
Disulfide Bonds and the Quaternary Structure of Factor VIII/von
Willebrand Factor

Richard B. Counts, … , Stefan L. Paskell, Susan K. Elgee

J Clin Invest. 1978;62(3):702-709. https://doi.org/10.1172/JCI109178.

Human Factor VIII/von Willebrand factor, purified by calcium citrate-cellulose chromatography and 4% agarose gel
filtration was subjected to sodium dodecyl sulfate gel electrophoresis on gels containing 2% acrylamide and 0.5%
agarose. We find a series of multimers of which the apparent molecular weight of the higher members was ≅5 million.
The higher multimers were isolated by 2% agarose gel filtration. Treatment of the high molecular weight multimers with 2-
mercaptoethanol at concentrations of 0.005-0.5% in the presence of 1% dodecyl sulfate resulted in a shift to lower
molecular weight multimers. Between mercaptoethanol concentrations of 0.01 and 0.5%, the predominant species was
the dimer of the basic subunit. Mercaptoethanol concentrations >0.5% were required to reduce the interchain disulfide
bonds of the dimer. An artificial multimeric series was prepared by cross-linking von Willebrand factor subunits with
dimethylsuberimidate. Comparison of the multimers produced by reduction with the multimers produced by cross-linking,
demonstrated the absence of odd-numbered multimers from the reduced series. Thus, the protomeric unit appears to be
the dimer. High molecular weight multimers had both ristocetin cofactor activity and Factor VIII procoagulant activity.
Reduction of the protein in the absence of denaturing agents, caused a gradual shift to lower molecular weight species
and a concomitant loss of von Willebrand factor activity. In contrast, Factor VIII activity was unchanged by reduction.
These studies suggest […]

Research Article

Find the latest version:

https://jci.me/109178/pdf

http://www.jci.org
http://www.jci.org/62/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI109178
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/109178/pdf
https://jci.me/109178/pdf?utm_content=qrcode


Disulfide Bonds and the Quaternary Structure of

Factor VIII/von Willebrand Factor

RICHARDB. COUNTS, STEFANL. PASKELL, and SUSANK. ELGEE, Puget Sound
Blood Center and the Division of Hematology, Department of Medicine,
University of Washington, Seattle, Washington 98104

A B S T RA C T HumanFactor VIII/von Willebrand fac-
tor, purified by calcium citrate-cellulose chromatog-
raphy and 4% agarose gel filtration was subjected to
sodium dodecyl sulfate gel electrophoresis on gels
containing 2% acrylamide and 0.5% agarose. We find
a series of multimers of which the apparent molecular
weight of the higher members was -5 million. The
higher multimers were isolated by 2% agarose gel
filtration. Treatment of the high molecular weight mul-
timers with 2-mercaptoethanol at concentrations of
0.005-0.5% in the presence of 1% dodecyl sulfate
resulted in a shift to lower molecular weight multimers.
Between mercaptoethanol concentrations of 0.01 and
0.5%, the predominant species was the dimer of the
basic subunit. Mercaptoethanol concentrations >0.5%
were required to reduce the interchain disulfide bonds
of the dimer. An artificial multimeric series was pre-
pared by cross-linking von Willebrand factor subunits
with dimethylsuberimidate. Comparison of the multi-
mers produced by reduction with the multimers pro-
duced by cross-linking, demonstrated the absence of
odd-numbered multimers from the reduced series.
Thus, the protomeric unit appears to be the dimer.
High molecular weight multimers had both ristocetin
cofactor activity and Factor VIII procoagulant activity.
Reduction of the protein in the absence of denaturing
agents, caused a gradual shift to lower molecular weight
species and a concomitant loss of von Willebrand factor
activity. In contrast, Factor VIII activity was unchanged
by reduction. These studies suggest that the moieties
having von Willebrand factor activity and those having
Factor VIII activities are covalently linked by disul-
fide bonds.
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INTRODUCTION

