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A B S T R A C T Human factor VIII froml nornmals anid
hemophiliacs was partially purified by ethaniol and poly-
ethylene glycol precipitations. Final purification was
achieved by gel filtration on 2 or 4%Xc agarose or ion1
exchange chromatography on diethylaminoethyl cellu-
lose. Comparable amounts of highly purified protein
were obtained from normal and hemophilic plasma fol-
lowing the agarose chromatographv step. Highly puri-
fied factor VIII was not dissociated by 6 -MI guanidine
hydrochloride or 1% sodium dodecyl sulfate. However,
when reduced by P-mercaptoethanol and analy zed by
sodium dodecyl sulfate polvacrylamide gel electrophore-
sis, a single subunit species with an estimiiated 19-5,000
molecular weight was found for both normcal an(d hemiio-
philic factor VIII. By sedimiientation equilibrium analy-
sis, the normal factor V-III subunit was homogeneous
and had an estimated nmolecular wveight of 202,000. The
subunit polypeptides from niormal or hemoplilic factor
VIII contained carbohy\drate. Each was homogeneous
by isoelectric focusing. Immilllunodiffusion of purified
normal and hemoplhilic factor VIII against rabbit ainti-
serum to purified normiial liuman factor VIII slhowed
a single line of precipitationi. V-erv low concenitr-ations
of purified humiian thrombin initially increased the
activitv of normal factor VIII about threefold and tlhen
progressively destroyed activity by 3 h. Only- minimal
activation occurred with hemiiophilic factor VIII. Both
the activation and inactivation of normal alnd hemo-
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plhilic factor VIII wvere unaccomiipaniied by detectable
clhailges in subunit molecular weight. These findings
may have implications for the definition of the molecu-
lar (lefect in heniophilic factor VIII.

INTRODUCTION

Several invrestigators have shown that highly purified
humian factor VIII (antihemophilic factor; AHF')
can be eluted near the void volume when factor VIII
concentrates are filtered through 2 or 4% agarose col-
ulmins (1-11). These studies suggested that factor VIII
h.as a molecular weight of approximately 2 million, but
aggregation as a possible explanation for this higlh
mlolecular weight cannot be entirely excluded. It has
been showvn, however, that even in dissociating solvents
factor VIII has a molecular weight at least in excess
of 400,000 (5) and an estimated S25,w- value of 16.3 (8).
Humlaln factor VIII is known to be a glycoprotein.
conitainiing about 5-10% carbohydrate (8). Recently it
has been suggested that bovine factor VIII is likewise
a glvcoprotein witlh a molecular weiglht in excess of one
million and is composed of disulfide linlked subunits, the
smallest of w1hiclh miay be about 85,000 in moleculalr
weight (10). While some of the physicochemical prop-
erties of humain factor VIII have been determiined(
(2-4, 8-11), the study of its subunit structure has only
been recently approached (5, 10-12). Particularly in
light of the immunological evidence that hemophilic
plasma contains nonfunctional factor VIII in quantities
comparable to those of functional factor VIII in normal
plasnma (13-18), the characterization of the structures

1 Abbreviationis utscd ini this paper: AHF, antihemophilic
factor; MWT, molecular weight; s25s, sedimentation co-
efficient; SDS, sodium dodecyl sulfate; v, partial specific
voluime.
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of normal and nonfunctional factor VIII could be useful
in defining the molecular defect in hemophilia.

Wenow wish to report the results of studies which
show that normial human factor VIII is composed of
an undetermined number of large subunits which are
homogeneous by size and electrical charge. Normal fac-
tor VIII was also compared with hemiiophilic factor
VIII with respect to subunit molecular weight, carbo-
hlydrate staining properties, and isoelectric focusing
mobility. In addition, the effect of thrombin on the
structure of both normal and hemophilic factor VIII
has been examined.

METHODS

Factor VIII assay. Factor VIII activity was measured
by two methods: (a) the one-stage partial thromboplastin
time according to the technique of Langdell, Wagner, and
Brinkhous (19), except that the hemophilic substrate plasma
was "activated" by adding 5 mg kaolin (J. T. Baker Chemi-
cal Co., Phillipsburg, N. J.) to each ml of hemophilic sub-
strate plasma and then incubating for 5 min with stirring
at 37°C; Thrombofax (Ortho Laboratories, Raritan, N. J.)
served as the source of cephalin in this assay; and (b) a
modified thromboplastin generation test as described by
Newman, Johnson, Karpatkin, and Puszkin (20). Factor
VIII elution patterns during gel chromatography were mon-
itored by determining clotting times for undiluted samples
in the one-stage kaolin-activated partial thromboplastin
time. Although the eluting buffer had an ionic strength
of 0.3, the final ionic strength of the clotting assay mixture
was 0.155; final ionic strengths ranging from 0.13 to 0.17
did not affect the clotting times of the assay mixtures. The
reference plasma used in these assays was lyophilized pooled
plasma standardized with respect to factor VIII content
(courtesy of Dr. D. L. Aronson, Division of Biologics
Standards, National Institutes of Health) and a fresh-
frozen house standard plasma, repeatedly assayed against
the reference plasma. Units of factor VIII activity were
calculated by defining 1 U of factor VIII as that amount
contained in 1 ml of normal male plasma (21).

Protein concentrations. These were estimated by the ab-
sorbance at 280 nm or by the method of Waddell (22).
Where more quantitative measurements were indicated, the
method of Lowry, Rosebrough, Farr, and Randall (23)
was used.

Partial purification of normal factor VIII. The starting
material in these experiments was either fresh frozen
plasma, cryoprecipitate or glycine-precipitated factor VIII
(Method IV, Hyland Div., Travenol Laboratories, Costa
Mesa, Calif.). In each case, partially purified factor VIII
was prepared by the method of Newman et al. (20) modi-
fications being: that glycine-precipitated factor VIII con-
centrates were not subjected to the 3% ethanol precipitation
step, but were introduced into the purification scheme at
the 0.05 M Tris hydrochloride extraction step; and that
a bentonite adsorption step was utilized to decrease fibrino-
gen content prior to precipitation with polyethylene glycol.
This latter step was performed by adding bentonite (Sigma
Chemical Co., St. Louis, Mo.) to a final concentration of
10 mg/ml to the "intermediate purity" factor VIII of New-
man et al. (20). This mixture was incubated at room tem-
perature ard stirred slowly for 5 min and then centrifuged
in polycarbonate bottles at 6,000 g for 15 min at 20°C. The

remaining precipitation steps as described by Newman et al.
(20) were then carried out on the supernatant fluid. The
final precipitate was dissolved in 0.30 M sodium chloride-
0.05 M Tris hydrochloride, pH 7.4 to a final protein con-
centration of 30 mg/ml. This partially purified factor VIII
will henceforth be called Step 1 factor VIII.

