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Abstract

STUDIES OF HUMAN FACTOR VUI/von WILLEBRAND FACTOR

by

Mark N. Bobrow

Adviser: Professor Aaron Lukton

A method was developed to  produce a murine an tibody in  a s c itic  f lu id  

to human fa c to r VITI/von Willebrand fa c to r. The murine an ti serum was 

comparable to  a commercial rab b it anti serum when used to  quantita te  fac to r 

V III  re lated antigen by immunoelectrophoresis and enzyme immunoassay.

The s tructure  o f fa c to r VUI/von Willebrand fa c to r was examined by 

c irc u la r  dichroism spectroscopy. F VIII/vWF was found to  have approxi­

mately 50% unordered or random co il s tructure  and less than 15% a he lica l 

s truc tu re . I t  appears to be a s tru c tu ra lly  stable pro te in  since changes 

in  i t s  CD spectrum were minimal a fte r  heating, and in  the pH range 5-9.

F VIII/vWF most l ik e ly  contains many d is u lfid e  bonds which are responsible 

fo r  i t s  s ta b i l i ty .  This is  evident in  the change in  i t s  CD spectrum on 

the addition o f d i th io th re ito l.

The in te rac tio n  between F VIII/vWF and heparin was investigated.

F VIII/vWF bound to  heparin a t physio logical pH and io n ic  strength. By 

increasing the io n ic  strength, F VIII/vWF eluted re ta in ing  a l l  o f i ts  

b io log ica l a c t iv it ie s .  From the pH dependence, and the e ffe c t o f calcium 

and c it ra te  on the in te ra c tio n , i t  appears tha t i t  occurs by two 

independent mechanisms. One is  through a p o s itiv e ly  charged residue on 

F VIII/vWF and the other involves in tr in s ic  calcium.

The replacement o f calcium by terbium was undetectable by f lu o r -  

rescence.
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I .  INTRODUCTION 

A.~ The H istory o f Blood Coagulation

The e a r lie s t theory o f blood coagulation, the c lassica l theory, was 

derived from the work o f Hammarsten (1 ), Schmidt (2 ), and Morawitz (3 ). 

This theory postulated the existence o f four c lo tt in g  fac to rs : 

thromboplastin derived from damaged tissue , prothrombin and fibrinogen 

from plasma, and calcium. Following tissue damage, thromboplastin is  

released and reacts w ith prothrombin in  the presence o f calcium to form 

thrombin, which then reacts with fibrinogen to form f ib r in  (F ig . 1). 

There was no clear evidence whether or not any o f these factors were 

enzymes u n t il Bettleheim and Baily (4) and Lorand (5) showed tha t 

thrombin s p lits  fibrinogen in to  major fragments which polymerize and 

minor fragments which remain in  so lu tion . Sherry and T ro ll ( 6 ) ,  using 

synthetic substrates, showed tha t thrombin is  an esterase.

In 1935, the one-stage prothrombin time te s t was introduced by 

Quick (7 ). This te s t was based on the four fa c to r theory. I f  thrombo­

p la s tin , fib rinogen, and calcium were present, then the c lo tt in g  time 

o f the system would re f le c t the concentration o f prothrombin. The f i r s t  

ind ica tion  o f an additional c lo tt in g  fac to r came from Owren ( 8 ) in  1947. 

Investiga ting a pa tien t w ith  a prolonged one stage prothrombin tim e, 

Owren found tha t th is  could be corrected by the add ition  o f normal 

plasma from which a ll the prothrombin had been removed by adsorption 

w ith aluminum hydroxide. Owren concluded tha t normal plasma contains a 

fac to r which was lacking in  th is  pa tien t and was necessary fo r  the 

in te rac tio n  between prothrombin and thromboplastin. He ca lled  i t  fa c to r 

V, being the f i f t h  c lo tt in g  fac to r. In 1950, Owren (9) renamed i t  

proaccelerin on the basis o f i t s  function.
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In 1942, W itts and Hobson (10) proposed to use Russell's v iper 

venom and phospholipid in  lie u  o f brain extract in  the one-stage 

prothrombin time te s t.  Russell's v iper venom exhibited a powerful 

coagulant a c t iv i ty  w ith added phospholipid on re c a lc ifie d  plasma. This 

worked fin e  on normal plasma, y ie ld in g  resu lts  which were in  agreement 

w ith those o f the brain e x tra c t. However, in  patients receiving 

dicoumarin drugs, the venom te s t tended to give shorter c lo tt in g  times. 

Since the dosage of dicoumarin administered depended upon the resu lts o f 

the te s t,  th is  resulted in  higher doses o f dicoumarin being given.

In 1948, Owen and Bollman (11) found tha t normal serum accelerated 

the thrombin generation o f plasma from patients being treated with 

dicoumarin. Since normal serum contains l i t t l e  or no prothrombin or 

fa c to r V, th is  suggested th a t the serum contained another fac to r which 

was d e fic ie n t in  the p a tie n t's  plasma. In 1949, de Vries (12) showed 

tha t normal serum shortened the prothrombin time o f plasma which had 

been adsorbed w ith barium su lfa te . On the basis o f these studies, Owen 

postulated the existence o f an additional fa c to r which he named 

proconvertin. This resembled prothrombin in  tha t i t  was stab le , 

adsorbed by inorganic ge ls, and i t s  in -v ivo  levels were reduced by 

dicoumarin drugs. However, un like prothrombin, i t  was present in  serum. 

Owen believed th a t, during c lo t t in g ,  proconvertin was activated by 

thromboplastin and accelerin to form convertin which reacted w ith 

prothrombin. In 1951, K o lle r (13) performed experiments on a substance 

which he ca lled fa c to r V II (the designation fac to r VI was given to a 

hypothetical de riva tive  o f fa c to r V). This fac to r V II turned out to  be 

iden tica l to  Owen's proconvertin. Factors V and V II had to be included 

in  the c lassica l theory. This was done by showing tha t they accelerated



the conversion o f prothrombin to thrombin.

The major inadequacy o f th is  c lo tt in g  scheme was the fa ilu re  to 

explain the c lo tt in g  defect in  hemophilia. I t  was observed tha t the 

coagulation time o f hemophilic bood was grossly prolonged as measured 

in  glass tubes, while the one-stage prothrombin time was normal. At 

f i r s t ,  i t  was thought tha t hemophilic p la te le ts  fa ile d  to release a 

thromboplastic component on contact w ith  a fore ign surface (14), but 

fu rth e r studies showed tha t hemophilic p la te le ts  functioned normally 

in  normal blood. I t  was also shown tha t the c lo tt in g  defect in  

hemophilic blood could be corrected by adding normal p la te le ts ; however, 

the correction was not done by the p la te le ts , but by the small amount 

o f normal plasma which contaminated them (15). Pohle and Taylor (16) in 

1937 showed th a t a concentrated g lobu lin  material from normal plasma 

reduced the c lo tt in g  time o f hemophilic blood in  v it ro  and when 

administered in -v ivo . Minot and Taylor (17) in  1947 found tha t the 

active fa c to r was present in  Cohn fra c tio n  I and I I 12 o f normal plasma, 

but absent in  these fractions o f hemophilic plasma. Thus, i t  was 

concluded tha t normal plasma contains a fa c to r which is  lacking in 

hemophilic plasma which did not correspond to  any factors in  the 

c lass ica l theory (factors I - V I I ) .  This plasma fa c to r, which was called 

antihemophilic g lobulin  (AHG), could not be placed in to  the ex is ting  

c lassica l theory since i t  seemed to play no part in  the thromboplastin- 

prothrombin reaction or subsequent reactions. The function o f AHG was 

postulated to occur p r io r  to  the appearance o f thromboplastin (18,19). 

This idea received some support when the thrombin generation te s t was 

used in  1953 (20). This te s t showed tha t there is  about a three-minute 

delay from the time tha t normal blood comes in  contact w ith  glass t i l l



there is  a generation o f thrombin. When brain thromboplastin was 

added, the delay time was shortened but the slope o f the thrombin 

generation was the same. This indicated tha t a few minutes a fte r glass 

contact, a thromboplastin a c t iv i ty  appeared in  the blood which is 

s im ila r to tha t o f tissue thromboplastin. When the thrombin generation 

te s t was applied to hemophilic blood, a g reatly  prolonged delay phase 

was observed. This long delay was shortened by adding AHG, and the 

degree o f shortening was proportional to the concentration o f AHG in  

the f in a l mixture.

In 1953, Biggs and Douglas (21) developed the thromboplastin 

generation te s t. This te s t used plasma which was adsorbed to remove 

prothombin and fac to r V II,  serum which was prothrombin free but had 

fa c to r V II,  normal p la te le ts , and calcium. By using e ith e r the 

adsorbed plasma, the serum, or the p la te le t component from the pa tien t 

and completing the system w ith the remaining components from normal 

blood, a c lo tt in g  defect in  one component could be detected. The 

m ajority  o f hemophilic patients tested w ith  the thromboplastin 

generation te s t gave resu lts  in d ica tin g  a fa u lt  in  the plasma component. 

This indicated a deficiency in  AHG, since a fac to r V defic iency could be 

ruled out because o f a normal one-stage prothrombin time te s t. However, 

in a series o f pa tien ts , the serum component was found to be abnormal 

(22). At f i r s t ,  th is  suggested tha t there was a defic iency in  fa c to r 

V II ,  but find ing  a normal one-stage prothrombin time te s t refuted th is  

idea. I t  was believed th a t another serum fa c to r existed which was 

required fo r  in tr in s ic  thromboplastin generation, but not fo r  prothombin 

generation; and some patients su ffe ring  from hemophilia lacked not AHG, 

but th is  new serum fa c to r. This new fa c to r was ca lled Christmas fa c to r



a fte r  the pa tien t who's investiga tion  led to the discovery. S im ilar 

observations were made by Aggeler (23) in  the United States. His group 

called the fa c to r "plasma thromboplastin antecedent" (PTC).

In 1955, Biggs (24) developed the thromboplastin generation te s t 

in to  a qu an tita tive  assay fo r  AHG a c t iv i ty .  This allowed a 

quan tita tive  study o f the AHG levels in  hemophiliacs and a corre la tion 

between the AHG leve ls and s u s c e p tib ility  to bleeding. Results indicated 

tha t patients w ith less than 1% o f the normal level o f AHG incurred deep 

tissue hemorrhages, in tra c ta b le  bleeding a fte r  minor in ju r ie s , and 

there was jo in t  involvement. In patients w ith 1-5% AHG a c t iv i ty ,  there 

was s t i l l  serious bleeding a fte r  minor in ju r ie s , but jo in t  involvement 

was less severe. When a level o f 40-50% was reached, there was no 

evidence o f abnormal bleeding (25). U n til th is  tim e, the best treatment 

fo r  hemophilic bleeding was massive blood transfusions. Four p ints o f 

fresh blood administered to  a hemophiliac adult in  8 -1 0  hours caused 

about a 10% rise  in  the AHG le ve l. A l i t e r  o f plasma, which could be 

given in  45 minutes, raised the AHG level by 15-20%. To maintain these 

le ve ls , two doses had to be administered d a ily . This method could 

never provide high enough AHG levels to allow major surgery, but was 

used fo r  dental extractions and to control jo in t  o f tissue bleeding (26).

Attempts were then made to produce an AHG concentrate. Since an 

enormous amount o f human blood would be needed, the use o f animal blood 

was considered. Ox blood could be obtained in  large quantities which 

contained from 5-8 times the AHG content o f human blood. An ox plasma 

concentrate, o f which one gram had an a c t iv i ty  equivalent to 5-8 l i te r s  

o f fresh human plasma, was developed in  1955 (27). One disadvantage o f 

using animal preparation is  i t s  immunogenic p o te n tia l. Sensitiza tion



could occur, leading to a lle rg ic  reactions or anaphylaxis. So the use 

o f animal AHG was confined to  desperate s itua tions  where the l i f e  o f 

the pa tien t was in  danger.

The f i r s t  t r ia l  o f th is  material was on three volunteers who had 

dental extractions. The patients had th e ir  teeth extracted without 

undue bleeding or obvious i l l  e ffec ts  (28). In 1957, there were 

fourteen reports using animal AHG (29), including four cases o f accidental 

in ju ry  and three o f unavoidable major surgery. One pa tien t who was 

bleeding from a shotgun wound in  the back became sensitive  to the 

bovine AHG but was saved by being administered w ith pig AHG to which he 

responded s a t is fa c to r ily  (30). By 1966, many cases o f successful major 

surgery on hemophiliacs were recorded. In 1964, the development o f a 

human AHG concentrate from cryoprec ip ita te  led to the increased use o f 

human AHG and the use o f animal AHG declined (31). S im ila r ly , e ffe c tive  

Christmas fac to r concentrates were used in  patients su ffe ring  from th is  

disease who required major surgery (32-34).

In 1953, a hemorrhagic sta te  which d iffe re d  from hemophilia and 

Christmas disease was described (35). This bleeding disorder was 

postulated to be caused by a deficiency in  a new fa c to r which was named 

plasma thromboplastin antecedent ( PTA). Two years la te r ,  a defect due 

to  a deficiency o f a fac to r which in it ia te s  changes in  blood fo llow ing 

glass contact was described (36). This was named Hageman fa c to r a fte r  

the pa tien t who was investigated . A s t i l l  unexplained find ing  is  tha t 

patients d e fic ie n t in  Hageman fa c to r show l i t t l e  or no coagulation 

dysfunction.

An important development occurred when i t  was found tha t two 

patients exhib ited prolonged one-stage prothrombin times w ith both



Russell's v iper venom and brain thromboplastin (37,38). Deficiency o f 

fa c to r V II would not account fo r  the prolongation w ith venom, and 

prothrombin deficiency was ruled out by a two-stage assay. These 

pa tien ts ' serum was defective in  the thromboplastin generation te s t,  

but had a normal amount o f Christmas fa c to r. I t  was concluded tha t 

these patients were d e fic ie n t in  ye t another c lo tt in g  fa c to r which was 

named "Stuart-Prower fa c to r" a fte r  both pa tien ts . The function o f 

Stuart-Prower fa c to r was fo r  the formation o f plasma thromoboplastic 

a c t iv ity  and fo r  the ac tiva tion  o f prothrombin by Russell's v iper venom 

or brain e x tra c t.

In 1944, Robbins (39) noticed tha t plasma contained a fa c to r which 

in  the presence o f calcium causes f ib r in  to become inso lub le  in  urea. 

A fte r subsequent study o f th is  fa c to r (40-42), i t  became known as 

" f ib r in  s ta b iliz in g  fa c to r ."  I ts  function is  to form stronger bonds 

between f ib r in  molecules.

U ntil an in te rna tiona l committee met from 1957-1959, there was 

much confusion as .to the terminology to be used when re fe rrin g  to  the 

c lo tt in g  fac to rs . This committee decided on a universal system o f 

nomenclature using the Roman Numeral System begun by Owen (Table 1).

At th is  tim e, i t  was not known how these c lo tt in g  factors 

in te racted. However, there was the idea o f two types o f thromboplastin. 

Tissue thromboplastin required factors V, V I I ,  Stuart-Prower fa c to r, 

and calcium fo r  i t s  reaction w ith prothrombin. Plasma thromboplastin 

seemed to  arise as a re su lt o f in te ractions between factors V I I I ,  IX,

V, PTA, Stuart-Prower fa c to r, Hageman fa c to r, calcium, and p la te le ts .

The factors involved in  the tissue thromboplastin system came to be 

known as the e x tr in s ic  system, and those involved in  the plasma



• Table 1

The Roman Numeral System fo r Nomenclature o f C lo tting  Factors

Factor Name
1 F ib r i n o g e n

II P ro th ro m b in

III T h r o m b o p l a s t i n

IV Ca Ic iu m

V P r o a c c e l e r i n

VII P r o c o n v e r t i n

VIII A n t i h e m o p h i l i c  F a c t o r

IX C h r i s t m a s  F a c t o r

X S t u a r t - P r o w e r  F a c t o r

XI P la s m a  T h r o m b o p l a s t i n  A n t e c e d e n t

XI I H a g e m a n  F a c t o r

XIII F ib r in  S t a b i l i z i n g  F a c t o r



thromboplastin system as the in tr in s ic  system. Both the in tr in s ic  and 

e x tr in s ic  systems lead to the conversion o f prothrombin to thrombin 

(F ig. 2).

Information on how the factors o f the e x tr in s ic  system interacted 

emerged when, in  1959, i t  was shown tha t the concentration o f fac to r 

V II influenced the rate o f formation o f the prothombin a c tiva to r, 

while the concentration o f fa c to r X influenced the amount formed (43). 

From th is  and other studies (44), i t  seemed tha t a reaction between 

tissue fa c to r, factors V II,  X, and calcium resulted in  the formation o f 

a product which then reacted w ith fa c to r V to form a prothrombin 

ac tiva to r. I t  was also shown tha t venom required factors V and X, 

phospholipid, and calcium to  activa te  prothrombin (45) and tha t fac to r 

X was a substrate in  the venom activated system (46).

MacFarlane, in  1961 (47), showed tha t venom reacts w ith fac to r X 

to form a new product which then reacts w ith fa c to r V and phospholipid 

to form prothrombin a c tiva to r. In 1962, i t  was shown (48) tha t the 

a c t iv ity  o f the venom was due to an esterase which cleaves the fac to r 

X molecule forming an active  product (Xa) which i t s e l f  is  an esterase.