Factor VIII/von Willebrand factor (VIII/VWF)l is a
protein or protein complex possessing at least two
biological functions, procoagulant activity (Factor
VIII, antihemophilic factor [AHF]) and the promotion
of platelet aggregation (von Willebrand factor, VWF).
Several investigators have presented chemical and
immunological evidence that these properties may be
attributes of the same molecule (1-4) a model that
does not necessarily preclude different subunits pos-
sessing separate activities, for example, a small pro-
coagulant subunit covalently bound to a larger VWF
subunit. In the experiments of Wagner and co-workers
(5, 6) and of Weiss and co-workers (7), VWFwas sep-
arated from AHF activity under mild conditions of
increased ionic strength or increased Ca++ ion concen-
tration suggesting that the two functional properties
reside in separate subunits which are closely associated
through noncovalent interactions in the native protein.
These observations have been confirmed and extended
in several other laboratories (8-10). In similar experi-
ments with bovine Factor VIII, Vehar and Davie (11)
found it necessary to activate the protein with thrombin
before it could be separated from VWFby gel filtration
in CaCl2,

One problem in assigning the two biological activities
to separate subunits has been that complete reduction
of disulfide bonds in purified VIIIIVWF protein leads
to only one detectable subunit species (1, 2). However,
there are clearly two gene products, because in hemo-
philia A, an X-linked gene abnormality leads to
deficiency in AHFactivity with normal VWF, whereas
in von Willebrand's disease, an aberrant autosomal
gene results in varying deficiencies of both AHF and
VWFactivities.

The protein or protein subunit responsible for Factor

'Abbreviations used in this paper: AHF, antihemophilic
factor; SDS, sodium dodecyl sulfate; VIII/VWF, Factor VIII/
VWF; VWF, von Willebrand factor.
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VIII activity has not been isolated in sufficient quantity
to allow characterization though most studies have
estimated its molecular weight to be approximately
that of the reduced subunit (195-240,000) (6, 11). VWF
can be confidently identified with the high molecular
weight glycoprotein isolated by gel filtration of cryo-
precipitate or plasma.

Molecular weight determinations of purified "native"
VIII/VWF have given values of 0.5-5 million (1, 2, 12,
13). The actual molecular weight of the protein in
plasma is unknown. Completely reduced purified
human or bovine VIIINVWF shows a single subunit
band on sodium dodecyl sulfate (SDS) gel electro-
phoresis with a molecular weight estimated at 195-
240,000 (1, 2, 12). Unreduced, the purified protein
does not enter 5% polyacrylamide gels. However, on
larger-pore gels of lower acrylamide concentration,
purified Factor VIII has the appearance of an aggregat-
ing multimeric series (14). Both noncovalent inter-
actions (14) and proteolysis (15) have been suggested
as possible causes. Austen et al. (16, 17) and Kirby
and Mills (18) have demonstrated the sensitivity of
both VWFand AHFto reducing agents and to p-chloro-
mercuribenzoate, suggesting an important role of
sulfhydryl groups and disulfide bonding in their bio-
logical activity. However, free sulfhydryl groups have
not been detected in the native protein (1, 18).

The present study began after the observation that
partial reduction of VWFresulted in two bands on SDS
polyacrylamide gel electrophoresis using 5% gels.
This suggested that there were at least two classes of
disulfide bonds in the protein which differed in ease
of reduction.

We present evidence in this paper that VIII/VWF
exists, both in purified form and in plasma, as a series
of multimers which are held together by disulfide
bonds, and that there is ready disulfide interchange
between the multimers. The protomer is a dimer of
the basic subunit and is held together by disulfide
bonds considerably more resistant to reduction or
interchange than the bonds between protomers. The
multimeric structure may be important for the biologi-
cal activity of VWF, but a low molecular weight pro-
tein species having Factor VIII activity can be pro-
duced by minimal reduction of the purified protein
with mercaptoethanol.