Gel filtration. Gel chromatography was performed at
4°C on both 2 and 4% agarose columns (Sepharose 2B
and 4B, Pharmacia Fine Chemicals, Inc., Piscataway, N. J.).
A siliconized glass column, 5 X 92 cm, was used in these
experiments. The void volume was estimated by filtration
of an appropriate volume of 0.005%o Blue Dextran 2000
(Pharmacia Fine Chemicals) in 4%O sucrose. The volume
of the partially purified factor VIII applied to the column
was always 2-3%o of the column volume. Elution was per-
formed with 0.05 M Tris hydrochloride-0.3 M sodium chlo-
ride buffer, pH 7.4, at a pressure of approximately 40 cm.
The flow rate averaged 18 ml/h and 4.2-ml fractions were
collected in siliconized glass tubes. The factor VIII eluted
from the agarose column will be referred to as Step 2
factor VIII. Each eluant fraction was assayed immediately
for factor VIII activity and its absorbance at 220 nm de-
termined. As noted by Ratnoff, Kass, and Lang, the recovery
of factor VIII from the agarose column improved with
use (4).

DEAE chromiatography. Step 1 normal factor VIII
was dissolved in and dialyzed against the starting buffer,
0.05 M Tris, pH 7.35. Approximately 24 mg of Step 1
normal factor VIII were applied to a 0.9 X 10 cm DEAE-
cellulose column equilibrated with the starting buffer. The
column was developed with a 150 ml linear gradient, the
limit buffer being 0.05 M Tris-0.50 M sodium chloride, pH
7.35. A peak of factor VIII activity was eluted reproduci-
bly at 0.15-0.17 M sodium chloride; this material will be
referred to as Step 2-DEAE factor VIII. Selected frac-
tions containing factor VIII activity were pooled, dialyzed
against water to remove salt and lyophilized prior to elec-
trophoretic analysis.

Electrophoresis. Polyacrylamide gel electrophoresis in
sodium dodecyl sulfate (SDS) was carried out essentially
as described earlier (24-26). Approximately 100 ,ug of
lyophilized Step 2 factor VIII from each gel chromatog-
raphy experiment or Step 2-DEAE normal factor VIII
was dissolved in 0.10 ml of l%o SDS-5 M urea in 0.01
sodium phosphate buffer, pH 7.1, and one-half of this solu-
tion was reduced with a final concentration of 0.1 M p-
mercaptoethanol. Each of the non-reduced and reduced
samples were then incubated in the 1%o SDS-5 M urea and
1%o SDS-5 M urea-0.1 M jB-mercaptoethanol solvents, re-
spectively, at 37°C for 12-24 h following which the entire
volume of each was applied to separate, single electropho-
retic gels. In most of these studies, 5%o polyacrylamide gels
in the presence of 0.1%o SDS were prepared in 15 X 0.6
cm glass columns. Alternatively, glass columns 10 cm in
length were used. The electrophoretic buffer consisted of
0.l%o SDS in 0.1 M sodium phosphate buffer, pH 7.1. All
electrophoreses were performed at room temperature using
a constant current of 6 mA per gel for about 6 h at
which time the bromophenol blue dye marker (0.05%o) had
migrated within 1-2 cm of the gel bottom. Following ex-
posure to thrombin, the factor VIII subunit was examined
for changes in molecular weight by the high resolution
3.36%o polyacrylamide gel-SDS method (27) as well as on
5%o polyacrylamide gels in SDS. Gels were stained for
protein with freshly prepared Coomassie brilliant blue
(Colab Laboratories, Inc., Glenwood, Ill.) and were de-
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stained as previously described (25). The subunit molecular
weights of factor VIII were calculated from their electro-
phoretic mobilities and the experimentally determined mo-
bilities of proteins of known molecular weight on 5%
SDS-gels. The following proteins were reduced by f-mer-
captoethanol and used as standards (the assumed molecular
weights are given in parentheses; references are given for
those molecular wveights about which some controversy
exists): rabbit muscle myosin (194,000) (28), B-galactosi-
dase (120,000) (29), phosphorylase A (92,000), human
transferrin (77,000) (30), bovine serum albumin (69,000),
catalase (60,000), ovalbumin (43,000), pepsin (35,000), and
chymotrypsinogen (26,000). Follow-ing electrophoresis, cer-
tain of the gels containing highly purified normal or hemo-
philic factor VIII were staine(l for carbohydrate-cointaininig
proteins with the periodic acid-Schiff reagent (31). This
method was modified slightly in that after staining, the
gels were washed overnight in distilled water and then
destained in 50% methanol for 8 h. The gels were allow-ed
to re-swell in 7% acetic acid and stored in that solution.

Amhino (acid com11positiot. Duplicate samples of Step 2
normal factor VIII were hydrolyzed in 6 MI HCI at
110°C, in vacuo, for 24, 48, 72, and 96 h. The hydrolysates
were dried by rotatory evaporation in VaCu(a, dissolved in
distilled water to give a final concentration of 0.25 mg/ml,
and then analyzed quantitatively usinig a Beckman 120B
amino acid analyzer (Beckman Instruments, Inc., Fullerton,
Calif.) equipped with high sensitivity cuvettes. Half-cystine
and methionine contents were determined after oxidation by
performic acid to cysteic acid and methionine sulphone, re-
spectively (32). Valine and isoleucine were quantitated from
the analysis of 120-h hydrolysates. Tryptophani wvas not
determined.