Nemerson and Spaet, in  1964 (49), using tissue extracts from which 

the phospholipid was removed, showed th a t these extracts activated 

fac to r X in the presence o f fa c to r V II and, then, the subsequent 

addition o f phospholipid and fa c to r V was needed fo r  prothrombin 

ac tiva tion  (F ig . 3). Since factors V and X and phospholipid were also 

needed fo r  the in tr in s ic  prothrombin a c tiv a to r, i t  was believed tha t 

fa c to r X might be activated in  a s im ila r  way by the various plasma 

factors. When a mixture o f factors V I I I ,  IX, X, and activated XI and 

X II react, fa c to r Xa is  formed and the amount formed is  determined by
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the concentration o f fa c to r V I I I .  I f  Russell's v iper venom is  added to 

th is ,  there is  no-fu rther a c tiva tion  o f fa c to r X (50). Thus, i t  was 

concluded tha t fa c to r X was activated in  a s im ila r way by the in tr in s ic  

system and by Russell's v ipe r venom or tissue thromboplastin.

In 1957 (51), i t  had been shown tha t fa c to r X II was the fa c to r activated 

by glass contact. I t  had also been shown tha t activated fa c to r XII activated 

fa c to r XI (52) which activated fa c to r IX (53). Biggset a l . ,  in  1965 (54), 

indicated tha t activated fa c to r IX reacts w ith fac to r V III and the 

product caused a c tiva tion  o f fa c to r X. MacFarlane (55) summed up the 

in tr in s ic  reactions in  what he ca lled an enzyme cascade fo r  blood 

coagulation. In 1965 (56), he published the complete coagulation 

scheme (Fig. 4 ). In th is  scheme, MacFarlane accounts fo r  the auto- 

c a ta ly tic  e ffec ts  o f thrombin on factors V and V III  and the e ffe c t o f 

thrombin on p la te le ts  which consists o f a release reaction.

In 1965, Hathaway (57) described another fa c to r defic iency which 

he ca lled F letcher fa c to r. However, Hathaway's experiments were not 

c la r if ie d  u n t il i t  was shown tha t another p ro te in , p re ka llik re in  

(F letcher fa c to r) , pa rtic ipa ted  in  the contact phase. I t  was shown by 

various workers (58-60) tha t fa c to r X Ila  activated p re k a llik re in  and 

k a ll ik re in ,  in  tu rn , activated fa c to r XII (58). This gives r is e  to an 

am plificaton o f the contact phase. Collagen, g lass, o r some other 

surface tr igge rs  the conversion o f fa c to r XII to fa c to r X lla  which 

w i l l  activa te  p re k a llik re in  to k a ll ik re in .  The k a ll ik re in  w i l l  then 

activa te  more fa c to r X II.

There is  evidence (61-64) to ind icate  tha t an activated fac to r 

V III  is  not the e n t ity  th a t activates fa c to r X but a complex between 

fac to r IXa, fac to r V I I I ,  calcium ions, and phospholipid is  responsible
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fo r  the ca ta lys is . These m odifications in  the in tr in s ic  system are 

depicted in  F ig. 5 (65).

This cascade fa i ls  to explain one important phenomenon. Deficiency 

in factors V III  or IX causes severe bleeding disorders, while deficiency 

in  factors X II ,  XI, and F letcher fa c to r may be asymptomatic. This has 

been explained w ith the find ing  th a t the product o f tissue fac to r and 

fac to r VII activa tes fa c to r IX (66,67). Therefore, the contact phase 

involv ing F letcher fa c to r , fa c to r X II, and fa c to r XI can be bypassed.

Recent work (6 8 ) has c la r if ie d  the events tha t take place to 

in i t ia te  the ac tiva tio n  o f the in tr in s ic  pathway. I t  appears tha t 

fac to r X II in  the presence o f a surface and high molecular weight 

kininogen converts p re k a llik re in  to k a ll ik re in .  The k a ll ik re in  formed, 

in  the presence o f high molecular weight kininogen, converts the 

surface bond fa c to r X II to fa c to r X Ila . The fa c to r XIla generated 

converts fa c to r IX to IXa and the cascade continues (Fig. 6 ) .  There­

fo re , fa c to r X II,  once thought o f as an inactive  or weakly active 

zymogen, is  a c tu a lly  the in i t ia to r  o f the c lo tt in g  cascade.
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B. Biochemical Mechanisms o f Blood Coagulation

The ac tiva tion  o f fa c to r XII leads not only to  in tr in s ic  c lo tt in g , 

but also to  f ib r in o ly s is  and k in in  form ation. Four proteins and a 

negatively charged surface are involved in  the in i t ia l  reactions called 

the contact phase, or contact ac tiva tio n  o f fa c to r X II. The four 

proteins are fa c to r X II, p re k a llik re in , high molecular weight kininogen, 

and fac to r XI.

A ctiva tion o f fac to r X II is  associated w ith  i t s  cleavage in to  two 

peptides (Table 2). Serine protease a c t iv i ty  is  associated w ith the 

small fragment. The large fragment is  responsible fo r  binding to  a 

negatively charged surface. A lte ra tio n  o f p o s itive ly  charged guanido 

groups o f argin ine residues w ith  phenyl glyoxal hydrate in h ib its  th is  

in te rac tio n , suggesting the involvement o f at least one argin ine residue 

in binding. Binding to  a surface apparently causes a conformational 

change in fa c to r X II,  since bound fa c to r XII is  activated f iv e  hundred 

times fas te r than free  fa c to r X II. This is  also demonstrated by the 

change in  the c irc u la r dichroism spectrum o f fa c to r XII in  the presence 

o f a negatively charged surface (69).

P reka llik re in  and fa c to r XI c ircu la te  complexed w ith high molecular 

weight kininogen. High molecular weight kininogen is  composed o f a 

s ing le  polypeptide chain containing a h is tid in e  rich  region which is  

responsible fo r  binding o f the complex to  a negatively charged surface. 

When binding occurs bringing p re k a llik re in  in  close proxim ity to fac to r 

X II, ac tiva tion  o f p re k a llik re in  takes place. The k a llik re in  formed is  

then able to activa te  fa c to r X II.  I t  is  not c lear where the binding s ite  

fo r  p re ka llik re in  is on high molecular weight kininogen, but the fac to r 

XI binding s ite  is  located between the h is tid in e  rich  region and the
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carboxy terminal end.

There are two forms o f activated facto r X II. The alpha form occurs 

as a re su lt o f cleavage inside an intramolecular d is u lfid e  loop, y ie ld ing  

an active fragment linked to a surface bound inactive  fragment, which 

then activates fa c to r XI. The beta form occurs as a re su lt o f cleavage 

ju s t  outside the d is u lfid e  loop, lib e ra tin g  an active fragment. This 

enzyme read ily  activates p re k a llik re in , and the k a llik re in  formed is  

qu ick ly  dissociated from the surface (70,71).

K a llik re in  cleaves high molecular weight kininogen in  two places 

lib e ra tin g  a nonapeptide, bradykinin, while leaving the res t o f the 

molecule surface bound complexed w ith fac to r XI. C ircu la ting  k a llik re in  

also converts plasminogen to  plasmin, resu lting  in f ib r in o ly s is .

K a llik re in  also hydrolyzes arg in ine and lysine esters and is  in h ib ite d  by 

diisopropylflourophosphate (DFP), and phenylmethyl su lfo n y lflu o rid e  

(PMSF). Therefore, the products o f the k a llik re in  pathway, bradykinin and 

plasmin, are disseminated in to  the f lu id  phase, while the f ib r in  forming 

pathway, the alpha form o f fa c to r XIla and fac to r X I, remain surface 

bound.

Factor XI is  composed o f two iden tica l polypeptide chains.linked by 

d is u lfid e  bonds. When activated by fa c to r X lla , each fragment is  cleaved 

in to  a small and large fragment w ith the small fragment possessing 

a c t iv i ty .  I t  is  not certa in  whether fac to r Xla contains two active  s ites  

per molecule or whether i t  fa l ls  in to  the "h a lf o f the s ites  re a c t iv ity "  

c la s s if ic a tio n , and thus only one s ite  is  func tion a l. The physiological 

substrate fo r  fa c to r Xla is  fa c to r IX, but i t  also hydrolyzes argin ine 

and lys ine  esters and is  in h ib ite d  by DFP and PMSF.

Factor IX is  a sing le  chain glycoprotein containing y-carboxyglutamic 

acid. y-Carboxyglutamic acid is  involved in calcium binding, which aids



in  the in te rac tion  o f the pro te in  w ith  phospholipids. A ctiva tion o f 

fa c to r IX by fa c to r Xla is  a two-step process that requires a divalent 

metal ion. Calcium ions are the most e ffe c tiv e , but other ions are also 

active . I n i t ia l l y ,  fa c to r Xla cleaves fac to r IX a t one s ite  y ie ld ing  a 

l ig h t  chain and heavy chain linked by a d is u lfid e  bond. This molecular 

species is  in ac tive . In the second step, a small peptide is  s p l i t  from 

the amino terminal end o f the heavy chain resu lting  in  .'the formation o f 

fa c to r IXa.

Factor IXa is  a serine protease w ith a reactive serine located in  the 

heavy chain. The amino term inal region o f fa c to r IX is  s im ila r to the 

amino terminal regions o f prothrombin and the l ig h t  chain o f fa c to r X.

In add ition , the amino term inal regions o f the heavy chains o f factors 

IXa, Xa, and thrombin, as well as th e ir  active s ite  regions, are 

homologous. They also contain y-carboxyglutamic acid. I t  seems, 

therefore , tha t these three proteins have evolved from ra common ancestral 

gene.

C lin ica l evidence indicates tha t defic iencies in  factors XII or XI 

are e ith e r asymptomatic or are manifested as mild bleeding disorders. On 

the other hand, a defic iency in  fa c to r IX resu lts  in  severe bleeding. I t  

would seem lik e ly  then th a t fa c to r IX can be activated by a mechanism in ­

dependent o f fac to r Xla. Such a mechanism has been elucidated ( 6 6 ) .  A 

mixture o f fa c to r IX , fa c to r V I I ,  tissue fa c to r, and calcium ions 

generates fa c to r IXa a c t iv i ty .  I f  any o f the components are excluded, 

fa c to r IXa is  not formed. When the a c tiva tion  is  followed by SDS- 

polyacrylamide gel e lectrophoresis, a 55,000 Dalton band (native fac to r 

IX) is  replaced by bands o f 27,000 and 17,000 Daltons (heavy and l ig h t  

chains o f fa c to r IXa).

Factor V III  forms a complex w ith fa c to r IXa, phospholipid, and



calcium ions. I t  is  th is  complex which catalyzes the next reaction, the 

activa tion  o f fa c to r X. Factor V III  acts as a cofactor in  the complex

w ith fa c to r IXa cata lyzing the ac tiva tion  o f fac to r X. Factor IXa alone

can activa te  fa c to r X but a t a much slower ra te .

In the e x tr in s ic  system, fa c to r VII and tissue fa c to r combine to 

activa te  fa c to r X. Tissue fa c to r is  a tissue lip o p ro te in  found in  bra in , 

lung, placenta microsomes, l iv e r ,  spleen, kidney, and endothelial c e lls . 

I t  is  composed o f 30-45% phospholipid by weight. Treatment o f tissue 

fa c to r w ith  sodium deoxycholate separates i t  in to  prote in and phospho­

l ip id  (72). The protein or phospholipid alone lack a c t iv i ty ;  however, 

when recombined, a c t iv ity  is  restored.

Bovine fa c to r VII is  composed o f a s ing le  polypeptide chain and 

contains y-carboxyglutamic acid. Unlike prothrombin and fa c to r X, 

fa c to r V II incorporates DFP. Factor V II and V ila  both incorporate the 

same quantity  o f DFP. A fte r incorporating DFP, fa c to r VII can no longer

be activa ted , and fa c to r V ila  becomes in ac tive .

Factor V II can be activated by fa c to r X Ila  (73), IXa (73), thrombin

(74), and fac to r Xa (74). In the absence o f phospholipid, both thrombin

and fa c to r Xa activa te  fa c to r V II a t the same ra te . In the presence o f 

phospholipid, the rate o f a c tiva tio n  by fa c to r Xa increases fou r hundred 

fo ld , while the a c tiva tion  by thrombin is  not a ffected . A ctiva tion 

o f fac to r VII by fa c to r Xa converts the s ing le  chain zymogen to a two- 

chain form. Further cleavage o f fa c to r V ila  by fa c to r Xa resu lts  in  the 

release o f 12,000 Dalton peptide from the carboxy term inal end o f the 

heavy chain w ith  the concomitant in a c tiva tio n  o f fa c to r V ila . Normal 

plasma contains a low level o f fa c to r V ila  a c t iv i ty .  I t  is  not certa in

whether th is  is  due to a low concentration o f c irc u la tin g  fa c to r V ila  or

whether the zymogen is  ac tive .



Bovine fa c to r X is  composed o f a heavy and a l ig h t  chain linked by 

d is u lfid e  bonds. A ll o f the carbohydrate in  fa c to r X is  bound to  the 

heavy chain. Human fac to r X appears to  be s im ila r  to  bovine fac to r X 

since i t  is  also composed o f two chains w ith  s im ila r molecular weights

(75).

The physio logical ac tiva tion  o f fac to r X is  catalyzed by the complex 

o f fa c to r IXa, fa c to r V I I I ,  calcium, and phospholipid in  the in tr in s ic  

system, and by fa c to r VII and tissue fac to r in  the e x tr in s ic  system. Non- 

physiological ac tiva to rs  include a protease from Russell's v iper venom 

and tryps in . The in i t ia l  step in  ac tiva tion  involves the cleavage o f an

11.000 Dalton fragment from the heavy chain, and gives r is e  to; an active 

enzyme designated as the alpha form o f fa c to r Xa (76). Following the 

in i t ia l  cleavage, a second au toca ta ly tic  cleavage occurs, removing a

4.000 Dalton fragment from the carboxy terminal end o f the heavy chain 

(77). The loss o f th is  fragment, which contains one-th ird  p ro line  by 

weight, gives r ise  to the beta form o f fa c to r Xa. The alpha and beta 

forms o f fa c to r Xa have equivalent coagulent a c t iv i ty .

The ac tiva tion  o f fa c to r X can occur by a second pathway which is  

the reverse o f the f i r s t .  Cleavage o f the 4,000 Dalton fragment from the 

carboxy terminal end o f the heavy chain g ives .rise  to the beta form o f 

fa c to r X which lacks enzymatic a c t iv i ty .  This reaction is  catalyzed by 

fa c to r Xa and l ip id .  The conversion o f the beta form o f fa c to r X to the 

beta form o f fa c to r Xa occurs by cleavage o f the 11,000 Dalton fragment 

from the amino terminal end o f the heavy chain. This reaction is  also 

catalyzed by fa c to r Xa and l ip id .  Factor Xa is  a serine protease w ith  an 

active  serine located in  the heavy chain, and i t  is  in h ib ite d  by DFP.

The ro le  o f the l ig h t  chain o f fa c to r Xa has not ye t been elucidated.



Factor V is  a plasma glycoprotein that*functions as a cofactor fo r  

fac to r Xa in  the conversion o f prothrombin to thrombin. Calcium ions 

and phospholipid are also required fo r  the reaction. Stable preparations 

o f fa c to r V have only been obtained from bovine plasma. Bovine fa c to r V 

is  composed o f a s ing le polypeptide chain. I t  is  s ta b ilize d  by calcium 

ions and loses a c t iv ity  in  the presence o f chelating agents. Treatment 

o f fa c to r V w ith  Russell's v iper venom or thrombin resu lts  in  an increase 

in  a c t iv i ty  w ith a decrease in  molecular weight. This activated fa c to r 

V binds to prothrombin whereas the precursor does not. Although the 

exact ro le  o f fa c to r V is  not known, i t  is  believed to act as a substrate 

binding pro te in in  the fa c to r Xa, fa c to r V, phospholipid, and calcium 

ion complex.

Human and bovine prothrombin are both single polypeptide chains 

containing y-carboxyglutamic acid. A c tiva tion  o f bovine prothrombin by 

fa c to r Xa occurs in two steps. F irs t ,  there is  cleavage o f a 35,000 

Dalton peptide (prothrombin fragement 1-2) from the amino terminal end 

o f prothrombin. The product o f th is  cleavage is  prethrombin I I .  Cleavage 

o f prethrombin I I  by fa c to r Xa inside a d is u lfid e  loop forms thrombin, 

which is  composed o f a heavy and a l ig h t  chain linked by the d is u lfid e  

bond. The heavy chain contains the active serine residue.

Thrombin can also activa te  prothrombin. Thrombin cleaves a 23,000 

Dalton fragment (fragment 1) from the amino terminal end o f prothrombin.

The product o f th is  cleavage is  prethrombin 1. Cleavage o f a 13,000

Dalton fragment (fragment 2) from the amino terminal end o f prethrombin

1 by fa c to r Xa gives rise  to prethrombin 2. Prethrombin 2 is  then

converted to  thrombin by fa c to r Xa.

Human fibrinogen is  a glycoprotein composed o f three pairs o f



nonidentical polypeptide chains held together by d is u lfid e  bonds. In the 

conversion o f fibrinogen to f ib r in ,  thrombin cleaves four arg iny lg lyc ine 

bonds: one from the amino term inal end o f each alpha chain and one from 

the amino term inal end o f each beta chain. The cleavage o f these four 

bonds resu lts  in  the release o f two fib rinopeptides A and two f ib r in o ­

peptides B. However, the in i t ia l  event, the formation o f a f ib r in  

monomer, occurs by thrombin a c tiva tion  o f only one alpha chain o f 

fibrinogen. This monomer rap id ly  and ir re v e rs ib ly  s e lf  associates to 

form a dimer. Further polymerization occurs as a re su lt o f subsequent 

ac tiva tion  o f in ta c t alpha and beta chains (78).

Factor X III  is  a tetramer composed o f two pairs o f nonidentical 

polypeptide chains, "a" and nb ,"  held together by noncovalent bonds.