METHODS
VIII/VWF from normal human plasma was purified by the

method of Legaz et al. (1) which uses chromatography of
cryoprecipitate on calcium citrate-cellulose followed by
gel filtration on 4% agarose (A15M, Bio-Rad Laboratories,
Richmond, Calif.). Factor VIII multimers were further sep-
arated by gel filtration on 2% agarose. Purified VIII/VWF
(2.5 ml) was applied to a 1.5 x 100-cm column of A5OMagarose
(Bio-Rad Laboratories) in a buffer containing 0.25 M NaCl,
0.5% E-aminocaporic acid, 0.03% sodium azide, and 0.02 M

imidazole, pH 6.8. The protein was eluted at room tempera-
ture in 1.0-ml fractions at a rate of 9 ml/h. The absorbance
at 280 nmof the column effluent was monitored with an Instru-
mentation Specialties Company, Lincoln, Nebr., absorbance
monitor. Protein concentration was determined by the method
of Lowry et al. (19) using bovine serum albumin as a stand-
ard. The validity of this method for measurement of VIII/VWF
was tested by comparison with Kjeldahl nitrogen determina-
tions. The two methods agreed, within 5%, on duplicate
samples.

SDS gel electrophoresis was carried ou)t in a large-pore
system containing 2% acrylamide and 0.5% agarose (20). The
buffer was 0.05 M sodium phosphate, pH 7.2, containing
0.1% SDS. Before application, samples were dissolved in
1% SDS and, in experiments to test the results of reduction,
1:10 vol of the reducing agent was added. After incubation
for 30 min at 37°C, the samples were applied to the gels in
a 0.025-ml vol. Electrophoresis was carried out at 25°C for
=2 h. The gels were cut off at the tracking dye front, fixed,

and stained in 2.7 mg/ml Coomassie Brilliant Blue A-250 in
acetic acid:methanol:water (1:4:4 by vol), and destained in
acetic acid:methanol:water (1:4:4, by vol).

Dithiothreitol, 2-mercaptoethanol, iodoacetamide N,N-di-
methylsuberimidate 5-5-dithiobis (2-nitrobernzoic) acid and
bovine serum albumin were obtained from Sigma Chemical
Co., St. Louis, Mo. Polyethylene glycol, was obtained from
Union Carbide Corp., New York and benzamidine hydro-
chloride from the Aldrich Chemical Co., Inc., Milwaukee, Wis.

Factor VIII clotting assays were done by a one-stage
method (21,22) with kaolin and human brain phospholipid (23).

VWFactivity was measured by the ristocetin platelet aggre-
gation method with formalin-fixed platelets (24). The VWF
activity was estimated bv comparison of the maximum extent
of aggregation determined in an aggregometer (Chrono-Log
Corp., Havertown, Pa.). Standard curves were made by assay-
ing dilutions of normal plasma and of purified VIII/VWF.

VIII/von Wllillebrand's antigent was assayed by a twvo-stage
solid-phase immunoradiometric assay as described (3).

Antibodies. Anticold insoluble globulin, purified on a cold
insoluble globulin immunoadsorbent was the generous gift
of Dr. Gary Balian, University of Washington. Anti-human
fibrinogen was prepared by immunizing rabbits with purified
human fibrinogen (fraction 1-4, 99% clottable) and absorbing
the antiserum exhaustively with normal human serum.

Cryoprecipitate was produced at the Puget Sound Blood
Center as described by Slichter et al. (25).

Partial reduction of VIIII/VWF was performed by precipitat-
ing the first half of the VWFpeak from the Bio-Gel A-50 (Bio-
Rad Laboratories) in column with 0.25 vol of 40% polyethylene
glycol in 0.25 M NaCl, redissolving the material in a pH 8.0
buffer containing 0.02 M imidazole, 0.25 M NaCl, 0.1 mng/ml
SDS, and 1 mg/ml disodium EDTA, and adding 0.1 vol of
2-mercaptoethanol of 10 times the desired final concentra-
tion. The final protein concentrations were 0.5-1.0 mg/ml.
The VIII/VWF protein preparations used, in the partial reduc-
tion experiments, were judged to be free of cold insoluble
globulin and fibrinogen by the lack of precipitin lines on
immunoelectrophoresis of the protein against monospecific
anticold insoluble globulin and antifibrinogen antibodies.
VIII/VWF gave a single line on immunoelectrophoresis
against rabbit antiserum raised against a crude VIII/VWF
preparation.

