) was

included in the thrombin time assay system (see Methods).

IV. Further purification and characterisation of peak III

1. Introduction

The immunological and electrophoretic analyses of peak III

demonstrated the presence of impurities in the form of albumin

and minor platelet specific antigens. The immunodiffusion

experiments suggested that the major antigen may in fact be

composed of two antigens which, from the available data, would

have very similar physical properties and also similar

concentrations in solution as the precipitin lines against peak

III appeared to be one single line. Only when examining the
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precipitin line against serum were two precipitin lines apparent

both of which were contiguous with the major antigen.

The removal of the contaminants, especially albumin, was

necessary if the antigen was to be used in a specific immunological

assay. The separation of the two components in the major antigen,

if such a situation occurs, may also be useful. An attempt at

further purification of peak III was indicated.

It was apparent on comparing the physical properties of

peak III, with those of other proteins with reported physical

parameters, that there was a similarity with p-lactoglobulin.
A comparison is made in Table IV.

Two significant observations emerged from this comparison:

1. The existence of polymorphic forms A and B of

p-lactoglobulin. The suggestion that the major antigen
in peak III exists in two forms is interesting in this

respect.

2. The dissociation of p-lactoglobulin at low pH. If peak
III behaves in a similar fashion then this would provide

a very effective method of removing all traces of

albumin, which is not composed of subunits and therefore

does not dissociate under these conditions. Gel filtration

would be an ideal method of separating these components.

2. The behaviour of peak III at pH 3»

At this stage the original lyophilised peak III preparation

became exhausted and a second batch was therefore prepared as

before, except that the final preparation isolated from the

Sephadex G-200 fractions was not desalted and lyophilised but stored

frozen at -lK)°C. Secondly, as the removal of albumin was of prime
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TABLE XV

Comparison of j3-lactoglobulin and peak III antigen.

p-lactoglobulirx

Molecular Weight

r
3

S

D

X*

%
o

pi

Subuait

molecular weight

Polymorph! sra

Dissociation

Peak III

36,726 (6) 35,800

2.87 nm (1) 2.85 nra

2.85S (1) 3.0S

7.^ (1) 7.5^

1.30 (1) 1.30

A 5-1^ B 5.23 (2) ?

18,500 (3,*0 ?

Genetically determined
forms A and B (5)
Occurs in acid
solution (3,^)

1. Frank et al., (1967)

2. Fredriksson (1972)

3. Townend et al., (i960)

h. Timasheff et al., (1961)

5. Aschaffenburg et al., (1957)

6. "Atlas of Protein Structure".
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importance, a significant proportion of albumin v/as included in

the new preparation to aid its identification in subsequent

experiments. This v/as achieved by including fractions 58 to 65

as well as fractions 66 to 7^ (see Fig. 20) used in the first

preparation of peak III.

A 6ral sample of the new preparation was dialysed overnight

against 0.5% pyridine, 10% acetic acid, pH 3Within a few

minutes of commencing dialysis a precipitate formed which

gradually sedimented to the bottom of the dialysis bag. At the

end of the dialysis period the contents of the bag were remixed

in order to resuspend the precipitate, and centrifuged to

separate the precipitate and supernatant. The supernatant was

removed carefully and retained for further study. The

precipitate was washed twice with pyridine/acetic acid buffer,

to remove any remaining supernatant, and retained for further

investigations.

A 6ml sample of the supernatant was applied to a Sephadex

G-75 column of bed dimensions 835mm x 23mm, equilibrated and

eluted with 0.5% pyridine, 10% acetic acid at 2h ml/hr.

Fractions of 5*2ml were collected and analysed for protein.

Fig.2if shows the results obtained: albumin eluted at Vq and
was completely separated from the antigen eluting in fractions

to 60. Dissociation of the antigen at low pH had therefore

occurred, since if this was not the case the antigen would

have eluted with a lower erfc (1-K^), as can be predicted
from the calibration of Sephadex G-75 (see Fig.8). The column

wascalibrated with proteins of known r using 25mM tris,

1mM EDTA, 3.8mM borate, 0.15M NaCl, pH 8.8 as the eluant. The
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elution profile of the antigen showed evidence of two components

which were only partially resolved and corresponded to r values
s

of 2.06 nm and 1.92 nm respectively compared to 2.85 nm for the

undissociated antigen.

3. Immunological investigation of the purified antigen.

The Sephadex G-75 fractions **8 to 59 were dialysed

individually against 25mM tris, 1mM EDTA, 3«8mM borate, 0.15M

NaCl, pH 8.8 overnight. The dialysed fractions were tested

individually for reaction against the rabbit antiserum to peak III.

The results are shown in plate 7« A positive reaction was found

in all the fractions tested confirming that the material was the

antigen. The results also showed that the minor antigens

previously found in peak III were not detected in the purified

fractions. It was possible that these were precipitated in the

pH 3 insoluble material obtained following dialysis of peak III

against pyridine/acetic acid buffer. There was also evidence

of two antigenic components as suggested by the protein elution

profile. The two components were evident as distinct precipitin

lines with obvious cross over points. Both components were

contiguous with the antigen preparation. Fractions *f8 to 60

were pooled and concentrated to a final volume of 12.5ml and a

protein concentration of mg/ml. This solution was Millipore

filtered into sterile vials and stored in 0.5ral aliquots at -bO°C.
The pH 3 insoluble fraction isolated above was redissolved

by the addition of a small volume of 25mM tris, 1raM EDTA,

3.8mM borate, 0.15M NaCl, pH 8.8 to a protein concentration of

O.76 mg/ml and tested against the rabbit antiserum to peak III.

Purified antigen and peak III were also included. The purified
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antigen did not contain any of the minor antigens detected in

peak III. The pH 3 insoluble material gave a line of identity

with one of the components of these minor antigens.

k. Nomenclature of the purified antigen.

At this stage in the investigation a suitable name was

sought for the purified antigen. A comparison of the

electrophoretic mobility of the antigen, which migrated as a

p-globulin, and the nomenclature of similar compounds such as

p-lactoglobulin and thyroglobulin suggested the name,

p-thromboglobulin. Thrombo- was derived from thrombocyte ie.
platelet and globulin from its electrophoretic behaviour.

3- Biological activity.

The antiactivator activity of the p-thromboglobulin
preparation was measured. Antiactivator activity was not

detected in any of the fractions which suggested that the

activity was due to components of the pH 3 insoluble fraction.

The antiheparin activity of the p-thromboglobulin preparation
was measured and found to be 8 ug equivs./mg protein. This figure

was considerably lower than the specific activity of the low

molecular weight antiheparin activity which eluted with

p-thromboglobulin when platelet release products were fractionated
on Biogel A15m (see Fig.3)« This demonstrated that p-throraboglobulin
and the low molecular weight antiheparin activity were separate

entities. The residual antiheparin activity in the p-thrombo-
globulin preparation may have been due to the incomplete removal

of the low molecular weight antiheparin activity or to activity

inherent to p-thromboglobulin. Antiheparin activity was not
detected in the material precipitated at pH 3 during the dialysis

of peak III. This suggested that the activity was either irreversibly
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denatured at pH 3 or was adsorbed onto the Sephadex G-200 gel

matrix, a phenomenon which occurred with T?Fk on Sephadex G-75-

6. Comparison of |3-lactoglobulin and p-thromboglobulin.
Due to the apparent similarity between p-thromboglobulin and

p-lactoglobulin the possible identity of these two components was

investigated.

(i) Electrophoresis

(a) pH 9-9

Human p-lactoglobulin was not readily available in a purified
form therefore bovine material was used in this comparative section.

3pl samples of p-lactoglobulin mg/ml) p-thromboglobulin
(5.^ mg/ml) and undiluted human serum were applied to a cellulose

acetate strip equilibrated with O.O'tM sodium barbitone, pH 9-9 and

electrophoresis was performed for 20 minutes at 20V/cm.

p-thromboglobulin migrated as a p-globulin under these conditions
in marked comparison to p-lactoglobulin which migrated as an

-globulin in two bands with very similar mobility. This

detection of two components is in accordance with the existence of

p-lactoglobulins A and B. No evidence of such polymorphism was
noted for p-thromboglobulin therefore if polymorphism occurs the
differences may be due to substitution of amino acid residues with

non polar side chains which would therefore not be reflected in

the electrophoretic mobility.

Albumin was not detected in the preparation.

(b) pH 2.2

The electrophoretic behaviour of p-thromboglobulin at pH 2.2
was compared to that of p-lactoglobulin under the same conditions.

3pl samples of p-thromboglobulin (5*^ rag/ml) and p-lactoglobulin
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(*t mg/ml) were applied to a cellulose acetate strip equilibrated

with acetic acid, k% formic acid, pH 2.2 and electrophoresis

performed for 25 minutes at 20V/cm.

Under these conditions p-thromboglobulin had the same
mobility as p-lactoglobulin which migrated as a single band, in
contrast to its behaviour at pH 9-9 when the A and B polymorphs

were resolved. The existence of polymorphs of p-thromboglobulin,
suggested by other experiments, was not demonstrated by electrophoresis

under these conditions.

Electrophoresis at both pH 9«9 and 2.2 showed that

B-thromboglobulin migrated as a single band. No other components

were detected and this suggested that the material was of hi^i

purity.

(ii) Immunodiffusion.

p^thromboglobulin was compared with human colostrum whey
proteins (see methods for preparation) which contain human

p-lactoglobulin in a concentration of h.2 to 135 mg/ml (Geigy,
Scientific tables ) and also with peak III. No immunological

identity was demonstrated between purified p-thromboglobulin and
peak III preparations and human milk. A precipitin reaction was

observed with human milk and was probably due to albumin which is

present in a concentration of 0.26 to 0.65 mg/ml. The minor

antigens detected in peak III were not detected in purified

p-thromboglobulin.
7. Summary.

Peak III was found to contain p-thromboglobulin as the major
platelet specific component together with albumin and unidentified

minor antigens which were present as contaminants. Purification of
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p-thromboglobulin was accomplished, by a combination of precipitation
of the minor antigens at pH 3 followed by gel filtration of the

soluble components at pH 3, when a complete separation of albumin

from 3-thromboglobulin was achieved. This separation was

greatly enhanced by the dissociation of p-thromboglobulin at
pH 3-

A comparison of p-lactoglobulin and p-thromboglobulin showed
that while these two components had almost identical values for

f
molecular weight, s, /„ , r and D and showed dissociation at low

X s
o

pH, their electrophoretic mobility and antigenic identity were

not the same. There was evidence of the existance of polymorphic

forms of p-thromboglobulin from the Sephadex G-75> pH 3 experiment
but this did not afford a complete separation. However the

separation achieved suggested that the components were antigenically

distinct which may be of importance in any future assay method for

the in vivo detection of p-thromboglobulin if the two forms are

genetically controlled as is the case for bovine p-lactoglobulin
(Aschaffenberg et al., 1957)*

V. Physicochemical characterisation of purified p-thromboglobulin.
1. Sedimentation coefficient

(i) nS 3.15

6% to 30% linear sucrose density gradients were prepared as

in previous experiments. A sample of p-thromboglobulin (5»^ mg/ml)
was adjusted to pH 3«15 hy the addition of pyridine/acetic acid

buffer and applied to a gradient buffered by pyridine/acetic acid,

pH 3^15» Cytochrome C and ACTH mg/ml) were applied to a second

and third gradient buffered by 25raM tris, 1mM EDTA, 3«8mM borate,

0.15M NaCl, pH 8.8. The gradients were centrifuged at 60,000 r.p.m.
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for 17hrs at 20°C and then fractionated and analysed for protein.

A sedimentation coefficient of 0.8S was found.

(ii) -pH 8.8

The sedimentation coefficient of p-thromboglobulin was
redetermined as the value found previously was obtained using

peak III material. Since the contaminants present in peak III

were not present in p-thromboglobulin prepared by pH 3-15
dissociation and Sephadex G-75 chromatography a redetermination

was thought to be necessary.

The experiment was performed as described on page

except that the sedimentation was performed at 20°C.
2. Molecular weight and frictional ratio.

f
A molecular weight of 6,500 and /^ of 1.56 was calculated

o

from the sedimentation coefficient of 0.8s and r of 1.92 nm
s

(see Fig. 2k) for p-thromboglobulin in pyridine/acetic acid at
pH This indicated that the native molecule existed as a

hexamer of 6,500 molecular weight subunits since the molecular

weight of native p-thromboglobulin was 35»800.
It should be noted that the r value of 1.92 nm for

s

p-thromboglobulin at pH 3 was calculated from the elution position
of the protein peak on Sephadex G-75 (see Fig. 2k), In this

experiment there was evidence of a second component of slightly

higher rg which was observed as a shoulder on the main peak. A
value for r^ and hence a molecular weight was not calculated for
this component.

3. Determination of molecular weight by polyacrylamide

gel electrophoresis (PAGE) in sodium dodecyl sulphate(SDS)

SDS PAGE was employed as an independent method of molecular
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weigh-t measurement and as a method of determining purity. A

full description of the gel and sample preparation, buffer

composition and staining procedure is given in the methods

section. The following samples were applied all of which were

previously reduced by mercaptoethanol, except where indicated.

7.5^ acrylamide gels were used.

TU3B HO.

1. Ovalbumin (30pg)1 p-lactoglobulin (30pg),
Kallikrein inhibitor (30pg) in a total of 15pl-

2. Ovalbumin (J0pg), lysozyme (pOpg), in a total
of 15pl.

3. Ovalbumin (30jig), chymotrypsinogen A (30pg),
cytochrome C (30pg) ia a total of 15pl«

4. p-thromboglobulin (30pg) in a total of 10pl.
3. p-thromboglobulin (30pg) in a total of 10pl.

This sample was not reduced with p-mercaptoethanol.
Electrophoresis was performed for 10hr at 12V and the gels

removed and stained with amido black. The results are shown in

plate 8; the numbering corresponding to that shown above. The

migration distance of each component was measured from the origin and

the values obtained for each protein of known molecular weight

plotted against log molecular weight (see Fig. 13)- Immediately

after staining, the intensity of the bonds of reduced and unreduced

p-throraboglobulin were equal. However, on storage of the stained
gels the intensity of the unreduced p-thromboglobulin band decreased
in comparison to the reduced band. This is apparent in the photograph

and can be explained by more efficient dye binding to reduced

p-thromboglobulin.
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The resolution of SDS PAGE can be increased in the low

molecular weight range below 10,000 by the use of gels with a

higher percentage of acrylamide. Gels containing 12.5^ acrylamide

were prepared and the following samples applied: dithiothreitol

at a final concentration of 5niM was used as the reducing agent in

place of p-mercaptoethanol since T?Fb was also included in this
experiment. It was thought that the increased efficiency of

reduction achieved by dithiothreitol would be of value in the case

of PF^f (see plate 3) •

TUBE

1

NO. SAMPLE

p-thromboglobulin

Vol Applied
(pi)
20

Quantity
(pg)
50

2 p-thromboglobulin 10 25

3 Bacitracin 10 50

if Glucagon 5 50

5 Adrenocorticotrophin (ACTH) 10 50

6 Trypsin inhibitor
(Bovine pancreas)

10 50

7 Trypsin inhibitor
(Lima bean)

10 50

8 Cytochrome C 6 30

9 Myoglobin 6 30

10 Chymotrypsinogen A 6 30

11 Ovalbumin 6 30

Electrophoresis was performed at 15V for l8hr. (2mA/tube)

and the gels stained with amido black. The results are shown

in plate 9; the numbering corresponding to that shown above.

The migration distances were measured and plotted against log

molecular weight in Fig. 1*f for the proteins of known molecular

weight (tubes 3 to 11).



- 96 -

A molecular weight of 5,800 was measured for reduced

p-thromboglobulin on 7% gels and 5>600 on 12.5# gels. Unreduced

p-thromboglobulin on 7% gel had an apparent molecular weight
of 10,700. Electrophoretic mobility is only proportional to

molecular weight in the SDS system for molecules in a random coil

configuration, a condition which can only be obtained by the

reduction of all inter and intra chain S-S bonds. The apparent

difference in mobility between reduced and unreduced p-thrombo¬
globulin can therefore be explained not by a monomer-dimer

relationship but by the unreduced subunit existing as an asymmetric

structure whose configuration is maintained by S-S bonds. Reduction

of these bonds allows the formation of a random coil which has a

lower frictional ratio and therefore increased mobility. This

argument is supported by the molecular weight of 6,500 and frictional

ratio of 1.56 for p-thromboglobulin which was calculated from
sedimentation and diffusion coefficients in pyridine/acetic acid

buffer at pH 3-15, a medium which does not reduce S-S bonds. The

frictional ratio of 1.56 suggests a degree of asymmetry.

The purity of the p-thromboglobulin preparation was judged
to be high using this procedure. No albumin was detected and no

contaminants of differing molecular weight to p-thromboglobulin
v/ere noted. It was possible to observe a minor component of

7,000 molecular weight when 20ug of p-thromboglobulin was applied
to the 12.5# gel- This component was obscured at higher sample

loading (50pg) due to its similar mobility to the main component.
This minor component may in fact be a polymorphic form of

p-thromboglobulin.
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h. Isoelectric focusing.

Since earlier gel filtration and immunodiffusion experiments

had indicated the possible existence of two polymorphic forms of

p-thromboglobulin it was felt that a high resolution technique
should be employed to investigate this question. Two methods

were apparent as being capable of the required resolution. Ion

exchange chromatography was discounted as an initial method due

to the large number of parameters which have to be optimised to

obtain the best separation. Isoelectric focusing is more simple

since there is only one variable parameter, the pH range of the

ampholytes which are used. Ampholytes are available to produce

various pH ranges and the operating conditions are well defined.

In this work polyacrylamide gel electrofocusing in tubes

was employed. Initially a wide range (pH 3-10) "ampholine'1

fraction was used to give an estimate of the pi of p-thromboglobulin
so as to enable a suitable choice of narrow range ampholine to be

made for subsequent experiments. Myoglobin was included in the

experiments described below to allow visual monitoring of the

progress of focusing.

(i) pH 3-10

The following samples were applied.

1. Myoglobin (50pg)
2. p-thromboglobulin (I30pg)

Myoglobin was dissolved in 1% ampholine (pH 3-10);

p-thromboglobulin was dialysed against distilled water to remove
tris buffer and then pH 3-10 ampholine added to a final concentration

of 1%. The samples were applied at the cathode to prevent the

exposure of B-thromboglobulin to an acid pH, under which conditions
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dissociation is known to occur. Inclusion of the sample in the

gel mixture prior to polymerisation was not used for the same

reason and also as persulphate was used as the catalyst.

Initially toV were applied for 60 minutes. Subsequently

the voltage was gradually raised to 300V while maintaining the

current below 1mA/gel. The gels were then removed, fixed, washed

and stained (see methods). The result for p-thromboglobulin is
shown in plate 10; the numbering corresponding to that shown

above. The fixing and staining procedure described in the methods

was arrived at after an initial failure using the method of

Vesterberg (1971)- This method does not require the prior

removal of ampholines before staining. A combined fixing and

staining procedure is used with cocmassie brilliant blue in 10%

TCA, 2% sulphosalicylic acid and 27% methanol at 65°C followed

by destaining in 27% ethanol 8.5% acetic acid at room temperature,

p-thromboglobulin was found to be soluble in both the fixing/staining
and destaining solutions. To determine the most effective cond¬

itions for fixing p-thromboglobulin the following solutions were
employed at both 65°C and room temperature.