Factor X III  iso la ted from p la te le ts  is  an "a" chain dimer. A ctiva tion  

o f fa c to r X III  by thrombin involves the cleavage o f an a rg iny lg lyc ine  

bond in  the amino term inal region o f each o f the "a" chains. This 

reaction which occurs in  the absence o f calcium ions resu lts  in  the 

release o f two a c tiva tion  peptides, and gives r is e  to an inac tive  

tetram eric intermediate. In the presence o f calcium, the tetram eric 

intermediate dissociates in to  a c a ta ly t ic  dimer composed o f two modified 

"a" chains which exh ib its  transglutaminase a c t iv i ty ,  and a noncata lytic 

dimer composed o f two "b" chains.

Factor X IIla  catalyzes the formation o f interm olecular glutam yllysine 

linkages between f ib r in  molecules. The in i t ia l  reaction resu lts  in  the 

f ib r in  molecules crosslinked through gamma-gamma chain linkages. The 

gamma chain crosslink ing is  followed by a slower alpha-alpha chain 

cross link ing . Approximately s ix  crosslinkages are formed per mole o f 

f ib r in ,  fou r between alpha-alpha chains, and two between gamma-gamma 

chains. A fte r cross link ing , the f ib r in  polymer is  very insolub le and



res is ta n t to ly s is . Factor X IIla  is  in h ib ite d  by se lective  a lky la tion  o f 

one su lfhydry l group, which suggests tha t i t  is  one o f the "h a lf o f the 

s ites  re a c t iv ity "  enzymes.

There are many common features o f the c lo tt in g  pro te ins. There is  

sequence homology between factors IX , X, and prothrombin as well as th e ir  

activated forms, factors IXa, Xa, and thrombin. These factors in  

addition to  fa c to r X lla  are a l l  serine proteases.

There appears to be a requirement fo r  the c lo tt in g  proteins to ' 

in te ra c t w ith a surface. P hys io log ica lly , th is  would be the p la te le t 

membrane; in  in  v it ro  ana lys is , phospholipid mixtures are substituted fo r  

p la te le ts . Factors IX , X, V II ,  and prothrombin a l l  contain modified 

glutamic acid residues (y-carboxyglutamic ac id ). The presence o f th is  

amino acid enables the proteins to  bind calcium, which functions in  the 

binding o f these proteins to surfaces. Vitamin K is  a cofactor in  the 

post-trans la tiona l m odifica tion (carboxylation) o f the glutamic acid 

residues. In h ib it io n  o f th is  reaction renders the c lo tt in g  factors 

nonfunctional. High molecular weight kininogen has a h is tid in e  rich  

region which functions in  surface binding. Factor XI and p re ka llik re in  

become surface bound through th e ir  in te ra c tio n  w ith high molecular 

weight kininogen. Factor X II contains functiona l arg in ine residues 

which are implicated in  surface binding. I t  is  not c lear whether fac to r 

V and fa c to r V I I I  procoagulant in te ra c t d ire c t ly  w ith  surfaces or 

in te ra c t in d ire c t ly  through factors IXa and Xa.

Factor V and fa c to r V I I I  procoagulant have some common features.

Both o f these proteins act as cofactors fo r  serine proteases (factors 

IXa and Xa), w ith calcium and phopholipid also required fo r  the reaction. 

Both are s ta b ilize d  by calcium ions and lose a c t iv ity  in  the presence of 

chelating agents. And f in a l ly ,  both have increased a c t iv i ty  in the



presence o f thrombin, w ith  a concomitant decrease in molecular weight.



28.

C. Factor V III/von  Willebrand Factor

The f i r s t  recorded descrip tion o f hemophilia and i t s  genetic trans­

mission is  in  the f i f t h  century Talmud and in  subsequent Rabbinic 

w riting s  (79). The Talmud states tha t a mother must not circumcise her 

th ird  ch ild  i f  the f i r s t  two died as a re s u lt o f bleeding from circum­

c is ion . In la te r  w r it in g s , th is  was expanded to  say tha t the f i r s t  two 

sons need not be from the same husband. I t  was thus recognized tha t 

transmission o f the disease was by the mother.

The f i r s t  accurate account o f hemophilia in  the modern medical 

lite ra tu re  was given by John Conrad Otto in  1803 (80). In 1828, the 

name "hemophilia" was used to  describe th is  disorder (81). The whole 

blood c lo tt in g  te s t was invented in  1893 (82), and th is  was used to 

diagnose hemophilia. This te s t was used u n til i t  was observed tha t the 

rate o f prothrombin conversion to  thrombin is  delayed in  hemophilic blood, 

prompting the development o f more sensitive  te s ts .

I t  was shown, in  1911, th a t a fra c tio n  o f normal plasma could shorten 

the prolonged c lo tt in g  time o f hemophilic blood (83). This fra c tio n  was 

named antihemophilic g lobu lin  (84). The c lo tt in g  time o f a hemophilic 

could also be shortened when transfused w ith normal blood (85). This was 

la te r  demonstrated to be due to  a more rapid conversion o f prothrombin 

to thrombin (8 6 ) .  The plasma component tha t is  d e fic ie n t in  hemophilia 

was ca lled antihemophilic fa c to r (AHF), and fa c to r V III  (87).

In 1926, E ric von Willebrand described a bleeding d isorder a f f l ic t in g  

a young g i r l  and 23 o f her 66 fam ily members (8 8 ) .  This d isorder, which 

affected both sexes, was d istinguishable from the known hemostatic 

abnormalities at the time, von Willebrand thought th a t th is  disorder was 

due to  abnormal p la te le t func tion , and i t  was considered to  be a p la te le t
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disorder u n t il i t  was found, in  1953 (89-91), tha t patients w ith th is  

disorder had a defic iency o f fa c to r V I I I .

When patients w ith von W illebrand's disease are infused w ith normal 

plasma, th e ir  fa c to r V III  leve ls are increased and th e ir  prolonged 

bleeding times are shortened (92). I t  has also been shown (93-95) tha t 

the fa c to r V II I  defic iency and the prolonged bleeding time could be 

corrected by the in fus ion o f hemophilic plasma. The term "von 

Willebrand fa c to r" is  given to  the plasma fac to r d e fic ie n t in  von 

W illebrand's disease.

There are three b io log ica l a c t iv it ie s  associated w ith the 

VUI/von Willebrand fa c to r p ro te in : procoagulant a c t iv ity  (th a t which is

d e fic ie n t in  hemophilia), von Willebrand a c t iv ity  (tha t which; when 

absent, causes abnormal p la te le t fu n c tio n ), and antigenic a c t iv ity  (the 

a b i l i t y  o f the pro te in to  be p rec ip ita ted  by a monospecific antiserum). 

D iffe re n tia l diagnosis o f hemophilia and von W illebrand's disease can be 

made by quan tita ting  the fa c to r V III  antigenic material which is  present 

in  hemophilic but absent in  von Willebrand plasma, and by tes tin g  fo r 

abnormal p la te le t function in  von W illebrand's disease. One te s t fo r  

p la te le t function is  the aggregation o f p la te le t rich  plasma by the 

a n t ib io t ic ,  r is to c e tin  (96). R istocetin  aggregates normal and 

hemophilic p la te le t r ich  plasma, but fa i ls  to  aggregate the p la te le t rich  

plasma o f patients w ith  von W illebrand's disease.

The nature o f the in te ra c tio n  between the fa c to r V II I  procoagulant 

and the von Willebrand fa c to r remains to  be determined. Using standard 

p u r if ic a tio n  techniques, both a c t iv it ie s  (pro te ins) copurify  as the 

fa c to r V III  complex. Attempts to  iso la te  the procoagulant have indicated 

th a t less than one percent o f the mass o f the fac to r V II I  complex gives 

r is e  to procoagulant a c t iv i ty  (96). Since the von Willebrand fac to r



comprises the bulk o f the fa c to r V III  complex, i t  is  generally agreed 

tha t studies o f the complex re f le c t the properties o f the von Willebrand 

fa c to r (97).

Although there is  evidence to  ind icate  tha t the fa c to r V III  complex 

is  composed o f a s ing le  molecular species (98,99), there is  an abundance 

o f data ind ica ting  tha t i t  is  composed o f two d iffe re n t prote ins.

The two proteins can be separated by gel f i l t r a t io n  in  the presence 

o f 1.0 M NaCl or 0.25 M CaClg (100-104), ion exchange chromatography (105), 

aminohexyl Sepharose chromatography (106), antibody a f f in i t y  chromato­

graphy (107,108), and other techniques. They possess d iffe re n t antigenic 

determinants, and thus give r is e  to  antibodies tha t s p e c if ic a lly  in te ra c t 

w ith each p ro te in . Using these antibodies, sp e c ific  immunoassays have 

been developed to  quantita te  each protein (109,110). The procoagulant 

and von Willebrand fa c to r b io log ica l a c t iv it ie s  are independent o f each 

o ther, and th e ir  plasma concentrations vary independently under certa in  

conditions. And, f in a l ly ,  the two proteins are under d iffe re n t genetic 

con tro l. Hemophilia (procoagulant defic iency) is  sex linked inherited  

while von W illebrand's disease (von Willebrand fa c to r defic iency) is 

inhe rited  autosomally.

Factor V III  Procoagulant (F V III:C )

Investigations in to  the e ffe c t o f io n ic  strength on fa c to r V III  led 

to  the b e lie f  that,under su itab le  conditions, fac to r V III  d issociates.

The sedimentation rate o f bovine (111) and human fa c to r V III  (112) was 

shown to  decrease when the io n ic  strength was increased. Changes in  the 

chromatographic behavior o f bovine fa c to r V III  when the NaCl concentra­

t io n  was increased indicated th a t the fa c to r V III  a c t iv i ty  was associated 

w ith  a lower molecular weight species (113). Owen and Wagner (100)



showed tha t canine F V III:C  could be dissociated and separated on a Bio 

Gel A-15M column in  the presence o f 0.25 M CaClg* Rick and Hoyer (101) 

examined the changes in  human fa c to r V I I I  when subjected to  sucrose 

density u ltra ce n trifu g a tio n  in  the presence o f 1.0 M NaCl and agarose 

gel f i l t r a t io n  in  0.24 M CaClg. When plasma was centrifuged in  0.14 M 

NaCl, F V III:C  and antigenic a c t iv it ie s  were id e n tif ie d  in  fa s t sediment- 

ing frac tio n s . When the cen trifug a tion  was done in  the presence o f 1.0 M 

NaCl, the F V I I I : C was sh ifte d  to  the slow ly sedimenting fra c tio n s , while 

the antigenic a c t iv i ty  remained in  the fa s t sedimenting fra c tio n s . When 

subjected to  chromatography on Sepharose 6B in  0.12 M NaCl, both 

a c t iv it ie s  eluted in  the void volume. When the column was equ ilib ra ted  

w ith 0.24 M CaClg, the antigenic a c t iv i ty  was recovered in  the void 

volume, but the F V III:C  eluted in  la te r  fra c tio n s . Although the low 

molecular weight procoagulant a c t iv i ty  did not have antigenic a c t iv i ty ,  

i t  was inactiva ted by human an ti fa c to r V III  (which is  procoagulant 

sp e c ific ) and rab b it an ti fa c to r V I I I  an tisera .

Weiss and Hoyer (102) dissociated and chromatographically separated 

fa c to r V III  in  0.8 M NaCl. They showed th a t the high molecular weight 

fragment, which had antigenic a c t iv i ty ,  also possessed von Willebrand 

fa c to r a c t iv i ty .

I t  was not certa in  whether the two components in  the native sta te  

were held together by noncovalent bonds or whether there was a covalent 

in te rac tio n  which was broken by pro teo lys is  during p u r if ic a tio n . This 

uncerta inty was c la r if ie d  when i t  was shown th a t the d issocia tion  occurs 

in  the presence o f p ro te o ly tic  in h ib ito rs  (103,104). Furthermore, i t  has 

been demonstrated tha t reassociation o f the two components occurs when 

the d issocia ting agent is  removed (114).



P u rifica tio n  and Characterization

U n til recen tly , F V III:C  has not been characterized a fte r  

separation and studies o f F V III:C  have been made on the fa c to r V III 

complex. Human F V III:C  was p u rif ie d  3500-fold by f i r s t  immobilizing the 

fa c to r V III  complex from plasma on a column which had anti fa c to r V III 

covalently coupled to  i t  (108). The F V III:C  was then eluted w ith a 

calcium gradient. The molecular weight o f the prote in was calculated to 

be 285,000 (115) from i t s  gel f i l t r a t io n  properties on Sephadex G-200 

and from sucrose density gradient cen trifug a tion .

A 320,000-fold p u r if ic a tio n  was obtained fo r  F V III:C  from bovine 

plasma (116). S ta rting  w ith 125 l i te r s  o f plasma, 0.4 mg o f pro te in were 

iso la ted  by ammonium su lfa te  and glycine p re c ip ita tio n , followed by DEAE- 

Sephadex, Sulfate-Sepharose, Sephadex G-200, and fa c to r X-Sephafose 

chromatography. The molecular weight estimated by gel f i l t r a t io n  on 

Sephadex G-200 was calculated to  be 250-300,000. On sodium dodecyl 

su lfa te-urea polyacrylamide ge ls, the prote in migrated as a t r ip le t  w ith 

molecular weights o f 85,000, 88,000, and 93,000. In  the absence o f de­

naturing agents, the pro te in did not enter the ge l. In the presence o f 

2-mercaptoethanol, the e lectrophore tic  pattern remained the same. Incu­

bation o f the pro te in w ith  thrombin resulted in  a 30-fo ld increase in  i t s  

a c t iv i ty .  When analyzed by gel e lectrophoresis, the t r ip le t  was converted 

to  a combination o f a doublet with molecular weights o f 69,000 and 73,000, 

and bands, o f 55,000 and 38,000. A ctiva tion  o f the fa c to r V III  procoagulant 

pro te in w ith  fa c to r Xa in  the presence o f calcium and phospholipid, resulted 

in  the same e lectrophore tic  pattern as a fte r  thrombin a c tiva tio n .

Human F V I I I : C was p u r if ie d  5,000-fo ld (117) from plasma by lim ite d  

reduction w ith  1 mM d i th io th r e i to l, Sepharose 4B chromatography, 

a lky la tio n  w ith iodoacetamide, Sephadex G-100 and po lye lec tro ly te  resin



chromatography. In a second paper by the same group (.118), a 17,000-fold 

p u r if ic a tio n  was achieved by lim ite d  reduction w ith 1 mM d ith io th re i to l , 

Sepharose 4B chromatography, reaction o f the prote in w ith pyrictyl 

d is u lf id e , p o lye le c tro ly te  resin chromatography, and th io l d is u lfid e  

interchange chromatography using th iopropyl Sepharose. The protein was 

eluted from th is  column w ith d ith io th re ito l,  and was a lkyla ted by 

co lle c tio n  in to  iodoacetamide. The molecular weight o f the reduced and 

a lkyla ted pro te in  in  both cases was approximately 115,000. Although 

the von Willebrand fa c to r loses a c t iv i ty  in  1 mM d ith io th re ito l,

F V III:C  appears to  have a t leas t one d is u lfid e  bond which can e ith e r 

be-reduced or modified and is  non-essential fo r  a c t iv i ty .  I t  has also 

been shown (99) tha t F V III:C  a c t iv i ty  is  not lo s t when the fa c to r V III  

complex is  incubated w ith 0.05 M 2-mercaptoethanol. In contrast to  th is ,  

the von W illebrand fa c to r a c t iv i ty  was rap id ly  lo s t.  There are, however, 

essential th io l groups in  F V III:C  since m odification w ith p-chloromercuri- 

benzoate inactiva tes i t  (119).

Thrombin A ctiva tion  

F VI11:C is  activated by thrombin (115,116,120-123). In the 

presence o f thrombin, procoagulant a c t iv i ty  rap id ly  increases and, then, 

gradually decreases. Vehar and Davie (116) have demonstrated th a t, when 

bovine F V I I I :C is  exposed to  thrombin, there is  a reduction in  molecular 

weight o f each o f the chains. Hoyer and Trabold (115) have shown tha t 

thrombin activated F V I I I : C has a molecular weight o f 116,000 as determined 

by gel f i l t r a t io n  and u ltra ce n trifu g a tio n  stud ies. This is  in  contrast 

to  a molecular weight o f 285,000 which they have reported fo r  the 

unactivated p ro te in . Although the exact mechanism o f in a c tiva tio n  o f 

activa ted F V I I I :C is  unknown, there is  evidence to  ind icate  th a t 

thrombin is  not involved. When F V III:C  was activated by passage through



a column o f immobilized thrombin (.1 22 ) ,  in a c tiva tio n  occurred even 

though thrombin was not present. A fte r a c tiva tion  by thrombin, the 

addition o f thrombin in h ib ito rs  (115,123) had no e ffe c t on the 

in a c tiva tio n . H u ltin  and Jesty (123) give evidence to  ind icate tha t the 

in ac tiva tion  o f activated F V III:C  has the cha rac te ris tics  o f f i r s t  order 

decay.

Other Properties

When plasma is  treated w ith  EDTA, there is  a loss o f F V III:C  

a c t iv ity  (124). EDTA treated fa c to r V III  complex loses F V I I I : C 

a c t iv ity  w ithout losing von W illebrand fa c to r a c t iv i ty  (121). The loss 

o f procoagulant a c t iv i ty  is  ir re v e rs ib le  as incubation w ith calcium or 

other metals did not restore a c t iv i ty .  When the fa c to r V II I  complex was 

separated by gel f i l t r a t io n  in  the presence o f rad ioactive calcium, a ll 

the ra d io a c tiv ity  coeluted w ith  F V III:C  (125). I t  seems, therefore , 

th a t calcium not only binds to  F V I I I :C, but is  necessary fo r  i t s  s truc ­

tu ra l in te g r ity .