Dialysis of purified Factor VIII against hvpotonic solutions,
and subsequent electrophoresis in large-pore polvacrvlamide
gels was performed as described by Van Mourik et al. (14).

Complete reduction and alkylation wvere carried out by
the method of Legaz et al. (1) except that 65 mMdithiothreitol
was used in place of 2-mercaptoethanol.
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Time-course of reduction. To study the effect of reduction
on biological activity, VIII/VWF (0.1 mg/ml) was dissolved
in a pH 6.8 buffer containing 0.02 Mimidazole, 0.25 MNaCl,
and 0.5% E-aminocaporic acid. 2-mercaptoethanol was added
to a final concentration of 50 mMand the mixture incubated
at 37°C. A zero-time sample was taken immediately after the
addition of mercaptoethanol. Portions (25 ,ul) were subse-
quently removed at 5, 10, and 20 min and thereafter at 20 min
intervals up to 2 h. The reduction was stopped by adding
25 t.l of 50 mMiodoacetamide. After the reaction proceeded
for 5 min, 25,u1 of bovine serum albumin (40 mg/ml) was
added and the samples assayed for Factor VIII activity and
VWFactivity. At the same times that samples were taken for
activity assays, 25-1.l samples were also removed for electro-
phoresis. 25 ,ul of 0.1 M iodoacetamide was added to each
sample and the mixture reacted for 3 min at room temperature.
25 ,lA of 1%SDSwas then added. Electrophoresis was carried
out in the large-pore gel system.

Cross-linking the VIIIVWF subunit. The association of
subunits into multimers was studied by cross-linking with
dimethylsuberimidate (26). VWFat a concentration of 1-3
mg/ml in 0.02 M imidazole was desalted on Bio-Gel P-2 into
0.2 M triethanolamine, pH 8.5, containing 0.2 mg/ml SDS.
The reaction was carried out at four different concentrations
of dimethylsuberimidate. 0.1 vol of dimethylsuberimidate,
diluted in this buffer to concentrations of 0.03, 0.3, 3.0, and
30.0 mg/ml was added, and the reaction allowed to proceed
for 3 h at room temperature. 0.1 vol of dithiothreitol (10 mg/ml)
was then added and the mixture incubated for an additional
30 min at 56°C. 50 ,ul of the mixture was then layered directly
on 2% acrylamide-0.5% agarose gels, as described in the
technique for partial reduction. Alternatively, the dithio-
threitol-reduced subunits were cross-linked under the same
conditions. There was no difference between results obtained
by cross-linking the intact protein followed by reduction,
and by cross-linking the reduced subunits.

Gel filtration of plasma. Normal human plasma was
filtered on Bio-Rad A50 M agarose under the conditions
described above for purified VIII/VWF, except that the col-
umnbuffer used also contained 1 mg/ml bovine serumalbumin.
Each fraction (1 ml) eluted was assayed for VWFand Factor
VIII activity.

Free sulfhydryl groups. For determination of sulfhydryl
groups in the native protein, VWF(0.2-0.6 mg/ml) was de-
salted on Bio-Gel P-2 into 0.08 M sodium phosphate, pH 8,
containing 0.5 mg/ml disodium EDTA and 20 mg/ml SDS.
Sulfhydryl groups were measured colorimetrically using
5,5'Dithiobis (2-nitrobenzoic) acid (27,28). For determination
of sulifydryl groups after partial reduction with mercapto-
ethanol, the partially reduced VWFwas precipitated by
adding an equal volume of cold 25% TCA. The precipitate
was washed four times with 25%TCA, the tubes being flushed
with nitrogen each time to exclude oxygen. The precipitate
was dissolved in 2 ml 8 Murea-5% SDSand a 1.0-ml aliquot
of this solution was mixed with 50 ,ul of 5,5'dithiobis (2-nitro-
benzoic) acid (4 mg/ml). After 15 min the absorbance at 410 nm
was measured and adjusted by subtracting the absorbance
of reagent and protein blanks. A molar extinction coefficient
E41 = 14,200 for the nitrothiophenolate ion was used to
calculate the concentration of sulflbydryl groups (29).