1. 10% TCA, 2% sulphosalicylic acid, 27% methanol

2. 10% TCA

3. 7% acetic acid, *+5% methanol

k. 10% TCA, 5% H"gCl2
5. 5% HgCl2
Solution 1 precipitated p-thromboglobulin at 20°C but not

at 65°C. Solution 2 was more effective than 1 but was still

ineffective at 65°C. Solution 3 was ineffective at both 20°C

and 65°C. Solution b was ineffective at 65°C but very effective
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at 20°C. Reducing the temperature to 4 C produced a further

improvement. Solution 5 was as effective as 4. The efficiency

of each solution was measured by the intensity and width of the

precipitated protein bands. The more narrow and more intense

the bands the more effective was the solution. It was finally

decided to use 10^ TCA, HgCl^ at 4°C in subsequent experiments.
It should be noted that this procedure, while being effective for

p-thromboglobulin, may not be effective for other types of proteins.
The procedure of Vesterberg (1971) is ideal if an effective

precipitating agent can be found for use at 65°C. Under these

conditions the penetration of the fixing agent into the gel is

approximately three times more rapid than at room temperature

with the result that the diffusion of the focused zones is

considerably reduced after the applied potential has been removed.

While 5% HgCl^ was as effective as 1C$ TCA, 5% HgCl^j TCA was
included since it was thought possible that some minor components

may not have been effectively precipitated by HgCl^ alone.
The focusing point of p-thromboglobulin was nearer the cathode

than myoglobin (approximate pi 7) and was consistent with a pi of 8
or above. Some minor components were apparent with a pH less than

the main component.

(ii) p5 7-11

The following samples were applied.

1. Myoglobin (50pg)
2. p-thromboglobulin (I50pg)

The voltage conditions were the same as above. The visible

resolution of myoglobin was much improved and the focusing position

corresponded roughly to that expected for components of pi around 7«
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The focusing pattern of p-thromboglobulin showed improved
resolution. There was no definite evidence of polymorphism,

(iii) pH 8-9.5

The above experiment was repeated (see ii above) except

that pH 8-9-5 ampholine was used. The resolution of this system

was higher than obtained with either the pH 5-10 or 7-11 gradients.

The bands appeared more diffuse but this was due to the finite

width of the focused zone, this being a function of the slope of

the pH gradient and the applied voltage (see methods).

Conclusions

Focusing of p-thromboglobulin at high sample loading (l50|ig)
on a pH 3-10 gradient detected the presence of contaminants of

lower pi than the main component (p-thromboglobulin). These were
present in low concentration. The pi of p-thromboglobulin was
estimated to be between 8 and 9 from the focusing position on each

of the three gradients employed.

Of interest was the presence of a band with a very similar pi

to the main component and present in a significant concentration.

This may be a polymorphic form of p-thromboglobulin. A band was
also noted with a very high pi and was present in a low

concentration. This may have been the residual low molecular

weight antiheparin activity described in a previous section.

It was not possible, using the polyacrylamide gel system, to

determine accurately the pi of p-thromboglobulin since there was
no simple method of determining the pH of the focused zones. To

determine pi directly requires the use of either thin layer

polyacrylamide gel electrofocusing or preparative column electro-

focusing in a sucrose density gradient. Since column electrofocusing
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is preparative in nature this technique will also be useful for

future purification of p-thromboglobulin and should, from the
results obtained with the gel system employed in this work, give

good resolution of all the components.

VT. Summary and conclusions.

The isolation and characterisation of the platelet specific

protein isolated in this study and tentatively named p-thrombo¬
globulin has not been reported previously. The existence of

platelet specific proteins including p-globulins have been reported
by Davey and Liischer C1968) who demonstrated the existence of

platelet specific p-globulins by comparison of the immunoelectro-
phoresis of thrombin release products against antisera to human

plasma and whole platelets. No further attempt was made to isolate

and characterise the platelet specific p-globulins and therefore no
comparison can be made between p-thromboglobulin and the platelet
specific p-globulin isolated by these workers.

In this study the possible existence of a platelet specific

protein in the thrombin release products was deduced from agarose

gel filtration experiments which detected the presence of a protein

whose r had no counterpart with any known plasma protein. Subsequent
s

purification on Sephadex G-200 separated the unknown protein from

the bulk of contaminating protein. Measurement of the diffusion

coefficient from the gel filtration data combined with the

sedimentation coefficient of 3-OS from sucrose density gradient

ultracentrifugation enabled a molecular weight of 35»800 to be
f

calculated. The calculated of 1.30 indicated a spherical
o

model for the protein. Electrophoresis at pH 9*9 showed that the

protein had a mobility between the serum B and y -globulins. On
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this basis the protein was considered to be more appropriately

classed as a p-globulin.
An antiserum was raised in rabbits against peak III which

contained p-thromboglobulin as the major component. Immunodiffusion
experiments using the antiserum showed that peak III contained

albumin in low concentration as a contaminant, p-thromboglobulin
was undetectable in platelet poor plasma but was detected in

whole blood serum thus suggesting that the major component was

platelet specific. The evidence for specific release of

p-thromboglobulin included the short time course of incubation
with thrombin, a total of 2 minutes was allowed after visible

aggregation occurred. This precluded the presence of

p-thromboglobulin being due to slow non specific leakage. Further
experiments using washed platelets obtained from b8 hr old

platelet concentrates showed that it was not possible to induce

thrombin aggregation of these platelets. Gel filtration of the

supernatant from this incubation failed to detect the

p-thromboglobulin peak found with fresh material. The large peak
of U/V absorbing material characteristic of the presence of

nucleotides specifically released during the release reaction was

absent from the supernatant. It was concluded that there was a

correlation between aggregation and the rapid release of

p-thromboglobulin during thrombin induced aggregation and that

p-thromboglobulin is a specific release component.
A totally unequivocal demonstration of specific release

requires an identification of the subcellular locus of the released

material, a quantitative correlation between extracellular

appearance and intracellular disappearance and a measurement of the
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time course of the release. In the case of p-thromboglobulin
these parameters were not measured, however the evidence described

above suggested that specific release almost certainly occurred.

At this stage the requirements of this study to identify

and purify a platelet specific protein had been achieved in

principle. The detection of minor antigens and albumin in the

preparation indicated that further purification was necessary to

separate these components and also if possible to identify the

antigen responsible for the antiactivator activity. This

activity is of some interest in concepts of fibrinolysis and its

regulation.

The conditions selected for further purification were based

on the apparent similarity between the physical properties of

p-thromboglobulin and p-lactoglobulin. It was known that

p-lactoglobulin dissociated at low pH and subsequently this was
also shown by gel filtration on Sephadex G-75 at pH 3*15 to occur

for p-thromboglobulin. This provided a complete separation from
albumin. Subsequent immunological investigation showed that the

minor antigens present in peak III had also been removed and these

were identified as being present in the material precipitated from

peak III during dialysis against pH 3 buffer. Immunological

investigation of the individual fractions from the Sephadex G-75

separation indicated that the major antigen (p-thromboglobulin) had
been partially separated into two components. This could be

explained either by the existence of two polymorphic forms of the

antigen, a possibility also suggested by immunodiffusion experiments

with serum, or, a less likely possibility, that the native molecule

was composed of subunits of unequal molecular weight.
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The physical properties of p-thromboglobulin are summarised,
in Table V. The similarity between p-thromboglobulin and J3-lacto-
globulin was found to be only superficial. Further investigation

showed major differences in electrophoretic mobility at pH 9-9, in

isoelectric points and subunit molecular weights, p-thromboglobulin
and p-lactoglobulin were also antigenically distinct.

The purity of the p-thromboglobulin preparation was shown to
be high. Minor contaminants were detected by isoelectric focusing

but the concentration of these components was low. The question of

polymorphism was not answered adequately and will require further

investigation using preparative isoelectric focusing.

The solubility properties of p-thromboglobulin were also of
interest. p-thromboglobulin was not precipitated by any of the

commonly used acidic agents at 65°C.
The biological activity or the subcellular localisation of

p-thromboglobulin are not known. The development of a specific
quantitative immunological assay will be useful in answering these

questions (see below).

The antiplasmin and antiactivator activities detected in the

fractions from the separation of low molecular weight release

products on Sephadex G-200 (Fig. 17) cannot be stated with certainty

to be of platelet origin since no evidence was obtained to suggest

specific release. The molecular weights of 70*000 and 36,000 for

antiplasmin and antiactivator respectively were compared with

reuorted values for both platelet, plasma and serum antiplasmin and

antiactivator activities. Molecular weights of 120,000

(McDonagh et al., 1969), **0,000 (Wakabayashi et al., 1970), 35,000

(Siegel-Ealston et al., 1971) and 20,000 (Ganguly, 1972) have been
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TABLE V

Summary of the physicochemical properties of p-thromboglobulin

**

M s D+ r
s %

0

PH 8.8 35,800* 3.0 7.^8 2.87 1.30

pH 3.15 6,500* 0.8 11.2 1.92 1.56

SDS PAGE 5,600 - 5,8OQ •• .. — —

Subunit bonding - non covalent

pi - approximately 8 to 9

electrophoresis - at pH 9-9 migrates as a p-globulin
solubility - soluble in H^O and in pH range tested (2 to 10)
insolubility - in 5^ HgC^*** at *f°C

* Calculated from the Svedberg equation using experimentally

determined s and D values

+ Calculated from the measured r using the Stokes-Einstein
s

equation

* * Calculated from the relationship

f/ r

/f0 =—V-3vM?
JfTTN

*** This was the only reagent out of many tested which gave

adequate precipitation of p-thromboglobulin
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reported for platelet antiplasmin activity. These figures

suggest the existence of more than one molecular species of

platelet antiplasmin activity. The molecular weight of

70,000 obtained in this work for antiplasmin activity may

therefore represent a further distinct form.

Various antiplasmin activities in serum have been reported,

^^-macroglobulin exhibits antiplasmin activity and has a
molecular weight of 800,000 (Shamash et al, 1966) as does

ck^-antitrypsin. The molecular weight of -antitrypsin has
been variously measured as **0,000, 71*000 , 55*000 and 60,000

(Martin, 1962; Wu et al., 1960; Schultze et al., 1962;

Shamash et al., 1966). The value of 60,000 determined in

this work for "platelet" antiplasmin is in approximate agreement

with all values except that of **0,000. The relationship between

the platelet activity isolated in this work and the reported

ck^-antitrypsin activities cannot be stated since no direct
comparison was made.

Platelet antiactivator activity has been variously described

but little work exists concerning the physico-chemical properties

of this activity. Ogston et al., (1973) have however reported

an approximate molecular weight of **5,000 for an antiactivator

activity isolated from lyophilised whole platelets. It is

possible that this activity is the same as isolated in this work.

Serum antiactivator has been reported by Aoki and Von Kaulla (1971)

and had a molecular weight of approximately 80,000 which suggests

that the platelet antiactivator detected in this work and described

by Ogston, is distinct from that described by Aoki and Von Kaulla.

The evaluation of the significance of the antiplasmin and
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and antiactivator activities will require further purification of

these activities.

VTI. Techniques applicable to the immunoassay of p-thromboglobulin
1. Introduction.

The feasability of such an assay system was demonstrated in

an earlier section of this work by the detection of

p-thromboglobulin in clotted whole blood serum using immunodiffusion
techniques. It was felt that immunodiffusion suffered from two

main disadvantages which prevented its use for in vivo measurements.

Firstly, quantitative results are not obtained and secondly the

sensitivity is only just sufficient to detect p-thromboglobulin
in serum. As the serum level represents 100^ platelet

aggregation, a more sensitive technique must be sought so that a

much lower % of platelet aggregation can be detected. Two

techniques, haemagglutination inhibition and radio-immunoassay axe

available which have sufficient sensitivity and enable quantitative

estimates to be made.

2. Haemagglutination Inhibition.

The detection of antigen-antibody complexes by haemagglutination

inhibition is based on the following principles. A pure prepar¬

ation of the protein of interest is fixed onto the surface of

washed red cells in suspension by using a tanning procedure. The

addition of an appropriate antiserum causes the red cells to

aggregate due to the formation of antigen-antibody complexes

between neighbouring cells. A sample is assayed for antigen by

adding a range of serial dilutions to a fixed concentration of

antiserum, the dilution of which is chosen empirically to give

an appropriate sensitivity range. If an excess of antigen is
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present then the antiserum is completely neutralised and the

addition of this mixture to the tanned cell suspension no longer

produces agglutination. The highest antigen dilution at which

agglutination inhibition first occurs is a measure of the

concentration of antigen in the assay sample and can be quantitated

by comparison with the results obtained from standard preparations.

To give maximum specificity the assay requires either a

monospecific antisera or a high purity antigen. The ultimate

sensitivity of the assay depends on the quantity of antigen tanned

onto the surface. Appropriate conditions for the tanning

procedure have to be determined empirically for any particular

protein.

Haemagglutination inhibition is a rapid procedure and capable

of a sensitivity of the order of 200ng/ml.

3. Radio-immunoassay.

The assay is based on a version of the isotope dilution

technique where the concentration of the compound of interest

in a sample is determined by adding a known quantity of radio¬

activity labelled compound. A pure sample of the compound is

then isolated and the specific activity of the label compared

with that of the labelled compound before addition to the sample.

If the sample contained none of the compound of interest then no

reduction ie. dilution of the label will be found. The presence

of the compound in the assay sample is detected by a reduction

in the specific activity of the label which is proportional to

the ratio of labelled to unlabelled compound. The concentration

in the sample can then be calculated.

In radio-immunoassay, a purified sample of the protein of
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interest is iodinated with radioactive Iodine (*^%). A known

excess of this preparation is added to a dilute sample of a

rabbit antiserum against the protein of interest. The resulting

radioactive antigen-antibody complex is then precipitated by the

addition of donkey anti rabbit gamma globulin. The precipitated

antibody is washed to remove unbound protein and the radioactivity

determined. The presence of the protein in an assay sample is

detected by the reduction in the radioactivity of the precipitated

antibody-antigen complex. Since an excess of antigen is present

the reduction in radioactivity is proportional to the ratio of

labelled to unlabelled antigen. The Concentration of antigen in

the assay sample is then calculated from this proportionality.

This technique is somewhat tedious and lengthy to perform

but is capable of measurement of protein concentration dovnto
n

approximately 1pg/ml ie. about 10 times more sensitive than

simple immunodiffusion. Where only small quantities of

antiserum and purified antigen are available this technique is

valuable as the consumption of reagents is extremely low. If

a purified preparation of the antigen is available then the

antiserum used may be multispecific.

*f. Summary of current developments in the immunological

assay of p-thromboglobulin.
This summary outlines the preliminary results of a project

at present being undertaken by Dr C. Ludlam of the Department of

Therapeutics, University of Edinburgh. Dr A. Bolton of the MSG

radioimmunoassay team, Edinburgh gave valuable assistance in the

early stages with the setting up of the radioimmunoassay for

B-thromboglobulin. The author of this work provided and prepared
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purified p-thromboglobulin and also the rabbit antiserum to peak III.
The preparation of these reagents is described in detail in the

main section of this work.

Haemagglutination inhibition was also investigated but

difficulties were encountered in tanning adequate quantities of

antigen onto the red cell surface with the result that the assay-

was not sufficiently'sensitive. At present this assay has been

abandoned in favour of radioimmunoassay.

The specificity of the assay for p-thromboglobulin was ensured
in two ways. Firstly the antiserum was adsorbed with albumin to

remove albumin antibodies. This removed all detectable reactions

against plasma components. The p-thromboglobulin preparation used
was of high purity and therefore this ensured that the minor antigens

present in peak III, and to which antibodies were present in the

rabbit antiserum, were not detected in the radioimmunoassay.

There were initial problems with the determination of the

normal circulating levels of p-thromboglobulin in plasma due to
the wide variation in the results obtained. This was resolved by

the use of inhibitors of platelet aggregation including PGE^ and
aspirin. These, when added to the plasma sample immediately after

collection, considerably reduced the measured levels of

B-thromboglobulin due to the prevention of platelet aggregation

induced by handling techniques. A plasma level of 20-50 ng/ml

has been taken as representing the normal circulating level, of

p-thromboglobulin. It is not possible to say at present what
proportion of the measured plasma level is due to p-thromboglobulin
release during handling. Ifcwever since the normal range is small

it has been assumed that platelet damage during handling is constant.
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Preliminary results with a small number of patients have

detected raised plasma levels of p-thromboglobulin in certain
heart disorders. The p-thromboglobulin level in urine has
also been investigated. Since p-thromboglobulin is of
relatively low molecular weight (35»800) it is possible that

raised plasma p-thromboglobulin may be reflected in a detectable
increase in its level in urine. The normal level in urine is

very low, approximately 500 pg/ml, however a significant

increase has been detected during episodes of transplanted

kidney rejection.

Normal whole blood serum p-thromboglobulin levels have
been found to be in the range 10 to 20 pg/ml. This represents
an approximate 1000 fold increase over plasma levels.

The determination of the true significance of these results

awaits measurement on a large number of patients and also the

assessment of the in vivo survival, of circulating p-thromboglobulin.
The preliminary investigation however has shown that the measurement

of p-thromboglobulin in plasma is probably a good indicator of
in vivo platelet sequestration.

VIII Future developments.

The assay has a potential application in the monitoring of

methods used to prepare and store platelet concentrates for

therapeutic use. In this respect ^8hr old platelet concentrates

which are no longer suitable for therapeutic use contain very

high levels of p-thromboglobulin in the supernatant plasma and
this is even detectable by simple immunodiffusion techniques. It

should be possible therefore to measure p-thromboglobulin levels
in the supernatant plasma of platelet concentrates at various
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stages in their preparation and storage and correlate this with

the degree of platelet damage which has occurred. In more

general terms the assay can be used in any situation, both

in vivo and in vitro, where an indication is required of the

extent of platelet destruction or the occurrence of the release

reaction. The assay may also be useful for monitoring the

effectiveness of therapeutic measures designed to reduce platelet

destruction.
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CHAPTER 7

Investigation of the nature of other released -proteins

The isolation of PF^ and a hitherto unknown platelet specific

protein (p-thromboglobulin) has been described in detail earlier
in this work. During these studies a further fraction of

interest was observed during the separation on Sephadex G-200

(Fig. 20) of pooled fractions 63 to 75 from the preliminary

separation of the release products on Biogel A15m (see Fig. 18).

This fraction, peak I, had a measured Stokes radius of 5*0 nm

which corresponded closely to the reported value of 5-05 nm for

IgG. It was felt that a further investigation of the

properties of the major component of this fraction may reveal

a further platelet specific protein.

(1) Determination of Stokes Radius

Fractions bj> to 55 from the G-200 separation were pooled

and concentrated by ultrafiltration to a final protein

concentration of 20mg/ml. In gel filtration optimum resolution

is obtained in the region around = 0.5. This condition is

satisfied for a molecule of Stokes radius 5-5 nm on Biogel A5m.

