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Abstract

Factor VIII East Hartford (FVIII-EH) procoagulant activity is
reduced because the substitution of cysteine for arginine 1689
abolishes an essential Factor VIII light chain thrombin cleav-
age site. Incubation of FVIII-EH plasma with penicillamine or
DTTcauses a five- to sixfold increase in FVIII-EH VIII:C, at
80 and 1 mM, respectively. While there is no FVIII-EH light
chain cleavage when thrombin is added in the presence of peni-
cillamine or DTT, these reducing agents disrupt the FVIII-vWf
complex. For example, the addition of 5 mMDTTto normal or
FVIII-EH plasma causes a 50% reduction in Factor VIII bind-
ing to vWf. These observations suggested that DTT increases
FVIII-EH VIII:C by partial dissociation of FVIII-EH from
vWf. This was verified by showing that vWf-free FVIII-EH
had VIII:C activity of 21 U/dl, while the starting plasma level
was 2.5 U/dl. Removal of other FVIII-EH plasma proteins by
agarose gel filtration had no effect on VIII:C activity. The dem-
onstration that this mutant Factor VIII has cofactor function
when separated from vWf indicates that the dissociation of
Factor VIII from vWf is an essential effect of Factor VIII light
chain cleavage at arginine-1689. (J. Clin. Invest. 1992.
89:1382-1387.) Key words: hemophilia A * penicillamine * di-
thiothreitol * cysteamine * crossreacting material

Introduction

Hemophilia A is a common hereditary bleeding disorder
caused by a deficiency of Factor VIII procoagulant activity.
Factor VIII plays a crucial role in the intrinsic pathway of
blood coagulation as a cofactor for the activation of Factor X
by Factor IXa in the presence of Ca2l and phospholipid (1, 2).

In plasma, Factor VIII and vWf, a high molecular weight
multimeric glycoprotein, circulate in a noncovalent complex.
This association is very important, as it is believed that vWf is
required for Factor VIII production (3, 4) and stabilization (5,
6). Studies have localized the binding site of vWfto the NH2-ter-
minal portion of the Factor VIII light chain. This was estab-
lished most directly by the demonstration that a modified Fac-
tor VIII, in which amino acid residues 1666-1689 are deleted,
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does not bind vWf (7). In addition, monoclonal anti-Factor
VIII antibodies that bind to Factor VIII light chain amino acid
residues 1670-1689 inhibit Factor VIII binding to vWf (8, 9).
The localization of this site clarifies the requirement of an in-
tact Factor VIII light chain for vWf binding. Thus, thrombin
cleavage at residue 1689, separating a peptide containing resi-
dues 1649-1689 from the remainder of the light chain, dissoci-
ates the Factor VIII/vWf complex (10-14).

Plasma Factor VIII itself is a population of heterodimers,
each of which contains an 80-kD light chain in metal ion link-
age with a variable-sized (92-2 10 kD) heavy chain. Most stud-
ies suggest that thrombin cleavages at light chain arginine- 1689
and heavy chain arginine-372 are required for Factor VIII acti-
vation to an effective cofactor protein (15). A central question
is whether light chain cleavage is essential only for the dissocia-
tion of Factor VIII from vWf, or ifit is an intrinsic requirement
for FVIII activity. This issue has been studied by Hill-Eubanks,
Parker, and Lollar, using a snake venom protease that gener-
ates a thrombin-like cleavage of the porcine Factor VIII heavy
chain, but that does not cleave the light chain (16). These inves-
tigators showed that porcine Factor VIII procoagulant activity
can be generated by heavy chain cleavage alone if vWf is re-
moved. Consistent with that observation, porcine vWf inhib-
ited the VIII:C function of venom enzyme-activated porcine
Factor VIII, but it had no effect on thrombin-activated Factor
VIII. For this reason, Hill-Eubanks et al. suggested that the
essential role of light chain cleavage is the dissociation of the
vWf/Factor VIII complexes (16).

Wehave examined this issue in a different way, using a
mutant Factor VIII-designated Factor VIII East Hartford
(FVIII-EH),' in which the substitution of cysteine for arginine-
1689 abolishes a light chain thrombin cleavage site (17). Factor
VIII-EH is an example of a dysfunctional, but immunologi-
cally detectable, FVIII-like protein that is present, at levels com-
parable with those in normal plasma, in 5% of patients with
hemophilia A (18, 19). Such plasmas are termed cross-reacting
material positive (CRM-positive).