Sedimenitationi cquilibrzibon anialysis. A Beckman-Spinco
Mfodel H analytical ultracentrifuge w-as used in these
studies. For the determination of subunit molecular w-eight,
the high speed method of Yplhalntis (33) was used. Purified
normal factor VIII was dissolved in 5.6 'M guanidine hy-
drochloride-0.1 M g-mercaptoethanol to give a proteini con-
centration of approximately 0.30 mg/ml. The speed employedl
was 20,000 rpm, the column height was 2.5 mm, and the
temperature was 25 +1°GC. The subunit molecular weight
was estimated by using a partial specific volume (i) of 0.722
which was calculated from the amino acid composition (34)
as well as at a v value of 0.712 which is the calculated
v after correction for preferential binding of guanidine liv-
drochloride (35). Because of the difficultv in judging the
exact value for V, the subunit molecular weight of human
factor VIII was also calculated at v values of 0.71 and 0.73.
Other operations in these analyses have been described
(36, 37).

Pitrification of factor VIII froan niormal anid lhemctophilic
plasmiias. Follow,ving preliminary characterization of normal
factor VIII, a series of experiments were performed to
compare individual samples of factor VIII prepared from
several normal plasmas and factor V'III-like material pre-
pared from several hemophilic plasmas. Venous blood was
obtained from each of six normal male volunteers and six
hemophiliacs with factor VIII levels 80-120% and < 1-5%
of normal, respectively, as measured by the method of
Langdell et al. (19). Each 360 ml blood sample was col-
lected into 40 ml of cold 3.5% sodium citrate and imme-
diately centrifuged at 5,000 g at 4°C for 15 min. The
supernatant plasma was siphoned from each specimen into
separate plastic containiers and frozen in a dry ice-ethanol
bath. The samples were stored at -200C and the modified

method for the partial purification of factor VIII was
carried out on each sample at a convenient time, ranging
from 1 to 21 days after collection. Each of the final precipi-
tates resulting from the partial purification of factor VIII
w,as dissolved in 0.30 M sodium chloride-0.05 NI Tris hy-
drochloride buffer, pH 7.4 to give an average protein con-
centration of 27.5±2.8 mg/mIl. The individtual samples of
Step 1 factor V'III from eachi normal or lemoplhilic plasmia
A-ere then applied to a 4% agarose column (0.9 X 56 cm,
siliconized) and eluted at 4°C with a pressure headl of
approximately 40 cm, using the 0.30 M sodiuim chloride-
0.05 Mi Tris hydrochloride, pH 7.4, buffer. In each case,
the sample volume applied to the columil was 0.9 ml, anid
0.9 ml fractions were collected into siliconizecl glass tubes.
Fractions were assayed for factor VIII activity usinig the
one-stage method and protein concenitration estimated from
the absorbance at 280 nm.

In the case of each normal samnple, the eluant fractionis
x-hich contained the void volume protein peak with factor
VIII activity were pooled and dialyzed at 4°C against four
changes of distilled w-ater in a ratio of 1 part sample to
2,000 parts water. The samples were then quick-frozen and
lyophilized in siliconized, conical 15 ml centrifuge tubes.
The protein peak in each of the hemophilic elution patterns
w-hich corresponded to the active peak in the normal elution
patterns xx-as isolated likewise. Each sample xxwas then pre-
pared for analysis by SDS-gel electrophoresis with anid
without /3-mercaptoethanol as outlinied under Elettrop/iorcsis.

Isoclectric focusitng. Highly puirified normal and hemo-
philic factor VIII preparations wvere reduced and carboxy-
methylated according to the method of Hirs ('38) except
that 6 M guanidine hydrochloride in 0.55 AM Tris HCl
buffer, pH 8.1, containing 0.5 M EDTA w-as uised as the
solvent. Following dialysis against distilled wvater, the
samples were concentrated by lyophilization and then ana-

lyzed by isoelectric focusing on polyacrylamide gels by the
method of Hayes and \Vellner (39), modified by reducing
the riboflavin concentrationi from 0.0015 to 0.0005% sinice
polymerization did not occur at the higher concentration.

Imnimmologv. To insure that the activity of purified frac-
tions was due to the specific presence of factor V1III,
activity was determined before and after incubation x-ith
plasma from a hemophiliac wvith a known specific factor
V-III inhibitor titer of 1: 512 as determined by using the
partial thromboplastin time test (40). To demonstrate spe-
cific inhibition, 0.2 ml of inhibitor plasma was mixed \vith
0.2 ml of the most active void volume fractions eluted from
the gel columns. Followx ing- incubation for 30 min at 37°C.
0.1 ml of this mixture wvas assayed by the modified one-
stage partial thromboplastin time, using hemophilic plasma
as substrate. In addition antiserum to normal human factor
VIII was prepared by injecting an emulsion containing the
most concentrated portion of the 4% agarose void volume
protein (usually 200-300 ,ug in 2-3 ml Tris saline buffer)
mixed with an equal volume of alumina C -y-Gel (A grade,
Calbiochem, Los Angeles, Calif.) into the foot pads of
rabbits. This was repeated in 3 wk, and 7 days after the
final injection 20-30 cc of blood was drawn from an ear
artery or by intracardiac puncture. The blood w-as allowed
to clot in glass tubes at 37°C for at least 2 h, then centri-
fuged at 1,500 g for 20 mim. Antiserum was stored in 1 ml
aliquots at - 15°C. Absorbed antiserum was prepared as

described by Zimmerman, Ratnoff, and Powell (16) by
using the supernatant fluid from the 3% ethanol cyoprecipi-
tate as the absorbant. Step 2 normal and hemophilic factor
VIII was prepared for immunodiffuision by concentrating
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FIGURE 1 Pantel A. 4% agarose gel filtration of partially purified factor VIII (Step 1
factor VIII) (column size: 5 X 92 cm); the fractions beneath the horizontal bar were pooled
and contained purified factor VIII (Step 2 factor VIII). Panel B. Gradient elution of par-

tially purified factor VIII (Step 1) from DEAE-cellulose (column size 0.9 X 10 cm). The
material coinciding with the descending limb of the last protein peak, and which maximally
shortened the activated partial thromboplastin time, contained purified factor VIII (Step 2-
DEAE factor VIII). Paniel C. SDS-gel electrophoresis of reduced factor VIII prepared
from 4% agarose chromatography (gel a) or from DEAE-chromatography (gel b). MW,
molecular weight.

the 4% agarose void volume protein in a collodion bag con-
centrator. By this method the initial 3-4 ml of the void
volume could be reduced to a volume of 100-500 Al, but

vith an estimated 50% loss of proteinl. Immunodiffusion
studies of Step 1 and Step 2 normal and hemophilic factor
VIII were performed in agarose, B grade, prepared as

previously described (16). In each case, the wells were
filled three times with 10 Al of a solution of Step 1 or

Step 2 normal or hemophilic factor VIII containing about
1 Ag/ml.