A column containing Biogel A5m of bed dimensions 860 mm x 25 mm

was equilibrated and eluted with 25mM tris, 1mM EDTA, 3-SmM borate,

0.15M NaCl pH 8.8. This columnwas calibrated with proteins of

known Stokes radius (see Fig.25) appropriate to the range of

interest. A ^.^Hiil sample of concentrated peak I from the

G-200 experiment was applied to the Biogel A5m column and eluted

at 2ifml/hr. Fractions of 5-2ml were collected and analysed for

protein (see Fig.26). The elution profile showed only one
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— 1
distinct peak eluting with erfc" (1-K^) of 0.45 which corresponded
to a Stokes radius of 4.8 nm in close agreement with the value of

5.0 nm found on Sephadex G-200. There was some evidence of the

presence of lower molecular weight material, probably albumin,

resulting from incomplete separation on Sephadex G-200.

(2) Determination of Sedimentation Coefficient

Three 6-30$ w/w linear sucrose density gradients buffered

by 25mM tris, 1mM EDTA, 3.8iriM borate, 0.15M NaCl pH 8.8 were

prepared. A 0.1ml sample of the concentrated IgG-like material

was applied to the first gradient and 0.1ml of the following

standards to the second and third respectively: cytochrome C and

transferrin (6mg/ml of each protein) and ceruloplasmin and

ovalbumin (6mg/ml of each protein). The gradients were centrifuged

at 60,000 r.p.m. for 8.5hr at 20°C and each fractionated into

30 equal fractions which were analysed for protein. The

sedimentation profile of the sample is shown in Fig. 27. The

sedimentation distance corresponded to a sedimentation coefficient

of 6.6S. There was evidence of the presence of lower molecular

weight material probably albumin. It was concluded that the

fraction required further purification.

A molecular weight of 135>000 and / of 1.42 were calculated
o

by assuming a value of 0.733 for v. IgG in plasma and serum is a

very complex mixture of very similar proteins with sedimentation

coefficients of approximately 7S and molecular weights ranging from

150,000 to 180,000. The fraction isolated in this work had a

molecular weight similar to the range found for plasma and serum IgG.

At this time further studies to identify or purify this

material have not been performed since B-thromboglobulin appears
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to have potential in the development of an immunological assay.

It is possible that future investigation may be required if the

in vivo persistence of p-thromboglobulin is unsuitable. Some
clinical investigations may ideally require the assay of a long

persistence platelet specific protein. The IgG like material

may provide such a protein
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METHODS

1. Preparation of washed human platelets.

Human platelets, less than 2k hrs old, were obtained from

the S.E. Scotland Regional Blood Transfusion Service. These

were prepared in "Tuta" plastic packs at room temperature from

acid-citrate-dextrose anticoagulated whole blood. To prevent

possible platelet aggregation induced by antigen-antibody

complexes formed by mixing concentrates prepared from different

ABO type blood the concentrates were pooled such that ABO

incompatability was avoided. The pooled concentrates were

centrifuged in 250ml screw top polycarbonate bottles using a

Sorvall RC2-B centrifuge and GSA angle rotor by allowing the

rotor speed to momentarily reach 2,000 r.p.m. at which point

the rotor was decellerated under braking. The supernatant

platelet rich plasma was carefully decanted and recentrifuged

at 5,000 r.p.m. (*t-,000 xg) for 10 minutes to sediment the

platelets. The supernatant plasma was decanted and the platelet

pellets from twelve platelet concentrates resuspended carefully,

using a siliconised Pasteur pippette, in 100ml of a solution

composed of Ringer's lactate, J}o glucose, 10^ trisodium citrate

(7s2:1 v/v). The suspension was further centrifuged at

5,000 r.p.m. for 10 minutes at 20°C and the platelet pellet

resuspended in 100ml of Ringer's lactate-glucose-citrate,

preincubated to 37°C. This final suspension, essentially free

of plasma proteins, was kept at 37°C and used within 5 minutes for

preparation of platelet release products.

2- Preparation of soluble release -products from thrombin

aggregated washed platelets.

100ml of washed platelet suspension, containing platelets
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from a total of 12 platelet units, was preincubated to 37°C, and

aggregated by the addition of 1M CaCl^ solution to a final
concentration of 10mM CaCl^ followed by 100ul of bovine thrombin
(1,000 I.U/ml). As the release reaction is known to be complete

within 60 seconds, incubation was continued for 2 minutes after

the addition of thrombin. Visible aggregation occurred within

15 seconds. After 2 minutes the aggregated suspension was

centrifuged in 50ml plastic screw top tubes at 10,000 r.p.m.

(12,000 xg) for 10 minutes at b°G in a Sorvall SSjk angle rotor

precooled to ^C. The supernatant containing the soluble

material released during thrombin induced aggregation was carefully

separated from the pellet containing the insoluble platelet

residue. Both the supernatant and pellet were stored at -l8o°C
until required for further use.

3. Gel filtration.

(a) Apparatus interconnections.

Fig. 28 illustrates the interconnection of the apparatus

used in the gel filtration experiments performed in this work.

(b) Preparation of the gel.

Biogel A5M, A15M and A50M (6%, k% and agarose respectively)

were obtained as preswollen aqueous suspensions. Sephadex G-25,

G-75 and G-200 were obtained as dry powders and swollen in

approximately 5 times their water regain weight of 0.15M NaCl,

0.02^ NaN^ at room temperature for 3 days. Fines, consisting of
fractured and undersized gel beads which would otherwise tend to

reduce the flow rate and separation characteristics, were removed

by allowing the gel beads to sediment freely in a 2 litre measuring

cylinder. After a suitable period, depending on the gel type
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employed., the supernatant containing the fines was carefully

decanted and the remaining gel suspended in its original volume.

This process was repeated until the majority of fines had been

removed. In some cases this involved upto 18 decantations.

Packing the gel bed

A glass column of constant internal diameter, open at one

end and with a glass stopcock at the other, was filled with 0.15M

NaCl, 0.02% NaN^ and the column clamped in a vertical position.
A spherical glass bead was dropped to the bottom of the column

to prevent sand entering the stopcock and outlet tubing. Sufficient

acid washed sand to cover the rounded portion of the tube near the

stopcock was poured in the top of the column such that after

sedimentation of the sand particles the sand level would just

reach the parallel portion of the column. A 2 litre Irahoff

sedimentation cone was connected to the top of the column through

a rubber bung with a hole of the appropriate size. The cone was

firmly clamped and the gel slurry poured into the cone. The open

end of the cone was covered and the gel allowed to freely sediment

into the column. At this point the column was aligned vertically

with a plumb line. A variable speed peristaltic pump (1KB 12000,

Varioperpex) was connected to the bottom of the column, the stopcock

opened and pumping started. The flow rate was immediately measured

and adjusted to the appropriate value in ml/hr for the gel type in

use. Pumping was continued for 12hr which was sufficient for the

gel to sediment and form a packed gel bed. Excess solution

remapping in the cone was removed and the top 2cm of the gel bed

stirred and allowed to sediment thus forming a perfectly flat bed

surface. A reservoir containing the desired eluant was connected
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to the top of the column through a glass wool filter and the

rubber bung (see Fig. 28) and pumping continued until at least

1 column volume of buffer had been eluted. A 259 nm ultra¬

violet monitor (LKB Uvicord) and fraction collector plus control

unit were connected (see Fig. 28) at which point the apparatus v/as

then ready for use.

(a) Calibration of gel columns in terms of Stokes Radius

(r ) and the inverse error function of the distribution
— s—

coefficient (K^).
The Stokes radius (r ) is defined in the Stokes-Einstein

s

equation as follows:
K !

kT
--—""V?

6ttt) d
= diffusion coefficient

= Boltzmann* s constant

= Solvent viscosity

= absolute temperature

= Stokes radius

and is a measure of the hydrodynamic radius of the molecule in
\

solution. It has been shown that the Stokes radius of a

molecule in solution can be related to its behaviour in gel

filtration through the inverse error function of the distribution

coefficient (K^) by the relationship (Ackers, 1967)J
r = a + b erfc^O-K,)

s o o d

where a^ and bQ are constants relating to the particular
column in use.

_1
erfc is the inverse error function taken from

published tables (see reference list under "Tables

of the error function" etc.)

r
s

where D

k

T

r
s
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A plot of r against erfc (1-K,) for a molecule of unknown r
s d s

will allow to be determined if the column has been previously

calibrated with compounds of known r . Since r and D are readily
s s

interconverted through the Stokes-Einstein equation D values can be

calculated from measured rg values and used in the Svedberg equation
for the calibration of molecular weights.

is calculated from the following equation:

Kd = <VVoW-V)' t o

where Ve = elution volume of the compound
V = the void volume which is the elution volume

o

of a compound sufficiently large to be

completely excluded from the gel matrix.

This is equal to the volume of liquid

exterior to the gel beads.

V^. = the total volume of liquid both outside
and inside the gel beads and is the elution

volume of a compound sufficiently small to

be totally free to enter the gel matrix.

Compounds of intermediate size between those eluting at Vq
and are partially excluded from the gel matrix and consequently

elute at intermediate volumes (Vg) depending on their size.
values fange from 0 to 1, values greater than 1 are not possible

for simple gel filtration but do occur when absorption of the soLute

onto the gel matrix occurs. Vq is generally measured by determining
the elution volume of Dextran Blue 2000, a dyed macromolecular

c
dextran of molecular weight 2 x 10 , determined by its absorption

at 650 nm or in the case of the Biogel range of gels, from the

elution position of influenza virus, determined by its adsorbtion
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TABLE VI

Gel Filtration Standards

r (nm)
s

Ref.

Keyhole Limpet Haemocyanin
(KLH)

21.0
Tornabene

Weigle
Wood

1962)
1961+)
1971)

Turnip yellow mosaic virus
(TYMV)

1^.3 Matthews 1966)

Igi 12.1+ Miller 1965)

Low density lipoprotein
(LDL)

11.2 Shortridge 1972)

Fibrinogen 10.7 Siegel 1966)

Thyroglobulin 8.5 Edelhoch 1960)

Ferritin 6.0 Ackers 1961*)

IgG 5-3 Andrews 1970)

Albumin 3-55 Andrews 1970)

Ovalbumin 2.73 Andrews 1970)

Chymotrypsinogen A 2.2^f Andrews 1970)

Myoglobin 2.07 Andrews 1970)

Cytochrome C 1.61* Andrews 1970)

Kallikrein inactivator

(Trasylol)
1.1*8* Fasold 1965)

Bacitracin 0.89* Bryce 1971)

* Calculated from the molecular weight of 6,500 for trasylol
■£

and 1,1+11 for bacitracin assuming /^ = 1.20.
o
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at 280na In this case influenza virus has the advantage of

being monodisperse with respect to particle size in contrast to

Dextran Blue 2000 which is polydisperse and contains a significant

proportion of low molecular weight material which does not elute at

analysis of other compounds included in the calibration procedure.

calibrate the various columns used in this work. Calibration

graphs determined using these compounds are included at relevant

points in the text. All samples were applied by pumping onto

the gel surface. The sample density was increased where necessary

by the addition of sucrose to ensure that mixing with the column

eluant above the gel surface did not occur.

*f. Determination of sedimentation coefficients by sucrose

density gradient ultracentrifugation.

The behaviour of a solute in a gravitational field can be

described in the following way. In the condition where a density

difference between the solute and solvent occurs, the effective

mass (oeff) can he expressed as

on porous agarose columns and which may possibly affect the

Table VI shows a list of compounds of known rg used to

m
eff ~

m - m
solvent displaced

m - m/dp
m - mv

where m = mass of the protein molecule

d s density of the protein molecule

p = solvent density
v partial specific volume of the protein ie. the

reciprocal of its density.
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= m.a

where f = force

m = mass

a = acceleration

then in a centrifuge rotor rotating with an angular velocity of CJ

radians/secs a solute molecule will experience a centrifugal force

0 per molecule such that at distance x a point is reached when the

0 = mw^x (1-vp)

centrifugal force exerted on the protein molecule in the

gravitational field is counterbalanced by the resisting force of

the solvent due to its viscous resistance which is given by;

resisting force = f^/^
where f = frictional coefficient

Thus the sedimenting molecule reaches constant velocity

■p kT/since f = /D

where k = Boltzmann's constant

T = absolute temperature

D = translational diffusion coefficient

then when resisting and gravitational forces are equal

kT / • dx/ /. ~ \XD 7dt ° D (UVP>
Multiplying through by Avagadros number (13) and rearranging gives the

equation originally derived by Svedberg

m - RT/ dx/
D (1-v) * ' dt

«2x

where M = molecular weight
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dx
The quantity is determined in the ultracentrifuge and is

W2x

termed the sedimentation coefficient, s. The unit of s is usually
—13 —1

expressed as one Svedberg (S), thus s = 1 x 10 sec = 1S.

The Svedberg equation is usually written in the form

M = RTs /

/D(1-v p)

The classical method of measuring sedimentation coefficients

employs the analytical ultracentrifuge. The rotor contains a

transparent, sector shaped cell into which is placed the protein

solution under investigation. The rotor is spun at high speed and

the solution monitored by an optical system which measures the first

derivative of refraction as a function of distance from the centre

of rotation. The sedimenting protein forms a boundary which may

also be recognised as a change in optical density. Thus the position

of the boundary can be determined at various time intervals and the

sedimentation constant calculated. In terms of accuracy this is the

method of choice for determination of sedimentation coefficients but

has the following disadvantages. Complete separation of components

of differing sedimentation coefficients is not possible as the

protein solution initially fills the whole cell which makes

preparative procedures difficult. Biological assays cannot be

performed as the cell is fixed and therefore when the rotor stops

the sample remixes thus preventing fractionation of the cell contents

for subsequent analysis. The determination of the sedimentation

coefficients of heterogeneous protein solutions can be difficult

when proteins of similar sedimentation coefficients are present.
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Convective disturbances can upset the results obtained. The use of

sector shaped cells prevents molecules from striking the side of the

cell which occurs in parallel sided cells. The disturbances due to

temperature gradients however are still a problem.

One method of overcoming these problems is achieved by using

the preparative ultracentrifuge. Recently titanium swing out

rotors have become available vrtiich are capable of operating at

60,000 r.p.m. and are thus comparable with analytical instruments.

Long path length and adequate capacity (upto 6ml) are available at

these speeds which allow the tube contents to be fractionated in

aliquots of adequate size and number for specific analyses to be

performed. Convective disturbances can be minimised by using a

density gradient which can be formed by producing a sucrose

concentration gradient within the centrifuge tube. A thin layer

of protein solution is placed on the gradient surface prior to

centrifugation. Complete separation of components with differing

sedimentation coefficients is possible during the run and since

the centrifuge tubes come to rest in the vertical position the

gradients can be removed for fractionation. Biological assays

can be performed on the fractions and therefore the analysis of

impure mixtures is possible.

The measurement of sedimentation coefficients by the sucrose

density gradient technique is complicated by the non linear increase

in viscosity of a linear density gradient as a function of distance

from the centre of rotation. The result is that the sedimentation

distance is not a linear function of time. This can be overcome

by producing a linear viscosity gradient however such gradients

are difficult to reproduce without advanced mixing devices. A simple



- 128 -

solution to the problem is achieved by using a linear concentration

gradient and calibrating the system with compounds of known

sedimentation coefficient. A graph of sedimentation distance versus

sedimentation coefficient can be produced and the sedimentation

distance of unknowns compared with the graph to give an estimate

of the sedimentation coefficient. The accuracy of the method

depends on the accuracy of the standards used. If a sufficiently

large number of standards are used this source of inaccuracy is

minimised. Due to the relative simplicity of this empirical

approach it was decided to employ this method of determining

sedimentation coefficients.

The centrifuge was an MSE Superspeed 65 preparative ultra-

centrifuge with a titanium 3 x 6.5ml swing out rotor (MSE type 59587)

capable of producing ^20,000 xg at its maximum radius at a speed of

60,000 r.p.m. 6ml thin walled polycarbonate centrifuge tubes

(MSE type 59203) were used to contain the gradients which were

produced by over-layering 0.3ml of 30% w/w sucrose, and 1.^3ml each

of Zk, 18, 12 and 6% w/w sucrose solutions including appropriate

salt concentrations and buffer systems as described in the text.

The gradients were left overnight to diffuse at *f°C. Up to 0.15ml

of protein solution was overlayered on the gradient. The centrifugation

time varied from 8.5 to l8hr depending on the protein concerned. The

gradients were fractionated simultaneously with a three channel

peristaltic pump connected at one end to pasteur pipettes which were

very carefully lowered to the bottom of the gradient. Pumping was

then begun and 30 equal time based fractions collected for each

gradient. The fractions were analysed for protein and where required

for biological activity. A graph of fractions moved versus protein
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and/or biological activity was plotted and the sedimentation

distance expressed as the number of fractions moved by the protein

or biological activity peak from the origin.

The following calibration procedure was performed before the

system was used for the determination of sedimentation coefficients

of unknown proteins. Table VII shows the sedimentation coefficients

of the proteins used in the calibration and these ranged from 0.5S

to 11.3S. An 8.5hr run time was used and the temperature set for

h°C and checked at the end of the run on a blank gradient with a

thermocouple. 0.1ml (5mg/ral) of each protein was sedimented on

separate gradients containing 0.15M NaCl, 25mM tris, 1mM EDTA,

3.8mM borate, pH 8.8. In each run serum albumin was included to

monitor any possible day to day variations. In practice the

variation was less than the resolution of the fractionation system

therefore multiple determinations of the other standards were not

performed. Fig. 12 shows a typical plot of number of fractions

moved against 2, where s_~ is the sedimentation coefficient0 20,w' 20,w

corrected for density and viscosity to water at 20°C. An apparently

linear relationship was found which at first sight was surprising

due to the non linear viscosity characteristics of the sucrose

gradient. This was explained by inspection of a graph of viscosity

versus concentration for sucrose solutions. In the range of

concentrations used the viscosity increases in an almost linear

manner, only at higher concentrations does the viscosity increase

become significantly non linear. In practice 2 tubes were used

for sedimentation of the standards and a third for sedimentation

of the unknown.

It is possible to produce a linear viscosity gradient and these

result in a constant sedimentation rate throughout the whole
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TABLE VII

Sedimentation Standards

s20,wX 1013 Hef-

Adrenocorticotrophic 0.5^ Smith (1968)
hormone (ACTH)

Trypsin inhibitor „ „

(bovine pancreas)

Cytochrome C 1.71

Myoglobin 2.0*f

Chymotrypsinogen A 2.58

Ovalbumin 3*55

Haemoglobin b.2

Albumin ^.67

Transferrin

Fibrinogen 7>63

Catalase 11.3
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length of the gradient ie. isokinetic. The use of this type of

gradient is advantageous if a mixture of compounds with a wide

range cf sedimentation coefficients is to be measured in one single

experiment and also if sedimentation coefficients are measured

directly without reference to standards run in parallel.

In this work there was little advantage to be gained by using

isokinetic gradients since in most instances only one single

sedimentation coefficient was measured in each experiment. As

noted above the calibration using standards of known s-~ was& 20, w

linear in the top half of the gradient ie. equivalent to a

maximum sedimentation distance of 15 fractions from a possible

total of 30. The sedimentation time was therefore chosen so that

all the standards and samples sedimented in this range.