The effect of cysteamine (beta-mercaptoethylamine) on
apolipoprotein E-2, another mutant protein with a cysteine for
arginine substitution (20), initially led us to examine the effect
of this compound on FVIII-EH. Whenit was found that cystea-
mine caused a 14-fold increase in Factor VIII procoagulant
activity (21-23), other reducing agents were tested to deter-
mine the specificity of the effect. These studies showed that
DTT and penicillamine cause a consistent five- to sixfold in-
crease in VIII:C activity, but the mechanism of action appeared
to be quite different from that of cysteamine. While the cyste-

1. Abbreviations used in this paper: BBS, barbital buffered saline;
CRM, cross-reacting material; DFP, diisopropyl fluorophosphate;
VIII:Ag, Factor VIII antigen; VIII:C, Factor VIII procoagulant activity;
FVIII-EH, Factor VIII East Hartford; 1A, iodoacetamide; NPP, normal
pooled plasma; TBS, tris-buffered saline; V0, void volume; vWf:Ag,
von Willebrand factor antigen.
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amine-treated FVIII-EH is cleaved by thrombin at residue
1689, presumably because cysteamine generates a mixed disul-
fide (cysteine- 1689: cysteamine) that has "pseudolysine" prop-
erties (21, 23), neither DTT nor penicillamine support FVIII-
EH light chain cleavage by thrombin. Wereport here further
studies that demonstrate that the increase in FVIII-EH procoag-
ulant activity produced by DTT is a result of the dissociation of
the mutant protein from vWf. Additional experiments with
this mutant protein further delineates the role of light chain
cleavage in Factor VIII cofactor function.

Methods

Materials. The characteristics of the CRM-positive hemophilia A plas-
mas and the clinical data for patients ARC-5 and ARC-lO have been
described in a previous report (17). All studies were carried out with
ARC-5 plasma, and comparable results were obtained for selected criti-
cal points, using ARC-lO plasma.

Cysteamine HCI (2-mercaptoethylamine), -L-DTT and penicilla-
mine were purchased from Sigma Chemical Co. (St. Louis, MO). Diiso-
propyl fluorophosphate (DFP) was purchased from Aldrich Chemical
Co. (Milwaukee, WI). All chemicals were kept desiccated at 40C until
they were dissolved at 150 mMNaCI/20 mMTris-HCl, pH 7.4 (TBS).
These solutions were then stored at 4VC. Monoclonal anti-Factor VIII
light chain antibody ESH-8 was purchased from Amer. Diagnostica
Inc. (Greenwich, CT). Factor VIII concentrate (antihemophilic factor
[human], Method M, monoclonal purified) was obtained from Ameri-
can Red Cross Blood Services.

Factor VIII measurements. Factor VIII procoagulant activity
(VIII:C) was measured by a one-stage assay using Factor VIII-deficient
plasma as substrate (24), and by a chromogenic substrate assay of Fac-
tor Xa production (25). Factor VIII antigen (VIII:Ag) was measured by
immunoradiometric assay using 125I-labeled Fab' prepared from the
plasma of a patient with an alloantibody to Factor VIII (19). von Wille-
brand Factor antigen (vWf:Ag) was measured by immunoradiometric
assay using a rabbit antibody (26). Citrate-anticoagulated normal
plasma, pooled from 15 healthy donors, was used as a standard (1
U/ml) for VIII:C, VIII:Ag, and vWf:Ag measurements.

Determination of VIII:C activity in samples incubated with reduc-
ing agents. Plasmas or column fractions were incubated with an equal
volume of the reducing agent in barbital buffered saline (BBS) (19), or
BBSalone, at 37°C for 30 min. VIII:C activity was then determined for
the mixtures by a one-stage coagulation assay or by a chromogenic
substrate assay. A mixture of normal plasma and an equal volume of
BBS incubated under the same conditions was the standard used to
calculate VIII:C activity.

