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Kinetics of factor VIII light-chain cleavage by thrombin and factor Xa 
A regulatory role of the factor VIII heavy-chain region Lys713-Arg740 
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Activation and limited proteolysis of factor VIII have been investigated with respect to the role of 
the heavy-chain region Lys713-Arg740. The kinetics of factor VIII activation have been analyzed in a 
system consisting of human factor VIII, factor IXa, factor X, phospholipids, and thrombin or factor Xa. 
Plasma-derived factor VIII is activated by thrombin with a second-order rate constant of 3.3 t O.3X1O6 
M-' s-l, which proved to be slightly higher than for activation by factor Xa. The second-order rate 
constant of activation by thrombin of plasma-derived factor VIII in the presence of a monoclonal antibody 
against the sequence Lys713 -Arg740 is markedly reduced. The same result was obtained for activation 
by thrombin and factor Xa of factor VIII with a deletion including the sequence Lys713-Arg740, des- 
(713 - 1637)-factor VIII. This suggests that the region Lys713 -Arg740 promotes factor VIII activation 
by both thrombin and factor Xa. Since factor VIII activation is associated with proteolysis, cleavage of 
factor VIII heavy and light chains was analyzed quantitatively. These studies indicated that heavy-chain 
cleavage of des-(713 - 1637)-factor VIII is similar to that of plasma-derived factor VIII. In contrast, 
cleavage of the light chain of des-(713-1637)-factor VIII is clearly reduced. Furthermore, the second- 
order rate constant (0.2 % 0.1 X106 M-' s-') of des-(713-1637)-factor VIII light-chain cleavage by throm- 
bin was reduced tenfold compared with that of plasma-derived factor VIII. Proteolysis by factor Xa 
yielded similar results. The rate of des-(713 - 1637)-factor VIII light-chain cleavage by thrombin is similar 
to that of isolated light-chain, but isolated light-chain is cleaved by factor Xa 20-fold more efficiently 
than the light chain in des-(713-1637)-factor VIII. We conclude that activation of factor VIII by both 
thrombin and factor Xa is closely associated with light-chain cleavage. Furthermore, within the factor 
VIII heterodimer, the heavy-chain sequence Lys713 -Arg740 promotes both activation and light-chain 
proteoly sis. 
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Factor VIII serves an important role in blood coagulation 
since its absence or dysfunction is associated with the bleeding 
disorder haemophilia A. In the intrinsic pathway of factor X 
activation, factor VIII functions as cofactor for the serine prote- 
ase factor IXa. The cofactor is synthesized as a large single- 
chain precursor protein of 2332 amino acids, which is arranged 
in a domain structure having the sequence Al-A2-B-A3-Cl-C2 
[ l ,  21. In plasma, factor VIII circulates as a heterodimeric pro- 
tein consisting of a light chain (A3-Cl-C2) and a heavy chain 
(Al-A2-B). The mass of the light chain is 80 kDa whereas the 
size of the heavy chain is in the range 90-220 kDa due to prote- 
olysis within the B-domain [3-51. The B-domain is dispensable 
for factor VIII function which has been assessed in vitro and in 
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vivo [3, 4, 6-91. Heterodimenc plasma factor VIII does not ex- 
ert cofactor activity unless it is converted into an active species 
by limited proteolysis. Both thrombin and factor Xa are capable 
of activating factor VIII by cleavage in the heavy chain at amino 
acid positions Arg372 and Arg740 and in the light chain at 
Arg1689 [4, 101. Recently, cleavage by factor Xa at position 
Arg1721 in factor VIII light chain has also been associated with 
factor VIII activation [ l l ] .  The significance of two cleavages at 
Arg372 and Arg1689 during factor VIII activation is apparent 
from the occurrence of point mutations at these positions in 
factor VIII in several haemophilia A patients [12]. Furthermore, 
their role in factor VIII activation has been established by in 
vitro mutagenesis studies [lo]. 