In later stages of this work the temperature of sedimentation

was increased from ^°C, initially chosen to decrease possible

denaturation effects, to 20°C. This had the advantage of reducing

the viscosity of the gradients and hence shorter run times were

required to produce a given sedimentation distance. A comparison

of the calibration at *t°C with that at 20°C showed that both were

linear. This indicates that empirically the method is self

correcting for temperature deviation from 20°C ie. the determination

of sedimentation coefficient at *f°C by comparison with standards of

known s„_ also run at 4°C gives s__ directly. A further20, w ° 20, w J

advantage is that temperature variation with time during the run

and also temperature differences within the gradient have no effect

on the results obtained. The accuracy of the results are dependant

solely on the accuracy of the s~~ values of the standards.J ° 20,w
Corrections were not made to infinite dilution. Firstly the
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s__ values of the standards were not quoted to infinite dilution.20, w n

Secondly it was possible using the Lowry protein assay to determine

very low protein concentrations in the fractionated gradients.

This allowed low sample concentrations to be applied to the gradients.

Since most proteins have a low concentration dependance of

sedimentation the values measured using the low concentrations of

sample will be very close to the value obtained by extrapolation

to infinite dilution.

f
5. Calculation of the frictional ratio /

o

f
/£ is described as the ratio of the frictional coefficient

o

of the hydrated solute, f, to that of the anhydrous molecule, f .
©

Using the Stokes equation

f = 6l1">) r

where lj = coefficient of viscosity
r = radius of the solute

f
then A. = GrXhr .

o 6rrVr0
The molecular volume V of an anhydrous spherical solute can be

expressed as
V = krrjr

m — o

or since the partial specific volume v refers to the anhydrous

sphere, then V = v

therefore

3

and r =3
o

vM^
W N

f
therefore /^ - i

° 3vM7
krr N
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The quantity r is the Stokes radius of the hydrated molecule and

can be found from the diffusion coefficient using the Stokes-

Einstein equation or can be measured by gel filtration (see text).

f , is always greater than unity and is a measure of hydration
'f

o

and asymmetry.

Thus f / f, f /
f

o o hydration o asymmetry

/^ values range from 1.1 to over 2. Globular proteins have
o

values ranging upto about 1.3« Ratios in excess of 1.3 cannot be

accounted for solely by hydration and indicate asymmetry of the

molecule.

Determination of partial specific volume (v)

The partial specific volume is defined as the amount of solvent

displaced by an anhydrous solute and has the -units cc/g. This is

equal to the reciprocal of the anhydrous protein density. To

accurately measure v by measuring the volume of solvent displaced

requires a large amount of solute. Therefore v is often assumed to

be in the range 0.73 to 0.75- However other methods are available.

The method used in this work is due to Cohn and Edsall (19^3)• If

the amino acid composition is known v can be estimated from the

equation,

v = v. .w.
i x

where v^ is the partial specific volume of the i^ amino
acid residue.

w^ is the weight fraction of the i^ component
The difference in molecular weight between an amino acid in a protein

and free in solution in a hydrolysis mixture is corrected using the

relationship
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r< 18 iw = w (1nr )
x

where w is the weight in solution

is the weight in the protein

>L is the molecular weight of the bound amino acid.

The principal of v estimation can be extended to glycoproteins

etc. as long as v^ is known for each component.
The methods described above enable determination of molecular

weight, sedimentation coefficient, diffusion coefficient, Stokes

radius, frictional ratio and partial specific volume by relatively

simple methods thus allowing description of the size and shape of

the protein molecules using experiments which sire also preparative

in nature.

7. Prenaration of antisera.1
■ ... Jti - . ■■ ■ , ■■■■■ -n- ... .. — .. . -

A sterile solution of peak III (I0mg/ml) was prepared by

filtration through a 0.22u filter membrane (Millipore Corp. Bedford,

J^ass., U.S.A.).

The injection schedule was as follows:

Day 1: 3ag intravenously and 1.3mg with Freunds complete adjuvant

in the right buttock.

Day 8: Jmg into the left buttock.

Day 13s 3mg into the right buttock.

Day 22: 3mg into the left buttock

Day 29: 3mg into the right buttock.

The rabbit was exsanguinated four days after the last injection

and the blood collected into 1C$ trisodium citrate. Platelet free

plasma was obtained from the blood by immediate centrifugation at

If,000 xg for 10 minutes. Fine debris was removed by centrifugation

at 48,000 xg for 10 minutes to prevent release of rabbit platelet
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products. The antiserum was stored in 0.5ml aliquots at -itO°C.
8. Ouchterlony immunodiffusion

A molten solution of 1% agarose in 25mM tris, 1mM EDTA,

3.8mM borate, 0.13M NaCl, pH 8.8 was prepared by heating in a

boiling water bath for 20 minutes. 20ml of this solution was

poured into a 100mm x 100mm rectangular plastic dish placed on a

level surface and left to set for 1hr. An appropriate number of

evenly spaced, 7mm dia. holes were punched in the gel on a 17mm

radius from the central well. The antiserum was placed in the

central well and the samples thought to contain antigen in the

peripheral wells. When full the wells contained approximately

90ul of liquid. Diffusion was allowed to take place for 48hr and

the position of any precipitin lines formed was noted. The gel

was washed by immersion in 0.15M NaCl overnight to remove soluble

proteins and followed by three 15 minute washes in distilled water

to remove salt. The gel was dehydrated by placing the gel on a

flat glass plate, covering the gel surface with a piece of filter

paper to prevent the edges from curling and followed by heating

at 60°C in an oven for 2hr. The thin layer of dehydrated gel

which was still attached to the glass plate was stained by

immersion in 0.2% amido black 10B in 7% acetic acid for 10 minutes.

At this point the attached filter paper floated free allowing the

staining solution a ready access to the gel. The gel was

destained in 7?^ acetic acid for at least Jhrs. If a permanent

record of the results was required, either by photography or

preservation of the stained gel, then the following procedure was

performed. Glycerol was poured over the gel and a glass plate

placed on top, care being taken to exclude air bubbles. Excess
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glycerol was removed from the edges and the gap between the top

and bottom plate sealed with embedding medium. Cyanolit adhesive

was subsequently found to be easier to handle. The gel preserved

in this form was protected from damage and if stored in darkness,

fading of the dye did not occur. The inclusion of glycerol had

the effect of making the gel transparent and in conjunction with

the flat glass plate used, enabled good photographic records to

be made.

9. Concentration of protein solutions.

Concentration of protein solutions to a level suitable for

gel filtration and other studies was performed by gas pressure

ultrafiltration. The apparatus was manufactured by the Amicon

Corporation.

Various membrane porosities are available. In this work a

PM10 membrane, which retains molecules of molecular weight greater

than 10,000 was used exclusively at a pressure of 25 p-s.i. The

solution could be stirred magneticaly while the system was

pressurised thus eliminating the possibility of the formation of

a thin layer of highly concentrated protein above the membrane.

The apparatus is available in various capacities of which 5» 50 and

JfOOml versions were used in this work.

In practice this method proved to be quick and effective.

No protein precipitation occurred except in solutions containing

fibrinogen. As the fibrinogen was not of interest in this work

there was no disadvantage except that of the consequent reduced

flow rate.

10. Density

Density v/as determined with an Anton Parr DMA10 digital
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densimeter. Theapparatus consisted of a glass capillary tube

in an air enclosure set in an aluminium block through which water

at an accurately known temperature could be passed. The

electronic circuitry measured the resonant frequency of the

glass capillary tube which was proportional to the density of

the contents. The apparatus was calibrated at 20°C with air

and water whose densities are accurately known. The density

of an unknown could then be determined.

11. Electrophoresis

(a) Cellulose Acetate.

Electrophoresis was performed on cellulose acetate strips

(Cellogel, Peeve Angel). Strips were immersed in the buffer for

10 minutes before sample application and then carefully blotted

to remove excess liquid. Samples were applied with a Pasteur

pipette drawn out at one end to a fine diameter. The strips

were stained in 0.2% araido black 10B in 7% acetic acid for

5 minutes and destained in 7% acetic acid. The strips were

dried flat and photographed when required.

(b) Polyacrylamide gel electrophoresis (PAGE) in sodium

dodecyl sulphate (SDS)/urea for molecular weight

determination.

(i) Introduction

In solution SDS and urea produce an environment which reduces

non covalent interaction between the amino acid residues of

proteins. The result is that native proteins composed of

subunits held together by this type of bond dissociate into discrete

subunits and that intra molecular bonding ie. between residues in

a single chain is also lost. If disulphide bonds are broken by
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including thiol reducing agents such as p-mercaptoethanol or

dithiothreitol, then the nett result is that native proteins

exist as discrete subunits in a random coil configuration. Under

these conditions proteins have the same frictional ratio. It has

been shown that SDS binds to proteins forming a complex. The

amount of SDS bound has been shown to be proportional to the

number of peptide bonds present since it is these groups which

are responsible for the binding,, (Nelson,1971) • The resultant

complex has a much larger effective radius than the protein before

complex formation. Since there is a proportionality between the

number of peptide bonds and the quantity of bound SDS the charge

to mass ratio is the same for sill proteins irrespective of

molecular weight. Under these conditions mobility will be

determined solely by the frictional force exerted by passage

through the medium which is proportional to the molecular radius

and hence for molecules of the same frictional ratio to molecular

weight. In gel electrophoresis the frictional effect of the

medium is largely determined by the sieving effect of the gel

due to the pore structure. It should be noted that molecular

radius is only proportional to molecular weight in the SDS system

for proteins of the same partial specific volume since

1
= k-TT Nr

3v

Proteins of known molecular weight used as standards should

therefore not have abnormal, partial specific volumes. An example

of this occurs with lysozyme (v = 0.688). In one experiment

described in a section of this work lysozyme was included

in a standard protein calibration mixture and was found to have
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a greater mobility than could be predicted from the mobility of

the other standard proteins which had partial specific volumes

in the range of 0.72 to 0.73* Molecular weights determined by

this method therefore assume that the partial specific volume is

within the range 0.72 to 0.75» Proteins which contain a high

proportion of basic amino acid residues may also have anamolous

nobilities.

(ii) Molecular weight standards.

A list of the standards used is given in Table VIII. All

proteins were obtained commercially as lyophilised preparations

and dissolved or suspended in distilled water. Trasylol was

obtained as an aqueous solution containing 100,000 K.I.U/lOml.

It was found necessary to concentrate this preparation 10 times

by ultrafiltration using a UM05 membrane. All preparations

were stored at -*K}°C and used as required.

The migration distance of standards under identical

conditions was plotted as a function of log molecular weight.

Standard mixtures were included in each series of determinations.

The molecular weights of the components under investigation were

obtained from the calibration graph.

(iii) Limitations of the method.

As noted above proteins should exist as single chains in

a random coil configuration. This requires that all S-S bonds

are broken and therefore the molecular weights determined are

those of the component chains of the native molecule. The

molecular weight of higher order subunit structures and the

- molecular weight of the native molecule must be determined by

other methods eg. sedimentation-diffusion.
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The quantity ox bound SDS is proportional to the number of

peptide bonds per protein chain. The method assumes therefore

that the number of peptide bonds is proportional to molecular

weight. This is not strictly true due to the variation in

molecular weight and relative proportions of component amino

acids present in protein chains. The error introduced by this

assumption is small in most circumstances. Considerable care

must be taken with the interpretation of molecular weights

determined for glycoproteins and lipoproteins since SDS does

not bind to carbohydrate or lipid moieties.

The upper limit of molecular weight determined by the method

is dependant on the porosity of the gel used. With polyacrylamide

gels this is approximately 200,000. Techniques using mixed

polyacrylamide and agarose gels can extend the useful range of
£

molecular weight to over 1 x 10 . Proteins composed of single

chains with molecular weights in excess of 200,000 are however rare.

Because of the relatively high conductivity of the buffer

solutions containing SDS only a low field strength is possible

consistent with avoiding excessive heat dissipation in the gel.

Therefore the time required for adequate separation of components

is usually in excess of 10h with the result that zone spreading

due to diffusion effects is higher leading to decreased resolution

in comparison to other types of gel electrophoresis which do not

employ SDS.

(iv) Preparation of gels.

In this work electrophoresis was performed in gel tubes

using the type of apparatus originally described by Davies (196^).
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TA3LS VIII

Molecular weight standards for SDS PAGE

Molecular

Weight

Bacitracin 1411

Glucagon 3^3

Adrenocorticotrophic hormone (ACTH) ^566

Trypsin inhibitor (bovine pancreas) 6161

Kallikrein inactivator (Trasylol) 6513

Trypsin inhibitor (lima bean) 9195

Cytochrome C 11702

Lysozyme (Hen,s egg) 1^31^

Myoglobin (Horse Heart) 16951

p-lactoglobulin (bovine) 18363

Chymotrypsinogen A 25666

Ovalbumin ^3000

Molecular weight values from

"Atlas of Protein Structure".
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The following solutions were used in the preparation of the

gels.

Solution A

83.5nil 0.6M phosphate pH 7»3

0.25ml TSMED

0.5g Sodium dodecyl sulphate (SDS)*

15g Urea

Dilute to 100ml with distilled water.

Solution B

- (1) For 7.5% gel

50g acrylamide*, 1.35g NN-methylene bisacrylamide (bis)*

Dilute to 300ml with distilled water.

(2) For 12.5# gel.

30g acrylamide*, 0.8g bis*, in 100ml distilled water.

Solution C

0.375g Ammonium persulphate

Dissolve in 50ml of distilled water.

Upper and lower electrode buffer

0.1M phosphate pH 7-3

0.1. SDS

* (BDH Grade - "Specially purified for electrophoresis").

1. Mix 6pts A and 3pts B. Degass under reduced pressure to

remove dissolved oxygen which inhibits polymerisation.

2. Initiate polymerisation by the addition of 1pt C to the

mixture of A and B.

3. Add 1.25ml aliquots to 7cm long glass tubes (*f.5 mm int. diam)

closed at one end with rubber caps and agitate gently to remove

trapped air. Place the tubes in a vertical position.
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Overlayer with degassed distilled water so that a smooth,

flat surface is produced on the polymerised gel.

Leave for at least 6hr. before use. Polymerisation is

complete within 5-10 minutes however as chemical

polymerisation with ammonium persulphate was used the gels

should be left for at least 6hr otherwise a high background

is obtained following the staining/destaining procedure.

This is probably due to protein denaturation as a result

of residual chemical activity of components of the

polymerisation mixture.

Remove the rubber end caps by inserting a hollow needle

between the rubber skirt to allow free air passage.

Remove unpolymerised material from the gel surface.

Insert tubes an equal distance through the rubber grommets

in the upper electrode reservoir

Fill lower reservoir with buffer.

Place upper reservoir over the lower reservoir so that

the lower ends of the gel tubes are immersed in buffer.

Fill the upper reservoir ensuring that there is no trapped

air above the surface of the gel.

Switch on current for about 15 minutes. This removes

any remaining persulphate ions from the vicinity of

sample application.

The gels are now ready for use.

(v) Sample preparation.

Mix 1pt sample and 1pt of 2% SDS, 8m urea containing 0.2m

B-mercaptoethanol or 10mM dithiothreitol.
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2. Leave overnight at room temperature or heat to 90°C in a

closed tube for 10 minutes.

(vi) Sample application.

1. Add 1 drop of saturated sucrose solution and 1 drop of

0.01% bromothymol blue to each sample.

2. Apply the sample containing 10-50ug of material to the

surface of the gel. If many components are present in

the mixture a higher total figure is permissible. For

a single component approximately 30-if0ug is optimal when

using amido black in the staining method. The maximum

sample volume is 100ul.

3. Switch on current.

The time required is dependant on the porosity of the gel

used. In this study 7% acrylamideallowed a migration distance

of 50mm in 10hr and 12.5% acrylamide a distance of 50mm in 10 hr

at 12V potential for a 6,000 molecular weight protein. Higher

molecular weight components required correspondingly longer times,

(vii) Staining procedure.

The gels were removed from the tubes by carefully inserting

a fine needle a short way down between the gel and the glass

tube. The exertion of slight pressure with a rubber teat was

sufficient to force the gel out of the tube. The gels were

individually stained for b hr in numbered tubes containing

1% amido black, 50% methanol, b5% water and 5% acetic acid.

Destaining was accomplished by transferring the gels to a

commercial destaining tank manufactured by Hoeffer Scientific.

This consisted of a circular* frame containing holes round the

perimeter into which glass tubes were inserted to contain the
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gels. A continuous flow of destaining solution (7% acetic acid)

was maintained by a magnetic stirring bar. The eluted stain was

removed by a cannister of AG501 X(D) ion exchange resin contained

in the centre of the frame. This apparatus was extremely

effective and did not require periodic renewal of the destaining

solution. Destaining was complete within 12hr. The gels were

then stored in darkness in stoppered tubes containing 7% acetic

acid.

12. Isoelectric focusing.

(a) Introduction

A detailed review of the theory and application of

isoelectric focusing has been published by Haglund (19^9)-

The theory of this technique can be summarised as follows:

the isoelectric point (pi) of a protein can be defined as the

pH at which the protein can be dissolved to give a nett zero

charge on the protein molecule. Dissolving the protein at a

hi^ier or lower pH results in a respective nett negative or

positive change. In normal electrophoresis a constant pH

buffer is employed and therefore proteins migrate at a constant

speed depending on the nett charge on the protein, the field

strength and the frictional effects of the medium. If however

the conditions are altered so that instead of there being a

constant pH buffer between the anode and cathode the pH of the

buffer varies continuously with the highest pH at the cathode

and the lowest at the anode then charged proteins will move in

a direction determined by their nett charge until they reach a

zone where the pH is equal to the pi of the protein. Under these

conditions the protein ceases to migrate since it has a nett zero
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charge at its pi. Any tendency for the protein to pass through

the region of pi is counteracted by the change in charge from

-fve to -ve, or vice versa, which would occur and thus produce

a change in the direction of movement ie. back towards the

region of pi. Therefore any protein in this system migrates

until it reaches a zone where the pH is equal to the pi of the

protein and is there focused in a narrow zone. A mixture of

proteins of differing pi will be resolved into distinct zones at

the respective pi's of each component. The sharpness of the

bands is determined by the applied voltage and is counteracted

by the diffusion coefficient of the protein. Thus proteins

of low molecular weight and hence high diffusion coefficient will

tend to form less sharp bands than proteins of high molecular

weight.

Isoelectric focusing has the advantage over electrophoresis

and gel filtration as analytical and preparative methods for the

study of proteins since the concentration of any protein increases

with time during isoelectric focusing reaching a maximum when

focusing is complete. It is possible therefore to apply a

relatively large quantity of dilute protein solution to the

gradient and achieve a high degree of concentration as well as

separation from other components.

It is possible to measure pi values very accurately using

this technique simply by measuring the pH of the focused zone,

pi values determined in this way are found to be slightly different

from those obtained by conventional electrophoretic methods since

in the latter technique a certain quantity of salts are necessary

and these modify the pi due to ion binding effects. The pi
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values measured by isoelectric focusing are therefore more

representative of the true value. It should be noted that

there is a difference between the isoelectric and isoionic

points for a particular protein. The isoelectric point is the

pH where nett zero mobility occurs and the isoionic point where

the anions and cations are present in equal concentration. In

practice the isoelectric and isoionic points sire almost identical

for moderate concentration of protein in the absence of salts.

Factors involved in the formation of pH gradients.