RESULTS

Cross-linking VIII/VWF with dimethylsuberimidate.
To provide a homologous series of high molecular
weight markers for molecular weight estimation on
SDS gels, VWFsubunits were cross-linked with di-

methylsuberimidate. This produced a series in which
the first six bands, starting with the monomer, were
well visualized in the large pore gel system used. In
calculating molecular weights for the cross-linked
multimer, the molecular weight of the monomer was
taken to be 240,000 (1, 12). A plot of the logarithm of
the multimer molecular weights against their mobility
demonstrates that the molecular weights are integral
multiples of the monomer molecular weight (Fig. 1).

Unreduced VIIIIVWF. The VIII/VWF protein
purified by Bio-Gel A-15M filtration did not enter a
5%polyacrylamide gel. When this unreduced prepara-
tion was electrophoresed on polyacrylamide agarose
gels containing 2% acrylamide, a multimeric series
appeared. By comparing the multimers with the arti-
ficially cross-linked series, we estimate that the limit-
ing molecular weight aggregates which predominate
in unreduced VIII/VWF correspond to 18-30 subunits
or molecular weights in the range of 3.6-5.6 million.
The higher molecular weight species could be sep-
arated from the smaller multimers by rechromato-
graphing the VIII/VWF peak from the 4% agarose on
a column of Bio-Gel A-50M. This second gel filtration
yielded a broad high molecular weight peak with a
shoulder on the trailing edge. The leading edge con-
tained only the higher molecular weight multimers
(2 x 106), the trailing edge consisted of lower molecular
weight multimers in the series. SDSgel electrophoresis
of fractions in the leading part, midportion and trailing
part of this protein peak (Fig. 2) illustrates both the
heterogeneity of the species present and the tendency
for lower molecular weight multimers to elute in later
fractions. All species eluting in this peak are much
larger than dimers of the subunit, the molecular weight
of the fastest band in Fig. 2 being -1.4 million. Even
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FIGURE 1 Plot of log molecular weight against mobility for
multimers of the reduced VIII/VWF subunit cross-linked with
dimethylsuberimidate. SDSgel electrophoresis was performed
on gels containing 2%polyacrylamide and 0.5% agarose.
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FIGURE 2 SDS gel electrophoresis on 2% polyao
0.5% agarose gels of unreduced VIII/VWF purifies
agarose gel filtration. The numbers on the tubes ai
bers of the eluate fractions (1 ml) and correspond to
diagram shown in Fig. 7. The molecular weight of
moving band is -1.4 million.

when the gels were heavily loaded, as wa:
in Fig. 2, fraction 17, no bands correspondin
molecular weight protein in the range of 204
were present.

Reduction of VWF. Partial reduction of t]
from the Bio-Gel A50 purification step witi
centrations of 2-mercaptoethanol, caused
lower molecular weight multimers (Fig. 3)
the lowest mercaptoethanol concentration usei
there was a marked shift away from the 5 x I
species to lower molecular weight species
creasing mercaptoethanol concentration, t
progressive reduction in the size of the r

When the concentration was <0.1%, the predominant
species had molecular weights in excess of 500,000.

f 21 At 2-mercaptoethanol concentrations of 0.5%
or greater, the completely reduced VWFsubunit of
-240,000 mol wt appeared, and this was the principle
species when the mercaptoethanol concentration was
5%. At mercaptoethanol concentrations between 0.01
and 0.5%, the predominant species had a molecular
weight estimated to be 510,000 and was therefore a
dimer of the basic subunit. Mercaptoethanol concen-
trations in excess of 1% were required to achieve sig-
nificant reduction of interchain disulfide bonds in the
dimer within the 30 min incubation period used.

Dialysis of high molecular weight VWFprotein from
the Bio-Gel A-50 Mcolumn for 18 h against buffers of
various ionic strength ranging from F/2 = 0.015 (0.01 M
phosphate) to F/2 = 0.3 (0.05 Mphosphate, 0.09 NaCl)
according to the procedure of Van Mourik et al. (14),
failed to result in dissociation of the high molecular
weight aggregates into lower multimers.