A striking observation with regard to factor VIII structure is 
that all thrombin cleavage sites are adjacent to a region particu- 
larly rich in acidic amino acids and containing sulphated tyro- 
sine residues that are at amino acid positions 346, 718, 719, 723, 
1664, and 1680 [13-151. These acidic regions are proposed to 
represent high-affinity thrombin-binding sites as they are homol- 
ogous with binding sites for thrombin in proteins like hirudin 
[16], and heparin cofactor I1 [17]. The acidic heavy-chain region 
Ser337-Arg372 is involved in the stabilization of the hetero- 
trimeric structure of activated factor VIII [18]. Another acidic 
region comprising the sequence Glu1649-Argl689 of the light 
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chain apparently has a dual role in factor VIII function: in par- 
ticular, sulphation of the tyrosine residue at position 1680 in the 
acidic region of the light chain is required for the high-affinity 
interaction of factor VIII with von Willebrand factor [6, 191 and 
cleavage of this region from factor VIII light chain is associated 
with development of factor VIII cofactor activity [11, 191. The 
heavy-chain acidic region Lys713 -Arg740 was previously 
assessed to be important in factor VIII function as factor VIII 
activity was inhibited by monoclonal antibodies against this 
sequence [20]. More specifically, residues 721 -729 have been 
reported to contribute to full factor VIII activity in vitvo [21]. In 
addition, a heterodimeric factor VIII variant in which the heavy- 
chain lacks residues 713-740 has been found to display a re- 
duced haemostatic activity in vivo [7]. 

The aim of the present study was to examine the role of 
the acidic region Lys713-Arg740 in factor VIII activation and 
proteolysis by both thrombin and factor Xa. For both factor- 
VIII-activating enzymes, rate constants of activation and limited 
proteolysis of a factor VIII heterodimer lacking the heavy-chain 
sequence 71 3 -740 have been determined. In this way, a relation 
has been established between the role of the region Lys713- 
Arg740 in activation of factor VIII and proteolysis at specific 
cleavage sites. 

MATERIALS AND METHODS 

Materials. The synthetic substrate S2337 was purchased 
from Chromogenix AB. Hirudin (from leeches), 3-sn-phosphati- 
dyl-L-serine (PtdSer), and 3-sn-phosphatidylcholine, type I-EH 
(PtdCho) were from Sigma. Glutamylglycylargininechloro- 
methane (Glu-Gly-Arg-CH,Cl) and phenylalanylprolylarginine- 
chloromethane (Phe-Pro-Arg-CH,Cl) were obtained from Cal- 
biochem. All other reagents were analytical grade. 

Antibodies and purified proteins. Anti-(factor VIII light 
chain) monoclonal antibodies CLB-CAg 12, CLB-CAg 69, and 
CLB-CAg 117, and anti-(factor VIII heavy chain) monoclonal 
antibody CLB-CAg 9 have been described previously [20, 221. 
The polyclonal anti-(factor VIII) antibody p.53 (raised against 
a peptide comprising the factor VIII sequence 329-345) was 
generously donated by Dr D. S. Pepper (Scottish National Blood 
Transfusion Service, Edinburgh). A polyclonal antibody against 
factor VIII light chain was obtained by immunizing rabbits with 
thrombin-cleaved purified factor VIII light chain [ I l ,  231 em- 
ploying standard procedures. Human factor VIII and its light- 
chain subunit were purified according to a previously described 
method [23]. The construction, production and purification of 
des-(713 - 1637)-factor VIII have been described in detail else- 
where [7].  Plasma factor VIII differs at the protein level from 
heterodimeric des-(713- 1637)-factor VIII in that the latter lacks 
the heavy-chain sequence Lys713 - Arg740. Concentrations of 
factor IXa and factor Xa [24], factor X [25], and a-thrombin 
[26] were determined by active site titration [25]. Proteins were 
homogenous as assessed by SDSPAGE. 

Factor Xa formation. Activation of factor VIII was deter- 
mined using factor Xa formation experiments [26]. Briefly, 
phospholipid vesicles (100 pM) were prepared from PtdSer and 
PtdCho (1 : 1 molar ratio) and incubated in a Ca2+-containing 
buffer. Then factor 1Xa (0.3 nM), factor VIII (0.4 nM), factor X 
(0.2 pM), and various concentrations of thrombin or factor Xa 
were added in the denoted order. Subsamples were removed and 
analyzed for factor Xa concentration employing the synthetic 
substrate S2337. The conversion of substrate was monitored at 
405 nm and active-site-titrated factor Xa was used to relate sub- 
strate hydrolysis to factor Xa concentrations. Thrombin was in- 
hibited by the addition of hirudin (1 U/pmol thrombin). 