A simple pH gradient can be produced by arranging a

series of buffers of differing pH so that they are able to

diffuse into each other. This type of gradient is not suitable

for isoelectric focusing since the pH gradient is not stable due

to diffusion and electrophoretic migration of the buffer

components.

A different approach to the formation of pH gradients was

first reported by Svensson (1961, 62a, b). It was found that a

solution of ampholytes with a wide range of pi values produced

a stable pH gradient in an electric field. In simple terms

this can be explained as follows: on application of the

electric field each ampholyte will migrate in a direction

determined by its charge. For example the most basic ampholyte

will migrate towards the cathode where it assumes a nett zero

charge. The pH of this region will be the pi of the most

basic ampholyte. A similar situation occurs for the next most

basic ampholyte. This molecule migrates until it reaches the

zone formed by the most basic ampholyte but is unable to pass

through as this would involve passing through its pi and
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consequently a charge reversal. A second, zone is therefore

formed composed of the second most basic ampholyte. This

process continues for ampholytes of decreasing basicity until

they are arranged in order of decreasing basicity. This

process also procedes at the anode for acidic ampholytes. The

end result is a stable continuous pH gradient maintained by the

applied voltage. To prevent remixing of the zones stabilisation

against convection is necessary either using a density gradient

or a gel matrix.

Following the work of Svensson, Vesterberg (1966, 68)

synthesised a series of aliphatic aminocarboxylic acids which

were successful in producing a stable pH gradient over a wide

range between pH 3 ^d 10. This material is now available

commercially from 1KB and with subsequent additions to the range

it is possible to produce wide range (pH 3-10) and narrow range

gradients. A fraction has recently become available which

extends the range to pH 11. It is therefore possible to

produce gradients which contain regions of pH equivalent to

the pi of most proteins.

An important factor in the success of isoelectric focusing

is that the field strength should not vary appreciably between

different regions of the gradient due to changes in conductivity.

If this occurs then local heating effects will cause convective

disturbances. It is also important to understand that pure

water has a very low conductivity. An ampholine fraction

covering the range pH 8 to 10 when focused will result in the

formation of a zone of pure water near the anode since the region

immediately next to the anode is very acidic due to the electrode
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reactions. The result is that because of the low conductivity

of the zone of pure water most of the voltage xhi.ll be dropped and

most of the heat produced in this region. It is always necessary

to ensure that with any gradient there is sufficient ampholyte

present to cover the range of pi around 7 so that adequate

conductivity is present. This is achieved by always including

a proportion of pH 6 to 8 or pH 3 to 10 ampholine.

(b) Restrictions of the method.

The presence of salts is detrimental to the formation of the

gradient and protein samples therefore must be salt free. This

causes precipitation of some proteins. Ampholine however confers

some solvating properties in these cases. Some proteins which

precipitate at their isoelectric point may suffer irreversible

denaturation. Isoelectric focusing should not be applied in such

cases for preparative purposes.

(c) Practical Aspects.

There are three main techniques in present use, column density

gradient, thin layer polyacrylamide gel, and polyacrylamide gel in

tubes. Density gradient electrofocusing is suitable for

preparative work and for the direct determination of pi. The

technique is unsuitable for analytical investigation of multiple

samples due to the cost and time involved with each run. Thin

layer and tube polyacrylamide electrofocusing are suitable for

analytical investigations. The latter was chosen for use in this

work as the apparatus used for SDS/PAGE could be used without

modification and also considerable experience of the practical

aspects of the preparation, handling and staining of this type

of gel had already been obtained. To ensure that high molecular
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weight compounds can penetrate the gel an acrylamide concentration

of 5% is used.

(d) Gel preparation.

Solution A.

30% acrylamide, 0.8% bis-acrylamide in distilled water.

Solution 3.

0.16% TIMED

To prepare 20ml of gel soution (5% acrylamide) mix 3«3ml of

A, 3ml of B, 11.5ml of distilled v/ater and 2g sucrose. The

appropriate ampholines are added to this mixture. The following

were employed in this work.

pH 3-10

0.9ml ampholine (pH 3-10)

0.07ml ampholine (pH *t-6)

0.07ml ampholine (pH 5-7)

PH 7-9

0.9ml ampholine (pH 7-9)

0.09ml ampholine (pH 3-10)

0.09ml ampholine (pH 5-7)

pH 7-11

0.^5ml ampholine (pH 7-9)

0.zf5ml ampholine (pH 9-11)

0.09ml ampholine (pH 5-7)

The mixture was degassed followed by the addition of 1ml of

0.075% ammonium persulphate. The gel mixture was then added to

the glass tubes as described in stages 3-10 of the preparation of

the gels used for SDS/PAGE with the exception that 1M H^PO^ was
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was used in the lower reservoir (anode).

At this point the space above the gel surface was filled

with 1% ampholine plus sufficient sucrose, to give a greater

density than 1M NaOH. The sample was layered under the ampholine

layer onto the gel surface. The sample contained sufficient

sucrose to give the required density. 1M NaOH was then added

carefully to the upper (cathode) reservoir ensuring that the

ampholine layer was not disturbed. The voltage was then applied.

The conductivity is initially fairly high and gradually falls as

the pH gradient forms. The voltage should therefore be gradually

increased to the final value. The time required for focusing

a pH 3-10 gradient is less than for a narrow pH range due to

the greater distance which proteins have to migrate under

conditions of almost nett zero charge ie. approaching their pi.

The exact time voltage and current conditions are stated at

appropriate points in the text.

(e) Notes on the method of sample application

Ampholines to produce the pH range 9-11 have recently become

available and it is recommended by the manufacturers that a small

proportion of this pH range is included with pH 3-10 ampholines

to produce a wide range pH gradient. However the conductivity

of ampholine species with pi values above pH 10 is very high

in comparison to the conductivity of other parts of the gradient.

The result is that the field strength in this region is low. It

was found in preliminary experiments when pH 9-11 ampholines

were included that using the sample application described above

for electrofocusing in gel tubes that the sample failed to

migrate into the gel ie. the proteins had very little mobility.
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This was thought to be due to the migration of the pH 9-11

ampholines into the sample area thus forming a region of high

conductivity and hence low field strength with consequent low

sample mobility. In subsequent experiments pH 9-11 ampholines

were ommitted. It has been recommended that when persulphate

is used as the catalyst that the gradient should be prefocused

before the addition of sample so that persulphate is removed

from the gel. If the sample is applied at the cathode end

of the gel prefocusing should not be necessary since persulphate

will migrate away from the sample towards the anode. Prefocusing

even if pH 9-11 ampholines are absent may produce a low field strength

zone at the cathode end of the gel. Samples were therefore applied

without prefocusing. The above also applies to the extreme acid

end of the pH gradient where regions of high conductivity and low

field strength also occur.

The more widely used technique of including the sample in

the gel mixture before polymerisation was not employed since

persulphate, which was used as catalyst, is known to denature some

proteins. Addition of the sample to the gel mixture before

polymerisation is possible if photopolymerisation is used since

there is no risk of protein denaturation using riboflavin as

catalyst. Photopolymerisation was attempted and was partially

successful however the gels had variable resiliance probably due

to incomplete polymerisation. This was thought to be due to

insufficient incident light. A strong ultraviolet source is

preferable to daylight which was used in these attempts. Persulphate

was found to produce consistent gels and was therefore used in

all subsequent experiments.
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Staining Procedure

The staining procedures normally used to visualise protein

zones in SD3 PAGE cannot be directly applied to gel electro-

focusing since the components of ampholine bind strongly to most

of the commonly used protein stains. Vesterberg (1971>?2)

however has described a staining procedure, using coomassie bril¬

liant blue at 65°C which does not require the prior removal

of Ampholine. This method, while being effective for most

proteins, could not be applied in this work since B-thrombo-

globulin was soluble in the staining solution. After

investigation of various fixing solutions (see experimental

section) the procedure was found to be effective for

p-thromboglobulin.
After removal of the focusing potential the gels were

immediately removed from the tubes and fixed in 10% TCA,

5% HgC^ at 4°C. The temperature was maintained at ^°C and
the ampholines removed by replacing the fixing solution at

1hr intervals. A total of 8 changes were required. The gels

were then stained and destained with amido black as described

for SDS PAGE.

13. Preparation of human milk whey.

Human milk was centrifuged at 10,000 r.p.m. for 10 minutes

at room temperature and the cream carefully removed. The

remaining third, "Skim milk", was acidified to pH ^.7 which

precipitated casein which was removed by centrifugation at

10,000 r.p.m. for 10 minutes. The supernatant fluid was "whey"

and contained B-lactoglobulin.
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ASSAY METHODS

1. Antiheparin Activity

The most widely used method for determining antiheparin

activity is that based on the reduction of the heparin-thrombin

clotting time of plasma. The assay, as such, is relatively

non specific since any compound capable of binding to heparin

will tend to shorten the clotting time. Platelet factor h

(PF%), of specific interest in this work, is one of the

compounds with antiheparin activity, others include the

therapeutic compounds Polybrene and protamine sulphate. Heparin

whieh is widely used clinically as an anticoagulant has the

opposite effect if present in the assay sample. However as an

assay system was required to monitor the purification of

PFb from the release products of thrombin aggregated platelets,

such interfering compounds would not be present. The heparin

thrombin time assay was therefore chosen, for this purpose.

Initially an investigation of the literature was made for

information on the factors affecting the assay system. The

work of Godal (1961) was found to describe many aspects of the

composition of the reaction mixture, the control of which is

necessary if reproducible and accurate results are to be

obtained. The following factors aire significant.

1.

Between pH 6.5 and 8.5 the clotting time increases. A

plateau region between 7*0 and 8.0 is found in the presence

of calcium.

2. Ionic strength

At u = 0.2 the sensitivity of thrombin to heparin is at a
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maximum. Above and below this point the clotting time rapidly

decreases.

3. Calcium.

As well as modifying the pH profile, calcium ions at a

concentration of 10mM give the shortest heparin thrombin time.

Above and below this concentration the clotting time gradually

increases.

4. Temperature

Between 15°C and 25°C the effect of temperature is

negligible. Above 25°C the clotting time begins to increase

until at 37°C a large temperature dependance is found.

The following conclusions were made. Temperature is a

critical factor. If the assay is performed at 37°C the

sensitivity to heparin concentration is higher than at room

temperature, however the temperature sensitivity is also high.

Most water baths in routine use are incapable of providing

greater temperature stability than - 1°C which is an unacceptable

margin of variation for the heparin-thrombin assay. It was

decided to sacrifice some sensitivity for increased reproducibility

and perform the assay at room temperature.

On exposure to air the pH of plasma slowly increases due

to loss of carbon dioxide. In this case the pH plateau effect due

to the presence of Ca^ would be useful and therefore 10mM Ca^+
was included in the reaction mixture.

Ionic strength is a critical factor and is sometimes easily

overlooked when assaying samples from purification procedures.

This difficulty can be overcome by ensuring that the ionic

strength and composition of the sample is reflected in the control



- 157 -

used and that the ionic strength should be adjusted to 0.2 by

dilution if necessary.

Human plasma is used as the thrombin substrate and

variability in its composition should be controlled. Normal,

practice involves the pooling of plasma from 20 or more donors

which thus averages the variability in composition. An alternative

approach was used in this work. The plasma from if50ml of citrated

human blood was collected in a single donation from one

individual and stored at -hO°G until required for use. This

approach is valid if the system is standardised by the use of
a

protamine sulphate, as recommended by Poplowski (19&5)• This

also allows experimental results to be equated with the

concentration of protamine sulphate which gives the same reduction

in clotting time and thus gives the assay a quantitative basis.

In the procedure used in this work protamine sulphate solutions

of varying concentrations, ranging from 1 to 10 pg/ral, were used
to construct a standard curve. Experimental results were

compared with the standard curve and expressed as pg equivalents
of protamine sulphate /ml.

Determination of the end point in this system is a problem

due to the sparse nature of the clot formed. Initially one

electromechanical and one optoelectronic coagulometer were

tested as a means of detecting the end point. The electromechanical

device (Depex coagulometer) consisted of one fixed and one

movable electrode. The movable electrode was mechanically

raised and lowered in and out of the solution by a cam system

once every second. At the part of the cycle when the electrode

was out of the solution it was automatically connected to a
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circuit measuring the resistance between the fixed and movable

electrode. The fixed electrode was permanently in solution.

In principle the movable electrode which had a hooked end would

draw out of the solution any fibrin strands present and thus

form a low resistance path between the electrodes. The detection

of a low resistance path automatically stopped the machine and

the elapsed time could be read from a counter. In practice a

large variation in results was experienced due to the flimsy

nature of the clot. A clot was often visible but undetected

by the electrode system.

The optoelectronic devices (Coagulation Unimeter Biodynamics)
measured the increase incptical density after the addition of

thrombin. Once a predetermined optical density was reached

the time counter was stopped automatically. The machine gave

more reproducible results than the Depex coagulometer. The

sensitivity of the electronic optical density measuring system

was not sufficient to detect the small rates of change in optical

density with time which occur in the heparin-thrombin system.

Finally the classical visual method of clotting time

determination by observing the time of the first appearance

of fibrin strands was investigated and found to give excellent

results at room temperature. This method was therefore chosen

for use in the heparin-thrombin assay.

The assay v/as performed in siliconised glass tubes at room

temperature, the solutions being added in the following

sequence.
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1. 0.1ml sample or control or protamine sulphate solution.

2. 0.1ml of heparin solution.

3. 0.3nil of citrated human plasma.

k. 0.1ml of thrombin solution.

Practical aspects.

1. The sample and protamine sulphate standards were

dissolved in the control buffer.

2. A heparin concentration of 1 I.U/ml was found to

give good sensitivity and reproducibility.

3. The thrombin concentration was adjusted to give a

control time of bO-2 seconds. This is sufficiently

long to give good sensitivity and sufficiently short

to prevent interference from prothrombin activation.

k. Thrombin once in solution is unstable. Lyophilised

thrombin was therefore dissolved in 7mM Veronal acetate,

0.15M NaCl, 60mM CaCl^, pH 7'b, kept at h°C on ice and
used within one hour. 60mM CaCl^ was included to give
the pH plateau effect mentioned above.

3. Once a thrombin solution had been prepared, and the

thrombin concentration adjusted to give a heparin

thrombin time of *tOs a calibration with protamine

sulphate was performed. The heparin-thrombin times

of the samples were then determined and interspaced

at regular intervals with control time determinations.

Duplicate determinations always agreed to i 1.0s, - 0.5s

being normal. A typical calibration curve is shown

in Fig. 29.
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2. Protein

Protein was determined by the method of Lowry et al.t (1951)

as modified by Eggstein et al., (1955)* The reagents were made

up as follows:

Beagent A

0.5g CuS0^.5H20
1.0g trisodium citrate

100ml distilled water

Reagent B

2g anhyd. Na_C0-.

O.bg NaOH

100ml distilled water

Reagent G

1ml of A plus 50ml of B mixed immediately before use

Reagent D

This was the Folin-Ciocalteau phenol reagent and was

obtained commercially from B.D.H. The reagent was

diluted 1:1.8 with distilled water and stored at ^C.

The assay was performed as follows:

1. 0.5nil sample or control + 2.5ml of C followed by

thorough mixing.

2. Leave for 10 minutes

3. 0.25ml of D. Mix well and leave for between 30 and 90

minutes.

b. Read the extinction at 750 nm against the control.
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Human serum albumin was used as the standard. 500jig/ral
750

gave an E of about 1.0. As the system was non linear standards
1cm

of 100, 200, 300, kOO and 500pg/ml were used.
After the addition of reagent D the pH should be above

9 or proper colour formation does not occur. The pH of acidic

samples was adjusted where necessary with NaOH so that this

condition was met.

J). Hexuronic Acid

The method of Bitter and Muir was used (1962).

1. 0.5ml sample

2. 2.5ml of 0.025M Na^O . 10 H^O in conc. H^SO^
3. Heat at 100°C for 10 minutes.

*f. Add 0.1ml of 0.125% carbazole in ethanol. Mix well.

5. Heat for 15 minutes

6. Read at 530 nm against the blank.

1. Note: An excessive temperature rise on the addition of

the sulphuric acid/borate reagent is undesirable. This was

avoided by dispensing 2.5ml aliquots of sulphuric acid/borate

reagent into the assay tubes and precooling in liquid nitrogen

(-180°C). The sample was then added and the tube agitated on

a "Whirlmixer" until thorough mixing had occurred. Using this

procedure only a small temperature rise occurred.

2. The presence of 0.02% azide in the sample was found to

completely inhibit colour formation, and therefore the use of

azide as a bacteriocidal, agent was avoided when samples were

to be analysed for hexuronic acid content.

3. The assay is sensitive to salt content therefore the

control and standards should be in the same ionic strength as
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the sample.

Glucuronic acid was used as the standard. 50|ig/ml gave
an of 1-4

1cm

b. Hexose

The method of Dubois et al., (1956) was used.

1. 1.0ml sample or control

2. 1.0ml of b% aqueous phenol

3. 5ml of conc. H^SO^, added as quickly as possible, so
that a large temperature rise occurred. The success

of the assay is dependant on this temperature rise,

as colour formation is incomplete at lower temperatures.

Allow to cool and read at *f-85 nm against the blank.

b&5
Glucose was used as the standard. 120ug/ml gave an of 10

1.00

5» Total Phosphorus

The digestion procedure of Bottcher et al., (1966) was used

and the procedure of Bartlett (1959) for the colour formation.

1. 0.2ml sample or blank

2. 0.4ml 70% HCIO^
3. Heat for 40 minutes at 180°C or until 20 minutes after

the solution cleared whichever is the longer.

b. Add 4.6ml of 0.22S/o ammonium molybdate

5- 0.2ml of Fiske-Subbarow* reagent Mix well

6. Heat at 100°C for 7*5 minutes.

7» Cool and read at 850 nm against the blank.

Note: The final acid concentration after addition of Fiske-Subarow

reagent (Stage 6) should be in the range 0.5 - 1.7 H ^SO^
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Inorganic phosphate was used as the standard, pg of P
gave an of 0-82

* Fiske-Subbarow reagent

0.5g 1-amino -2- naphthol -A- sulphonic acid (ANSA) to

200ml of freshly prepared 15% Na^S^O,- (anhyd) + 1g Na^SO^,
(anhyd). Filter and store in a dark bottle at ^C. Prepare

a fresh solution weekly.

6. Determination of antiplasminogen activator activity

Unless special precautions are taken fibrinogen, as

available commercially, contains a quantity of plasminogen.

Therefore the addition of a plasminogen activator eg. urokinase

to a fibrin clot formed by the addition of thrombin to a solution

of commercial fibrinogen will cause the activation of plasminogen

to plasmin and consequent fibrinolysis. This is the basis of

the following method for the determination of antiplasminogen

activator activity by the measurement of the degree of inhibition

of urokinase induced plasminogen activation.