Carbohydrate analysis o f F V III:C  has not ye t been done, but both 

bovine (116) and human (108) F V I I I :C have been shown to bind to  

concanavalin A.

F V III:C  can be quantitated by sp e c ific  immunoassays using the 

sera from hemophiliacs tha t develop in h ib ito rs  and from ind iv idua ls  who 

form autoantibodies to  F V III;C  (126-128). These antisera in te ra c t

s p e c if ic a lly  w ith F V I I I : C, but do not p rec ip ia te  the pro te in .

The s ite  o f synthesis o f F V III:C  is  not ye t known. However, there

is  evidence to  ind icate  th a t i t  is  released by the l iv e r  (129-132). Owen

and Bowie (132), studying the generation o f c lo tt in g  factors in  ra t l iv e r  

perfused w ith a synthetic blood s u b s titu te , have indicated tha t the l iv e r  

only releases F V I I I :C in  the presence o f the von Willebrand fa c to r.



von Willebrand Factor (vMF)

Biochemical studies o f the von Willebrand fa c to r have been done on 

the fac to r V III  complex. Molecular weight determinations by gel 

f i l t r a t io n  and sedimentation equ ilib rium  ind ica te  th a t the protein has a 

molecular weight in  excess o f 1,000,000 (133-135). When electrophoresed 

in  5% polyacrylamide gels in  the presence o f sodium dodecyl su lfa te  and 

6M guanidine or urea, no pro te in enters the ge l. On reduction w ith 

mercaptoethanol or d i th io th re i to l, a s ing le  band is  detected on SDS 

polyacrylamide gels w ith a molecular weight estimated to.be 2 0 0 ,000 -

240,000 (133-135). I t  has recently been demonstrated tha t the 1,000,000 

dal ton prote in polymerizes as a m ultim eric set w ith  molecular weights 

ranging from 1-20 x 106 daltons (99, 136-138). There is  evidence to 

ind icate  tha t only the large polymers in te ra c t w ith  p la te le ts  (139). 

Therefore, i t  appears tha t polymerization o f vWF to form large aggregates 

is  essential fo r  normal p la te le t function .

Carbohydrate

There is  a good deal o f evidence to  ind ica te  th a t carbohydrate plays 

an important ro le  in  the function o f vWF. Removal o f s ia l ic  acid 

residues has been shown to cause an increase (140,141), a decrease (142, 

143) or no change (144) in  p la te le t aggregating a c t iv i ty .  Removal or 

oxidation o f a penultimate galactose reduces p la te le t aggregating a c t iv ity  

(144,145). When the oxidized galactose was reduced, a c t iv i ty  was 

restored. A lte ra tio n  or removal o f carbohydrate residues does not 

a ffe c t procoagulant a c t iv ity .

S ia lic  acid is  involved in  the in  vivo surv iva l o f F VIII/vWF. The 

asia lo  protein is  cleared by rabb it l iv e r  w ith  a T^ o f 5 min as opposed 

to  240 min. fo r  the normal protein (142). I t  has also been demonstrated 

tha t the l iv e r  asia lo-g lycoprote in  le c t in  binds asia lo F VIII/vWF, but not



native or asialo-agalacto F VIII/vWF (145).

An attempt to corre la te  carbohydrate content o f F VIII/vWF w ith 

disease has led to c o n flic t in g  re su lts . Gralnick e t a l . (146) have 

shown tha t F VIII/vWF from each o f f iv e  von Willebrand patients did not 

s ta in  w ith  period ic acid S ch iff s ta in  fo r  carbohydrate. In two o f these 

pa tien ts , the s ia l ic  acid content o f F VIII/vWF was decreased. In con­

tra s t ,  Zimmerman e t a l.  (147) have found th a t F VIII/vWF from f if te e n  , 

o f sixteen von Willebrand patients sta ined-w ith period ic acid S ch iff 

reagent. In another study (148), F VIII/vWF from von Willebrand patients 

had a decreased in te rac tio n  w ith  concanavalin A as compared to normal 

F VIII/vWF. The antigenic properties o f carbohydrate modified F VIII/vWF 

are the same as normal F VIII/vWF when using ra b b it antiserum. Therefore, 

i f  von Willebrand F VIII/vWF is  carbohydrate d e fic ie n t, th is  cannot 

account fo r  the decreased quantity  o f fa c to r V III  re lated antigen in  

von Willebrand disease.

P la te le t Binding Sites

The presence o f binding s ites  fo r  F VIII/vWF on human p la te le ts  has
1been demonstrated by using I F VIII/vWF and washed human p la te le ts  

(149). The amount o f F VIII/vWF tha t bound to  the p la te le ts  was dependent 

on the r is to c e tin  concentration, and binding was lin e a r fo r  r is to c e tin  

concentrations up to 1 mg/ml. The time fo r  binding to  reach equ ilib rium  

was dependent -upon the number o f p la te le ts . When a fixed  concentration 

o f r is to c e tin  and p la te le ts  were used, binding o f F VIII/vWF increased as 

the concentration o f F VIII/vWF increased, b u t 'th is  eventually reached a 

plateau. This shows th a t the binding is  saturable. Scatchard analysis o f 

the binding data give a d issocia tion constant, K^, o f 0.46 nM fo r  a 

r is to c e tin  concentration o f 1 mg/ml and 0.5 nM fo r  a r is to c e tin  concentration



o f 0.5 mg/ml. The calculated to ta l number o f binding s ites  per p la te le t was 

.31,000 in  the presence o f 1 mg/ml r is to c e t in , and 13,700 in  the presence 

o f 0.5 mg/ml r is to c e t in . These were based upon the assumption tha t 

F VIII/vWF is  univalent w ith  a molecular weight o f 1.1 x 10 Daltons.

In examining the s p e c if ic ity  o f binding, i t  was found th a t only unlabeled 

human or bovine F VIII/vWF competed w ith labeled F VIII/vWF. The addi­

tio n  o f 2 mM CaClg, NaCl, or EDTA had l i t t l e  e ffec t on binding. However, 

the addition o f 2 mM EGTA resulted in  an 86% in h ib it io n  o f binding. Since 

EDTA had no e ffe c t,  the in h ib ito ry  e ffe c t o f EGTA is  most l ik e ly  due to 

some property o f the molecule other than i t s  Ca+^ chelating a c t iv i ty .  In

studying the binding in  the pH range o f 5.3 to  9.0, maximum binding

occurred between pH 7.0 and 7.5. When p la te le ts  were treated w ith 

increasing concentrations o f chymotrypsin, binding o f F V III/vW f 

pregressively decreased, in d ica tin g  tha t the receptor fo r  F VIII/vWF is  

proteinaceous in nature.

Following the id e n tif ic a t io n  o f p la te le t binding s ites  fo r  F VIII/vWF, 

a study o f whether binding o f F VIII/vWF corre lates w ith function 

(p la te le t aggregation) was undertaken (150). I t  was reasoned tha t 

r is to c e tin  causes F VIII/vWF binding s ite s  to  become accessible and tha t 

the number o f binding s ite s  is  dependent upon th e .r is to c e tin  concentra­

t io n . I f  p la te le t aggregation is  dependent upon binding, then the number 

o f binding s ites  made accessible by r is to c e tin  should corre la te  w ith the 

rate or extent o f r is to c e tin  induced p la te le t aggregation over a range o f 

r is to c e tin  concentrations. Using r is to c e tin  a t concentrations from 0.2 

to  1 mg/ml, i t  was shown th a t the in i t ia l  ve lo c ity  o f p la te le t aggregation 

was d ire c t ly  proportional to  the amount o f binding. I t  was also



demonstrated th a t, when p la te le ts  were exposed to  d iffe re n t concentra­

tions o f chymotrypsin or try p s in , binding o f F VIII/vWF and p la te le t 

aggregation were reduced concomitantly and progressively. There was 

also a d ire c t co rre la tion  between the reduction in  binding o f F VIII/vWF 

and the reduction in  the in i t i a l  ve lo c ity  o f r is to c e tin  induced 

p la te le t aggregation by heparin, EGTA, and other in h ib ito rs .

In another study, the co rre la tion  between binding and p la te le t 

aggregation was examined fo r  carbohydrate modified F VIII/vWF (151). 

Binding was determined by the a b i l i t y  o f unlabeled modified (o r normal)

F VIII/vWF to  in h ib it  binding o f ^25I F VIII/vWF. I t  was found th a t, 

a fte r  removal o f s ia l ic  ac id , p la te le t aggregation was reduced to  39%. 

Subsequent oxidation o f penultimate galactose residues fu rth e r reduced 

aggregation to  19% o f normal. Reduction o f the oxidized galactose with 

KBĤ  restored aggregating a c t iv i ty  to  33.3%. In the binding study, i t  

was found tha t the concentration required to  in h ib it  50% o f the binding- 

o f ^25I F VIII/vWF to  5 x 106 p la te le ts  was 2.0 yg/ml fo r  native 

F VIII/vWF, 14.8 yg/ml fo r  a s ia lo , 66 yg/ml fo r  galactose oxid ized, and 

30 yg/ml fo r  KBĤ  reduced-galactose oxidized F VIII/vWF. The in h ib it io n  

o f binding was fu rth e r analyzed by using Lineweaver-Burk p lo ts to  deter­

mine the type o f b ind ing, and Dixon p lo ts  to  determine the in h ib it io n  

constant, . Examination o f the in h ib it io n  o f binding by Lineweaver- 

Burk p lots indicates th a t the in h ib it io n  is  com petitive. Upon removal 

o f s ia l ic  ac id , the K. increased from 1.1 nM to  12.5 nM. Oxidation of 

the penultimate galactose fu rth e r increases the to  53.8 nM. Reduction 

o f the oxidized galactose brought the K. to  18.9 nM. To corre la te  binding 

and aggregation, the log o f p la te le t aggregating a c t iv i ty  was p lo tted 

against the log o f the fo r  each form o f F VIII/vWF. The lin e a r 

re la tio n  found between these two parameters indicates tha t p la te le t
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aggregating a c t iv i ty  is  a function o f receptor binding a f f in i t y .

In examining whether F VIII/vWF could in te ra c t w ith other c e lls ,  

i t  was found th a t some binding to  red blood ce lls  and polymorphonuclear 

leukocytes occurred (149). I t  was f e l t  tha t the in te rac tio n  was 

non-specific because binding could be progressively diminished w ith 

additional washes. With the find ing  tha t F VIII/vWF has blood group 

o ligo  saccaharide structures attached covalently (152), in te ractions w ith 

other c e ll types could occur through ABO blood group in te rac tio ns .

The physiological s ign ificance o f r is to c e tin  induced p la te le t 

aggregation and binding o f F VIII/vWF to p la te le ts  is  not c lea r. However, 

in  l ig h t  o f the fa c t th a t there is  reduced r is to c e tin  induced aggregation 

in  von W illebrand's disease, the phenomenon most l ik e ly  has physiological 

s ign ificance . To add credence to  th is ,  there is  evidence to  ind icate 

tha t glycoprotein I o f the p la te le t membrane is  the receptor fo r  F VIII/vWF. 

There is  a d isorder, the Bernard-Soulier syndrome, in  which glycoprotein 

I is  d e fic ie n t and the resu ltin g  p la te le t abnormality can be linked to a 

decreased in te rac tio n  w ith F VIII/vWF (153-156).

Other Properties

Amino Acid analysis o f F VIII/vWF (133-135) indicates tha t i t  

contains very low amounts o f tyrosine and tryptophan, and there are no 

free su lfhydry l groups. The molecule also contains approximately 20% 

aspartic acid and glutamic acid , and approximately 10% lys ine  and 

arg in ine.

Antibodies against F VIII/vWF raised in  rabb its  p rec ip ia te  F VIII/vWF 

and in h ib it  F V III/vW F-p la te le t in te ra c tio n s . The antisera vary in  

th e ir  in h ib ito ry  a ffec ts  on F V I I I : C (157). The immunoprecipitation 

properties o f the antisera allows fo r  the q u a n tifica tio n  o f fa c to r V III 

re lated antigen by Laurel 1 immunoelectrophoresis, counter immunoelectro-



phoresis, and radioimmunoassay (158-159).

Using immunofluorescence to  detect the s ite  o f synthesis,

V II I  re lated antigen was detected in  endothelia l c e lls  o f a rte rie s , 

a r te r io le s , c a p il la r ie s , veins, megakaryocytes, p la te le ts , and the 

medium from cultured human um bilical cord endothelia l c e lls  (160-163).



D. Purpose o f Research

The purpose o f th is  work was to  study some o f the physical 

properties o f F VIII/vWF by c irc u la r  dichroism and fluorescence spectro­

scopy. In add ition , the in te rac tion  between F VIII/vWF and heparin was 

investigated in  order to  gain a be tte r understanding o f how F VIII/vWF 

in te racts  w ith membrane surfaces. A method was developed fo r  the 

production o f antibodies in  mice to  F VIII/vWF in  order to have a source 

o f antibody fo r  the qu an tita tive  assays o f F VIII/vWF.



I I .  PRODUCTION OF ANTIBODIES TO FACTOR V II I/von WILLEBRAND 

FACTOR IN THE ASCITIC FLUID OF C57BL/6J MICE

A. In troduction

Q uantita tive  abnorm alities o f F VIII/vWF in  von W illebrand 's disease 

and hemophilic ca rrie rs  are detected by immunoassay. Rabbits have been a 

prime source o f antibodies fo r  the determination o f fa c to r  V III  re la ted 

antigen by Laure ll immunoelectrophoresis and enzyme immunoassay. The use 

o f rabb its  requires adequate f a c i l i t ie s  fo r  th e ir  housing. Successful 

bleeding o f rabb its  may also be d i f f i c u l t  and, a t tim es, resu lts  in  death.

Production o f a s c it ic  f lu id  containing antibodies in  mice was f i r s t  

described by Munoz (164). I t  was found th a t, a f te r  in tra pe ritonea l 

in je c tion s  w ith  e ith e r bovine serum albumin or ovalbumin mixed in  Freund's 

adjuvant, the mice developed large amounts o f f lu id  contain ing antibodies 

to  the antigens.

In a study by another group (165), i t  was found th a t substantia l 

quan tities  o f a s c it ic  f lu id  contain ing antibodies could be obtained by 

in je c tin g  mice w ith  an tigen ic  m aterials derived from e ith e r Staphylococcus 

aureus or Salmonella e n te r id it is  mixed w ith  incomplete Freund's adjuvant. 

In subsequent work by others (166-168), i t  was observed th a t the response 

o f the mice varied from mouse to  mouse,with the s t ra in .o f  mice, and w ith 

the method o f in je c tio n .

Tung e t a l . (169) have made a thorough in ve s tig a tio n  o f the 

e ffe c t o f adjuvant to antigen ra t io ,  amount and time course o f in je c ­

t io n , and s tra in  o f mice, in  order to  maximize a s c it ic  f lu id  production 

and antibody concentration. They found tha t maximum antibody and 

a s c it ic  f lu id  production occurred when eight-week old A/J mice were 

in jected on days 0, 14, 21, and 35 w ith  0.2 ml o f a 9:1 m ixture o f 

complete Freund's adjuvant to  antigen w ith  the antigen a t a concentra­

tio n  o f 25 mg/ml. The requirement fo r  such a large concentration o f



antigen poses lim ita tio n s  to the applica tion o f the technique. By 

modifying th e ir  method, an antiserum to F VIII/vWF was produced with 

the concentration o f F VIII/vWF being 100-200 yg/ml. The antiserum 

was used to quantita te  fa c to r V III re lated antigen by Laurell 

immunoassay, and the resu lts  obtained were compared to  those using a 

commercial rab b it antiserum. The anti F VIII/vWF antibody was iso la ted 

by a f f in i t y  chromatography and i t s  subclass was id e n tif ie d . An attempt 

was also made to  develop a sp e c ific  one-reagent fluorescence assay fo r 

F V III  re lated antigen.



B. Experimental Methods

P u rifica tio n  o f F VIII/vWF 

F VIII/vWF was p u rifie d  by a m odification o f the method o f Rubin e t 

a l.  (170). A 30 ml v ia l o f Hemofil (Hyland) was reconstitu ted w ith 10 ml 

o f imidazole buffered sa line (IBS) (0.05 M im idazole, 0.15 M NaCl, 

pH 7.35). The reconstitu ted concentrate was adsorbed w ith 0.1 ml o f 

A1(0H) 3 (Amphogel, Wyeth) per ml concentrate to  remove factors I I ,  IX,

X, and XI. The insoluble matter was removed by cen trifuga tion  a t 5,000 

XG fo r 10 minutes at 25°C. The supernatant was poured o f f ,  and to i t  was 

added 0.1 un its o f Malayan P it Viper venom (Arvin) per ml o f supernatant 

(171). This was allowed to c lo t  overnight. The c lo t was broken w ith a 

glass rod, and the liq u id  was separated from the insolub le material by 

cen trifuga tion  at 15,000 XG fo r  15 minutes a t 25°C. The supernatant 

(4-5 ml) was applied to  a 1.6 x 100 cm Bio Gel A-15M (Bio Rad) column, 

eluted downward w ith IBS at a flow rate o f 8 ml per hour and collected in 

3 ml fra c tio n s . The void volume eluate was pooled, dialyzed against 

0.15 M NaCl overnight, and stored a t -20°C u n til used.

Factor V III  Procoagulant Assay 

Factor V III  procoagulant a c t iv i ty  was measured by the one-stage 

APTT method as described by M itche ll e t a l . (172). Factor V III  d e fic ie n t 

plasma (Dade, 0.1 m l), 0.1 ml o f te s t material or contro l plasma, 

and 0.1 ml o f activated cephaloplastin reagent (A c tin , Dade) are mixed 

and incubated at 37° fo r  2 minutes. CaClg (0.02 M, 0.1 ml) is  added and 

the time i t  takes fo r  a c lo t to  form is  recorded. To prepare a standard 

curve, the time in  seconds is  p lo tted  versus the log o f the percent 

fa c to r V III  procoagulant a c t iv i ty .  A fa c to r V III  procoagulant a c t iv ity  

o f 100% (1 U/ml) is  defined as a 1/5 d ilu tio n  o f pooled normal plasma.