Evaluation of thrombin cleavage at arginine-1689 in plasmas incu-
bated with reducing agents. Mixtures of normal or FVIII-EH plasmas
that had been incubated at room temperature for 16 h with immunoad-
sorbent (anti-Factor VIII inhibitor IgG-agarose) beads were then incu-
bated for 30 min at 37°C with cysteamine, DTT, or penicillamine (10
mM, 1 mM,and 80 mMfinal concentrations, respectively). The beads
were subsequently washed and processed in the standard way (27).

Binding of Factor VIII to von Willebrandfactor. Citrate-anticoagu-
lated plasmas, sera, or mixtures of a Factor VIII concentrate with nor-
mal vWF(CRM-negative hemophilic plasma) (0.2 ml) were incubated
for 1 h at 370C with 125I-labeled ESH-8 anti-FVIII monoclonal anti-
body (35,000 cpm). The samples were then applied to a 1.6
x 60-cm Sepharose-6B column preequilibrated with TBS. The gel fil-
tration was carried out at a flow rate of 22 ml/h, 3-ml fractions were
collected, and radioactivity determined using a multirack gamma
counter (LKB Instruments Inc., Gaithersburg, MD). The amount of
radiolabel in void volume (Vo) fractions was used as a measure of
Factor VIII bound to vWf.

Sera were prepared from plasmas by two additions of highly puri-
fied human thrombin (3 U/ml plasma) and incubation at 370C for 30
min before fibrin removal.

The effect of reducing agents on Factor VIII binding to vWf was
determined by incubating cysteamine or DTT (10 mMor 1 mMfinal
concentration, respectively) with 0.2 ml plasma or serum for 30 min at
370C before the addition of '251I-labeled monoclonal antibody. In some
experiments, iodoacetamide (IA), (20 mMfinal concentration) was
added after the reducing agent, the plasma or serum held at 370C for an
additional 30 min, and the mixture was dialyzed against excess (2
changes of 2 liters) BBS for 2 h to assure complete removal of free
chemicals. The labeled antibody was then added to the treated plasma.
Normal vWf (0.2 ml CRM-negative hemophilic plasma) was added to
some reduced and alkylated samples after the dialysis step, and the
mixture was incubated for 1 h at 370C before the labeled monoclonal
antibody was added.

Preparation of vWf-free Factor VIII. Wehave previously described
a method for preparing vWf-free Factor VIII (28). In brief, a 5-ml
column of agarose beads coupled with rabbit anti-human vWf IgG was
perfused with 5 ml of plasma with recirculation at room temperature
for 16 h, unadsorbed proteins were removed by washing the beads with
BBS, and vWf-free FVIII was eluted with BBS containing 240 mM
CaCI2, 2 mMDFP, and 1 mg/ml BSA. Fractions were assayed for
VIII:C by a chromogenic substrate assay (25), and for FVIII:Ag (19)
and vWf:Ag (26).

Preparation of vWf-Factor VIII complexes. Cryoprecipitate was
prepared from 5 ml frozen plasma by gradual thawing in an ice bath.
The vWf-rich precipitate obtained by centrifugation was then brought
to 0.5 ml with BBSand chromotographed at room temperature over a
1.6 x 60 cm Sepharose 6B column equilibrated with BBS. The flow rate
was maintained at 22 ml/h, and fractions were assayed for VIII:C
(chromogenic assay), VIII:Ag, and vWf:Ag. As expected, vWf Factor
VIII complexes were restricted to the Vo fractions.

Results

Effect of reducing agents on FVIII-EH activity and thrombin
cleavage at arginine-1689. Dose-dependent enhancement of
Factor VIII:C was documented when penicillamine or DTT
were added to FVIII-EH plasma, with sixfold increases at opti-
mumconcentrations of 80-100 mMand 1 mM, respectively
(Figs. 1 and 2). Wethen carried out a series of experiments to
determine the mechanism by which DTT and penicillamine
increase FVIII-EH VIII:C activity. The initial effort was to de-
termine if these compounds support thrombin cleavage of the
FVIII-EH light chain at residue 1689. Similar studies were
carried out with cysteamine (21, 22), as well as penicillamine
and DTT, but the results were strikingly different: only cyste-
amine induced thrombin cleavage of the FVIII-EH light chain
(Fig. 3, lane 2). Concentrations of penicillamine and DTT that
maximally enhance VIII:C activity (80 and 1 mM, respec-
tively) had no effect on FVIII-EH light chain cleavage (lanes 3
and 4). As expected, Factor VIII heavy chain cleavage was