Kinetics of factor VIII activation. We have analyzed the 
activation of factor VIII kinetically via its contribution as cofac- 
tor for factor IXa in factor Xa formation. Factor X activation is 
represented by the following scheme: 

kl  
FVITIa-FIXa + FX FVIIIa-ma-FX 2 FVIIIa-FIXa + FXa . 

(1) 

Factor VIII is present in its non-activated form at the start of 
factor Xa formation. Therefore, the initial factor Xa formation 
is coupled to the activation of factor VIII: 

k4 
FVIII - FVIIIa. 

Factor Xa formation in the presence of an increasing concentra- 
tion of cofactor results in increasing reaction velocities with 
time. A general solution for a system of two coupled reactions 
has previously been given [27, 281, and the same model is used 
to analyze the exponentially increasing factor Xa formation 
(compare Fig. 1): 

[FXa], - [FXa], = ck,tZ. (3) 

Eqn (3) is derived after integration between t = 0 and t = t of 
the following equation : 

d[FXa] - k,[FVIII],, tk,[FX],, 
(4) ~- 

dt K,, + [FXlo 

where k,[FVITI],t represents the initial rate of factor VIII activa- 
tion (see page 129 in reference 29). The constant parameters 
[FVIII],, [FX],, K,,, and k, yield the constant c of Eqn (3) by 
the expression c = k,[FVIII],[FX]d2(Km + [FX],,). The factor X 
activation rate constant k, (10.3 2 3.3 min-') has been experi- 
mentally determined from the steady state of factor Xa forma- 
tion (see the Results section). The K,,, value of 200 nM [30] and 
protein concentrations are as described above. Taken together, 
these values yield a c value of 1.03X10-' M min-'. We used 
saturating concentrations of phospholipids to eliminate this com- 
ponent as a potentially rate-limiting step in factor Xa formation. 
Apparent first-order rate constants of factor VIII activation (k4) 
were obtained by fitting data into Eqn (3) using Enzfitter soft- 
ware (Elsevier, The Netherlands). 

Analysis of proteolysis fragments by quantitative immu- 
noblotting. Factor VIII or des-(713- 1637)-factor VlII was acti- 
vated by 2 nM thrombin in assays for the measurement of factor 
Xa. At various times, subsamples were collected in sample 
buffer [2% (mass/vol.) SDS, 10% (by vol.) glycerol, 0.01% 
(mass/vol.) bromophenol blue, 62.5 mM Tris, pH 6.01 for SDS/ 
PAGE containing 2 M urea. After electrophoresis, proteins were 
immunoblotted using antibody p53 to detect the A3 domain of 
the factor VIII heavy chain and with monoclonal antibody CLB- 
CAg 69 to detect intact factor VIII light chain. After incubation 
with horseradish-peroxidase-labeled antibodies, immunoblot 
fragments with the cleavage products of interest (SO-kDa A1 
domain or 80-kDa light chain) were excised. The amounts of 
the cleavage products were quantified spectrophotometrically by 
incubation of the immunoblot fragments with 3,3',5,5'-tetra- 
methylbenzidine in 0.11 M sodium acetatekitric acid, pH 5.5. 
The reaction was stopped with H,SO, and the absorbance was 
measured at 450 nm. 

Kinetics of factor VIII light chain cleavage. Factor VIII 
light-chain cleavage rates were determined either in subsamples 
from experiments for the measurement of factor Xa formation 
or in incubations of factor VIII with a selection of components 
used in factor Xa formation experiments. The specific conditions 
are explained in the Results section. Light-chain cleavage was 
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Fig. 1. Activation of factor VIII by thrombin as determined by factor 
Xa formation. Factor X (0.2 pM) was activated by factor IXa (0.3 nM) 
in the presence of phospholipids (50 pM), and factor VIII (0.4 nM) in 
100 mM NaCI, 10 mM CaCI,, 50 mM Tris, pH 7.5, at 37°C. Factor X 
activation was initiated by the addition of various concentrations of 
thrombin to mixtures containing plasma-derived factor VIII (A) or des- 
(713- 1637)-factor VIII (B). The thrombin concentrations used to acti- 
vate plasma-derived factor VIII were 0.1 (O), 0.3 (O), 1 (U), and 2 nM 
(O), whereas concentrations of 2 (e), 5 (O), 10 (M), and 20 nM (U) 
were used to activate des-(713- 1637)-factor VIII. Curves were obtained 
by fitting the data to Eqn(3) (see the Materials and Methods section). 