In h ib itio n  o f coagulant a c t iv ity  was measured in  Bethesda units as 

described by Kasper et a l.  (173). This involves incubating one part 

control plasma w ith  one part antiserum fo r  two hours a t 37°C and then 

measuring the residual procoagulant a c t iv i ty .  An antiserum containing 

1 Bethesda u n it o f in h ib ito r  w i l l  reduce procoagulant a c t iv i ty  by 50%.

Protein Assays
Protein concentration was determined by the m icrobiuret method

(174) using bovine serum albumin as a standard.
Production o f Anti sera

Eight week old male or female C57BL/6J mice (Jackson Laboratories) 

were in jected in tra p e rito n e a lly  (w ith a 25 gauge, 5/8 inch long needle) 

w ith 0.2 ml o f a 2:1 mixture o f complete Freund's adjuvant (D ifco) to 

the fa c to r V III  so lu tio n . The in je c tion s  were given on days 0, 14, 28,

35, 42, 49, and 56, w ith the production o f noticeable a s c it ic  f lu id  

beginning between days 49 and 63. Additional weekly or biweekly in jec tions  

were given u n til the development o f adhesions made in je c tio n  d i f f ic u l t .

When s u ff ic ie n t a s c it ic  f lu id  developed (usua lly  weekly, s ta rtin g  w ith  

the 49th day), f lu id  was tapped by in se rtin g  a 20 gauge 1.5 inch needle 

(w ithout syringe) in to  the abdominal cav ity  and allow ing the f lu id  to  

dra in . This f lu id  was immediately centrifuged fo r  5 minutes at 5,000 XG 

a t 4°C and then frozen.

On thawing, c lo ts  formed which were broken w ith  a Pasteur p ipe tte .

These were removed by cen trifug ing  fo r  10 minutes a t 15,000 XG. The 

f lu id  was heated at 56°C fo r 30 minutes and centrifuged fo r  15 

minutes at 15,000 XG. The an ti serum was absorbed by the method o f 

Zimmerman e t a l.  (175). I t  was incubated overnight a t 37°C w ith a 

fra c tio n  o f plasma soluble in  3% ethanol and inso lub le in  8% ethanol at 

-3°C. The p re c ip ita te  which formed a fte r  the incubation was removed by



cen trifuga tion  fo r  15 minutes a t 15,000 XG. The anti serum was

heated at 56°C fo r  30 minutes and centrifuged fo r 15 minutes at 15,000 XG.

This antiserum was stored frozen in  2-5 ml a liquo ts.

Iso la tion  o f Anti F VIII/vWF Antibody

F VIII/vWF was immobilized on agarose as fo llow s. The void volume 

frac tions from the Bio Gel A-15M chromatography step were pooled and 

concentrated to  5 ml using Aquacide I I  (Calbiochem). I t  was then dialyzed 

overnight at 25°C against bicarbonate bu ffe r (0.1 M NaHCOg, 0.5 M NaCl 

pH 8 .5 ). CNBr (0.5 g)(Eastman) was added to  5 ml o f Sepharose 4B

(Pharmacia) in  7 ml o f water; the pH was maintained a t 11 w ith 4 M NaOH

fo r  12 minutes. The activated Sepharose was washed w ith  500 ml o f cold

bicarbonate bu ffe r on a sintered glass funnel. The activated Sepharose

was poured in to  a beaker, the F VIII/vWF so lu tion was added, and the

volume brought to  15 ml w ith bicarbonate b u ffe r. Coupling proceded fo r

two hours at 25°C w ith constant s t ir r in g .  A fte r two hours, the Sepharose

was washed w ith bicarbonate bu ffe r u n til the eluate had no absorbance at

280 nm. Residual active s ites  were blocked by adding 30 ml o f 1 M ethanol-

amine pH 9 and incubating fo r  two hours a t 25°C. The resin was washed w ith 15 ml

o f glycine-HCl bu ffe r (0.5 M g lyc ine, 0.1 M NaCl pH 2 .4 ), 15 ml o f borate

bu ffe r (0.055 M sodium borate, 1 M NaCl pH 8 .0 ), 15 ml o f acetate bu ffe r

(0.1 M sodium acetate, 1 M NaCl pH 4 .0 ), and phosphate bu ffe r (0.1 M

sodium phosphate, 0.15 M NaCl pH 7.5) u n t il the eluate had a pH o f 7.5.

The resin was packed in to  a 0.9 x 15 cm column (Pharmacia) and kept at 

4°C.

The an ti serum was brought to  50% saturation w ith ammonium su lfa te  

and then centrifuged fo r  10 minutes at 7,500 XG at 4°C. The p re c ip ita te  

was removed and dialyzed against the phosphate b u ffe r. 2 ml o f th is



material was applied to  the immobilized F VIII/vWF resin and eluted w ith 

the phosphate bu ffe r u n t il the eluate had no absorbance a t 280 nm. The 

bound prote in was eluted w ith 3 M NaSCN in  0.1 M sodium acetate bu ffe r 

pH 6 .0 , dialyzed against 0.15 M NaCl, and then stored at 4°C. The 

column was regenerated by washing as previously described.

Q ua lita tive  Immunodiffusion and Immunoelectrophoresis 

Immunodiffusion was performed by coating a 2.5 x 7.5 cm s tr ip  o f 

Gel Bond Film (FMC) w ith  3 ml o f 1% agarose (Bio Rad) in  T ris -T ric in e  

bu ffe r (Bio Rad Immunoelectrophoresis Buffer IV ). Wells (3 mm diameter) 

were f i l le d  w ith appropriate solutions and allowed to develop fo r  24-48 

hours. The gels were washed fo r  48 hours in  0.3 M NaCl, 48 hours in

0.15 M NaCl, d ried , and stained w ith acid fuchsin. Immunoelectrophoresis 

gels were prepared as were the immunodiffusion gels. A 3 mm well was 

f i l l e d  w ith reconstitu ted Hemofil. The gel was subjected to electrophoresis

at 3 ma fo r 1.5 hours. Troughs were cut and f i l le d  w ith anti serum and 

allowed to  develop fo r  24-48 hours. The gels were washed, d ried , and 

stained as previously described fo r  immunodiffusion.

Laurel! Immunoelectrophoresis 

Q uantita tive immunoelectrophoresis was performed by the method o f 

Laurel! (176). Eleven ml o f 1% agarose in  T ris -T ric in e  bu ffe r pH 8 .6  

containing antiserum (usually 0 .4 -0 .8%) was layered on a 10 x 75 cm 

piece o f Gel Bond Film. Antigen was placed in to  3 mm w e lls , and 

electrophoresed at 3 ma fo r  16 hours. The gel was dried and stained 

w ith coumassie blue.

Enzyme Immunoassay 

Enzyme inwunoassay was performed by modifying the method o f Ness and

Perkins (177). This method involves immobilizing F V III on polystyrene



tubes (1 , Fig. 7). Unoccupied s ites  are blocked by adding bovine serum 

albumin. Test o r control m aterial (containing F V II I )  is  incubated w ith 

mouse an ti F V I I I ,  and th is  mixture is  added to  the tubes. Imnobilized 

F V III  and free F V III  compete fo r  the antibody (2 , Fig. 7 ). A solution 

containing rabb it antimouse antibody coupled to  a lka line  phosphatase is  

added (3 , Fig. 7 ). The substrate p-nitrophenylphosphate is  added (4,

Fig. 7), and the a lka line  phosphatase converts i t  to  p-n itrophenol. The 

absorbance is  then read at 405 nm (p-nitrophenolate io n ). The quantity 

o f enzyme catalyzed product formation is  proportional to the concentration 

o f immobilized a n t i- fa c to r  V I I I , and inverse ly proportional to  the 

o rig in a l plasma fa c to r V III  concentration.

1. P u rified  fa c to r V III  was dialyzed against 0.2 M sodium 

carbonate bu ffe r pH 9.2. This so lu tion  (0,2 ml) was added to  12 x 75 

Falcon tubes #2052, incubated at room temperature fo r  30 minutes and

then removed from the tubes.

2 . Bovine serum albumin (BSA) (0.5%) in  carbonate bu ffe r pH 9.2

was added (0.5 ml) and incubated at room temperature fo r  15 minutes. The 

BSA so lu tion was removed and the tubes washed 2 times w ith 0.2% BSA in 

0.15 M sodium phosphate b u ffe r -  0.15 M NaCl pH 7.2 (PBS-BSA).

3. Seria l d ilu tio n s  o f plasma were made in  PBS-BSA, and 0.2 ml o f 

these d ilu tio n s  were incubated w ith  0 .1  ml o f murine anti serum d ilu ted  

1/200 in  PBS-BSA overnight a t 4°C. This mixture (0.2 ml) was added to 

the tubes and incubated at room temperature fo r  one hour. This mixture 

was discarded and the tubes were washed 3 times w ith PBS-BSA.

4. The conjugate was prepared by adding 0.3 ml (1.5 mg) o f a lka line  

phosphatase (Sigma Type V II) to  a volume o f the IgG fra c tio n  o f rabb it 

antimouse IgG (USB) which contained 0.5 mg o f p ro te in , and d ia lyz ing  at 4°C 

against PBS overnight. Glutaraldehyde (10 y l)  was added to a f in a l
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concentration o f 0.2% and allowed to  react fo r  two hours a t room 

temperature. This was then dialyzed against PBS at 4°C overnight and 

d ilu te d  1/200 w ith  PBS-BSA.

Conjugate (0.2 ml) was added to  the tube and incubated fo r  two 

hours at room temperature. The conjugate so lu tion  was removed and the 

tubes were washed 3 times w ith  PBS-BSA.

5. The substrate p-nitrophenyl phosphate (Sigma) was prepared ju s t 

before use a t a concentration o f 1 mg/ml in  0.05 M sodium carbonate 

bu ffe r pH 9.8 w ith 0.001 M MgCl^-

0 .2  ml o f substrate was added and incubated fo r  one hour.

1.5 ml Of 1 M sodium phosphate pH 9.0 was added, and the absorbance o f 

each tube was read at 405 nm.

Fluorescence Assay

N-(l-pyrene)maleimide was synthesized as described by Weltman et 

a l.  (178) (F ig . 8 ) .  2.1 g o f 1-aminopyrene (A ld rich ) in  24.5 ml o f ice

cold tetrahydrofuran was mixed w ith 1 g o f maleic anhydride in  1 2 .4  ml o f 

ice cold tetrahydrofuran. This reacted overnight a t 4°C w ith constant 

s t ir r in g .  The b rig h t yellow p re c ip ita te  was washed w ith tetrahydrofuran 

and then dried .

To a so lu tion  o f 22.66 ml ace tic  anhydride (24.54 g) containing 

0.245 g o f sodium acetate, 1.8 g o f the p re c ip ita te  [N-(l-pyrene)maleamic 

ac id ] was added. The suspension was heated a t 100°C fo r  45 minutes w ith 

s t ir r in g .  A fte r cooling to room temperature, the mixture was poured 

in to  100 ml o f ice  water, and the p re c ip ita te  [N-(l-pyrene)maleim ide] was 

collected by suction f i l t r a t io n .  The product (0.56 g) was collected 

a fte r  2 x re c ry s ta lliz a tio n  from ethanol and drying. The melting point 

was determined to  be 218-220°C. The melting po in t fo r  N -(l-pyrene)- 

maleimide given by Weltman e t a l.  (178) is  223-225°C.
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N-(l-pyrene)maleimide was conjugated to  the iso lated a n tifa c to r 

V III  antibody (from the immobilized F V III  resin) and to  a fra c tio n  of 

the antiserum which was insolub le in  50% saturated ammonium su lfa te  by 

the method o f Liburdy (179). The fluorescence emission a t 390 nm 

(Aex 345nm) was monitored fo r  the conjugated antibodies alone, and in 

the presence of. p u rif ie d  F VIII/vWF or plasma.



C. Results and Discussion

P u rifica tio n  o f F VIII/vWF 

The s ta rtin g  material used in  the p u r if ic a tio n  o f F VIII/vWF, 

Hemofil, was developed as a therapeutic treatment fo r  hemophilia.

Hemofil contains approximately 25 times the a c t iv ity  o f F V III:C  

as tha t o f plasma. This permits large quantities o f F V III:C  to be 

administered w ithout a large increase in  blood volume. Hemofil is  

prepared from pooled cryoprec ip ita te  which is  obtained from c itra te d  

human plasma (180-183). Fibrinogen is  se le c tive ly  p rec ip ita ted  from 

the redissolved cryoprec ip ita te  w ith polyethylene g lyco l. The 

F VIII/vWF is  then prec ip ita ted  by adding g lyc ine. The p re c ip ita te  is  

redissolved in  c itra te d  sa line and lyoph ilized .

Fig. 9 is  the e lu tio n  p ro f ile  fo r  the gel f i l t r a t io n  o f AT(OH) 3 and 

Arvin treated Hemofil on Bio Gel A-15M. Only un its  o f F V III:C  are 

indicated in  the f ig u re . However, a l l  a c t iv it ie s  coeluted in  the void 

volume. When th is  material is  electrophoresed in to  5% polyacrylamide 

gels in the presence o f 1% sodium dodecyl su lfa te  and 5 M urea, no 

protein enters the gel (F ig . 10). Upon reduction w ith 0.1 M

2-mercaptoethanol, a s ing le  band is  evident w ith in  the gel (F ig . 10).

Production o f Antisera 

In a thorough investiga tion  of the e ffe c t o f adjuvant to  antigen 

ra t io  on the production o f a s c it ic  f lu id  in  mice, Tung e t a l . (169) 

have found tha t a 9:1 ra t io  o f adjuvant to  antigen was needed to maximize 

a s c itic  f lu id  production. However, in  the concentration o f F VIII/vWF

availab le (100-200 yg/m l), a 9:1 ra t io  did not e l i c i t  an antibody

response. A 2:1 ra t io  was required to  produce antibody. In th is

inves tiga tion , C57BL/6J and fou r other s tra ins o f mice were used (A/J,

A/HeJ, SWR/J and RF/J). The four s tra ins  fa ile d  to produce adequate
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Figure 10 : 5% Polyacrylamide Gel E lectrophoresis o f F VIII/vWF
in the Presence o f 1% SDS and 5M Urea. A. Non-reduced. B. Reduced 
With 0.1M 2-Mercaptoethanol.



volumes o f a s c itic  f lu id  using an adjuvant to  antigen ra tio  of 2 : 1 .

Using a 9:1 ra t io ,  a l l  s tra ins  produced la rger volumes o f a s c itic  

f lu id ,  however, only the C57BL/6J mice produced large volumes o f f lu id  

using a 2:1  ra t io  o f adjuvant to antigen.

The quantity o f f lu id  produced by one group o f 10 mice is  lis te d  

in  Table 3. The range o f f lu id  was 17-57 ml, and the mean was 33.3 ml. 

The m o rta lity  rate o f the C57BL/6J mice varied from 20-50%. This can 

be kept to  a minimum by ca re fu lly  monitoring the mice during the time 

they are producing f lu id  and ensuring tha t too much f lu id  does not 

accumulate by frequent tapping.

Characterization of the Anti sera 

Immunodiffusion studies o f the a n tifa c to r VIII/vWF antibody which 

was iso la ted by a f f in i t y  chromatography w ith immobilized fa c to r VIII/vWF, 

show th a t i t  is  anlgG 1 antibody (F ig . 11A, 11B). The id e n tif ic a tio n  

of the antibody as an IgG 1 is  in  agreement w ith  previous work. Three 

reports o f monoclonal a n tifa c to r VIII/vWF ind icate tha t the 

monoclonal antibody was predominantly IgG 1 w ith  some being o f the 

IgG 2b class (184-186).

Immunoelectrophoresis o f Hemofil followed by d iffu s io n  against the 

antiserum (F ig. 12) yie lded two p re c ip it in  lin e s . A fte r incubation o f 

the antiserum w ith a fra c tio n  o f normal plasma, only a single p re c ip it in  

lin e  was evident. Both the absorbed and unabsorbed an ti sera gave one 

p re c ip it in  lin e  in immunodiffusion studies against Hemofil.

Q uantita tive  Immunoassays 

The mouse anti serum was comparable to  a commercial ra b b it anti serum 

when used to  quantita te  Factor V III  re lated antigen by the method o f 

Laurell (F ig. 13A, B). Fig. 13C shows the use o f the mouse antiserum 

to  quantita te  fac to r V III  re lated antigen eluted from a Bio Gel A-15M



Table 3

Total Quantity o f F lu id Produced by One Group o f 10 Mice

Mouse Sex Total F luii

1 M 54

2 M 21.5*

3 M 40

4 M 23.5*

5 F 49

6 F 57

7 M 17*

.8 M 23*

9 M 26

10 F 22*

♦Indicates tha t the mouse died prematurely.



Figure 11 : Irronunodiffusion Studies o f the A n tifa c to r V I I I  Antibody.
A) Well 1 : Eluate from Immobilized F VIII/vWF Column. Well 2 :
Anti Mouse IgG (USB). B) Well 1 : Eluate from Immobilized F VIII/vWF 
Column. Well 2 : Anti Mouse IgG 1 (L it to n ) .  Well 3 : Anti Mouse 
IgG2a (L it to n ) .  Well 4 : Anti Mouse IgG2b (L it to n ) .