Cross-linking of VWFwith dimethylsuberimidate
produced a series of multimers with exact correspond-
ence in electrophoretic mobility to the multimers
produced by partial reduction of the high molecular
weight purified VIII/VWF (Fig. 4). There were also
two extra bands in the cross-linked VIIINVWF, cor-
responding to the trimer and pentamer, neither of
which occurred in the partially reduced series. Further-
more, molecular weights determined for the lower
three bands produced by reduction with 2-mercapto-... . ethanol (Fig. 4) were 5.1 x 105, 1.1 x 106, and 1.6 x 106.
Thus, these bands represent one, two, and three times
the dimer molecular weight rather than successive
multiples of the monomer.

Free sulfhydryl groups. No free sulfhydryl groups

~crylamide- were detected in unreduced, purified VWF. The sensi-
hyv A-A5M tivity of the determination is such, that as few as one
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he protein
l low con-
a shift to
). Even at
d (0.005%)
106 mol wt
. With in-
there was
nultimers.

Amok

0 ON A 4S1 4

a

2 3 4 5 6 7 8

FIGURE 3 Reduction of VIII/VWF with mercaptoethanol.
Electrophoresis on 2%polyacrylamide-0.5% agarose SDSgels
of VIII/VWF purified on Bio-Gel A-50M agarose. The protein
was incubated for 30 min at 37°C with mercaptoethanol at
concentrations from 0.005 to 5%. The final mercaptoethanol
concentrations in each tube were: 1-0; 2-0.005; 3-0.01;
4-0.05; 5-0.1; 6-0.5; 7-1.0; and 8-5.0%.
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FIGuRE 4 SDS electrophoresis on 2% acrylamide-0.5%
agarose gels of VIII/VWF. Unred, VIII/VWF from Bio-Gel
A-50M column, unreduced; 0.1% ME, VIII/VWF incubated
from 30 min at 37'C with mercaptoethanol at a concentration
of 0.1%; cross-link DMS, Reduced VIII/VWF subunits cross-
linked with dimethylsuberimidate (DMS) (3 mg/ml); Red,
VIII/VWF completely reduced with 65 mMdithiothreitol
showing 240,000 mol wt subunit. The trimer and pentamer
visible in the cross-linked series are missing from the series
obtained by reduction with 0.1% mercaptoethanol reduction.

to two sulfhydryl groups per 240,000 mol wt subunits
would have been detectable.

Biological activity of VIIIVWF multimers. The
purified high molecular weight VIII/VWF protein had
both Factor VIII and VWFactivities. Whenthis protein
is completely reduced and carboxymethylated in the
presence of SDS, urea, or guanidine, both activities
are lost. We studied the effect of reduction alone on
the biological activity by performing a slow reduction
of the protein at pH 6.8 with 50 mMmercaptoethanol
in the absence of denaturing agents. von Willebrand
activity was very sensitive to mild reduction, the activ-
ity declining to <5%of the initial activity over 40 min
(Fig. 5). In contrast, Factor VIII coagulant activity was
stable during the 2-h incubation. The decrease in the
size of the multimeric aggregates and the eventual
reduction of the protein to the dimer and monomer are
shown by SDS gel electrophoresis of the samples re-
moved for the assays (Fig. 6). In the 2-h incubation
sample, only the monomeric subunit and the dimer
were present. 96% of the original VWFactivity had
been lost, but the protein retained essentially all of
its original Factor VIII activity. The zero-time sample
was tested the same as all other samples and contained
all reagents, including alkylating agents. Unreduced
VIIIVWF lost <5% of its initial Factor VIII activity
and VWFactivity over a 2-h incubation at 37°C. A con-
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FIGURE 5 Factor VIII and VWFactivity of purified VIII/
VWFreduced with 50 mMmercaptoethanol at pH 6.8 in the
absence of SDS. Symbols used are: (@) Factor VIII coagu-
lant activity; (A) VWFactivity. The initial Factor VIII activity
of the protein was 1.7 U/ml, the initial VWFactivity was 5.5 U/ml.
SDS gels of these samples are shown in Fig. 6.

trol mixture containing all the reagents used, but lack-
ing VIIINVWF, had no procoagulant activity or VWF
activity in the assay systems used.