Effect of thromlbint on factor VIII. Using glycine-pre-
cipitated material, Step 1 normal factor VIII was prepared
and further purified by elution from the 5 X 92 cm 4%o
agarose column. Approximately 100 mg of Step 1 material
was dissolved in 12 ml and applied to the column. The Step
2 factor VIII that was eluted in the void volume peak was

pooled and then divided into 4 ml aliquots in siliconized

tubes. The final protein concentration of the pooled factor
VIII was 5.7 ,ug/ml; factor VIII activity was 0.52 U/ml.
The 4-ml aliquots were arranged in eight pairs. Purified
human thrombin (also supplied by Dr. D. L. Aronson)
was added to one tube of each pair to give a final con-
centration of 0.05 NIH U/ml, and an equal volume of
buffer was added to the other tube of each pair. The paired
mixtures were incubated at 370C and at the end of each
of the following time periods: 0.25, 5, 10, 15, 30, 105, 195,
and 284 min, a pair of aliquots was assayed for factor
VIII activity using three dilutions in the kaolin-activated,
one-stage partial thromboplastin method. In this assay,

control clotting times were as follows: 168 s for buffer
alone, 156 s for a buffer solution containing 0.05 NIH
U/ml of thrombin, and 129 s for a 1: 20 dilution of the
purified normal factor VIII solution. Immediately after a

sample for assay had been removed from an incubation
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TABLE I
4%c; l1garose Column Purification of Normal Factor VIII

Glycine-
precipitated
factor VIII

concentrate* Stelp 1 Stel) 2

Volume, ml 1,096.0 14.0 92.0
Activity, U/mIl 3.93 302.0 13.0
Total iuniits 4,308.0 4,228.0 1,196.0
Protein, img/nml 4.9 33.4 0.063
Total protein, nig 5,414.0 468.0 5.79
Specific activity, ti/mg 0.80 9.( 206.0
Yield, % - 98.5 29.2
Purification-foldt 55.9 630.0 14,400.0

* Dissolved in 0.02 MI tris h-drochloride buiffer, 1)H 7.4.
NWith respect to a referenice plasma containinig 1 U factor

VII I/nil and 70 mg protein/mil.

mixture, the remaining volume was quick-frozen in a dry
ice-ethanol bath and stored at - 80°C for electrophoretic
analysis at a later date. MyVhen convenient, the frozen ali-
quots were placed in a 37°C wvater bath and as thawing
began, 0.5 ml of 50%e formic acid was mixed with each
sample to lower the pH to 2 and thereby inactivate throm-
bin.2 Each sample was dialyzed in a volume ratio of 1: 200
against three changes of distilled water, previously adjusted
to pH 2.0 with formic acid. After dialysis, the samples
were lyophilized and then dissolved in 0.5 ml 1% SDS-5
M urea-0.01 M sodium phosphate buffer, pH 7.1. One-half
of this solution was reduced with 2 ,ul p-mercaptoethanol
and incubated as described above. All samples were ex-
amined in duplicate by SDS-gel electrophoresis, one gel
being stained for protein and the other for carbohydrate.
Aliquots of Step 2 hemophilic factor VIII were examined
similarly by incubating paired solutions containing 6.6
,1;g/ml and < 1% activity with either a final thrombin
concentration of 0.05 NIH U/ml or with buffer only. At
the completion of the incubation periods, each thrombin-
exposed sample and its control were assayed and then
prepared for SDS-gel electrophoresis as described above.

The effect of thrombin concentration on factor VIII
activity, after a constant incubation time, was also studied.
In this experiment 4-ml aliquots of purified factor VIII
containing 1.5 U/ml were incubated for 1 min at 37'C
with the following final concentrations of purified human
thrombin: 0.03, 0.06, 0.12, 0.31, and 0.62 U/ml. At the enid
of the 1 min incubation period, each mixture was assayed
by the two-stage method. It should be emphasized that the
highest final concentration of thrombin used in the incuba-
tion mixtures did not affect the assay result when com-
pared with a buffer control.

RESULTS

As previously reported (1-11), the partial purification
of factor VIII by the method of Johnson, Newman,
Howell, and Puszkin (2) followed by filtration through

8Lundblad, R. L., and L. C. Uhteg. 1972. Personal com-
munication. Department of Biochemistry, University of
North Carolina, Chapel Hill.

4%j' agarose results in an approximate 7,000-10,000-fold
purification over normal plasma. Figure 1A shows a
typical chromatogram when Step 1 normal humani factor
VIII is filtered through 4% agarose. In this experi-
ment factor VIII activity was calculated using the tw\o-
stage assay. Highly purified normal factor XVIII as
also prepared usiIng fresh frozen plasma, cryoprecipi-
tate, or glycine-precipitated concentrates of factor VIII.
In eaclh case the activity was associated with the pro-
tein peak in the void v olunme and the yield of activ-e
protein in this area of the chromatogram increased
when nmaterial wN-hich cointaiined progressively greater
amiiounts of factor VIII activity was used. Besides gel
chromatographl, partially purified factor VIII was also
eluted frolmi DEAE-cellulose usinig a linear so(liumii
clhloride gradienit as slhoIwn in Figure lB. Under these
conditionsi fibrinogen was eluted in the first peak as

the graldient was developed. Factor VIII activity wxas
reproducibly eluted at 0.15-0.17 AI so(liuml clhloride,
being reiimoved some distance froimi the fibrinogein peak
and coinci(ling with the descending portion of the third
protein peak. Normal factor VIII prepared by this
column mlethod had a specific activity of 30-50 U/ml
and was purified 2,100-3,500-fold over startiing plasmna;
the yield was about 3.6%c of the starting activity. Figure
IC shows that the eluant fractions whiclh contained
peak factor VIII activity from 4% agarose or DEAE-
cellulose apI)eared as a single band of 195,000 molecular
Nweight examined by SDS-gel electrophoresis in the
presence of fl-mercaptoethanol. Table I sumnmarizes the
purification and yield aclieved by the 4%1O agarose gel
filtrationi mletlhod.