120- Figure 1. Effect of peni-

100 - NPP cillamine on VIII:C ac-
tivity. Mixtures of

_~80___FVIII-EH (ARC-5) or
cz60- '- _ N normal pooled plasma

(NPP) with penicilla-
>40 mine (final concentra-

20 tions indicated) were
ARC-5 . incubated at 37°C for

0 0.1 0.3 1 3 10 30 0oo o 30 min before VIII:C
Penicillamine Concentration (mM) measurement by a one-

stage coagulation assay.
Comparable results were obtained at 0 and 100 mMwith ARC-10.
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Figure 2. Effect of dithiothreitol (DTT) on VIII:C activity. Mixtures
of FVIII-EH (ARC-5) or normal pooled plasma (NPP) with DTT
(final concentrations indicated) were incubated at 370C for 30 min
before VIII:C measurement by a one-stage coagulation assay. Com-
parable results were obtained at 0 and mMwith ARC- lO.

normal in the presence of all of the reducing agents tested.
Previous experiments have shown that this method can detect
Factor VIII-EH light chain cleavage when as little as 10%of the
light chain is converted to the 72-kD fragment (17).

Effect of reducing agents on the Factor VIII-vWf interac-
tion. As an intact Factor, VIII light chain is necessary for the
maintenance of the Factor VIII-vWf complex (10, 12, 14); the

effect of these chemicals on the stability of the Factor VIII-vWf
complex was then examined to determine if a more sensitive
measure of light chain cleavage could be established. By mea-

suring the Factor VIII elution profile on 6%agarose gel filtra-
tion, we determined the effect of the reducing agents on FVIII-
EH association with vWf. While Factor VIII complexed with
vWf elutes in Vo fractions, thrombin-activated Factor VIII
elutes in later fractions, as it does not contain a vWf binding
site (29). An anti-Factor VIII monoclonal antibody (ESH-8)
was used to identify Factor VIII in these experiments. Prelimi-
nary studies demonstrated that this antibody does not affect
the Factor VIII-vWf interaction. While normal serum (throm-
bin-treated plasma in these experiments) had much less Vo
Factor VIII than normal plasma from which it was prepared,
(83% reduction, Table I), the addition of thrombin had little
effect on the amount of FVIII-EH in Vo fractions (Table I). As
expected (21-23), the reduction in Vo FVIII-EH was similar to
that for normal plasma Factor VIII when cysteamine was

added before thrombin treatment (Table I). Cysteamine added
to plasma, in the absence of subsequent thrombin treatment,
had little effect on the amount of Factor VIII in Vo fractions.

Very different results were obtained when plasmas were
incubated with DTT instead of cysteamine before thrombin
treatment and/or gel filtration. Addition of 5 mMDTT to ei-
ther normal or FVIII-EH plasma reduced the Vo Factor VIII
by about 50%. The addition of thrombin to DTT-treated nor-

mal plasma further reduced the Vo Factor VIII to 21%, but it
had no effect on DTT-treated FVIII-EH plasma (Table I).

In order to better understand the DTTeffect, IA was added
to plasma previously incubated with DTT. After dialysis to
remove residual IA and DTT, very little Factor VIII remained
in Vo fractions for both normal and FVIII-EH plasmas. This

F VIII-EH Normal F VIII

Chemicals - C P D -
- C P D I

Thrombin + + + + - + + + +

kD

-80
-72

-44

4w i10j9g .2". :' }: -S1p7h _ ~L

Lane 1 2 3 4 5 6 7 8 9

Figure 3. Immunoblots showing the effect of reducing agents on

FVIII-EH light chain cleavage by thrombin. Immunoadsorbed factor
VIII (2 UVIII:Ag) was incubated with cysteamine (C) (10 mMfinal
concentration), penicillamine (P) (80 mM), DTT (D) (1 mM), or TBS
for 30 min at 370C. The immunosorbent beads were then washed
and treated with thrombin (10 U) or BBS for 60 min at room tem-
perature before SDSelution. Analysis of the proteins following SDS-
PAGEand transfer to nitrocellulose was done with a mixture of three
monoclonal anti-FVIII antibodies (27). In this experiment, ARC-5
was the FVIII-EH plasma analyzed. Comparable results were ob-
tained with ARC-10.