The distribution of biological activity was examined
by gel filtration of purified VIIINVWF and also of nor-
mal plasma on an A-50M agarose column. Assays for
procoagulant activity and ristocetin aggregation activ-
ity were performed on each fraction eluted from the
column (Fig. 7). In the case of purified VIIINVWF, the

FIGuE 6 Large-pore SDS gel electrophoresis of samples
shown in Fig. 5. The incubation time is at the top of each gel.
The sample labeled "red" was reduced for 30 min with 65 mM
dithiothreitol in 1% SDS, and shows the 240,000 mol wt
subunit.
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protein concentrations were determined. The Factor
VIII and VWFactivities were proportionally present
in each fraction throughout the protein peak of puri-
fied VIII-VWF. On gel filtration of plasma over the
same column, the peak of Factor VIII and VWFactiv-
ities eluted at the same place and with the same dis-
tribution as the protein peak of purified VIII/VWF.
In the plasma experiments, there was also close cor-
respondence between Factor VIII activity and VWF
activity in each fraction across the peak. SDS electro-
phoresis of various fractions of purified VIIINVWF
eluted from the column showed higher molecular-
weight multimers in fractions from the leading edge
of the peak than in fractions from the trailing edge
(Fig. 2).

DISCUSSION

On conventional 5% polyacrylamide SDS gel electro-
phoresis, unreduced VIIINVWF does not enter the gel.
Thus, studies of the homogeneity have been based
mostly on electrophoresis of the reduced protein.
Electrophoresis in large-pore gels containing 2%acryl-
amide and 0.5% agarose, shows that unreduced VIII/
VWFprotein consists of a series of multimers (Fig. 2).
The existence of this multimeric series was reported
by Van Mourik et al. (14), who attributed it to non-
covalent interactions, because they observed dissocia-
tion of the high molecular weight aggregates on dialysis
against solutions of low ionic strength and pH. With
our purified VIIIIVWF, we did not observe dissociation
on dialysis for 12 h against low ionic strength buffer,
but when the high molecular weight fraction was al-
lowed to stand in 1% SDS solution for several days,
dissociation did occur, and on electrophoresis the
multimeric series was seen. However, in the presence

1.00

.080 00' 40

060 30\
A: 'Zo

~040 202
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0 0 -0

10 20 30
Fraction number

FIGURE 7 Elution of VIII/VWF from Bio-Gel A-50M gel
A-50M gel filtration column. (0) Protein; (0l) VWF(ristocetin
aggregation) activity; (A) AHF (Factor VIII) activity. SDS
gels of the representative fractions through this peak are
shown in Fig. 2.

of trace amounts of mercaptoethanol, dissociation of
higher aggregates occurs very rapidly to produce a
series of multimers within minutes (Fig. 3). The con-
centrations required for dissociation to the level of the
VWFdimer of 480,000 mol wt are on the order of those
expected for the catalytic effect of mercaptoethanol
in disulfide interchange as demonstrated by Smithies (30).

We conclude that the disulfide bonds holding the
multimers together are labile, with disulfide inter-
change occurring slowly-over several days-in the
absence of added sulfhydryl reagents, but very rapidly,
in minutes, in the presence of traces of mercaptoethanol.
The differences between our observations and those
of Van Mourik et al. (14) may be because of slight
differences in the free sulffydryl group concentra-
tions in the two preparations.

The protein species formed by random cross-linking
of VIII/VWF (26) contain one to five subunits, with
the relative quantities of the multimers decreasing
with higher molecular weight as expected from the
law of mass action (Fig. 4). In addition to allowing
estimation of molecular weights, a comparison of the
multimers resulting from mercaptoethanol reduction
with the cross-linked series shows the absence of bands
corresponding to odd-numbered multimers, most
clearly the trimer and pentamer. The concentrations
of higher artificially cross-linked multimers were too
low to allow direct comparisons above the level of the
hexamer, but estimation of molecular weights of the
reduced series from the band mobilities confirms that
they correspond to even multiples of the basic sub-
unit. This indicates that the protomeric unit of the
disulfide-bonded aggregate series is the dimer. Further-
more, the disulfide bonds holding together the higher
multimers require mercaptoethanol concentrations of
<0.01% for disulfide rearrangement, whereas reduc-
tion of the interchain disulfide bonds in the dimer
requires mercaptoethanol concentration of 0.5-1.0%
or 10-20 times higher.