Fig. 2 shlows the mieain elutioIn patterins whien par-
tially purifiedl factor VIII froimi the six normal anil
six hemol)hilic volunteers was eluted from 4%/o agarose.
The numiiber of absorbancv units of Step 1 hemophilic
factor VIII applied to the column was always slightly
less thlan the amount of Step 1 normal factor VIII.
Despite this, when partially purified hemophilic factor
VIII was applied to the colunmn, the amount of protein
eluted in the void volume was not significantlyr dif-
ferent froml that observed when partially purified nor-
mal factor V'III was chromatographed. All of the hemo-
philiacs hald very similar quantities of void volume
protein. However , striking differences were observed
in the factor VIII activity in this region of the chro-
mlatogramiis. In these experiments the percent shortening
of the partial thromboplastin time of hemophilic plasma
given by an eluate fraction wrhen compared with a
buffer control was divided by the absorbance at 280 nnm
to generate an arbitrarily defined specific activity. As
slhown in Fig. 2. the amnount of factor VIII activity
associated -with the void volume region in the elution
pattern of the normilal factor VIII was very significantly
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FIGURE 2 Comparison of the mean elution patterns and the mean specific activities of in-
dividual samples of Step 2 factor VIII prepared separately from six normal plasmas and
six hemophilic plasmas by filtration through 4%' agarose (column size 0.9 X 56 cm). The
mean amount of normal protein which appeared in the void volume was essentially identical
to the mean amount of hemophilic protein. The specific activities were significantly different.
It should be noted that each of the hemophilic plasmas contained virtually the same amount
of void volume protein.

greater (P < 0.001) than in the case of the hemophilic
factor VIII. The differences in the mean amount of
protein or the mean amount of factor VIII activity
between the six individual normal when compared with
the six individual hemophilic preparations were ex-
amined using a tube-to-tube comparison of eluate frac-
tions as well as a comparison of areas beneath the
protein or activity peaks. In each case the same sta-
tistical results were obtained.

Subutnit molecutlar weight of factor VIII. Fig. 3
shows typical sodium dodecyl sulfate polyacrylamide
gel electrophoretic patterns of the protein peak asso-
ciated with functional as well as nonfunctional factor
VIII from gel filtration of normal and hemophilic
concentrates. Gels a and b, respectively, show that non-
reduced normal or hemophilic factor VIII does not
penetrate the top of 5% gels despite denaturation by 2%
SDS-5 Ml urea. Even after it was dissolved in 6 M
guanidine hydrochloride and dialyzed into 2% SDS,
neither protein entered 5% polyacrylamide gels. How-
ever, gels c and d show that after reduction of either
normal or hemophilic factor VIII by 0.1 M P-mercap-
toethanol, a major protein band of 195,000 molecular
weight was observed in each case. Gels e and f show
that this band, whether from normal or hemophilic pro-
tein, contained carbohydrate when stained with the
periodic acid-Schiff reagent. It should be noted that
despite reduction by concentrations of P-mercaptoetha-
nol of 0.4 M for as long as 40 h in 2% SDS or 6 M

guanidine hvdrochloride, no further decrease occurred
in the molecular weight of this subunit species.

Figure 4A shows the standard curve for molecular
weight determination by the SDS-gel electrophoretic
method. By this technique both reduced normal and
hemophilic factor VIII had molecular weights of 195,-
000. Figure 4B depicts the logarithmic relationship be-

NON-REDUCED REDUCED

_-- _-- >400.000 MW

*---- >-- - 195,000 MW

NIP) HI(P) N(P) H(PI N(C) H(C)a b c d e f

FIGURE 3 SDS-gel electrophoresis of non-reduced and re-
duced normal, N, and hemophilic, H, factor VIII. Gels in-
dicated by (P) were stained for protein; gels indicated by
(C) were stained for carbohydrate. MW, molecular weight.
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FIGURE 4 Panicl A4. SDS-gel electrophoretic standard curve for determination of the sub-

unit molecular weight of reduced normal and hemophilic factor VIII. The mobilities of the

normal and hemophilic factor VIII subunits were identical. Pancl B. Sedimentation equilibrium
of reduced normal factor V-III in 5.6 M guanidine hydrochloride. See text for details.

tween the fringe displacemiient anid the s(luare of the
distance from the center of rotation whenl the factor
VIII subunit is analyzed b) sedimentationi equilibrium
ultracentrifugation. Although the linear relationship
from cell bottom to less than 100 jni fringe displace-
ment found by this technique indicates liomiiogeneity of
the factor VIII subunit, calculation of an exact molecu-
lar weight depends upon knowledge of the partial spe-
cific volume (V) for the subunit. Thel-efore Table II
gives a list of nmolecular weights for different v values.
The v- calculated froml amiiino acid comiiposition was
0.722. However in guanidiine HCI the X for some pro-
teins is smaller by about 0.01-0.02 ccIgram than v for

TABLE 11

Subunit Molecular Weight of IIuman Factor VIII

Partial
specific-

Method volume, v Mol wt

cc,'g

r0.710 200,000

Sedimentationi equiilibriumtn 0.7124 202,000
0.730 226,000

SDS-gel electrophoresis - 195,(00

* Corrected i- for preferential binding of guianiidinie hydro-
chloride (34).
$ Calctulated from the aminio acid comilpositioIn (33).

the sanme protein in dilute aqueous salt solution (35 ).
Wlheni arbitrarily corrected for this effect, the calculated
molecular weight from sedimentation equilibrium data
becomes ~- 202,000 for the normal factor VIII sub-
unit. This value is in good agreement with the 195,000
molecular eight obtained for both the normal and
hlemophilic factor III subunit by SDS-gel electro-

phoresis.
Isoelectric focutsinig. Fig. 5 slhows superimposed

scans of reduced and alkylated normal and hemophilic
factor V'III when analyzed by isoelectric focusing in
polyacrylamide gels. Although slightly diffuse, both the
normal and hemophilic factor VIII subunits had identi-
cal mobilities wheni examinled by this method.