suggested that the reduction and alkylation may have affected
vWf multimer structure (30). To evaluate this hypothesis, nor-

mal vWf was added to the dialyzed plasmas after they had been
incubated with DTT and IA. This consistently increased the
amount of Factor VIII in the Vo fractions to over 40%of con-

trol values. While thrombin had the expected effect on Factor
VIII elution when added to reduced and alkylated normal
plasma that had been "reconstituted" with normal vWf, the
addition of thrombin had no effect on FVIII-EH elution in
similar experiments (Table I). Thus, there was no evidence of
thrombin cleavage of the FVIII-EH light chain when DTTwas

added, as assessed by SDS-PAGE(Fig. 3) and by Factor VIII-
vWf complex characterization (Table I). The increase in VIII:C
that followed DTT addition to FVIII-EH plasma was more

likely to be a result of DTT's effect on vWf structure, an effect
that inhibited Factor VIII-vWf interaction.

The consistent low recovery of Factor VIII in Vo fractions
for plasmas treated with DTT raised the possibility that part of
the DTTeffect might be on Factor VIII. This was not the case,
for a Factor VIII concentrate with very low vWF (VIII:Ag/
vWF:Ag > 50) was detected in Vo fractions to an equivalent
extent, whether or not it had been incubated with 5 mMDTT
(and dialyzed) before the addition of normal vWFand the gel
filtration analysis. The DTT-treated samples had 92 and 94%
of the amount of Vo Factor VIII as control samples, to which
TBS was added instead of DTT.
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Table I. The Factor VIII Content of Void Volume Fractions

Factor VIII in Vo fractions
(% of control)

Treatment of plasma
before gel filtration Normal plasma FVIII-EH plasma

Control (no additions) 100 100
Thrombin (6 U/U VIII:Ag)* 17 94
Cysteamine (10 mMfinal

concentration)* 100 88
Cysteamine followed by

thrombin 20 16

DTT (5 mMfinal
concentration)* 46 51

DTT followed by thrombin 21 51
IA (20 mMfinal concentration)*

after DTT 17 15
IA after DTT, followed by

dialysis and addition of
normal vWf 43 55

IA after DTT, followed by
dialysis, and addition of
normal vWf followed by
thrombin 16 51

* The addition of thrombin, cysteamine, DTT, or IA were each
followed by a 30-min incubation at 370C before the next addition or
the dialysis (see Methods for details).

Effect of vWf depletion on FVIII-EHprocoagulant activity.
Taken together, the data of Figs. 1 and 3 and Table I suggest
that FVIII-EH has some VIII:C procoagulant function when
DTT is added, even though the light chain remains resistant to
thrombin cleavage. These data suggest that other methods that
separate Factor VIII from vWf might also enhance FVIII-EH
VIII:C function. To evaluate this possibility, vWf-free Factor
VIII was prepared by immunoadsorption followed by high salt
elution (28). The eluted fractions had no detectable vWf:Ag
(i.e., <0.1 U/dl), but the eluted FVIII-EH had significant
VIII:C activity (Fig. 4). The ratio of VIII:C to VIII:Ag in these
FVIII-EH fractions was 0.31, compared with 0.02 in the start-
ing plasma sample. When normal plasma was chromato-
graphed in the same way, the high salt eluate fractions had the
same specific activity (VIII:C/VIII:Ag) as the starting plasma
(Fig. 4 A).

In order to establish that the generation of VIII:C activity
was a specific result of vWFremoval, control experiments were
carried out in which other plasma proteins were removed from
Vo FVIII-vWf complexes by 6%agarose gel filtration (Fig. 5).
For normal plasma, the Vo fractions had comparable VIII:C,
VIII:Ag, and vWf:Ag levels (Fig. 5 A). However, no VIII:C (i.e.,
< 1 U/dl) was detected in the Vo fractions when FVIII-EH was
analyzed in the same way (Fig. 5 B).