6ml of 1% human fibrinogen (Kabi Pharmaceuticals: grade L)

plus P^ml of 0.05M tris, 0.15M NaCl, pH was mixed with 0.6ml

of human thrombin (Parke Davis, Detroit, Mich., U.S.A.), 10 IU/ml

and immediately poured into a 100mm x 100mm square plastic dish

on a level surface and left for 30 minutes at 37°C. A total

of 30ul of a mixture containing 10 parts sample: 1 part urokinase

solution (Leo Pharmaceuticals), 100 Ploug units/ml, was spotted

on the surface of the fibrin plate and incubated for l8hr at

37°C. Lysis was visualised using 0.1% bromothymol blue in 50%

ethanol plus 0.25N NaOH. The extent of lysis was expressed as

the reciprocal of the lysis area calculated from the product of

2 measurements of the lysis diameter. Specific activities were
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calculated by comparison with the values obtained from 30pl
each of 10, 5i 2.5* 1*25, O.63 and 0.31 Ploug units/ml

respectively of urokinase and expressed as Ploug units

inhibited per mg protein.

7. Antiplasmin activity.

Antiplasmin activity was determined using a fibrin plate

prepared as for the antiactivator assay.

A total, of 30|il of a mixture of 10 parts sample and 1
part plasmin (2.3 CU/ml) was spotted on the surface of the

fibrin plate and incubated at 37°C for l8hr. The lysis areas

were visualised and measured as before and compared with the

lysis areas for 30pl each of 10, 5* 2.5* 1.25 and 0.31 CU/ml
plasmin.

8. N-Terminal amino acid analysis

The sample was dissolved in 0.5ml of 0.3M NaHCO^, 8m urea
buffer and divided into 5 x 0.1ml aliquots to which 0.1ml of

DN3-C1 was added (5mg/ml). The aliquots were reacted overnight

at room temperature in sealed tubes in the dark. The

aliquots were pooled and precipitated in 3% trichloroacetic

acid at ^°C. The precipitate was centrifuged, washed twice

with 1N HC1 and hydrolysed with 5.7N HC1 for l8hr at 105°C
(Gray, 1967). The hydrolysate was dried in vacuo, redissolved

in 100ul of 50% aqueous pyridine and spotted onto small pieces

of filter paper, dried and eluted with 100ml of water saturated

ethyl acetate. This procedure removed the bulk of DNS-0H and

DNS-NH^ which interfere with subsequent chromatography (Seiler,
1970). The ethyl acetate extracts were dried in vacuo and

redissolved in 50?o aqueous pyridine for application to the thin
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layer plates. Polyamide thin layer plates (BDH) were used and

developed with n-heptane: n-butanol: glacial acetic acid (3:3:1)

in the first dimension and toluene: glacial acetic acid C9s1) in

the second dimension (Woods and Wang, 1966). The separated

densyl amino acids were detected on the chromatograms with ultra

violet radiation and identified by reference to standard DNS-amino

acids.

9. Amino acid analysis

Samples of PF1* containing approximately 0.5mg of protein were

hydrolysed in 6N HG1 in sealed tubes for 20hr at 102°C. The

hydrolysate was then evacuated to dryness and taken up in a

solution containing 0.15 p moles of nor-leucine as an internal
standard and analysed by the accelerated two column system of

Spackmann (1963).
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SOURCE OF MATERIALS

Adrenocorticotropic hormone (ACTH)- Porcine, grade 1, Sigma Chem. Co

Agarose - Miles Seravac, Specially purified for Electrophoresis

Albumin - Human serum, Koch-Light

Bacitracin - Sigma Chem. Co.

Catalase - Miles Seravac

Chymotripsinogen A - Miles Seravac

Cytochrome C - Miles Seravac

Ferritin - Horse spleen, 2x crystallised, solution (106mg/ml)

Pentex Biochemicals

Fibrinogen - Kabi grade 1

Glucagon - Sigma Chem. Co.

Haemoglobin - Crude solution prepared from lysed washed r.b.c.

Heparin - Evans

IgG - Protein Fractionation Centre, Edinburgh

IgM - Unpurified serum. IgM was detected on a Hoescht L.C. Partigen

IgM plate

Key Hole Limpet Haemocyanin (KLH) - (Megathura Crenulata)

Schwartz-Mann

p-Lactoglobulin - Bovine, Sigma Chem. Co,
Low Density Lipoprotein (LDL) Was prepared according to the

Method of Shortridge et al., (1972)

Lysozyme - px crystallised, Serva

Myoglobin - Horse Heart, freeze dried, salt free, BDH

Ovalbumin - crystallised, lyophilised, salt free, grade V,

Sigma Chem. Co,

Plasmin - Human lyophilised, Kabi

Protamine sulphate (salmine) - BDH
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Southern Bean Mosaic Virus (SBMV) - Nutrional Biochemical Co.

Kodak, U.K.

Thrombin - Bovine, Parke Davies.

Thyroglobulin - Bovine, Type 1, Sigma Chem. Co.

Transferrin- was a gift from Dr G.A. Jamieson, American National

Red Cross, Washington, D.C., U.S.A.

Trasylol - (kallikrein inactivator), solution (100,000 K.I.U./ml)

from Bayer-Germany

Trypsin - Koch-Light

Trypsin Inhibitor (bovine pancreas) type 1P, salt free, Sigma Chem.

Co .

Trypsin Inhibitor (lima Bean) - Worthington Biochemical Corp.

Trypsin Inhibitor (soya bean) - Koch-Light

Turnip Yellow Mosaic Virus (TYMV) - was a gift from Dr R. Markham,

John Innes Institute, Norwich.

Urokinase - Leo Pharmaceuticals
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PUBLISHED WORK

The following papers, which describe the isolation and

characterisation of PF*f and p-throraboglobulin, have been
published.

1. Platelet Antiheparin Activity

The isolation and characterisation of platelet

factor ^ released from thrombin-aggregated, washed

human platelets and its dissociation into subunits

and the isolation of membrane-bound antiheparin

activity.

Stephen Moore, Duncan S. Pepper and John D. Cash

Biochimica et Biophysica Acta, (1975) 379, 370-38*f

2. The isolation and characterisation of a platelet

specific p-globulin (p-thromboglobulin) and the
detection of antiurokinase and antiplasmin released

from thrombin-aggregated, washed human platelets.

Stephen Moore, Duncan S. Pepper and John D. Cash

Biochimica et Biophysica Acta (1975) 379* 360-369

A reprint of each article is appended at the end of this thesis.
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SUMMARY

A protein fraction was isolated from the supernatant of thrombin-aggregated
washed human platelets and was shown, by immunodiffusion techniques, to contain
a platelet-specific ^-globulin (/S-thromboglobulin) as the major component.

A molecular weight of 35 800 was determined for /3-thromboglobulin from
the measured sedimentation coefficient of 3.0 S and Stokes radius of 2.85 nm.

/I-Thromboglobulin was detected in the serum from whole blood and the
supernatant of 48-h-old platelet-rich plasma and 28-day-old citrated whole blood,
but not in platelet-poor plasma.

The fraction containing (3-thromboglobulin was shown to possess an anti-
urokinase activity but was devoid of antiplasmin activity.

A further fraction of approximate molecular weight 70 000 was also isolated
which contained an antiplasmin but was devoid of antiurokinase activity.

INTRODUCTION

The presence of proteins in the soluble material released during thrombin-
induced aggregation of washed platelets has been previously described [1, 2]. These
studies have indicated the existence of platelet-specific a- and /3-globulins in such
material [2],

Other studies have shown that platelets contain separate substances with
antiplasmin and antiplasminogen activator activity. These investigations have been
confined to supernatant preparations from damaged platelets either following
lyophilisation or freezing and thawing [3-14],

The following communication describes a series of studies designed to separate
the proteins released from thrombin-aggregated washed platelets and to measure
their antiplasmin and antiurokinase activity. Further studies are described which
investigate the presence of platelet-specific proteins.

*

Address for reprint requests.
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MATERIALS AND METHODS

Preparation of soluble release products from thrombin aggregated human plate¬
lets. Human platelets, less than 24 h old, were obtained from S-E. Scotland Regional
Blood Transfusion Service as platelet concentrates prepared at room temperature
from acid/citrate/dextrose anticoagulated whole blood. Units of the same ABO blood
group were pooled and processed at room temperature, using plastic containers, by
the following method: residual red cells were removed by dilferential centrifugation
and the platelets harvested by centrifugation at 4000 x g for 10 min followed by
washing in a solution composed of Ringers lactate, 5% glucose, 10% trisodium
citrate (7:2:1, by vol.) to remove plasma proteins. Washed platelets from 12 platelet
concentrates were resuspended in 100 ml of Ringers lactate/glucose/citrate and equi¬
librated to 37 °C. Platelet aggregation was induced by the addition of bovine thrombin
and Ca,Cl2 solution to a final concentration of 1 I.U./ml and 10 mM respectively;
complete aggregation occurred within 15 s. After 2 min the aggregated suspension
was centrifuged at 12 000 x g for 10 min at 4 °C. The supernatant containing the
soluble platelet release products was carefully separated.

Determination of sedimentation coefficient (s). Linear sucrose density gradients
(6-30 % w/w, total volume = 6.0 ml), buffered by 25 mM Tris, 1 mM EDTA, 3.8 mM
borate, 0.15 M NaCl, pH 8.8, were prepared in 6.5-ml thin-walled polycarbonate
tubes (MSE 59203). Samples (0.15 ml) were overlayered on the gradients and cen¬
trifuged at 60 000 rev./min (420 000 x g at max. radius) in a 3 x 6.5 ml titanium
swing out rotor (MSE 59587) using an MSE superspeed 65 preparative ultracen-
trifuge. All three gradients were fractionated simultaneously into 30 equal fractions
(0.2 ml) by aspiration from the bottom of the gradient using a three-channel peristaltic
pump. Fractions were analysed for protein. The sedimentation distance was expressed
in terms of the number of fractions moved by the protein peak from the origin. No
corrections were made for protein concentration. Proteins of known j2o,w were used
to calibrate the system.

Molecular weights. Molecular weights were determined using the Svedberg
equation, diffusion coefficients (D) being calculated from rs using the Stokes-Einstein
equation, and assuming the partial specific volume to be 0.733.

Ultrafiltration. Ultrafiltration to concentrate protein solutions was performed
at room temperature using an Amicon PM10 Diaflo membrane (Amicon Corp.
Lexington, Mass., U.S.A.) at 25 lb/inch2.

Desalting. Desalting was performed on a Sephadex G-25 column, of bed
dimensions 430 mm x 25 mm, equilibrated and eluted with 0.05 M ammonia, formic
acid, pH 8.8. The flow rate was 115 ml/h and 11.5-ml fractions were collected.

Protein. Protein was determined by a modification of the Lowry method using
human serum albumin as standard [17].

Antiurokinase activity. Antiurokinase activity was detected by a fibrin plate
method: 6 ml of 1 % human fibrinogen (Kabi Pharmaceuticals: grade L) plus 24 ml
of 0.05 M Tris, 0.15 M NaCl, pH 7.4, was mixed with 0.6 ml of human thrombin
(Parke Davis, Detroit, Mich., U.S.A.), 10 I.U./ml, and immediately poured into a
100 mm X 100 mm square plastic dish on a level surface and left for 30 min at 37 °C.
A mixture (30 p\) of 10 parts sample and 1 part urokinase solution (Leo Pharma¬
ceuticals), 100 Ploug units/ml, was spotted on the surface of the fibrin plate and
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incubated for 18 h at 37 °C. Lysis was visualised using 0.1 % bromothymol blue in
50% ethanol plus 0.25 M NaOH. The extent of lysis was expressed as the reciprocal
of the lysis area calculated from the product of two measurements of the lysis diam¬
eter. Specific activities were calculated by comparison with the values obtained from
30 [A each of 10, 5, 2.5, 1.25, 0.63 and 0.31 Ploug units/ml respectively of urokinase
and expressed as Ploug units inhibited per mg protein.

Antiplasmin activity. Antiplasmin activity was determined using a fibrin plate
prepared as for the antiactivator assay. A mixture (30 /u\) of 10 parts sample and
1 part plasmin (2.5 caseinolytic units (C.U.) ml) was spotted on the surface of the fibrin
plate and incubated for 18 h. The lysis areas were visualised and measured as before
and compared with the lysis areas for 30 p\ each of 10, 5, 2.5, 1.25, 0.625 and 0.31
C.U./ml plasmin.

Antithrombin activity. Antithrombin activity was determined at room temper¬
ature. Platelet-poor plasma (0.3 ml) plus 0.1 ml sample or control plus 0.1 ml thrombin
in 7.14 mM sodium barbitone, 7.14 mM sodium acetate, 0.15 M NaCl, 10 mM CaCl2,
pH 7.4, were mixed in a siliconised tube and the clotting time determined visually.
The thrombin concentration was such as to give a control time of 22 s.

Electrophoresis. Electrophoresis was performed on cellulose acetate strips,
25 mm x 170 mm (Cellogel, Reeve Angel Ltd), buffered by 0.04 M sodium barbitone,
pH 9.9, at 18 V/cm for 25 min. The strips were stained in 0.1 % amido black 10B
(E. Gurr Ltd, London) in 7% acetic acid for 5 min. Excess stain was removed by
washing in 7% acetic acid.

Rabbit antibody serum production. A sterile solution of peak III (10 mg/ml)
was prepared by filtration through a 0.22-pm filter membrane (Millipore Corp.,
Bedford, Mass., U.S.A.).

The injection schedule was as follows. Day 1: 3 mg intravenously and 1.5 mg
with Freunds complete adjuvant in the left buttock and 1.5 mg without adjuvant in
the right buttock. Day 8: 3 mg into the left buttock. Day 15: 3 mg into the right
buttock. Day 22: 3 mg into the left buttock. Day 29: 3 mg into the right buttock.

Four days after the last injection the rabbit was exsanguinated and the blood
collected into 10% trisodium citrate. Platelet-free plasma was obtained by immediate
centrifugation at 4000 x g for 10 min and fine debris removed by centrifugation at
48 000 x g for 10 min to prevent release of rabbit platelet products.

Ouchterlony immunodiffusion. A 1 % molten solution of agarose (Miles-
Seravac) in 25 mM Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCl, pH 8.8, was

prepared by heating to 100 ° C for 20 min and then 20 ml was poured into a 100 mm X
100 mm square plastic dish and allowed to solidify. Samples of 100 [A were placed in
6-mm-diameter wells punched on a 17-mm-diameter circle from the central well con¬

taining the antibody serum. Diffusion took place for 48 h followed by washing in
0.15 M NaCl to remove soluble proteins and washing three times in distilled water,
15 min each, to remove salts. The gel was dried at 60 °C for 2 h and stained with
amido black 10B in 7% acetic acid for 2 min and destained in 7% acetic acid.

Gel chromatography. The void volume (Va) and the total bed volume (Kt) were
determined from the elution volumes (Ke) of dextran blue 2000 (Va) and glucose (Kt),
respectively. Proteins of known Stokes radius (rs) were eluted and the distribution
coefficient (Ajj) calculated from the relationship Kd = (Vc— L0)/(Kt— Va). Inverse
error functions of the distribution coefficient, erfc-1 (1 — Kd), were calculated using
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tables of the error function [15]. The relationship rs = a„ + ba erfc-1 (1 —Kd), was
used to give a linear plot of rs against erfc-1 (1 — Kd) [16].

Biogel A 15m (4% agarose), 200-400 mesh, was obtained as an aqueous sus¬
pension from Bio-Rad Laboratories, Sephadex G-200 and G-25, 20-80 /im particle

Fraction No.

Fraction No.

Fig. 1. Chromatography of soluble material remaining after thrombin-induced platelet aggregation,
(a) From platelets less than 24 h old. (b) From 48-h-old platelets. The soluble material was concen¬
trated by ultrafiltration to a protein concentration of 17.5 mg/ml and 6 ml applied to a column con¬
taining Biogel A 15m, of bed dimensions 1070 mm x 22 mm, equilibrated and eluted with 25 mM
Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCI, pH 8.8, at 22 ml/h. Fractions of 4.75 ml were col¬
lected and analysed for protein (□—□).
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size, from Pharmacia Ltd. Both were washed to remove fines according to the
manufacturer's instructions.

Ovalbumin (salt-free crystallised) was obtained as a lyophilised preparation
from Sigma Chemical Co., cytochrome c and chymotrypsinogen A from Miles-
Seravac, Myoglobin from Schwartz-Mann. Transferrin was a gift from Dr G. A.
Jamieson, American National Red Cross, Washington D.C., U.S.A. Human serum
albumin was obtained from Koch-Light as a lyophilised preparation. Haemoglobin
was a crude solution prepared from lysed washed human red cells. IgG was obtained
from the Protein Fractionation Centre, Edinburgh.

All other material was of reagent grade or better.

RESULTS

Fractionation ofplatelet release products
A preliminary fractionation of soluble platelet release products to separate

high- and low-molecular-weight proteins was performed on Biogel A15m (Fig. la).
Fractions 63-75 inclusive were pooled, concentrated by ultrafiltration and chromato-
graphed on Sephadex G-200 (Fig. 2) giving three well separated peaks. Erfc-1 (1— Kd)
values were calculated for each peak and interpolation on the G-200 calibration curve

gave rs values of 5.05 nm (peak 1), 3.65 nm (peak II) and 2.85 nm (peak III). Peak I
is possibly IgG, quoted rs = 5.3 nm [18], peak II serum albumin, quoted rs = 3.55
nm [19], peak III did not correspond to any known plasma or serum component,
suggesting possible platelet specificity.

Bioassay of the G-200 column fractions (Fig. 2) for antifibrinolytic activity
m

Fraction No.

Fig. 2. Sephadex G-200 chromatography. The column, of bed dimensions 1050 mm x 24.5 mm, was
equilibrated and eluted with 25 mM Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCl, pH 8.8, at
22 ml/h. Fractions of 4.75 ml were collected. The following samples were applied: Pooled concen¬
trated fractions 63-75 (190 mg of protein) from two separate Biogel A 15m separations (see Fig. la).
Fractions were analysed for protein (□—□), antiurokinase (O—O) and antiplasmin (A—A).
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showed the complete separation of a minor peak of antiplasmin activity (spec. act. =
0.5 C.U./mg protein) in peak 11 and a large peak of antiurokinase activity (spec,
act. = 19.6 Ploug units/mg protein) in peak III.

Peak III fractions 66-74 were pooled and concentrated by ultrafiltration giving
a final protein concentration of 8.3 mg/ml, and 7 ml of this material was desalted
on Sephadex G-25 and lyophilised.

Thrombin treatment of 48-h-old washed platelets
A washed platelet suspension of 48-h-old platelets was treated with thrombin/

CaCl2, the supernatant isolated by centrifugation, concentrated and chromatographed
on Biogel A 15m exactly as for 24-h-old platelets. The fractions analysed for protein
showed only one major protein peak, rs = 3.6 nm, corresponding exactly to peak II
albumin (rs = 3.65 nm) found for 24-h-old platelets (Fig. la). There was no visible
aggregation of platelets after the addition of thrombin and no peak of ultraviolet-
absorbing material (259 nm) corresponding to the presence of nucleotides [1], A large
peak of ultraviolet-absorbing material eluted at Vt on Biogel A 15m when the soluble
release products from fresh platelets were chromatographed.

1 2

Fig. 3. Cellulose acetate electrophoresis. Sodium barbitone 0.04 M buffer, pH 9.9, 18 V/cm for 25
min. Samples were applied as follows: (1) Lyophilised peak III (3 fil, 3 mg/ml) (see text). (2) Undiluted
human serum (3 //I). The arrow indicates the position of the albumin present in trace amounts in peak
III which does not show in the photograph.
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Electrophoresis
Cellulose acetate electrophoresis of lyophilised peak III was performed (Fig. 3).