Amnino acid comtposition. Table III shows the amino
acid analysis of normal humnan factor VIII. The values
listed in the first column are the averages of each

residue when calculated from the values obtained by
analyses of duplicate sanmples at three different times of
hy-droly sis. Results are expressed in terms of residues
of each amino acid per subunit molecular weight. The
second columiin shows the amino acid composition of
normal factor VIII reported by Hershgold, Davison,
and Janszen (8), but recalculated on the basis of 195,-
000 subunit molecular weight so that our data and theirs
may be compared. \Vith the exception of half-cystine.
our data and theirs are simiilar with about half the resi-
dues being within ±+-5%. It should be noted that in the

present study, half-cystine was determined after per-

formic acid oxidation w%hich tends to prevent the under-
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estimation of this residue. Since values for valine, iso-
leucine, and leucine increase with time, these were
determined after hydrolysis for 120 h.

Immunological studies. The results of these studies
essentially confirmed those previously reported by Zim-
merman et al (16). Human plasma which contained a
high titer of a spontaneously formed inhibitor to factor
VIII prolonged the partial thromboplastin time of the
most purified fractions of normal factor VIII from
60 to 165 s; a buffer control was 155 s. Bands of iden-
tity were observed when absorbed rabbit antiserum to
purified normal factor VIII was diffused against Step 1
normal factor VIII, as well as Step 1 hemophilic factor
VIII. Functionally, when a 1: 2 dilution of unabsorbed
or absorbed antiserum to Step 2 normal factor VIII was
incubated with normal human plasma at 37°C for 2 h,
the effectiveness of the normal plasma in correcting
the partial thromboplastin time of hemophilic plasma
was markedly diminished as evidenced by a prolongation
of the PTT from 79.2 s to 104.2 and 125.9 s, respec-
tively.

Effect of thronmbin on factor VIII. Fig. 6 shows the
response of purified normal factor VIII to trace quan-
tities of thrombin with time. Percent factor VIII ac-
tivity was estimated by the one-stage partial thrombo-
plastin time method. The value shown on the ordinate
is the percent activity given by the purified factor VIII-
thrombin mixture normalized to the activity given by
purified factor VIII alone. Buffer, which contained the
same final thrombin concentrations as did the factor
VIII-thrombin mixture, gave clotting times that were
not significantly different from those of buffer alone.
As can be seen, final thrombin concentrations of 0.05
U/ml rapidly activated and then progressively inacti-
vated factor VIII. Purified hemophilic factor VIII, how-
ever, activated only slightly in response to thrombin.
The reduced SDS-gels in Fig. 6 show that neither
activation or inactivation of factor VIII was accom-
panied by a change in subunit molecular weight. In
this preparation two very faint bands of molecular
weight approximately 100,000 and 130,000 were incon-
sistently observed; their intensity was not affected by
exposure to thrombin. Experiments in progress indicate
that these two bands, which can occasionally be found
in trace amount in purified factor VIII, result from
degradation of factor VIII by plasmin. In addition
the intensity of the carbohydrate stain did not vary
during activation and inactivation. Similarly, changes
in carbohydrate staining intensity, as assessed by the
periodic acid-Schiff reagent, were not detectable during
incubation of hemophilic factor VIII with thrombin.
Fig. 7 demonstrates the effect of different thrombin
concentrations when incubated with a constant concen-
tration of factor VIII for 1 min at 37°C. In this ex-

3 6 9E2
Gel Lengh-cm

FIGU-RE 5 Gel scan of the reduced and carboxymethylated
subunit from normal and hemophilic factor VIII after iso-
electric focusing in polyacrylamide gels. The top of the gel
is represented by the 0 point on the abscissa.

periment, factor VIII activity was estimated with the
two-stage assay, especially modified so as to be sensi-
tive to thrombin-induced activation. The first stage in-
cubation time was held at 2 min in order to optimally
demonstrate the thrombin effect on factor VIII. Were
this time to have been prolonged the inactivation of
factor VIII by thrombin as well as by plasmin (present
in the serum components of this assay) (41) might have
obscured the immediate activation of factor VIII by
thrombin. The concentrations of thrombin used in this
study did not affect the results of the two-stage assay
when tested in buffer alone. Clearly at a final thrombin

TABLE III
Amino Acid Composition of Human Factor VIII*

Present Hershgold
Amino acid study et al. (8)

Lysine 95.94 99.06
Histidine 53.04 33.74
Arginine 94.38 85.02
Aspartic acid 162.63 154.25
Threonine 99.65 99.06
Serine 129.87 122.85
Glutamic acid 224.06 201.24
Proline 117.00 101.60
Glycine 131.63 128.70
Alanine 96.92 105.89
Half-cystine 120.71t 45.83
Valine 151.71§ 116.22
Methionine 24.77 19.31
Isoleucine 62.21§ 61.82
Leucine 134.36 133.38
Tyrosine 34.71 44.85
Phenylalaninie 49.34 51.68

* Residues per 195,000 molecular weight subunit.
$ Determined after oxidation.
§ 120 h hydrolysis.
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FIGURE 6 The effect of thrombin on the activity of puri-
fied normal and hemophilic factor VIII. Activity was as-
sessed by the one-stage activated partial thromboplastin
time assay. Gel a and gel b compare the reduced SDS-gel
electrophoretic patterns of normal and hemophilic factor
VIII before the addition of thrombin at 0 time. Gel b and
gel c compare the mohilities of reduced normal (N) and
hemophilic (H) factor VIII after each had been exposed
to 0.05 U/ml of thrombini > 240 min. No detectable change
ii the subunit molecular weight (IM\) of normal factor
VIII occurred despite activation and inactivation during this
time period. Similarly no apparent change in the molecular
weight of the hemophilic factor VIII subunit occurred
during exposure to thrombin.

concentration of about 0.03 U/mIii, activationi or factor
VIII occurred; however, at tlhrombin concentrations
above 0.312 U/iml, factor VIII activity was rapidly
destroved.