The fractions with peak activity were further characterized
by incubating them with cysteamine, DTT, or BBS(Table II).
While DTT had no effect on vWf-free FVIII-EH, cysteamine
further increased the VIII:C level to 46 U/dl. On the other
hand, the addition of DTTgenerated VIII:C activity (17 U/dl)
when the FVIII-EH-vWf complexes were tested. Cysteamine
also increased the VIII:C activity of this fraction. At the con-
centrations used, neither reducing agent had a significant effect

3 4 5 67 8
Elution Volume (n

150--
B

100 -

50- .
.'A.

0 9 9
2o34 5 6 7 8

Elution Volume

Figure 4. High salt elu-
tion of Factor VIII from
an anti-vWf immuno-
adsorbent. (A) normal
plasma; (B) FVIII-EH
(ARC-5) plasma. After

9 10 11 12 the immunoadsorbent
beads were incubated
with plasma, they were

FVIII-EH Plasma washed to remove un-
bound proteins and

A.- VIIIAg Factor VIII was eluted
_- vWF:Ag with 240 mMCa2+ (see

Methods). Fractions (1
ml) following the start
of the high salt elution
are shown here. VIII:C
was measured by chro-
mogenic assay, and
VIII:Ag and vWf:Ag by

9' '112 immunoradiometric as-9 10 11 12

(Ml) says.

on the VIII:C activity of fractions prepared from normal
plasma.

Discussion

FVIII is modified by several proteolytic cleavages in a process
that leads to activation and subsequent inactivation of its co-
factor function (15, 31-33). Thrombin cleavages at arginine-
372 in the heavy chain and arginine- 1689 in the light chain are

Normal Cryoprecipitate
A

100 -

50-

42 43 44 45 46 47 48 49 50 51

Elution Volume (ml)

FVIII-EH Cryoprecipitate
150-B

0-- VIII:C
...- A VIII:Ag

vWF:Ag

100 -

50- '

0 - _
42 43 44 45 46 47 48 49 50 51

Elution Volume (ml)

Figure 5. FVIII-vWf
elution in the void vol-
ume after 6%agarose
gel filtration. (A) normal
cryoprecipitate; (B)
FVIII-EH (ARC-5)
cryoprecipitate. Cryo-
precipitate prepared
from 5 ml plasma was

applied to a 1.6 x 60
cm 6% agarose column
(see Methods). Only
void volume fractions
(1 ml) are shown here.
VIII:C was measured
by chromogenic assay,
and VIII:Ag and
vWf:Ag by immunora-
diometric assays.
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Table IL Effect of Cysteamine and DTTon Factor VIII Activity

VIII:C/VIIl:Ag (U/dl)*

vWf-free Factor VIII Factor VIII-vWf complexes
(0.24 MCa2" Eluate)' (Vo Fraction from 6%agarose gel filtration)

Treatmentt Normal plasma FVIII-EH plasma Normal plasma FVIII-EH plasma

Buffer 87/119 21/75 39/47 <1/31
Cysteamine (10 mM) 93/ND 46/ND 49/ND 32/ND
DTT (1 mM) 82/ND 23/ND 34/ND 17/ND

* Untreated normal pooled plasma has (by definition) 100/100, while the ARC-5 FVIII-EH plasma used in this study had 2/87 (17). The maxi-
mumVIII:C/VIII:Ag levels when ARC-S plasma was treated with cysteamine were 35/87 (21), and the maximum levels after incubation with
DTT were 18/87 (Fig. 2). t An equal volume of cysteamine (10 mMfinal concentration), DTT (1 mM), or buffer was added to an aliquot of
the peak column fraction (see Figs. 4 and 5) for 30 min at 370C before VIII:C chromogenic substrate assay. VIII:Ag was measured in the
column fraction before the additions. § Aliquots of those column fractions with maximal VIII:C (0.24 MCa2" eluate, Fig. 4) or VIII:Ag (Vo
fraction, Fig. 5) content were used in this experiment.

thought to be essential for Factor VIII procoagulant activity, as
the substitution with isoleucine for either residue prevents
thrombin activation and reduces procoagulant activity (34). In
contrast, the substitution of lysine for arginine-1689 does not
diminish Factor VIII activity or thrombin activation (34).