Kaelin (31) reported dissociation of VIII/VWF into a
species of 690,000 mol wt by periodate oxidation. This
species is of approximately the same size as the VIII/
VWFprotomer we find after partial reduction. Although
it is likely that some of the effect of periodate on VIII/
VWFis the result of carbohydrate oxidation, disulfide
bonds can also be oxidized by this reagent.

Furlan and Beck (15) have called attention to the
sensitivity of VIII/VWF to proteases. It is unlikely that
the dissociation of the VIII/VWF polymers, seen with
our preparation was the result of proteolysis because
high concentrations of proteolytic inhibitors are pres-
ent during the purification (1).

In gel filtration studies of purified VIII/VWF, Factor
VIII activity and VWFactivity were each approxi-
mately proportional to the protein concentrations in
the broad void volume peak (Fig. 7). All the protein
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species eluted in this peak had molecular weights,
estimated by SDSgel electrophoresis, of >1.4 million.
When this experiment was repeated using plasma in
place of purified VIIIIVWF, the VWFand Factor VIII
activities eluted with the same elution volume dis-
tribution as the purified protein. Molecular weights
could not be directly estimated because of the low
VIII/VWF concentration in plasma. These results are
consistent with the report by Zimmerman et al. (32)
that 80% of VWFin plasma has a sedimentation co-
efficient >20 s.

To study further the relationship of the multimeric
structure to the biological activities of VIIINVWF, we
reduced the protein at a relatively slow rate (pH 6.8)
in the absence of denaturing agents. As expected the
disulfide bonds holding the multimers together were
the most accessible, but over a 2-hour incubation period
all of the interchain disulfide bonds were reduced.
Under these conditions there was no loss of coagulant
activity, whereas VWFactivity was lost before dimers
or monomers were detected in the mixture. That this
was the result of an alteration in the VWFprotein,
rather than a nonspecific effect of the reagents upon
the ristocetin aggregation assay, is shown by the zero-
time sample to which both mercaptoethanol and iodo-
acetamide had been added. This sample retained full
VWFactivity.

Previous studies, in many laboratories, have demon-
strated the separation of Factor VIII coagulant activity
of low molecular weight from high molecular weight
VWF(5-7). In most of these reports the molecular
weight estimated for the coagulant fraction was in the
same range as the subunit molecular weight; -200,000.
Although the separation of Factor VIII activity from
VWFby gel filtration in 0.25 M CaCl2 is not incon-
sistent with the hypothesis that two different, non-
covalently associated proteins make up VIII/VWF
complex, our present studies demonstrate that a low
molecular weight coagulant species can be separated,
by mild reduction, from the high molecular weight
purified protein having both Factor VIII and VWF
activities.

Thus, our studies provide further evidence that
both Factor VIII and VWFactivities reside in a cova-
lently bound protein species. The state of aggregation
of this protein may be important in determining VWF
activity, but the results are consistent with a model
in which the 240,000 mol wt subunit possesses Factor
VIII clotting activity.

An alternative possibility, suggested by Vehar and
Davie (11), is that the protein having Factor VIII activity
may be present in such low concentrations that it is
not visualized in our present electrophoresis systems.
However, data presented by Ratnoff and co-workers
(4) and Koutts and co-workers (33) indicate that al-
though there are antigenic differences between VWF

and the protein with Factor VIII activity which sug-
gest that they are separate proteins, they are also closely
linked both in plasma and in purified VIII/VWF. The
present studies indicate that these moieties are linked
in the purified protein by disulfide bonds which can
be rather easily disrupted under mild conditions.
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