Figure 12 : Immunoelectrophoresis Study o f the Mouse Anti serum. 
Reconstituted Hemofil was Placed in  Well. Troughs Contain Mouse 
A n tifa c to r V I I I .  1) Before Absorption. 2) A fte r Absorption.



Figure 13 : Laurel! Imm­
unoelectrophoresis. A) 
Using Rabbit Anti F V III  
(Calbiochem) at a Conc­
en tra tion  o f 0 . 6%.
Normal Plasma was Placed 
in  Wells; Duplicate 
Concentrations o f 100%, 
50%, and 25% were run.
B) Same as A except tha t 
Mouse Anti F VIII/vWF 
at a Concentration o f 
0.4% was used. C) Anal­
ys is  o f Void Volume E lu -' 
ate o f Bio Gel A-15M 
Chromatography' Using 
Mouse Anti F VIII/vWF. 
Wells 1 and 4 are 
Normal Plasma. Wells 2, 
3, 5, and 6 are Serial 
D ilu tions  o f the Column 
Eluate.



column. The commercial antiserum was used at a concentration o f 0.6%, 

the mouse antiserum at a concentration o f 0.4%. When von Willebrand 

plasma was subjected to Laurel.l immunoelectrophoresis using the mouse 

antiserum, no p re c ip it in  rockets developed. This indicates tha t the 

antiserum is  monospecific.

The standard curve fo r  the enzyme imnunoassay (F ig . 14) represents 

the average o f three separate assays run fo r each plasma d ilu t io n . The 

resu lts fo r  the enzyme immunoassay were comparable to those o f Ness and 

Perkins (177), who used a commercial ra b b it a n tifa c to r VIII/vWF antiserum. 

Using the same d ilu tio n  o f antiserum, the normal curve is  s im ila r to . 

the irs  w ith the exception th a t th is  curve'occurs at lower plasma 

d ilu tio n s . The curve can be sh ifte d  to  lower or higher plasma d ilu tio n s  

by changing the d ilu t io n  o f antiserum used in  the assay.

In studying the in h ib it io n  o f coagulant a c t iv i ty ,  i t  was found tha t 

the mouse antiserum contained 1-2 Bethesda in h ib ito r  u n its . Thus, lik e  

rabb it a n tifa c to r VIII/vWF an tise ra , th is  mouse antiserum has a low 

anticoagulant a c t iv ity  (187-189). Antibodies to  fa c to r VIII/vWF 

produced in  BALB/C mice (190) have been reported to have a very high 

anticoagulant a c t iv i ty .  Variations in  the in h ib ito ry  properties o f 

antisera are not unusual, and occur due to  the use o f d iffe re n t s tra ins  

o f animals, d iffe re n t preparations o f antigen, and varying methods o f 

immunization.

Fluorescence Assay

N-(l-pyrene)maleimide is  a non-fluorescent compound which becomes 

fluorescent a fte r  binding to  free amino or su lfhydry l groups. In 

agreement w ith  th is ,  no fluorescence was observed a t 390 nm (Aex 345 nm) 

fo r  free N-(l-pyrene)maleimide, however, a fte r  conjugation, there was 

fluorescence. The addition o f p u r if ie d  F VIII/vWF or plasma to the
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Figure 14 : Curve Derived from the Enzyme Immunoassay o f F VIII/vWF Using Normal Plasma.



antisera conjugated to N-(l-pyrene)maleimide fa ile d  to  produce a 

fluorescence enhancement. This is  in  constrast to the resu lts  reported 

by Liburdy (179) who was able to  quantita te  human IgG by measuring the 

fluorescence enhancement o f the probe bound to  antihuman IgG induced 

by the addition o f human IgG. This discrepancy can be explained in  

s.everal ways. Liburdy used concentrations o f antibody and antigen 

which were one to two orders o f magnitude higher than used in  th is  

report. I t  is  not c lear whether such large concentrations are needed to 

observe the e ffe c t. In a recent report (191), i t  has been shown tha t 

N-(l-pyrene)maleimide can be adsorbed and, upon doing so, i t  become 

fluorescent. Perhaps, a large background fluorescence,due to th is  non­

sp e c ific  adsorption, masked an observable fluorescence enhancement. The 

amount o f an ti F VIII/vWF antibody might be very small as compared to 

the to ta l antibody content o f the so lu tio n . In th is  case, a high 

background fluorescence may also mask the fluorescence enhancement.

This assay might work using e ith e r a monoclonal a n tifa c to r VIII/vWF, or 

antibody from a hemophiliac who has developed in h ib ito rs  (sp e c ific  fo r  

F VI11: C).

Summary

A method is  described fo r  the production o f antibodies to  human 

F VIII/vWF in  the a s c itic  f lu id  o f C57BL/6J mice. The method is  simple, 

does not require large f a c i l i t ie s  fo r  the housing o f animals and, i f  

one chooses to breed the mice, the cost o f producing the antiserum is  

minimal. The mouse antiserum gave comparable resu lts  as compared to  

rabb it antiserum when used to  quantita te  fa c to r V III  re lated antigen 

by Laurell immunoelectrophoresis and enzyme immunoassay. This method 

may also be applicable to  other proteins ava ilab le in  submilligram 

q u a n titite s .



I I I .  CIRCULAR DICHROISM STUDIES OF HUMAN F VIII/vWF 

A. Introduction

E lectronic T ransitions in  the Peptide Bond 

The major source o f e lec tron ic  tra n s itio n s  in  proteins is  the peptide 

bond. These tran s ition s  and the wavelengths a t which they occur are 

lis te d  in  Table 4. The -»■ tt*  and n -*■ a* tra n s itio n s  occur in  the 

vacuum u ltra v io le t  range, and are not observable w ith conventional 

U V/visib le instruments.

Due to the charge re d is tr ib u tio n  on the carbon, n itrogen, oxygen, 

and other atoms o f the peptide bond, the group exists as a d ipo le . When 

electrons are promoted from the ground to  excited s ta tes, re d is tru b itio n  

o f charge occurs resu lting  in  the change in  the magnitude o f the d ipo le . 

This change can be represented by a tra n s itio n  dipole tha t has d ire c tio n . 

As a re su lt o f th is  change, an o s c illa t in g  dipole is  produced. The 

p ro b a b ility  o f tra n s itio n  between the ground and excited s ta tes, the 

o s c illa to r  strength, is  re lated to  the in te n s ity  o f the absorption.

Besides considering e lec tron ic  tra n s itio n s  in  iso la ted peptide 

bonds, i t  is  also necessary to  consider the e lec tron ic  in te ractions 

between adjacent peptide groups. These in te ractions are from dipo le or 

exciton coupling (resonance coupling). The tra n s it io n  dipoles of 

adjacent residues can e ith e r re in fo rce  or oppose each o ther, leading 

to  exciton resonance s p l i t t in g ,  a decreased or increased energy gap, 

and a s h i f t  in  the absorption spectrum.

In the a h e lix , there are fou r combinations o f the peptide tra n s i­

tio n  d ipo les, w ith the net tra n s it io n  dipoles being e ith e r perpendicular 

o r p a ra lle l to  the h e lix  ax is . This resu lts  in  band s p l i t t in g  where the 

p a ra lle l o rien ta tion  induces a red s h i f t .



65.

Table 4

E lectronic T ransitions o f the Peptide Bond 

And the Wavelengths At Which They Occur (192,193)

T ransition  Wavelength (nm)

T T i  *► I T *  190

n -*• ir* 220

tt2 7T* 165

n ■+• a* 150



Experimentally, a re la tionsh ip  between UV absorption and protein 

(polypeptide) conformation can be examined using po ly lys ine . At high 

pH and at 25°C, po ly lysine is  in  an c rh e lica l conformation. At neutral 

pH, i t  ex ists as a co il due to the repulsion o f the e-amino groups.

At high temperature and a t a high pH, po lylysine is  in  an an tip a ra lle l

3 -sheet conformation. For the a -he lica l conformation, there are 

absorption maxima a t 191 and 209 nm, which are from the 7r it* tra n s i­

tions fo r  the e lectron ic  po la riza tions perpendicular to  the h e lix  axis 

and p a ra lle l to the h e lix  axis respective ly. For the 3-sheet conforma­

t io n , the maximum is  at 196 nmand.for the coiled conformation, the 

maximum is  a t 191 nm. These are also due to  the peptide bond i r  ■+ t t *  

tra n s itio n s . The very weak absorption bands a t 221, 216, and 219 nm 

from the a -h e lix , c o i l ,  and 3 -sheet conformation respective ly are due 

to  the symmetry forbidden n -*■ t t *  tra n s itio n s  (192,193). A complete 

l i s t  o f absorption maxima fo r  the various conformations is  given in 

Table 5.

C ircu la r Dichroism

C ircu la rly  polarized l ig h t  is  produced by combining two waves o f 

plane polarized l ig h t  o f equal amplitude and frequency tha t are one- 

quarter wavelength out o f phase. The vector sum o f r ig h t and le f t  

handed c irc u la r ly  polarized l ig h t  is  plane polarized l ig h t  describing 

a sine wave motion along the axis o f the l ig h t  path.

C ircu la rly  polarized l ig h t  is  absorbed by o p tic a lly  active 

compounds in  the regions o f e lectron ic  tra n s it io n . Passage o f r ig h t 

and le f t  handed c irc u la r ly  polarized l ig h t  through a medium tha t 

se le c tive ly  absorbs one o f the components resu lts  in  the emergence o f 

e l l ip t ic a l ly  polarized l ig h t .  In th is  case, the vector sum o f the 

emergent r ig h t and le f t  handed c irc u la r ly  polarized l ig h t ,  being o f



Table 5

Absorption Maxima fo r  the a -h e lix , B-sheet, and Coil Conformations (192,193) 

Conformation UV max (nm) C.D. max (nm) Po larization Transition

a -h e lix 155 - | j  to  h e lix  axis 1̂ 2 ■*“ n *

191 191 J_ to  h e lix  axis TT-j - * ■ T T *

209 208 || to  h e lix  axis ir-j I T *

221 222 J_ to  he lix  axis n tt*

B-sheet 171 TT2 +  T T *

196 195 IT .j I T *

219 217 n - * ■ T T *

c o il 191 197 TT^ +  T T *

216 217 n -*■ tt*

o



d iffe re n t amplitudes, traces an e l l ip i t ic a l  path. The e l l ip t ic i t y  per 

u n it length o f sample, 0 , is  defined as tan 6 = minor axis o f e llip s e / 

major axis o f e llip s e . C ircu la r dichroism, Ac, is  defined as eL - eR, 

where and are the e x tin c tion  coe ffic ien ts  fo r  le f t  and r ig h t hand 

c irc u la r ly  polarized l ig h t .  C ircu la r dichroism measurements are 

expressed in  terms o f molar or mean residue e l l ip t ic i t y ,  [ 0 ] ,  where 

[0 ] = 3300 Ac.

C ircu la r dichroism can be used to  examine a -h e lix , 0-sheet, and co il 

conformations using po ly lysine as a standard. The a -h e lix  has absorption 

maxima a t 191, 208, and 222 nm. The 191 and 208 nm maxima correspond 

to  the t t  •+• t t *  tra n s itio n s  fo r  the perpendicular and p a ra lle l o rien ta tions 

respective ly. The 222 nm band is  large in  magnitude, and is  due to  the 

n ->■ t t *  trans ition .w h ich  is  symmetry forbidden fo r  lin e a r dichroism but 

is  allowed fo r  c irc u la r  dichroism.

The 0-sheet spectrum has a maximum at 195 nm from the t t  -*■ t t *  

tra n s it io n  and a maximum a t 217 nm from the n -*■ t t *  tra n s it io n . The 

spectrum o f the c o il form has a maximum at 197 nm from the t t  +  t t *  

tra n s it io n  and a maximum at 217 nm from the n -► t t *  tra n s itio n s .

Estimation o f Protein S tructure from C ircu la r Dichroism Spectroscopy

Since each type o f pro te in  s truc tu re  has a d is t in c t  CD spectrum, 

the spectrum fo r  a given pro te in  can be envisioned as being a lin e a r 

combination o f i t s  component spectra. For example, i f  a pro te in  was 

composed o f 1/3 a -h e lix , 1/3 8 -sheet, and 1/3 c o i l ,  i t s  spectrum would 

be the mathematical average o f the three component spectra.

This approach has been used by Greenfield and Fasman (194), who 

assumed th a t po ly lys ine  is  100% a -h e lix , 100% 8 -sheet, or 100% co il 

under the appropriate conditions. The standard reference e l l ip t ic i t ie s  

fo r  each conformation, based upon th is  assumption, are given in  Table 6 .



Table 6

Reference E l1ip t ic i t ie s  fo r  the a -h e lix , 3-sheet, and Random Coil 
Conformations Using a Polylysine Standard (194)

E l l ip t ic i t ie s  in  deg»cm^/decimole

Wavelength (nm) a -h e lix

190 74,000
191 76,900 ±8,400
192.5 73,300
195 64,300
197 44,300
200 14,300
202 0
205 -25,000
208 -32,600 ±4,000
210 -32,400
211 -32,100
214 -31,000
215 -31,400
217 -33,100
220 -35,300
222 -35,700 ±2,800
225 -32,400
230 -21,900
234 -11,400
238 -4,'300
240 -3,300
250 0

3-sheet Random Coil

22,400 -32,200
25,300 -34,700
30,000 -37,500
31,900 ±5,000 -41,000
30,000 -41,900 ±4,000
24,300 -36,400
19,300 -25,600
5,700 -14,500
4,700 -3,400

-10,800 -1,400
-12,100 0
-16,400 3,500
-17,900 4,100
-18,400 ±1,800 4,600 ±500
-15,700 4,400
-13,800 3,400
-11,400 2,700
-6,400 800
-3,600 0
-1,400 -140

700 -150
0 0



One may compute a CD spectrum fo r  any combination o f the three 

conformations by m u ltip ly ing  the percent conformation by the standard 

reference e l l ip t i c i t y  fo r  each conformation and adding these up fo r  

each wavelength. The curve is  derived by p lo tt in g  the computed 

e l l ip t ic i t ie s  vs. wavelength.

I t  is  a b i t  more d i f f i c u l t  to calculate the frac tio na l content o f 

a -h e lix , 3-sheet, and co il from a given CD spectrum. Greenfield and 

Fasman have found th a t the fra c tio n  o f a -h e lix  can be calculated from 

the e l l ip t i c i t y  a t 208 nm. At th is  wavelength (Table 6 ), the a -he lix  

has a large e l l ip t i c i t y  (-33,000), while the e l l ip t ic i t ie s  o f the 8-sheet 

and co il conformation are small and nearly equal (-4 ,000). I f  the 

e l l ip t i c i t y  o f the pro te in a t 208 nm ([elggg) equals (F x -33,000)

+ [(F^ + Fc) x -4,000] and + Fc = 1 -  Fa , then i t  fo llows tha t 

[ e ]208 = x -33,000) + [(1 -  Fa) x -4,000) and

r _ ^ 2 0 8  + 4 '000
a = -29,000 *

Once the fra c tio n  o f a -h e lix  is  estimated, an estimate o f the 

fra c tio n a l content o f 8-sheet and c o il s tructu re  is  made by comparing 

the spectrum under study w ith  calculated CD spectra o f varying s truc tu ra l 

content.

Although the resu lts  obtained using th is  method generally agree 

w ith those from x-ray analysis, there are some inherent problems in 

the use o f . po ly lysine as a model. Most important is  tha t the con­

formations exhib ited by po ly lysine are not exactly representative of 

those found in  pro te ins. A lso, proteins contain o ther, non-polylysine- 

lik e  conformations, such as the 8-bend.



An a lte rna te  method o f analysis has been applied by Chen, Yang, and 

Martinez (195) and revised by Chen, Yang, and Chau (196). This is  

based upon the concept tha t the CD o f a pro te in  at any given wavelength 

can be expressed as

x ■ FA  + + V r

where X is  the e l l ip t ic i t y  a t the given wavelength, the F's are the 

fra c tio n a l content o f a -h e lix , 3-sheet, and unordered s truc tu re , and 

XQ, Xp, and* XR are the reference e l l ip t ic i t ie s  fo r  each conformation at 

the given wavelength. Using the CD spectra o f f iv e  proteins 

(sperm whale myoglobin, egg white lysozyme, dogfish la c ta te  dehydrogenase, 

papain from papaya, and bovine pancreatic ribonuclease) w ith  known 

fra c tio n a l content o f a -h e lix  and 3-sheet (R = 1 -  a -  3)» they were able 

to  calculate the values o f Xa , X^, and XR a t various wavelengths 

(Table 7). The fra c tio n a l content o f a -h e lix  and 3-sheet o f a prote in 

o f unknown conformation can be calculated by sub s titu tin g  in to  the 

equation the experimentally determined e l l ip t i c i t y  and the values o f 

Xa , Xg, and XR. Then, by se tting  up a series o f simultaneous equations 

(one equation fo r  each wavelength) one may solve fo r  Fq and F^

(Fr = 1 - Fa + Fg). The resu lts  obtained using th is  method are usually 

closer to  the x-ray analysis than when polylysine is  used as the 

reference compound.