A broad protein band with a mobility between the serum /S- and y-globulins was
noted and a trace amount of albumin resulting from contamination from peak II.

Determination of sedimentation coefficient (s) by sucrose density gradient ultracen-
trifugation

The system was calibrated by sedimenting proteins of known .?2o,w for 8.5 h
at 420 000 x g at 4 °C. A preliminary sedimentation of peak III gave s — 3 S, but
the sedimentation distance was insufficient. A subsequent 18.5-h sedimentation
(Fig. 4) was used to give greater sedimentation distance. As the 8.5-h calibration was
linear only serum albumin and cytochrome c were used as standards in the 18.5-h

Origin

Fig. 4. Sucrose density gradient ultracentrifugation. Samples of 0.15 ml were applied to 6-30% (w/w)
linear sucrose density gradients buffered by 25 mM Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCI,
pH 8.8. The gradients were centrifuged at 420 000 x g (max.) at 4 °C and fractionated into 0.2-ml
aliquots and analysed for protein (□—□). Lyophilised peak III (9.8 mg/ml) (see text). Sedimentation
for 18.5 h.

system. A sedimentation coefficient of 3.0 S was found for peak III which enabled
a molecular weight of 35 800 and f/f0 of 1.30 to be calculated.

Immunological investigation ofpeak 1H
Immunodiffusion experiments (Fig. 5) with the rabbit antiserum to peak III

detected one major and at least three minor platelet antigens in peak III not detected
in fresh human plasma. The major antigen (/S-thromboglobulin) was detected in serum
prepared from fresh whole blood, in the supernatant plasma from 48-h-old platelet-
rich plasma and in the plasma from 28-day-old citrated whole blood stored at 4 °C.
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Fig. 5. Ouchterlony immunodiffusion. Agarose (1 %) in 25 mM Tris, 1 mM EDTA, 3.8 mM borate,
0.15 M NaCI, pH 8.8. Centre well: rabbit antiserum to peak III protein. Peripheral wells: 1, lyophilised
peak III (2 mg/ml); 2, washed red cell haemolysate; 3, human serum albumin (3 mg/ml); 4, 9, fresh
human citrated plasma; 5, supernatant plasma from 2-day-old platelet-rich plasma; 6, supernatant
from 2-day-old, three times freeze-thawed, platelet-rich plasma; 7, 11, lyophilised peak III (500
/rg/ml); 8, serum from non-anticoagulated whole blood, allowed to clot at 37 °C; 10, supernatant
plasma from 2-day-old, stored whole blood; 12, plasma from 28-day-old stored, citrated whole blood.

The precipitin reaction due to the presence of /3-thromboglobulin in the samples in
wells 5, 6, 8 and 12 showed evidence of two closely spaced lines suggesting that
/3-thromboglobulin may contain two distinct antigenic forms. This effect was obscured
at higher concentrations of /1-thromboglobulin in well 7 and 11.

Antiserum to peak III showed no reaction against washed red cell haemolysate,
human fibrinogen or bovine thrombin. Albumin was the only plasma protein reacting;
neither /I-thromboglobulin nor any minor peak III antigens were detected in plasma.
Albumin was not detected in peak 111 but must have been present as albumin anti¬
bodies were produced and therefore its presence in low concentrations is indicated,
which correlates with the electrophoresis data (Fig. 3).

Antithrombin activity
Peak III at a concentration of 4 mg/ml gave a thrombin time of 22 s, indicating

no evidence of antithrombin activity.
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DISCUSSION

There are two previous reports of platelet-specific /J-globulins. A thrombin-
sensitive protein with coagulation factor XIII activity (fibrin-stabilising activity) and
with a molecular weight of 110 000-150 000 has been isolated from homogenised
whole platelets [20]. A platelet-specific /J-globulin has also been described in the
release products of thrombin-aggregated washed platelets [2],

In the studies reported here a protein fraction (peak III) was isolated by
Sephadex G-200 chromatography. The major platelet specific component migrated
as a /3-globulin and had a Stokes radius of 2.85 nm and sedimentation coefficient of
3.0 S from which a molecular weight of 35 800 and frictional ratio of 1.30 were
calculated. This suggested a compact shape for the molecule. This major component
was named /3-thromboglobulin. Antiurokinase activity with a specific activity of
19.6 Ploug units/mg protein was detected in this fraction. It was not known whether
this activity was a property of /3-thromboglobulin or of one of the minor antigen
components of peak III.

We were unable to detect thrombin-induced aggregation, release of nucleotides
or release of /3-thromboglobulin in a preparation of 48-h-old washed platelets.
/S-Thromboglobulin was however detected in the supernatant plasma of 48-h-old
platelet concentrates which suggested that in vitro ageing accompanied by leakage
of platelet constituents had occurred. It was concluded that /I-thromboglobulin was
specifically released during thrombin-induced platelet aggregation as aggregation and
the release of nucleotides and /1-thromboglobulin was detected in preparations of
fresh washed platelets. /i-Thromboglobulin was also detected in serum prepared
from clotted whole blood, the immunodiffusion data suggesting that it may be com¬

posed of two similar components (Fig. 5).
The antiplasmin activity present in minor quantities in the Sephadex G-200

fractions had a low specific activity and an approximate molecular weight of 70 000.
This latter observation does not correspond to previously reported values of
120 000 [10], 40 000 [11], 35 000 [12] and 20 000 [14], suggesting the existence of
multiple forms of antiplasmin activity or degradation during isolation procedures.
The low specific activity, however, is in agreement with other work [21], The anti¬
plasmin was completely separated from antiurokinase activity.

The relevance of the discovery of antiurokinase activity in platelet release
products to the in vivo balance of the fibrinolytic system is uncertain. Urokinase is
not the naturally occurring activator in plasma. It has been reported that platelet
antiactivator has the highest activity against urokinase but less against heart tissue
and plasma activators. A molecular weight of approx. 45 000 has been reported for
an antiplasminogen activator isolated from lyophilised platelets [23] and, therefore
it is possible that our activity is the same molecule. The serum plasminogen anti-
activator investigated by Aoki and von Kaulla [24] has a molecular weight of 80 000
and is clearly distinct from platelet antiactivator described here. /3-Thromboglobulin,
the major platelet specific component, of peak III, may be a constituent of the fraction
containing platelet-specific /?-globulins isolated by Davey [2].

The isolation of a platelet-specific protein of high purity from the soluble
material released during platelet aggregation has potential application in the study
of platelet function and in the development of an immunological assay for in vivo
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platelet destruction. j3-Thromboglobulin, if prepared in a high purity form, would be
suitable for the development of such an assay. With the possible exception of albumin,
/S-thromboglobulin is the most abundant protein present in thrombin release pro¬
ducts, a factor of importance, since the circulating levels of soluble platelet material
resulting from in vivo platelet destruction are likely to be low. Further studies on the
removal of the contaminants present in the preparation are required to isolate /?-
thromboglobulin in a high purity form and to determine whether it is composed of
two similar molecular species present in similar concentrations. Such studies would
also aid the identification of the antigen posessing antiurokinase activity.
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THE ISOLATION AND CHARACTERISATION OF PLATELET FACTOR 4
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SUMMARY

Platelet factor 4 was isolated by gel filtration from the soluble release products
of thrombin-aggregated washed human platelets as a proteoglycan-platelet factor 4
complex of molecular weight 358 000, Stokes radius (rs) of 14.0 nm, sedimentation
coefficient (j-) of 7.1 S and frictional ratio (///0) of 3.04. The complex was dissociated
at high ionic strength (I = 0.75) and the proteoglycan separated from platelet factor 4
by gel filtration. Platelet factor 4 had a molecular weight of 27 100, rs of 2.52 nm,
s of 2.4 S and ///0 of 1.26, was insoluble under physiological conditions but readily
soluble at pH 3. Under these conditions platelet factor 4 dissociated into four sub-
units with a molecular weight of 6900, rs of 1.92 nm, s of 0.8 S, and fjf0 of 1.52.
Qualitative N-terminal amino acid analysis showed the presence of glutamic acid or
glutamine as the major end group. Platelet factor 4 was compared with protamine
sulphate, which has similar biological properties, by electrophoresis at pH 2.2, in
which both migrated as single bands but with differing mobility, and by amino acid
analysis which showed a more normal distribution of residues than occurred in
protamine sulphate. Of the basic amino acids platelet factor 4 (molecular weight
27 100) contained 5.97% arginine, 3.18% histidine, and 12.31 % lysine compared to
protamine sulphate with 64.2% arginine, 0.6% lysine and no histidine. A partial
specific volume (v) of 0.747 was calculated for platelet factor 4 from its amino acid
analysis.

A membrane fraction with antiheparin activity, an isopycnic density of 1.090-
1.110 and rs of 15-35 nm, was also isolated by sucrose density gradient centrifugation
from the ultrasonicated insoluble platelet residue remaining after thrombin-induced
aggregation of washed human platelets. Trypsin treatment of the membrane fraction
neither solubilised nor destroyed the activity.

*

Address for reprint requests.
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INTRODUCTION

Conley et al. [1] first described a heparin-neutralising activity of platelet sus¬
pensions which appeared to be proportional to the platelet concentration. Subse¬
quently Van Creveld et al. [2, 3] isolated platelet antiheparin and thromboplastic
activity localised in a water-insoluble phosphatide fraction. Later work [4-7] sepa¬
rated the two activities which were then termed platelet factor 4 (antiheparin activity)
and platelet factor 3 (thromboplastic activity), respectively.

Platelet factor 4 is known to be rapidly released during platelet aggrega¬
tion [8-10] and the ability of platelet factor 4 to cause non-enzymatic coagulation of
fibrinogen degradation products (antithrombin VI) and fibrin lysates has been
described [11] leading to the suggestion of an in vivo role for platelet factor 4 [12],
However recent work failed to find any antithrombin-neutralising activity in a

purified platelet factor 4 preparation [13].
Various procedures [14—17] have been used to isolate platelet factor 4 from

platelet extracts including zinc acetate precipitation and DEAE-cellulose and Sepha-
dex chromatography. Chemical and physical analysis of material isolated by these
procedures suggested that platelet factor 4 was a low-molecular-weight, heat-stable
glycoprotein. More recently thrombin-induced platelet aggregation has been used as
a preliminary purification procedure followed by agarose gel filtration of the soluble
release products [18, 19]. Platelet factor 4 isolated in this way was shown to be a

proteoglycan-platelet factor 4 complex of molecular weight 350 000, in agreement
with preliminary results in this laboratory [20, 21]. The complex could be dissociated
at high ionic strength (/ = 0.75) into the proteoglycan carrier, mainly composed of
chondroitin 4-sulphate, and the active platelet factor 4 molecule, of molecular weight
28 000, which was insoluble at low ionic strength.

The work presented here describes the isolation of platelet factor 4 from
thrombin-aggregated washed platelet release products and compares some aspects of
its physical and chemical properties with those of protamine sulphate which has
similar biological properties. The reported membrane-bound platelet antiheparin
activity [22, 23] was also further investigated.

MATERIALS AND METHODS

Platelet release products. Platelet release products were prepared from throm¬
bin-aggregated washed human platelets as described previously [24],

Sedimentation coefficients. Sedimentation coefficients were determined as
described previously [24],

Molecular weights. Molecular weights were determined from the Svedberg
equation, diffusion coefficients being calculated from the Stokes-Einstein equa¬
tion [52]. The partial specific volume (v) was calculated from the chemical analyses
as described in the text. Frictional ratios were calculated according to Siegel and
Monty [52].

Antiheparin activity. Antiheparin activity was determined by the heparin
thrombin method of Poplawski and Niewiarowski [25] except that the assay was per¬
formed at room temperature when the sensitivity to temperature change is negligible
up to 25 °C compared to that at 37 °C [26], Fresh human plasma was obtained by
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centrifugation, within 10 min of collection, of 450 ml of acid/citrate/dextrose-
anticoagulated whole human blood. The top two-thirds of supernatant plasma was
removed and centrifuged at 48 000 X g for 15 min and the supernatant plasma
removed and stored in 2-ml aliquots at —40 °C. It was found unnecessary to use a
conventional plasma pool as the system was calibrated quantitatively using protamine
sulphate, and sufficient plasma was obtained at one time for a large number of deter¬
minations. The assay was performed in siliconised glass tubes by the addition of
0.1 ml sample, control, or protamine sulphate standard; 0.1 ml heparin solution,
1.0 unit/ml; 0.3 ml plasma; 0.1 ml thrombin solution, the concentrating being adjusted
to give a control time of 40 i 2 s. The clotting time was determined visually by
timing the first appearance of fibrin strands. The sample and protamine sulphate
standards were both dissolved in the same buffer system (control buffer) thus main¬
taining a constant ionic strength and pH between sample, control and standards.
Heparin was dissolved in 25 mM Tris, 3.8 mM borate, 1 mM EDTA, 0.15 M NaCl,
pH 8.8. Thrombin was dissolved in 7.14 mM veronal acetate, 0.15 M NaCl, 60 mM
CaCl2, pH 7.4, kept on ice and used within 1 h after preparation.

The antiheparin activity of samples was expressed as p,g equivalents of pro¬
tamine sulphate by comparison with the standard curve obtained for 1, 2, 3, 4, 6, 8
and 10 /ug/ml of protamine sulphate. The standard curve was redetermined before
each series of assays. In this system 8 pg of protamine sulphate neutralised 1 unit of
heparin.

Total phosphorus. Total phosphorus was determined by the method of
Bartlett [27] after digestion of the sample with perchloric acid [28], except 0.4 ml of
70% perchloric acid was used to digest 0.2 ml of sample at 180 °C, heating being
continued for 20 min after the solution had cleared.

Protein. Protein was determined by a modification of the method of Lowry [29],
Amino acid analysis. Amino acid analysis was performed according to

Spackman [30], on a Beckman 120C amino acid analyser using a two-column
system.

N-Terminal end group analysis. N-Terminal end group analysis was performed
using dansyl chloride. The protein was dansylated and hydrolysed by the method
of Gray [31]. Dansylated amino acids were separated from the bulk of dansyiamine
by the method of Seiler [32] and separated by two-dimensional chromatography on

polyamide thin-layer plates (BDH) using n-heptane/n-butanol/glacial acetic acid
(3:3:1, v/v) in the first dimension and toluene/glacial acetic acid (9:1, v/v) in the
second [33]. The separated dansyl amino acids were detected on the chromatograms
by ultraviolet irradiation and identified with the use of reference dansyl amino acids.

Isolation of membrane-bound platelet antiheparin activity by isopycnic sucrose
density gradient centrifugation. The insoluble residue remaining after thrombin-
induced aggregation of washed human platelets from 12 units of blood, was broken
up and washed in 50 ml of 25 mM Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCl,
pH 8.8, resuspended and sonicated on ice at 20 kHz for 3 min in a MSE 150-W
ultrasonic disintegrator. The suspension was centrifuged at 12 000 x g for 10 min
to remove fine debris. The supernatant (0.3 ml) was applied to a 12-39% (w/w) linear
sucrose density gradient buffered by 25 mM Tris, 1 mM EDTA, 3.8 mM borate,
0.15 M NaCl, pH 8.8, total volume 6.3 ml, in a thin-walled polycarbonate tube
(MSE 59203) and centrifuged along with two blank gradients at 60 000 rev./min
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(420 000 X g) for 1 h at 4 °C in a MSE superspeed 65 preparative ultracentrifuge.
Two gradients, one containing the sample, were fractionated simultaneously by a
three-channel peristaltic pump, from the bottom of the gradient, into 25 equal
fractions of 0.25 ml each. The third gradient was used for temperature measurement
at the end of the run. The linearity of the sucrose gradient was checked on the blank
gradient by refractive index measurements which were checked against standards.

Density. Density of sucrose solutions was measured with a digital densimeter
(A. Parr, Type DMA 10) at 20 °C using air and water as standards.

Refractive index. Refractive index was measured at 20 °C on an Abbe refracto-
meter.

Electrophoresis. Electrophoresis was performed on cellulose acetate strips
(Cellogel, Reeve Angel Ltd) buffered by 1 % acetic acid, 4% formic acid, pH 2.2, at
20 V/cm for 15 min. The strips were stained in 0.1 % amido black 10B (E. Gurr Ltd,
London) in 7 % acetic acid for 5 min. Excess stain was removed by washing in 7 %
acetic acid.

Calibration of gelfiltration columns. Calibration of gel filtration columns was

performed as described previously [24] with compounds of known Stokes radius.
Biogel A15m and A50m, 200-400 mesh and 100-200 mesh respectively, were obtained
as aqueous suspensions from Bio-Rad Laboratories and Sephadex G-25 and G-75
from Pharmacia Ltd. Both were washed to remove fines according to the manu¬
facturers instructions.

Gel filtration standards were obtained from the following sources: Key-hole
limpet haemocyanin (Megathura crenulata) from Schwarz-Mann. Turnip Yellow
Mosaic Virus was a gift from Dr R. Markham, John Innes Institute, Norwich.
Southern Bean Mosaic Virus (rs = 14.3 nm, determined in this laboratory from the
identity of the elution positions of turnip yellow mosaic virus and southern bean
mosaic virus is an alternative available from Nutritional Biochemical Co/Kodak,
U.K. IgM (unpurified serum was used and the column fractions assayed using a
Hoechst L.C. Partigen IgM plate). Low-density lipoprotein was prepared by the
method of Shortridge et al. [34], Thyroglobulin and Bacitracin from Sigma. Trasylol
(kallikrein inhibitor) as a solution of 100 000 K.I.U. (Kallikrein inactivation units)
/ml from Bayer-Germany.

All other compounds were obtained as described previously [24],

RESULTS

Isolation ofplatelet factor 4 (antiheparin activity)
Biogel A 15m chromatography of concentrated soluble release products at

physiological ionic strength (Lig. la) showed a broad peak of antiheparin activity
eluting in fractions 48-65, separated from the bulk of protein and coincident with
a uronic acid peak. Calculation of erfc-1 (1 —Kfi and interpolation on the calibration
curve gave an rs value of 14.0 nm for the peak of antiheparin activity (spec. act. =
620 /ug equiv./mg protein). The low molecular weight material (fractions 86-91) with
antiheparin activity may be degradation products. Tractions 48-65 were pooled,
concentrated by ultrafiltration and the ionic strength adjusted to 0.75 by the addition
of NaCl and chromatographed (Pig. 1(b)) on Biogel A 15m at high ionic strength
(/= 0.75). The antiheparin activity eluted with an erfc"1 (1— Kd), where erfc-1 is
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Fig. 1. Isolation of platelet factor 4. A column containing Biogel A15m, of bed dimensions 1000 mm x
25 mm, was equilibrated and eluted with 25 mm Tris, 1 mM EDTA, 3.8 mM borate, pH 8.8, con¬

taining: 0.15 M NaCI (a) or 0.75 M NaCl (b) at 26.5 ml/h. Fractions of 5.15 ml and 5.75 ml respec¬
tively were collected and analysed for protein (□—□), hexuronic acid (O—O) and antiheparin
activity (A—A). A 5.5-ml sample of concentrated soluble release products (6.3 mg/ml protein) was
eiuted in the 0.15 M NaCl system and 6 ml of concentrated pooled fractions 48-65 (4.2 mg/ml
protein) from several separations of release products (a), was adjusted to 0.75 M NaCl, and eluted
in the 0.75 M NaCI system. V0 and V, were unchanged in a and b.