DISCUSSION

The studies reported here expand previous observations
(1-11) concerning certain properties of nornmal, func-
tional humain factor VIII, and in addition, support im-
munological data (13-18) indicating that nonfunctional
factor VIII is present in classical hemophilia. Several
investigators have shovn that highly purified factor
VIII can be prepared by filtering factor VIII concen-
trates through columns of 2-4% agarose as the final
purification step (1-11). As confirmed in the present
studv, this latter purification step results in an approxi-
mate 10,000-fold increase in specific activity Nwith re-

spect to normal plasnma. When glycine-precipitated fac-
tor VIII was the starting material, the yield of normal
factor VIII after the 4% agarose chromatography step
was about 29% as shown in Table I. When fresh-
frozen plasma was used, the vield of factor VIII after
agarose chromiiatograplhv was somewhat lower, being
about 10% of the activity in the starting plasmla; this
value is in good agreement writh previously reported
recoveries (8, 10, 20). 'Moreover, the recovery of puri-
fied factor VIII from agarose columns was usually about
tlhis latter Xvalue despite whetlher the starting material
wx-as glycine-precipitated factor VIII, cryoprecipitate, or
fresh-frozen plasma. After rechromatography on aga-
rose gel columiins, a single, symmetrical peak was ob-
served in the void volume region and no further puri-
fication was aclhieved.

In the case of DEAE-cellulose chromatography, ho\\-
ever, the yield of purified factor VIII was much lower
-al)proximately 3.6% of the activity in the startiing
plasmiia. Conceivably factor V'III prepared by this
metlho(d is partially degraded or modified wN-ith a re-
sulting loss of activit- during the ioIn exchange chroma-
tography step. The important feature of the DEAE-
cellulose step, however, was the demonistrationi that
factor V'III activity coincided with the elution of a pro-
tein wIhiclh, after reduction, wNas founid to contain a
single subunit species identical in molecular weight to
the subunit species of factor VIII prepared by agarose
gel filtration; in addition both contained carbohydrate.

Since the yield of normiial factor VIII appeared to be
consistently proportional to the activity in the starting
material and since Zimmllermiian et al. (16) observed
that hemophilic plasma containis normal amlounits of
nonfunctional factor VIII-like antigen, the vield of void
volumie protein anid factor VIII activity was exaamined
anld com)ipared for six niormiial men anl six classical
hemoplhiliacs. It should be noted that since yields of
factor VIII are calculated on the basis of activity, no
such calculations could be made for hemiiophilic pllasmas.
It wvas assumed that if a normal level of nonfunctional,
abnormal factor VIII protein was present in hemophilic
plasmas, fractionation procedures identical to those used
for normiial plasmas might result in the recovery of final
quantities of helmioplilic factor VIII similar to those
of normal factor VIII. This indeed proved to be the
case. As shown in Fig. 2, wheni material prepared
from hemophilic plasma was chromatographed on 4%
agarose, a protein peak wvas observed in the void vol-
ume for each hemophilic preparation just as in the
case of each normal preparation. While the expected
amount of protein was observed, however, very little
factor VIII activity was found in this peak for the
hemophilic samples. The fact that some activity was
noted despite < 1-5% activity levels in the six hemo-
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philic plasmas is not surprising in view of the concen-
tration effect achieved by the purification method.

From the observation that factor VIII activity occurs
in or very near the void volume during agarose chro-
matography, the native molecular weight of human
factor VIII has been estimated at approximately 1-2
million (3, 8, 10). Hershgold et al. (8) reported an
estimated S,GW of 16.3 in 6 M guanidine hydrochloride
which tends to substantiate its large size and suggests
that the native molecule is held together by covalent
bonds. The polyacrylamide gel electrophoretic results
of Kass, Ratnoff, and Leon (3) and Hershgold et al.
(8) suggested that the factor VIII molecule was too
large to enter even a 3% polyacrylamide gel. Our
initial observations suggested this to be the case even
after exposing factor VIII to denaturing solvents such
as guanidine hydrochloride and sodium dodecyl sulfate
(5). Since then Marchesi, Shulman, and Gralnick
have reported similar findings (11), and more recently
Schmer, Kirby, Teller, and Davie (10) have observed
that bovine factor VIII does not enter a 3.25% poly-
acrylamide gel even in the presence of 8 'M urea. These
studies all indicated that any subunits in the factor VIII
molecule must be joined by covalent bonds. When factor
VIII was reduced by P-mercaptoethanol and examined
by SDS-gel electrophoresis a single band was observed
with a molecular weight initially estimated to be about
215,000 daltons. Since then the subunit molecular
weight of rabbit myosin, an important standard in our
SDS-gel electrophoretic analyses, has been more accu-
rately determined (28) and we now report the molecu-
lar weight of the factor VIII subunit to be 195,000
(41). It is to be emphasized that on SDS-gels, the
factor VIII subunit had a mobility which was con-
sistently less than the myosin subunit of 194,000 molecu-
lar weight. As shown in Fig. 3, normal and hemophilic
purified factor VIII had identical subunit molecular
weights and moreover, both contained carbohydrate
when stained by the periodic acid-Schiff reagent. To
date, there is little consensus about the actual size of
the human factor VIII subunit. While our finding of
195,000 molecular weight for the factor VIII subunit is
smaller than the value of 240,000 molecular weight re-
ported by Marchesi et al. (11), it is of interest that
both values suggest that the human factor VIII mole-
cule is composed of several very large subunit polypep-
tide chains. The differences between the presently re-

ported molecular weight of 195,000 and the value of
240,000 obtained by Marchesi et al (11) can be ex-

plained by their use of non-reduced fibrinogen as a
marker for the high molecular veight portion of the
standard curve. Of concern are the completely divergent
results of Hershgold et al. (8) which suggest that the
human factor VIII molecule is composed of 22,000
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FIGURE 7 The immediate effect of thrombin concentration
on the activation and inactivation of purified normal factor
VIII. Factor VIII activity is expressed as a percentage
of the purified factor VIII activity prior to the addition
of thrombin.

molecular weight subunits held together by disulfide
bonds. This latter value cannot be evaluated fully since
details of the experiments have not yet been published.
From their preliminary molecular weight determinations
by sedimentation equilibrium analysis, Schmer et al.
(10) have recently suggested that the subunits of bovine
factor VIII may not be identical and instead, may
range in size from 85,000 to 198,000. However, when
their bovine factor VIII preparation was reduced and
analyzed in an 8 M urea-3.25% polyacrylamide gel
electrophoretic system, a single band of relatively low
mobility was observed, thus suggesting that the bovine
factor VIII subunit is indeed large and probably
homogeneous in size. Moreover, the results of sedimen-
tation equilibrium ultracentrifuge analyses in the pres-
ent study indicate that the human factor VIII subunit
is homogeneous by size, and has an approximate molec-
ular weight of 202,000 which is very close to the value
obtained by SDS-gel electrophoresis.