Table 7
Reference E l l ip t ic i t ie s  fo r  a -h e lix , 3-sheet, and Random Coil 

Using 5 Proteins as Standards (196)
o

E l l ip t ic i t ie s  in  deg«cm /decimole 

Wavelength (nm) a -h e lix  3-sheet Random Coil

190 70,000 -2,880 -20,300
193 77,000 12,900 -36,000
196 68,200 14,000 -37,900
194 37,200 6,050 -23,200
201 16,800 8,810 -23,300
204 -9,120 300 -11,300
207 -22,300 -4,320 -5,770
210 -26,400 -8,190 -2,200
213 -24,800 -8,680 -850
216 -26,600 -9,210 1,230
219 -28,900 -6,890 1,720
222 -30,000 -3,360 1,580
225 -28,700 1,540 260
228 -24,000 4,390 -480
231 -17,300 4,580 -770
234 -11,300 3,540 160
237 -6,250 2,410 -90
240 -2,950 3,370 -1,040
243 -1,230 2,040 -930



B. Experimental Methods

Factor VIII/vWF was p u rifie d  as previously described, w ith the 

exception tha t the e lu tin g  bu ffe r was 1 mM T r is ,  0.15 M NaCl, 0.0025% 

NaN3, pH 7.35.

Protein concentration was measured by the m icrobiuret method as 

previously described.

C ircu la r dichroism spectra were measured w ith  a Jasco J-20 

spectropolarimeter (Japan Spectroscopic Co., Tokyo, Japan) at room 

temperature (25°C). The spectra between 200-250 nm were recorded w ith 

pro te in concentrations between 100-200 yg/ml using a 0.1 cm pathlength 

c e l l .  Baseline deviations due to  b u ffe r were subtracted' from a l l 

spectra. Spectra were measured at least two times, and the averaged 

values are reported.

A ll spectra are reported in  terms o f mean residue e l l ip t ic i t y

[0]:

tat _ 6observed x MRW 
L0J "  10 x d x c

where 0observec| is  the observed e l l ip t i c i t y  in  degrees; MRW is  the mean 

residue molecular weight which was determined to  be 127 from the amino 

acid analysis o f F VIII/vWF; d is  the pathlength in  centimeters; and 

c is  the protein concentration in  grams per m i l l i l i t e r .

To study the e ffe c t o f NaCl on the CD changes, so lid  NaCl was 

added to  the F VIII/vWF so lu tion  to  reach a f in a l concentration o f 

0.6 M or 1.0 M. No corrections were made due to  d ilu t io n  (approximately 

1.8% at 1.0 M NaCl) because the observed changes were much greater than 

those due to  d ilu t io n .



The e ffe c t o f CaCl2 was studied by adding so lid  CaCl2 (Sigma,

Grade I )  to reach a f in a l concentration o f 0.1 M or 0.25 M. As w ith 

the NaCl, no corrections were made due to  d ilu t io n  (approximately 0.6% 

a t 0.25 M CaCl2) .

In the ethylenediaminetetraacetate (EDTA) study, the F VIII/vWF 

so lu tion  was dialyzed against a 100-fold volume o f the t r is  bu ffe r 

containing a 0.02 M EDTA fo r  two hours a t 25°C. The EDTA was removed by 

d ia lys is  against a 100-fold volume o f the t r is  b u ffe r, changing the 

bu ffe r three times over a 24-48 hours period.

To study the e ffe c t o f d ith io th re ito l (DTT), so lid  DTT was added 

to  reach f in a l concentration o f 3 mM and 5 mM.

The e ffe c t o f heat on F VIII/vWF was studied by immersing the 

F VIII/vWF so lu tion  in  a b o ilin g  water bath fo r  10 minutes.

To see i f  heparin would change the CD spectrum o f F VIII/vWF, 

appropriate volumes o f a 1 mg/ml stock so lu tion  o f heparin (Sigma, 

sodium s a lt ,  Grade I)  were added to y ie ld  a f in a l heparin concentration 

o f 1 yg/ml or 5 yg/m l. Since the d ilu tio n  was between 0.1 to 0.5%, 

no corrections were made.

To study the e ffe c t o f phospholipid on F VIII/vWF, ra b b it bra in 

cephalin (Sigma) was added in  an amount equal to  th a t used in  the 

F V III  procoagulant assay. In th is  case, the F VIII/vWF so lu tion  was 

d ilu te d  by a s ig n ific a n t amount (approximately 16%), and corrections 

were made due to the d ilu t io n .

The e ffe c t o f pH on the CD spectrum o f F VIII/vWF was studied by 

d ia lyz ing  the F VIII/vWF so lu tion  against T ris  buffers o f pH 5, 6, 8, and 9.

The secondary s tructure  composition fo r  native F VIII/vWF was 

determined by the method o f Greenfield and Fasman (194). Secondary 

s truc tu re  compositions were calculated fo r  each CD spectrum by the method



o f Chen, Yang, and Chau (196). The constra in t was made tha t

= 1 - Fa - Fg, and the series o f simultaneous equations were solved 

using a Texas Instruments Model 59 ca lcu la to r which was programmed as 

described in  the Appendix.



C; Results and Discussion

The CD spectra o f native F VIII/vWF and F VIII/vWF in  the presence 

o f 0.6 M and 1.0 M NaCl are given in  Figure 15. F VIII/vWF exh ib its  a 

very shallow spectrum which is  in d ica tive  o f a protein w ith  a small 

percentage o f ordered s truc tu re . For reasons o f c la r i ty ,  in  these and 

in  a l l  subsequent spectra, the e l l ip t i c i t y  axis has been expanded. The 

e rro r in the e l l ip t i c i t y  is  ±10%.

Using the Greenfield and Fasman method (194), the a -h e lix  and 

3-sheet content o f native F VIII/vWF was determined to  be 5% and 50% 

respective ly. Using the method o f Chen, e t. a l . (196), the a -h e lix  

content was calculated to  be 12% and the 3-sheet content was calculated 

to  be 28% (Table 8 ). The low he lica l content is  expected from the 

overa ll shallowness o f the spectrum, and the absence o f maxima at 208 nm 

and 222 nm. The d iffe rence in  the values fo r  3-sheet content are due 

to  the d iffe re n t standards used and the d iffe re n t methods o f determina­

t io n . In the G reefield and Fasman method, 3-sheet content is  determined 

by comparing the spectrum under study to calculated spectra. From th is ,  

the 3-sheet content can be estimated to the nearest 10%. The large 

amount o f unordered s truc tu re  or random c o il (45-60%) is  also expected 

from the shallowness o f the spectrum.

The addition o f NaCl (F ig . 15) or CaCl2 (F ig . 16) to F VIII/vWF 

causes a change in  i t s  CD spectrum. This is  evident by a reduced 

e l l ip t i c i t y  which is  in d ica tive  o f a decrease in  ordered s truc tu re .

In agreement w ith th is ,  the calculated a -h e lix  and 3-sheet content is  

reduced in  the presence o f NaCl and CaCl2 (Table 8 ).

The conformational changes induced by NaCl and CaCl2 have s ig n i f i ­

cance in  th a t, a t 1 M NaCl and 0.25 M CaCl2, the F V III:C  dissociates
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Table 8

Calculated Secondary Structure Composition fo r  F VIII/vWF

% a -h e lix  % 8-sheet

native 12 28

.6 M NaCl 9 26
1 M NaCl 7 26

.1 M CaCl2 11 25

.25 M CaCl2 10 23

EDTA 9 23

3 mM DTT 7 20
5 mM DTT 5 15

Boiled 7 27

1 yg/ml Heparin 11 28
5 yg/ml Heparin 10 26



from the vWF. I t  is  not certa in  whether the conformational change 

(which may be envisioned as an unfolding) is  a p re requ is ite  fo r  the 

d issocia tion  or whether the d issocia tion induces the conformation 

change.

There is  some evidence to ind icate tha t calcium is  involved in  the 

structure  and/or function o f F VIII/vWF. EDTA destroys F V III:C
A C

a c t iv i ty ,  and Ca has been shown to bind to F V III :C . The CD spectrum 

o f EDTA treated F VIII/vWF is  markedly d iffe re n t than tha t o f native 

F VIII/vWF (F ig . 17). This would ind icate tha t calcium is  involved in 

the s truc tu ra l in te g r ity  o f the molecule. The change is  irre v e rs ib le  

since the addition o f CaClg did not a lte r  the spectrum. The retention 

o f vWF a c t iv ity  is  dependent upon the a b i l i t y  o f the molecule to assemble 

to a large molecular weight species. Since vWF a c t iv i ty  is  reta ined, 

i t  is  apparent th a t the conformational change induced by EDTA does not 

prevent the molecular assembly o f vWF.

From the amino acid analysis o f F VIII/vWF (134,135), i t  is  evident 

tha t there are approximately 120 ha lf-cys tin e  residues per 200,000 

subunit. Since there are no free su lfhydry l groups, i t  can be 

concluded tha t there are approximately 60 cystine residues per 200,000 

subunit. The change in  molecular weight fo llow ing  reduction indicates 

tha t there are in tercha in d is u lfid e  bonds. The e ffe c t o f d ith io th re ito l 

(DTT) on the CD spectrum o f F VIII/vWF is  given in  Figure 18. In 

addition to the decrease in  e l l ip t i c i t y ,  as the concentration o f DTT is  

increased, there is  a change in  the e l l ip t i c i t y  maximum. Sine the 

concentration o f DTT exceeds tha t which would be required to  reduce the 

in tercha in d is u lfid e  bonds, the conformational changes observed are 

l ik e ly  due to  reduction o f in tracha in  d is u lf id e  bonds.
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In an attempt to denature F VIII/vWF, the prote in solution was 

immersed in  a b o ilin g  water bath fo r  10 minutes. The CD spectrum o f 

boiled F VIII/vWF is  given in  Figure 19. Although there is  a change in 

the CD spectrum, the magnitude o f the change is  small as compared to the 

changes induced by EDTA and DTT. Although there is  a loss o f procoagu­

la n t a c t iv ity  when bo iled , there is  almost no change in  the fac to r VI11 

re lated antigen. In contrast to th is ,  EDTA causes a la rger change 

(decrease) in  the fa c to r V III  re lated antigen, and fa c to r V III re lated 

antigen is  undetectable a fte r  the addition o f DTT to  F VIII/vWF.

The CD spectrum o f F VIII/vWF in  the presence o f heparin is  given 

in  Figure 20. Heparin causes a reduced e l l ip t i c i t y ,  in d ica tive  of a 

conformation change in  which there is  an increase in  unordered structure  

or an unfold ing. Since both heparin and membrane surfaces are poly­

anionic in  nature, the in te rac tion  between F VIII/vWF and heparin may 

be s im ila r to  tha t o f heparin and membrane surfaces.

There was no change in  the CD spectrum o f F VIII/vWF in  the pH 

range o f 5-9, nor was there any change in  the presence o f phospholipids.

Summary

C ircu la r dichroism analysis o f F VIII/vWF indicates tha t i t  is  

composed o f a small amount o f a -he lix  and a large amount o f unordered 

s truc tu re . The structure o f the prote in is  extremely stable as i t  is  

re s is ta n t to changes in  pH and b o ilin g . There are a large number o f 

d is u lfid e  bonds which are essential fo r  the s tru c tu ra l in te g r ity  o f 

F VIII/vWF. The large number o f d is u lfid e  bonds are very l ik e ly  

responsible fo r  the s ta b i l i ty  o f the prote in to  pH and b o ilin g .

Treatment o f F VIII/vWF w ith  EDTA causes an increase in  unordered 

s tru c tu re /in d ic a tin g  tha t there may be a s truc tu ra l calcium. The 

addition o f NaCl, CaClg* and heparin appears to  induce an unfolding in  

F VIII/vWF.
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IV. THE INTERACTION OF HUMAN F VIII/vWF WITH HEPARIN

A. Introduction

Heparin is  a n a tu ra lly  occurring, h igh ly su lfa ted glycosaminoglycan 

consisting o f repeating disaccharide sequences o f a-L-1duronic 

acid 2 -su lfa te , and 2-deo*y-2-sulfamino-a-D-glucose 6 -su lfa te .

Other sugars, such as D-glucuronic acid , L-iduron ic acid, and 

2-acetamido-2-deoxy-glucose, are also present. Due to  i t s  polyanionic 

nature, heparin in te rac ts  w ith  ca tion ic  molecules. In add ition , i t  

has been demonstrated th a t heparin in te rac ts  w ith  some anionic 

molecules.

The a b i l i t y  o f human F VIII/vWF to aggregate p la te le ts  in  the 

presence o f r is to c e tin  is  in h ib ite d  by polyanions such as heparin and 

dextran su lfa te  (197,198). F VIII/vWF in  plasma has been shown to have 

an a f f in i t y  fo r  these immobilized polyanions. The degree o f a f f in i t y  

and in h ib it io n  is  d ire c t ly  dependent upon th e ir  su lfa te  content. I t  

seems, therefore , tha t the in te ra c tio n  is  p a rtly  e le c tro s ta tic  in 

nature.

F VIII/vWF is  anionic a t physiological pH. As evidence fo r  th is ,

F VIII/vWF has been shown to  bind to  an anionic exchange resin a t 

pH 6.0 and 0.15 M NaCl (199). The mechanism by which F VIII/vWF in te r ­

acts w ith  heparin is  uncertain.

Glycosaminoglycans are a ubiquitous constituent o f mammalian ce ll 

surfaces (200). In l ig h t  o f th is  and considering the in te rac tio n  o f 

F VIII/vWF w ith heparin (197,198), analysis o f the F VIII/vWF-heparin 

in te rac tio n  may lead to a b e tte r understanding o f how F VIII/vWF 

in te rac ts  w ith  c e ll surfaces.



B. Experimental Methods

F VIII/vWF was p u rifie d  as described previously w ith the e lu ting  

b u ffe r being 25 mM im id izo le , 0.15 M NaCl, 0.025% NaNg, pH 7.35.

Preparation o f Heparin-Agarose Conjugate 

3 g o f CNBr (Eastman) was added to  30 ml o f Sepharose 4B 

(Pharmacia) in  30 ml o f water. The pH was maintained at 11 w ith 4 M 

NaOH, and the temperature was kept a t 20°C by adding ice . A fte r 12 

minutes, a large amount o f ice was added, and the suspension was 

transferred to  a sintered glass funnel. I t  was then washed with 500 ml 

o f cold bicarbonate b u ffe r (0.1 M NaHCOg, 0.5 M NaCl, pH 8 .5 ). A fte r 

washing, the activated Sepharose was transferred to  a beaker containing 

150 mg o f heparin (Sigma, Grade I )  in  30 ml o f bicarbonate b u ffe r. 

Coupling proceded fo r, 16 hours a t 4°C w ith constant s t ir r in g .  A fte r 

coupling, an a liq u o t o f the supernatant was removed fo r  analysis, and 

the resin was washed w ith 500 ml o f bicarbonate b u ffe r. Residual active 

s ite s  were blocked by adding 30 ml o f 1 M ethanol amine pH 9 fo r  two 

hours at 25°C. The resin was then washed w ith  500 ml o f imidazole 

buffered sa line (IBS) (Im idazole, 0.15 M NaCl, 0.025% NaN3, pH 7.35) 

and kept a t 25°C. For production o f an tise ra , the 30 ml o f resin was 

packed in to  a 1.5 x 30 cm column (Pharmacia). For the recovery stud ies, 

10 ml o f the resin was packed in to  a 0.9 x 30 cm column (Pharmacia).

For a l l  subsequent stud ies, 5 ml o f the resin was packed in to  a 0.9 x 

15 cm column (Pharmacia).

Assay o f Heparin Bound to  Agarose 

The heparin content o f the resin was determined as described by 

Ive rius  (201). The a liquo t removed from the supernatant a f te r  coupling 

as well as one from a contro l experiment in  which nonactivated 

Sepharose was incubated w ith heparin were analyzed fo r  heparin



content (202). The ra t io 'o f  the absorbances a t 520 nm o f the super­

natant from the activated Sepharose and the control represents the 

percent o f heparin added which remained unbound. In add ition , a 

standard curve using heparin was prepared by which the quantity o f 

unbound heparin was d ire c t ly  determined. The quantity o f bound heparin 

is  determined from the to ta l amount o f heparin added (150 mg), and the 

concentration o f unbound heparin.

Heparin-Agarose Chromatography o f F VIII/vWF

For the production o f an tisera , a sample o f pooled, p u rifie d  

F VIII/vWF (contain ing 30-50 U o f fa c to r V III  procoagulant a c t iv ity )  in 

IBS was applied to  the heparin-agarose column and eluted w ith IBS u n til 

the eluate had no absorbance at 280 nm or u n til 60 ml had passed through

the column. The NaCl concentration o f the e lu ting  bu ffe r was increased

to  0.3 M and the column was eluted w ith th is  bu ffe r u n t il there was no 

absorbance at 280 nm o f the eluate.

For the recovery s tud ies, pooled p u rifie d  F VIII/vWF (containing 

approximately 10 U F V III:C ) was applied to the column and eluted w ith 

IBS u n t il 20 ml had passed through the column. The NaCl concentration 

was increased to 0.3 M, and the column was eluted w ith th is  b u ffe r u n til 

20 ml had passed through i t .

To study the e ffe c t o f pH, a volume o f F VIII/vWF containing 

approximately 5 U F V III:C  was applied to  the column. I t  was then 

eluted w ith  e ith e r IBS pH 6.35 or IBS pH 8.35 (the columns were 

equ ilib ra ted  w ith the e lu tin g  bu ffe r) u n t il 15 ml had passed through

the column. The NaCl concentration o f the bu ffe r was increased to  0.3 M

and the column was eluted w ith  th is  bu ffe r u n t il 15 ml had passed 

through i t .



The e ffe c t o f c itra te  and CaClg was determined in  the same way as 

the e ffe c t o f pH, w ith the exception tha t the buffers used were:

IBS pH 6.35 + 10 mM c it ra te ,  IBS pH 6.35 + 5 mM CaClg, IBS pH 7.35 +

10 mM c it ra te ,  and IBS pH 7.35 + 5 mM CaClg.

Production o f Antisera 

The fa c to r V III  which eluted from the heparin-agarose column was 

pooled, dialyzed against 0.15. M NaCl ove rn igh t.a t 25°C and stored at -20°C 

u n til used. Antisera to  th is  material was produced in  mice as previously 

described. A ll c lo tt in g , p ro te in , and immunoassays were performed as 

previously described.