800 (b)

the inverse error function and Kd the distribution coefficient, corresponding to a rs
of 2.6 nm and the uronic acid-containing material with a rs of 11.0 nm corresponding
to a diffusion coefficient of 1.95-10-7. The protein and antiheparin activity profile
were sharp, coincident, symmetrical and well separated from contaminating protein
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and material containing uronic acids corresponding to the proteoglycan carrier. The
specific activity was 1540 pg equiv. of protamine sulphate/mg protein. For comparison
the specific activities of platelets, release products and complex were 3, 62 and 620 pg-
equiv./mgprotein, respectively. Thus the overall purification factor is approx. 500 fold.
Fractions 88-96 were pooled. Attempts to remove salt by dialysis against distilled
water resulted in precipitation. The precipitate was poorly soluble in 25 mM Tris,
1 mM EDTA, 3.8 mM borate, 0.15 M NaCl, pH 8.8, but readily soluble in 0.5%
(v/v) pyridine, 10% acetic acid, pH 3.15. The desalted, purified platelet factor 4 was
lyophilised.

Determination of Stokes radius (rs) for purified platelet factor 4 on Sephadex G-75
An attempt to determine rs for platelet factor 4 on Sephadex G-75 when

eluting with 0.75 M NaCl, 25 mM Tris, 1 mM EDTA, 3.8 mM borate, pH 8.8,
resulted in loss of the sample. No protein and only a small quantity of antiheparin
activity was detected in the column fractions, corresponding to rs = 2.52 nm in agree¬
ment with the value found on Biogel A 15m (Fig. lb). The loss of sample was probably
due to adsorption by the residual carboxyl groups in the gel matrix. The elution
profile of platelet factor 4 on Sephadex G-75 in 0.5% pyridine, 10% acetic acid,
pH 3.15, showed no adsorption effects and the protein and antiheparin activity were
coincident corresponding to rs = 1.92 nm.

Determination of sedimentation coefficients (s) by sucrose density gradient ultracen-
trifugation

The system was calibrated using compounds of known s20,w for 8.5 and 18.5 h
running times as previously described [24],

Concentrated fractions 48-65 (see Fig. la) containing the proteoglycan platelet
factor 4 complex were sedimented for 8.5 h on two sucrose density gradients buffered
by 25 mM Tris, 1 mM EDTA, 3.8 mM borate, pH 8.8, one containing 0.15 M NaCl
(Fig. 2a), the other containing 0.75 M NaCl (Fig. 2b). The antiheparin activity had
5 = 7.1 S in 0.15 M NaCl and 2.4 S in 0.75 M NaCl. Purified, lyophilised platelet
factor 4 when sedimented for 18.5 h on a gradient containing 0.5% pyridine, 10%
acetic acid, pH 3.15 (Fig. 2c) had s — 0.8 S. Molecular weight calculations gave values
of 358 000 (flf0 = 3.04) for the proteoglycan-platelet factor 4 complex, 27 100
(f/f0 = 1.26) for platelet factor 4 in 0.75 M NaCl and 6900 (fffi = 1.52) for platelet
factor 4 in the pyridine/acetic acid system. Platelet factor 4 therefore appears to
dissociate into four subunits at low pH.

Determination of N-terminal amino acid residues
Glutamic acid was found as the major N-terminal residue. Other residues

detected in trace quantities included serine, aspartic acid, tyrosine, phenylalanine and
alanine.

Amino acid analysis ofplatelet factor 4
Purified platelet factor 4 and protamine sulphate were analysed for amino acid

content and compared with serum albumin as a typical plasma protein (Table I).
The composition of platelet factor 4 is widely different to that of protamine sulphate
which is largely composed of arginine and has no sulphur-containing amino acids.
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Fig. 2. Determination of sedimentation coefficients by sucrose density gradient ultracentrifugation.
Samples of 0.15 ml were applied to 6-30% (w/w) linear sucrose density gradient and centrifuged at
420 000 x g (max.) at 4 °C. Fractions of 0.2 ml were collected and analysed for protein (□—□) and
antiheparin activity (A—A), (a) Pooled fractions 48-65 (Fig. la) containing 6.3 mg/ml protein were
applied to a gradient buffered by 25 mM Tris, 1 mM EDTA, 3.8 mM borate, 0.15 M NaCl, pH 8.8
and sedimented for 8.5 h. (b) As a but the gradient contained 0.75 M NaCl. (c) Lyophilised platelet
factor 4 (5 mg/ml) was applied to a gradient buffered by 0.5% pyridine, 10% acetic acid, pH 3.15,
and centrifuged for 18.5 h.



TABLEI AMINOACIDANALYSISOFPLATELETFACTOR4ANDPROTAMINESULPHATE Residues/100000g*'***

Piatelet factor4

Protamine sulphate

Serum albumin*

Platelet factor4

Protamine sulphate

*Tonearestwholenumberofanhydrousresidues.
**Seeref.46. **Molecularweights:plateletfactor4,28000;protaminesulphate,5000;serumalbumin,68000.

Residues/mol*
Serum albumin*

Platelet factor4

Protamine sulphate

Lysine

12.31

0.6

12.30

96

5

96

27

0

Histidine

3.18

0.0

3.50

25

0

25

7

0

Arginine

5.97

64.2

6.15

39

412

39

11

21

Asparticacid

7.12

0.05

10.4

61

1

90

17

0

Threonine

6.27

0.0

5.0

61

0

50

17

0

Serine

3.89

10.1

3.70

46

116

43

13

6

Glutamicacid
15.43

0.0

17.4

118

0

135

33

0

Proline

3.94

8.9

5.1

39

92

53

11

5

Glycine

2.50

7.0

1.60

43

123

28

12

6

Alanine

4.75

1.7

68

24

19

1

Cysteine

4.59

0.0

5.58

43

0

54

12

0

Valine

3.88

5.9

7.7

39

60

78

11

3

Methionine

0.16

0.0

1.28

2

0

11

1

0

Isoleucine

6.95

0.8

1.7

61

7

15

17

0

Leucine

14.56

0.09

11.9

128

1

105

36

0

Tyrosine

2.37

0.0

4.66

14

0

29

4

0

Phenylalanine
0.41

0.0

7.8

7

0

53

2

0

Serum albumin* 65 17 27 61 34 29 92 36 19 37 53

7

10 72 19 36

u> —i
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In comparison platelet factor 4 had a similar amino acid composition to serum
albumin and contained approximately equal ratios of acidic and basic residues and
also both the sulphur-containing amino acids methionine and cysteine. The aspara-
gine, glutamine and tryptophan contents were not determined. The leucine and iso-
leucine content of platelet factor 4 may contribute to its observed insolubility at low
ionic strength.

Calculation ofpartial specific volume
A partial specific volume of 0.747 for platelet factor 4 was calculated from the

amino acid composition by the method of Cohn and Edsall [35]. Barber et al. [19]
have reported that the platelet factor-proteoglycan complex is composed of 8 mol of
platelet factor 4 (molecular weight 28 000) and 2 mol of proteoglycan (molecular
weight 59 000) the proteoglycan having v = 0.566. Using v = 0.747 for platelet
factor 4 gave v = 0.685 for the complex.

Electrophoresis ofplatelet factor 4 and protamine sulphate
The electrophoretic mobility of platelet factor 4 at pH 2.2 was compared with

pSHMi

Fig. 3. Cellulose acetate electrophoresis. Electrophoresis was performed in 4% formic acid, 1%
acetic acid, pH 2.2 at 10 V/cm for 15 min. Samples were dissolved in the pH-2.2 buffer and 3/d (3
mg/ml) applied as follows: (1) Cytochrome c. (2) Lyophilised platelet factor 4. (3) Protamine sulphate.
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Fig 4. Membrane-bound antiheparin activity, (a) Isopycnic sucrose, density gradient centrifugation.
A 0.3-m! (17 mg/ml protein) sample of concentrated, ultrasonicated, insoluble platelet material was
applied to a 12-39% (w/w) linear sucrose density gradient buffered by 25 mM Tris, I mM EDTA,
3.8 mM borate, 0.15 M NaCl, pH 8.8, and centrifuged at 420 000 x g (max.) and 4 °C for 3 h. Gra¬
dients were fractionated into 0.25-ntl aliquots and analysed for protein (□—□), antiheparin activity
(A—A) and phosphorus (O—O)- A blank gradient run in parallel was fractionated and the density
of each fraction determined (■—■). (b) Gel chromatography. A 5-ml (17 mg/ml) sample of concen¬
trated, ultrasonicated, insoluble platelet material was applied to a column containing Biogel A50m,
of bed dimensions 890 mm x 25 mm, equilibrated and eluted with 25 mM Tris, 1 mM EDTA, 3.8
mM borate, 0.15 M NaCl, pH 8.8, at 23 ml/h. Fractions of 5 ml were collected and analysed for
protein (□—□) and antiheparin activity (A—A).
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protamine sulphate and the basic protein cytochrome c (Fig. 3). Under these con¬
ditions it was assumed that the ionisation of the acidic residues would be suppressed
and the basic residues fully charged. Platelet factor 4 moves as a sharp single band
with intermediate mobility between cytochrome c and protamine sulphate. The
material remaining at the origin was denatured platelet factor 4 due to lyophilisation.
Electrophoresis at alkaline and neutral pH was not attempted due to the insolubility
at low ionic strength.

Isolation of insoluble platelet antiheparin activity
Ultrasonicated thrombin-aggregated platelets were subjected to isopycnic

sucrose density gradient centrifugation (Fig. 4a). A peak of antiheparin activity
coincident with protein and phosphorus was found at d = 1.090-1.110. Fractions
8-15 were pooled. The yield of soluble thrombin-released platelet factor 4 was

approximately equal to the yield of particulate antiheparin activity from sonicated
thrombin-aggregated platelets.

Trypsin treatment of insoluble antiheparin activity
The insoluble antiheparin activity isolated from the isopycnic gradient run

was treated with trypsin (0.25 mg/ml) at 37 °C for 4 h followed by addition of soya
bean trypsin inhibitor to a final concentration of 0.25 mg/ml. The suspension was
centrifuged at 420 000 X g for 60 min and the supernatant and pellet separated. The
pellet was resuspended and the antiheparin activity of both this and the supernatant
measured and compared with a suspension similarly treated, but without trypsin.
Antiheparin activity was found only in the resuspended pellet and was equal in
activity to the control. The insoluble antiheparin activity is therefore not destroyed or
solubilised under these conditions and is therefore not platelet factor 4.

Chromatography of insoluble ultrasonicated platelet material
The ultrasonicated platelet material was chromatographed on Biogel A50m

(Fig. 4b). A broad peak of antiheparin activity was found well separated from the
bulk of protein. A Stokes radius of 15-35 nm was found from the calibration graph.

DISCUSSION

Platelet factor 4 was released during thrombin-induced aggregation of washed
platelets as a complex of molecular weight 358 000 and s = 7.1 S which could be
dissociated at high ionic strength to give the active platelet factor 4 molecule of mole¬
cular weight 27 100 and j = 2.4 S. This is in good agreement with previous work [19]
which reported a molecular weight 350 000 for the complex and 28 000-29 000 and
^ = 2.6 S for the platelet factor 4 molecule. Platelet factor 4, isolated from the
dissociated complex by gel filtration, was insoluble under physiological conditions
but readily soluble at pH 3.15 when dissociation occurred into four subunits of mole¬
cular weight 6900 and s = 0.8 S. Molecular weight differences have been reported
for platelet factor 4 under varying conditions. Sear and Poller [36] prepared platelet
factor 4 from both serum and soluble extracts of freeze-thawed human platelets by
precipitation at pH 7 and 7 = 0.008 and found that platelet factor 4 was excluded
from Sephadex G-200 when eluted under physiological conditions. Plowever at
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I = 1.0 and pH 7, a molecular weight of 25 000-30 000 was found indicating disso¬
ciation. Nath et al. [13] found that platelet factor 4 activity, isolated by zinc sulphate
precipitation and DEAE-cellulose chromatography of soluble material released from
collagen-aggregated, washed pig platelets, was excluded from Sephadex G-200 at
pH 8. Chromatography of their preparation at pH 3.5 on Sephadex G-150 gave a
molecular weight of 21 000. Weksler and Nachman [37] found a molecular weight of
10 000 for platelet factor 4 isolated from acid extracts of washed rabbit platelets.
The relationship of the various forms of platelet factor 4 described by these workers
to those described in this work is unclear although the preparation isolated by Sear
and Poller has some similar properties. Other differences could be due to incomplete
dissociation, species differences, modification during isolation procedures or the iso¬
lation of different antiheparin activities. In the last respect the preparation isolated
by Nath et al. had no paracoagulating activity in contrast to that isolated by Farbi-
zewski [17],

Further investigation of our purified platelet factor 4 preparation showed
glutamic acid to be N-terminal. The subunits were not resolved by either gel chroma¬
tography or cellulose acetate electrophoresis. Since reducing conditions were not
required for dissociation of platelet factor 4 (molecular weight 27 100) the cysteine
residues are not involved in interchain disulphide bonds but rather contribute to
tertiary structure by formation of intrachain linkages.

The question of the possible basic nature of platelet factor 4 was not adequately
resolved. The amino acid analyses showed only a normal amount of basic residues
to be present and as amide nitrogen was not determined the actual number of acidic
side chains could not be calculated. However electrophoresis of platelet factor 4 at
pH 2.2, under which conditions all basic residues are fully charged, showed an inter¬
mediate mobility between protamine sulphate (pi = 12.1) and cytochrome c
(pi =10.1).

That the mechanism of antiheparin activity is due to acid-base interaction is
indicated by the findings [19] that a series of physiological glycosaminoglycans can
dissociate the proteoglycan - platelet factor 4 complex and form stable complexes with
platelet factor 4, heparin being most effective, and that the complexing ability was

partly related to sulphate content, heparin having the highest. The converse i.e. the
basic content of platelet factor 4 and protamine sulphate may not be so related.
Protamine sulphate contained 64.2% arginine while platelet factor 4 contained a
total of only 18.3% arginine and lysine, yet both have similar heparin-neutralising
activity; 1 mg of our purified platelet factor 4 being equivalent to between 1 and 2 mg
of protamine sulphate. The sulphate content of protamine sulphate was not known and
therefore, on a strictly protein basis, protamine may be more active than platelet
factor 4. The solubility of platelet factor 4 in comparison to protamine differs in that
at low ionic strength platelet factor 4 is insoluble at neutral and alkaline pH whilst
protamine is soluble. This may be due to the hydrophobic amino acid content of
platelet factor 4 (21.5% total of leucine and isoleucine).

Since we have shown platelet factor 4 to be composed of subunits (molecular
weight 6900), the question arises as to the arrangement of platelet factor 4 in the
proteoglycan-platelet factor 4 complex. Barber has suggested [19] that the complex
consists of 2 mol of proteoglycan (molecular weight 59 000) and 8 mol of platelet
factor 4 (molecular weight 28 000), however platelet factor 4 may bind as discrete
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subunits in the complex and then associate to form soluble tetramers following
dissociation of the complex at high ionic strength. Kaser-Glanzmann [18] noted that
on recombination of the purified proteoglycan carrier and platelet factor 4 a fully
saturated complex was formed with j = 12.1 S. As our data gave s = 7.1 S for the
released complex and the data from agarose gel filtration of the complex showed a
broad band of antiheparin activity suggesting polydispersity, the possibility that the
platelet factor 4 proteoglycan complex, as released during aggregation occurs in
varying degrees of unsaturation seems possible. This being the case a further question
arises as to the structure of the 12.1 S complex in relation to Barber's suggested
structure for the 350 000 complex. In this respect the diffusion coefficient of 1.95-10~7
measured by gel filtration does not correspond to that reported by Barber using
boundary spreading.

O'Brien [12] has demonstrated the appearance of antiheparin activity on the
platelet surface during treatment of unstirred platelets with ADP and that inhibition
of the release reaction by aspirin also inhibited the appearance of membrane-bound
antiheparin activity. The mechanism underlying appearance of the antiheparin
activity is not known; it may be present but unavailable in the membrane of the
unaggregated platelet to appear on the cell surface only after structural changes in
the cell membrane during aggregation, or the activity may be adsorbed platelet
factor 4. The membrane nature of the insoluble fraction, isolated in this work by
isopycnic sucrose density gradient centrifugation, is indicated by the ratio of phos¬
phorus to protein (1.8:100) and by the isopycnic density d = 1.090-1.110 which is
in agreement with a value 1.090 found for platelet membrane microvesicles [38, 39].
The hydrophobic behaviour of platelet factor 4 under physiological conditions is of
interest in respect of the possibility that membrane antiheparin activity is due to
platelet factor 4 being a structural component of the membrane. In contrast sub¬
cellular fractionation of unaggregated platelets [19] has detected only 2.4% of anti¬
heparin activity in the membrane components, the remainder being distributed be¬
tween the granule fraction (63%) and the soluble fraction (34%).

The physiological role of platelet factor 4 and membrane antiheparin activity
is uncertain. The circulating levels of heparin in normal plasma have been shown to
be low [40], therefore the neutralisation of heparin by platelet factor 4 would seem
to be physiologically insignificant in normal circumstances. Barber et al. [19] have
shown that the proteoglycan component of the platelet factor 4 complex can be
displaced by other glycosaminoglycans. Thus it is possible that platelet factor 4 can
be transported as the soluble proteoglycan ■ platelet factor 4 complex and deposited
by displacement of the proteoglycan at sites remote from its release.

Platelet factor 4 is thought to neutralise antithrombin VI (fibrinogen degra¬
dation products) and have paracoagulating activity with soluble fibrin monomer
complexes. Since antithrombin VI is a natural inhibitor of in vivo blood coagulation,
platelet aggregation and haemostatic plug formation [14,-40,41] the neutralisation
of this activity by platelet factor 4 would contribute to blood coagulation. However
more recently a platelet factor 4 preparation without paracoagulating activity has
been reported [13]. Lipinski has described the antiparacoagulating activity of the
glycosaminoglycans of the aortic wall and has suggested that this could be responsible
for the prevention of fibrin deposition on the aortic wall [42]. Since platelet factor 4
combines with glycosaminoglycans, neutralisation of the antiparacoagulating activity
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may occur thus increasing the chance of fibrin deposition.
The role of membrane-bound antiheparin activity is even less clear since the

paracoagulating activity has not been studied, though it has been suggested [8] that
interplatelet attachments during aggregation are due to paracoagulation of fibrin
monomer complexes and a relation between platelet stickiness and membrane anti¬
heparin activity noted [23].

The presence of a mucopolysaccharide protein complex has been described in
the a-granule fraction of rat platelets [43, 44] and was thought to bind histamine,
5-hydroxytryptamine and Na + . A similar situation exists in mast cell granules, where
evidence has been put forward for histamine binding to a heparin protein complex
[45], Therefore a storage mechanism for biogenic amines is indicated. The relation¬
ship between these complexes and the platelet factor 4 complex is unknown although
the complex isolated from rabbit platelets could be dissociated at high ionic
strength [43],

ADDENDUM

A similar amino acid analysis for platelet factor 4 to that reported in this
work has recently been described by Kaser-Glanzmann et al. [58].
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