The substitution of cysteine for arginine- 1689 in FVIII-EH
abolishes an essential light chain thrombin cleavage site, and
reduces its procoagulant activity (17). In recent studies, we
have shown that the free thiol, cysteamine (beta-mercaptoeth-
ylamine), reacts with cysteine-1689 in FVIII-EH to form a new
mixed disulfide, a pseudolysine that can be cleaved by throm-
bin to generate VIII:C activity (23).

In addition, other reducing agents, including DTTand pen-
icillamine, increase FVIII-EH VIII:C activity (Figs. 1 and 2) in
the absence of Factor VIII light chain cleavage by thrombin
(Fig. 3 and Table I). The data summarized in Table I suggest
that DTT-induced FVIII-EH VIII:C activity is due to the effect
of this reducing agent on vWf multimer structure, rather than
on FVIII-EH itself. This was verified by showing that FVIII-EH
has VIII:C function (23 U/dl) when separated from vWf (Fig. 4
B). Separation of Factor VIII-EH/vWf complexes from other
plasma proteins did not generate VIII:C activity (Fig. 5 B) un-
less cysteamine or DTT was added (Table II), indicating that
this is a specific effect of vWf removal.

The concept that light chain cleavage at residue 1689 is
necessary only to separate vWf from Factor VIII has been sug-
gested previously by Hill-Eubanks, et al. (16). Using a snake
venom protease that cleaves the porcine Factor VIII heavy
chain, but not its light chain, they showed that heavy chain
cleavage alone generates an active porcine Factor VIII mole-
cule when vWf is not present. They suggested that light chain
cleavage at arginine-1689 is required only to dissociate vWf
from Factor VIII, and that only heavy chain cleavage is re-
quired for procoagulant activity. Our data with human Factor
VIII are consistent with this hypothesis. However, the FVIII-
EH data in Table II indicate that there is a further VIII:C in-
crease when both the heavy and the light chains are cleaved,
e.g., when vWf-free FVIII-EH is incubated with cysteamine.

The moderately decreased specific activity of vWf-free
FVIII-EH (23 U/dl VIII:C in a fraction with 75 U/dl VIII:Ag)
could be due to several mechanisms. The increase in VIII:C
when cysteamine is added to that fraction, to 46 U/dl (Table
II), suggests that light chain cleavage at residue 1689 augments

VIII:C activity. The replacement of arginine-1689 by cysteine
may itself affect procoagulant function, either by reducing. the
rate at which thrombin cleaves the light chain cleavage or by
some other effect on Factor VIII structure.

Our results may seem contrary to a previous report that
there is no VIII:C activity when vWf is removed from a differ-
ent mutant Factor VIII molecule that also has the arginine-
1689 to cysteine substitution (35). No procoagulant activity
was detected by O'Brien and Tuddenham when they removed
vWf from this CRM-positive plasma by an anti-vWf immuno-
sorbent, and treatment with beta-mercaptoethanol did not gen-
erate VIII:C activity from separated Factor VIII-vWf com-
plexes (35). The different results are not likely to be due to
different vWf levels in the preparations, since the plasma sam-
ples were treated in similar ways. Moreover, similar assay
methods were used to measure VIII:C. It is possible, however,
that their patient's Factor VIII may differ at an as yet undefined
polymorphism so that its properties are different from the
CRM-positive molecules in the plasmas of our two FVIII-EH
patients. This possibility is supported by the total absence of
detectable VIII:C in patient H1Oplasma (35, 36), while ARC-5
and ARC-10 plasmas have 2 and 5 U/dl, respectively (17).

Studies of Factor VIII modified by site-directed mutagene-
sis have also been interpreted as demonstrating the need for
two thrombin cleavages to obtain VIII:C activity. Pittman and
Kaufman modified the thrombin cleavage sites at arginine-372
and arginine-1689 by replacing them in separate constructs
with isoleucine, and they found that both mutant molecules
had a 20-fold reduction in VIII:C activity (34). It is likely, how-
ever, that vWf present in the culture medium interacted with
the mutant light chain, and this may have prevented the detec-
tion of VIII:C activity in the molecules modified at residue-
1689.

These data illustrate how the study of the natural Factor
VIII mutations in CRM-positive patients can enhance our un-
derstanding of Factor VIII structure-function relationships.
These experiments of nature provide an important adjunct to
the analysis of normal proteins.
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