C. Results and Discussion

The heparin content o f the resin was determined to be 1-2 mg o f 

heparin per ml ge l. This is  approximately 2 to  4 times the amount in  

commerically availab le heparin-agarose gels.

When F V II I  concentrate is  subjected to  immunoelectrophoresis using 

an unadsorbed antiserum, two p re c ip it in  lines are evident (F ig . 12). 

This indicates th a t the pro te in  so lu tion  used to  produce the antiserum 

is  not homogeneous. I f  the heparin-agarose resin would e ffe c t a 

fu rth e r p u r if ic a tio n  o f F VIII/vWF, then an antiserum produced against 

the heparin-agarose eluate would y ie ld  only one p re c ip it in  lin e . In 

order to  recover enough pro te in needed to produce an antiserum, a large 

(30 ml) column was needed. The e lu tio n  p ro f ile  o f th is  column is  given 

in Figure 21. The F VIII/vWF which was applied to  the column, bound in 

0.15 M NaCl and was eluted in  0.3 M NaCl. The f i r s t  p ro te in  peak 

appears to be due to overloading o f the column.

Antisera raised against the F VIII/vWF which was eluted from the 

heparin-agarose column was id en tica l to the antisera raised against the 

material which was applied to  the column (F ig . 22A). The c irc u la r  

dichroism spectrum o f the eluted F VIII/vWF was also id en tica l to the 

F VIII/vWF which was applied to  the heparin column (not shown). This 

indicates tha t the eluted F VIII/vWF retained i t s  native s truc tu re .

Immunoelectrophoresis o f F V III  concentrate using the unadsorbed 

antisera raised against F VIII/vWF before and a fte r  the heparin-agarose 

column (F ig . 22B) shows two p re c ip it in  lin e s . This indicates tha t no 

p u r if ic a tio n  was achieved using the heparin column.

To study the recovery o f F VIII/vWF a c t iv i t ie s ,  a 10 ml column was 

used. The e lu tio n  p ro f ile  o f th is  column is  given in  Figure 23. When 

the NaCl concentration is  increased to  0.3 M, F V I I I : C and F V III
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Figure 22 : Comparison o f Antisera Produced Against P u rifie d  F VIII/vWF 
and F VIII/vWF which Eluted from the Heparin-Agarose Column.
A) Immunodiffusion. Well 1 : Hemofil. Wells 2 and 3 : Antiserum 
Against Heparin-Agarose Eluate. Well 4 : Antiserum Against P u rified  
F VIII/vWF. B) Immunoelectrophoresis. Well : Hemofil. Troughs 
Contain Anti F VIII/vWF 1) Against P u rifie d  F VIII/vW F, 2) Against 
Heparin-Agarose Eluate.
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re lated antigen coeluted. vWF a c t iv i ty  also coeluted, but was not 

quantitated. Averaged over four runs, 50% o f the p ro te in , 50% of 

the fa c to r V III  re lated antigen, and 35% o f F V III:C  were recovered.

The e ffe c t o f pH, c it ra te ,  and CaCl2 on binding are lis te d  in

Table 9. At pH 6.35, binding was the same as tha t a t pH 7.35 and the

bound protein was eluted a fte r  increasing the NaCl concentration to
*

0.3 M. In contrast to  th is ,  a t pH 8.3, most o f the F VIII/vWF eluted in 

0.15 M NaCl and, when the NaCl concentration was increased to 0.3 M,

only a small amount o f pro te in  eluted.

At pH 7.35, in  the presence o f 5 mM CaCl2, a l l  the F VIII/vWF 

passes through w ithout being retained on the column a t 0.15 M NaCl.

When the NaCl concentration is  increased to  0.3 M, no pro te in  elutes 

from the column. In the presence o f 10 mM c it ra te ,  most o f the 

F VIII/vWF passes through a t 0.15 M NaCl. At 0.3 M NaCl, the small 

amount o f protein tha t bound elutes o f f  the column.

At pH 6.35, the addition of 10 mM c itra te  does not a ffe c t binding 

a t 0.15 M NaCl. At 0.3 M NaCl, a l l  the bound F VIII/vWF e lu tes. In 

the presence o f 5 mM CaCl2, a small amount o f F VIII/vWF passes through 

the column a t 0.15 M NaCl, most o f i t  being bound. At 0.3 M NaCl, the 

bound F VIII/vWF e lu tes.

The e ffe c t o f pH on binding indicates tha t the in te ra c tio n  may be 

through a postive ly charged residue on F VIII/vWF. However, i t  cannot 

ru le  out the p o s s ib ility  tha t the in te ra c tio n  occurs through a calcium 

linkage (a t pH 8.35, hydroxide complexes could form ).

I f  the in te rac tio n  occurs through a postive ly  charged residue, then

th is  doesn't explain the in h ib it io n  o f binding by CaCl2 and c it ra te  

a t pH 7.35. I f  the in te ra c tio n  occurs through a calcium linkage, then 

there should be in h ib it io n  o f binding at pH 6.35 w ith  c it ra te  and CaClg.



Table 9

The E ffec t o f pH, NaCl, C itra te , and CaCl2 on Binding 
o f F VIII/vWF to Immobilized Heparin

£H NaCl C itra te  and CaCh Binding

6.35 .15 M +

6.35 .30 M -

7.35 .15 M +

7.35 .30 H -

8.35 .15 M -

6.35 .15 M 10 mM c itra te +

6.35 .30 M 10 mM c itra te -

6.35 .15 M 5 mM CaCl2 +

6.35 .30 M 5 mM CaClg -

7.35 .15 M 10 mM c itra te -

7.35 .15 M 5 mM CaCl« -



An explanation o f the data would be tha t there is  both an in te r ­

action through a p o s itiv e ly  charged residue and a calcium linkage. At 

pH 7.35, the in te ra c tio n  occurs predominantly via the calcium linkage 

and, there fore , there is  in h ib it io n  by c itra te  and calcium. At pH 6.35, 

the in te rac tio n  occurs predominantly through the p o s itive ly  charged 

residue and, there fore , there is  no in h ib it io n  by c it ra te  and calcium.

In add ition , i t  is  l ik e ly  tha t the two types o f in te ractions occur 

at d iffe re n t s ites  on the heparin. In h ib it io n  o f binding by exogenous 

calcium is  due to  the exogenous calcium occupying a "calcium binding 

s ite "  on heparin. To add credence to th is ,  in  a recent report (203), 

i t  was found tha t calcium binding to heparin was in  excess o f theore tica l 

p red ic tions, suggestion a loca lized or sp e c ific  in te ra c tio n .

Summary

F VIII/vWF binds to  immobilized heparin at physiological pH and 

io n ic  strength. When the io n ic  strength is  increased, F VIII/vWF is  

eluted re ta in ing  a ll i t s  b io log ica l a c t iv i t ie s .

The in te ra c tio n  between F VIII/vWF and heparin is  supported by 

the change in  the CD spectrum o f F VIII/vW F-in the presence o f heparin 

(F ig . 20).

The e ffe c t o f pH, c it ra te ,  and calcium on the binding suggests tha t 

i t  occurs by two independent mechanisms: Through a p o s itiv e ly  charged 

residue on F VIII/vWF and through a calcium linkage.



V. THE USE OF TERBIUM EMISSION AS A PROBE OF CALCIUM 

BINDING SITES IN F VIII/vWF

A. Introduction

I f  a prote in contains calcium as a s tru c tu ra l or functional e n t ity ,  

the investiga tion  o f the calcium is  d i f f ic u l t  due to a lack o f su itab le  

physical techniques. Calcium cannot be studied by conventional op tica l 

absorption and emission spectroscopy or magnetic resonance techniques 

(204,205).

Lanthanide ions compete w ith calcium ions fo r  binding s ites  on 

pro te ins. Lanthanide ions have the same coordination numbers as calcium 

ions, and th e ir  io n ic  ra d ii are s im ila r to  tha t o f calcium. Therefore, 

i f  the ion size is  o f s ig n if ic a n t importance in  determining binding, 

then lanthanide ions should be able to substitu te  fo r  calcium ions.

Most o f the lanthanide ions contain unpaired f  electrons enabling 

the use of nuclear magnetic resonance and electron spin resonance 

methods to probe th e ir  environment. The use o f lanthanide ion emission 

spectra as a probe is  lim ite d  due to  the weak ab so rp tiv itie s  o f lanthanide 

ion tra n s itio n s  in  the v is ib le  and the near UV regions. E xcita tion o f 

lanthanide ions requires e ith e r a laser or concentrations in excess o f 

10“ 2 M.

When bound to  p ro te ins, terbium ion luminescence may be excited by 

energy tran s fe r from an aromatic residue. This in d ire c t method o f 

exc ita tio n  and subsequent emission involves the absorption by an 

aromatic residue, a non-radiative tra n s fe r o f energy to a nearby 

terbium ion , and an enhanced ( 10^) terbium ion phosphorescence in  

the 535-555 nm region. The energy tra n s fe r probably occurs by a 

Forster d ipo le -d ipo le  resonance tra n s fe r mechanism w ith a 1 /r^



dependence on the distance between the donor and acceptor.

I f  a prote in so lu tion containing Tb+3  is  excited at 285 nM and 

there is  emission a t 545 nm, then th is  indicates tha t the Tb+3 is  

bound to  the protein in  close proxim ity to a tryptophan residue. 

Scatchard analysis o f the data w i l l  y ie ld  the number o f bound Tb+3  and 

the binding constant.



B. Experimental Methods

F VIII/vWF was p u rif ie d  as previously described w ith the exception 

tha t the e lu tin g  bu ffe r in  the Bio Gel A-15M step was 25 mM imidazole,

0.15 M NaCl, pH 7.0 (contain ing no NaN3) .

Fluorescence measurements were made w ith  a Perkin-Elmer MPF-2A 

spectrofluorometer a t 25°C. Emission spectra were recorded w ith an 

exc ita tion  wavelength o f 285 nm and 10 nm s l i t  w idths.

Solutions o f te rb iu m (III)  chloride hexahydrate (A ld rich )in  imidazole 

bu ffe r were made ju s t  before use in  the concentration range 10"^ to 

10" 2 M. A volume o f the TbCl^ so lu tion  was added to  the F VIII/vWF 

so lu tion to reach a f in a l concentration o f 10” ^ to  10~5 M TbCl3 (a 

l-to -100  fo ld  molar excess o f TbCl^). A lte rn a te ly , the F VIII/vWF 

so lu tion  was dialyzed against the imidazole bu ffe r containing 20 mM EDTA 

and 10 mM TbCl^ (a 10^ M excess) overnight and then against the imidazole 

b u ffe r fo r  48 hours.



C. Results and Discussion

Fig. 24 is  the emission spectrum o f F VIII/vWF in  the 260-600 nm

region. The peak a t 285 nm is  the sca tte ring  peak and, a t 570 nm, is

the second order sca tte ring  peak. The in tr in s ic  tryptophan fluorescence

has a peak at 335 nm and a shoulder a t 365 nm.
+3The addition o f Tb at a concentration o f 10 M causes no change

in  the emission spectrum in  the 530-560 nm region. The only noticeable

changes in  the emission spectrum are an increase in  the scattering and

second order sca tte ring  peaks. D ia lys is o f F VIII/vWF against 20 mM

EDTA and 10 mM TbClg also resulted in  no change in  the 530-560 nm region

in  the spectrum, but an increase in  the scattering peaks was observed.

I t  can be concluded th a t,  i f  there are calcium binding s ites  on

F VIII/vWF, e ith e r Tb+^ cannot replace the Ca+^ o r, i f  i t  does, the s ites

are not in  close proxim ity to  a tryptophan residue and the presence o f 
+3the Tb is  not detectable. The increase in  the in te n s ity  o f the 

scattering peaks can be a ttr ib u te d  to protein aggregation. T u rb id ity  

due to terbium can be ruled out because the increase is  not seen when

TbClg is  added to bu ffe r alone.

This is  the f i r s t  report o f an in t r in s ic  fluorescence spectrum 

fo r  F VIII/vWF. Since the in t r in s ic  fluorescence is  dependent upon the 

environment o f the tryptophan residues, th is  can be used to study 

conformational changes in  the p ro te in .

The in tr in s ic  fluorescence peak is  ac tu a lly  a peak and a shoulder. 

The two maxima are sh ifte d  above and below the wavelength at which 

free tryptophan fluoresces (around 350 nm). The A_,v o f the tryptophan
i n d  a

fluorescence spectrum s h ifts  to shorter wavelengths and the in te n s ity  

o f increases as the p o la r ity  o f the tryptophan environment
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Figure 24 : The Fluorescence Emission Spectrum o f Human F VIII/vWF when Excited a t 285 nm.



decreases (206). One in te rp re ta tio n  o f the in tr in s ic  fluorescence 

spectrum is  tha t the tryptophan residues are in  two types o f environments, 

one being less polar than the other. One environment could be on the 

surface o f the pro te in , the other in  a hydrophobic area in  the pro te in .

Summary

The use o f terbium emission is  not an e ffe c tive  method to probe 

possible calcium binding s ite s  in  F VIII/vWF. I f  there are calcium 

binding s ite s , e ith e r terbium cannot replace calcium o r, i f  i t  does, the 

bound terbium is  not detectable by fluorescence.

Also reported here is  the in t r in s ic  fluorescence o f F VIII/vWF.

This may prove to be a useful property fo r  studying conformation changes 

in  F VIII/vWF.



VI. CONCLUSIONS

Although much work has been done on the characterization o f 

F VIII/vWF, the biochemical nature o f the F V I I I :C and the vWF has ye t 

to  be determined. Furthermore, l i t t l e  is  understood about the nature 

o f the in te rac tio n  between the F V III:C  and the vWF.

The vWF appears to  be a‘ stable e n tity  containing many d is u lfid e  

bonds. The CD data supports th is ,  w ith the p ro te in 's  structure  being 

res is ta n t to changes in  pH and temperature, and susceptible to 

reduction w ith DTT. Since the F V I I I :C dissociates from the vWF in 

1M NaCl and 0.25M CaClg* the in te rac tion  is  most l ik e ly  e le c tro s ta tic  

in  nature. The CD resu lts  ind icate  tha t w ith the d issoc ia tion , there 

is  a concomitant s truc tu ra l change in  F VIII/vWF.

The possible ro le  o f calcium as a s truc tu ra l or functional e n tity  

is  evident in  the loss o f a c t iv i ty  o f the F V I I I :G when exposed to 

EDTA, and the binding o f 45Ca to  the F V III:C . The change in the CD 

spectrum o f EDTA treated F VIII/vWF and the e ffe c t o f c it ra te  on the 

binding o f F VIII/vWF to heparin (a t pH 7.35) supports the notion

tha t calcium plays a s truc tu ra l or functional ro le  in  F VIII/vWF.
45However, the loss o f a c t iv i ty  w ith EDTA and the binding o f Ca 

involve the F V I I I :C, whereas the CD changes and the in te rac tio n  w ith 

heparin most l ik e ly  involve the vWF.

A s truc tu ra l or functional ro le  fo r  calcium in  the vWF is  in 

contrast to the find ings th a t EDTA does not in h ib it  p la te le t aggrega­

tio n  (121), nor does i t  a lte r  the binding o f ^25I F VIII/vWF to 

p la te le ts  (149). EGTA did in h ib it  binding, however, th is  in h ib it io n



was thought to be due to  some property o f the molecule other than i t s  

chelating a b i l i t y .  I t  seems l ik e ly  then, tha t the in te rac tion  between 

F VIII/vWF and the p la te le t receptor does not involve calcium, but the 

calcium may be involved in  the non-specific in te rac tio n  o f F VIII/vWF 

w ith negatively charged surfaces. When a su itab le  method is  developed 

to  separate the F V I I I :C from the vWF in  large q u a n titie s , then one 

w i l l  be able to measure the change in  the CD spectrum o f each component 

in  the presence o f perturbating agents. Then one w i l l  know whether 

the changes observed fo r  the F VIII/vWF are due to  changes in the 

F V I I I :C, the vWF, or both.

Since the existence o f calcium on the vWF is  questionable, the 

calcium dependent in te ra c tio n  between F VIII/vWF and heparin may 

occur via the F V I I I : C. I f  th is  is  the case, i t  may prove to be 

useful in  the separation o f the F V I I I :C from the vWF.

From the pH dependence on the in te ra c tio n , i t  would appear tha t 

the p o s itiv e ly  charged residue involved in  the in te ra c tio n  is  a 

h is tid in e  residue. Id e n tif ic a tio n  o f th is  residue requires m od ifi­

cation o f sp e c ific  residues w ith the concomitant loss in  binding 

to heparin.

That there is  an in te ra c tio n  between F VIII/vWF and heparin has 

i t s  own s ign ificance due to  the ubiquitous use o f heparin as an a n t i­

coagulant. The secondary e ffec ts  o f heparin (binding to F VIII/vWF 

and in h ib it in g  p la te le t aggregation) can cause undue bleeding.

The antibodies produced in  mice were used to  quantita te  F V III  

re la ted antigen in  a l l  subsequent work. The antibodies also proved 

to  be useful fo r  q u a lita tiv e  purposes (determining which frac tio ns  o f



column eluates contain F V III  re la ted antigen; and the extent o f 

p u r ity  achieved by the heparin-agarose column).

Approximately 20% o f a l l hemophiliacs receiving fac to r V III 

concentrates develop antibodies to  F V III:C . Using the method to 

produce antibodies in  mice, one may be able to develop a large colony 

o f mice producing antibodies to F V I I I : C or F VIII/vWF. This then may 

be used as a model in  an attempt to s p e c if ic a lly  in h ib it  the antibody 

production.
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