In electrophoretic systems in which mobility is pri-
marily a function of charge rather than size, the
patterns of purified factor VIII preparations have been
difficult to interpret since a substantial amount of sample
usually remained at the origin (3, 8). This is probably
due to the large size of the molecule which prevents its
penetrating the usual 5% polyacrylamide gels (5, 10,
11). In the present study non-reduced factor VIII did
not penetrate even the most loosely cross-linked acryla-
mide gels (3.36%). When reduced and alkylated and
the examined by isoelectric focusing, however, a single
band, albeit slightly diffuse, was observed. A band of
identical mobility was noted when reduced and alky-

Subunit Structure of Human Factor VIII 2207



lated purified hemophilic factor VIII was examined by
isoelectric focusing. These latter observations are in
accord with those reported l)y Schlmier- et al. (10) who
found that reduced anid alkylated bovine factor VIII
migrated as a single slpot in zonle electrophoresis. Vheni
the results of SDS-gel electrophoresis, zone electro-
phoresis and isoelectric focusing are comibined, it ap-
pears that the repetitiv-e subunits in humiian or bovine
factor VIII are identical in size and charge. This raises
doubt concerning sedimentation equilibrium data which
suggest the mlolecular weights of boxvine factor VIII
subunits vary fronm 85,000 to 198,000 (10) since molec-
ular weight differences of this magnitude should be
accompanied by easily detectable charge differences on
zone electrophoresis or isoelectric focusing.

The amino acid composition data suggest that the
aromatic residue content of normal human factor VIII
is lower thani usually observed for most proteinls;
Schnmer et al. have reported similar findings for bovine
factor VIII (10). These data provide a likely explana-
tioIn for the past observations of poor absorption at 280
nm for factor VIII preparations. Table III compares
the amino acid composition of the human factor VIII
subunit fronm the present study with that calculated from
the data of Hershgold et al (8) on the basis of a
subunit nmolecular weiglht of 195,000. As can be seen,
the compositions are fairly- simlilar except for marked
discrepancies in the hiistidine Xvalues anid half-cystine
content. The latter variation can be explained since in
the present studx half cystine w-as determined after per-
formic acid oxidation aind therefore can be considered
the more reliable value. We have no explanation for
the discrepant histidinie values. The ligh (legree of
similarity betw een the anmino acid comipositions in the
present study and those reported by Hershgold et al.
(8) suggest that the same protein was being examined.
Because of the obvious difficulty in obtaining adequate
quantities of hemnophilic plasmiia, purified hemophilic
factor VIII could not be prepared in amounts sufficienit
for determinatioin of aimiino acid comilpositioln.

Our immunological studies largely confirm those
reported by others (13-18). A spontaneously formed
human factor VIII inhibitor as well as antiseruim pre-
pared in rabbits to highly purified humani factor VIII
clearly neutralized factor VIII activity in specific factor
VIII assays. MAoreover, identical precipitin bands were
noted when the antiserum was tested against purified
normal or hemophilic factor VIII by immunodiffusion.

While other workers have reported that factor VIII
can be activated and subsequently inactivated by trace
amounts of thrombin (41-46), the present studv repre-
sents the first reported attempt to determine if changes
in factor VIII structure occur concomitantly with
changes in function. In this study, no detectable change

in subunit nmolecular weight or change in intensity of
protein or carbolhydrate staining was discernible with
activationi an(i inactivationi of lnornmal factor VIII by'
thromiibiin. Similar treatment of purified factor VllI
fromii hemiophiilic lplasmas demiionstrated onlY a slight
incr-ease in activity- ith respect to p)rotein concentratioln
and no detectable structural changes. Because of the
wvell-documented proteolytic activity of thrombin toward
fibrinogen (47) and fibrin stabilizing factor (48), it
seemls likely that catalytic amounits of thrombin affect
factor V'III activity by simiilar specific proteolvtic modi-
ficationi of the factor VIII subunits. This hypothesis
receives additional sup)port fromn the observation that
trypsin, a knownN-i protease of lesser specificity, is also
capable of activating and inactivating factor VIII with-
out initial structural chainge in the factor VIII subunit;
extensive degradation, however, occurs following pro-
longe(d iincubation (41). These observations suggest that
both activation and inactivation of normiial factor VIII
may occur by cleavage of peptide bonds resultinlg in
fragmiients, the suml of \hich molecular weights is less
than about 10,000, sinice the linmits of resolutioni of the
SDS-gel system are about + 5%. It seems probable
thei, that thromlbin produces an initial increase in factor
NVIII activity by cleaving a very small peptide fron
the factor VIII mlolecule. The subsequent complete loss
of factor VIII activity may theni result from additional
cleavage of smnall pel)tide(s) by thrombin.

In conclusion the results of the present studx- indicate
the following: (a) humiian fiactor XIII is a plasna
glvcoprotein with a imiolecular weight of 1-2 millionl
it is comiiposed of 195,000 molecular weight repetitive
subunits, most likely totaling 5-10, joined by disulfide
bonds; (b) hemophilic factor VIII appears identical to
nornmal factor VIII in subunit imiolecular weight, carbo-
hydrate content, electrical charge, and antigenic (leter-
minants; (c) the activation and inactivation of normal
factor VIII by tlhrombin without an apparent change
i nmolecular weight and witlhout the appearance of addi-
tional peptide bands suggest that the release of peptides
totalinig less than 10,000 molecular weight per factor
VTIII subunit may- accouniit for both events.
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