assessed in an assay employing immobilized monoclonal anti- 
body CLB-CAg 12 and the detection antibody was CLB-CAg 
69. Samples were incubated with immobilized antibody (0.5 pgl 
well) for 2 h at 37°C. Dilutions were made in 1 M NaCI, 10 mM 
EDTA, 1 % (masslvol.) human serum albumin, 50 mM Tris, 
pH 7.5. Thrombin and factor Xa were inhibited by a twofold 
molar excess of Phe-Pro-Arg-CH,C1 and Glu-Gly-Arg-CH,CI 
over enzyme, respectively. Bound, intact light chain was de- 
tected by incubation with peroxidase-conjugated CLB-CAg 69 
(15 nglwell) in 150 mM NaCI, 0.1 % (by vol.) Tween-20, 50 mM 
Tris, pH 7.5, for 1 h at 37°C. The decay in intact factor VIII 
light-chain antigen was calculated relative to the concentration 
of factor VIII light chain at zero time. Cleavage rates were 
determined employing the following equation, which describes 
a single exponential decay of intact factor VIII light-chain 
antigen : 

[FVIII-LC], is the initial factor VIII light-chain concentration 
and k is the first-order rate constant of cleavage at a specific 
activator concentration. Data were fitted into Eqn (5)  to obtain 
factor VIII light-chain cleavage rate constants employing Enzfit- 
ter software. Second-order rate constants (M-' s-') were ob- 
tained from the slopes of plots of first-order rate constant versus 
activator concentration. 

[FVIII-LC], = [FVIII-LC], exp(-kr). ( 5 )  

RESULTS 
Activation of factor VIII. Previously, we described that activa- 
tion of the deletion mutant des-(713- 1637)-factor VIII requires 
more thrombin than plasma-derived factor VIII or a mutant lack- 
ing nearly the complete B-domain ; i.e. des-(868 - 1562)-factor 
VIII [7]. In the present study, we investigated the kinetics of 
factor VIII activation in detail. Factor VIII activation was deter- 
mined by factor Xa formation in mixtures containing factor VIII, 
factor IXa, factor X, phospholipids, and varying concentrations 
of thrombin or factor Xa. An exponential increase in factor Xa 
formation was observed when plasma-derived factor VIII was 
activated with thrombin (Fig. 1 A). Increasing thrombin concen- 
trations resulted in acceleration of factor Xa formation. The 
curves in Fig. 1 show that the experimental data of factor Xa 
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Fig.2. Rate constants of plasma-derived factor VIII and des- 
(713-1637)-factor VIII activation. Factor VIII activation was analyzed 
by factor Xa formation kinetics, and apparent first-order rate constants 
were obtained by fitting the data as described in the legend of Fig. 1. 
Apparent second-order rate constants were calculated from the slopes of 
the lines derived by plotting first-order rate constants against thrombin 
concentrations. The rate constants ( +- SE) were determined for plasma- 
derived factor VIII (0) and des-(713-1637)-factor VIII (.) in at least 
three independent experiments. The inset shows a similar plot for the 
activation of plasma-derived factor VIII (0) or des-(713- 1637)-factor 
VIII (.) by factor Xa. Apparent second-order rate constants are listed 
in Table 1. 

formation fit well in the exponential model for factor VIII acti- 
vation as described in the Materials and Methods section. Des- 
(713 - 1637)-factor VIII was activated under similar experimen- 
tal conditions (Fig. 1 B). At first glance, exponential factor Xa 
formation curves for des-(713- 1637)-factor VIII display the 
same pattern as plasma-derived factor VIII (compare Fig. 1 B  
with Fig. IA). However, it is important to note that approxi- 
mately tenfold higher concentrations of thrombin are used to 
activate des-(713- 1637)-factor VIII to the same extent. These 
results indicate that the region that is deleted in des-(713 - 
1637)-factor VIII contributes to efficient factor VIII activation 
by thrombin. 

Factor VIII activation kinetics. To assess quantitatively the 
activation of factor VIII and the contribution of the sequence 
713-1637, data for factor Xa formation were fitted to the expo- 
nential model of two coupled enzymatic reactions (see the Mate- 
rials and Methods section). The rate constant k3 describing the 
conversion of factor X into its activated form was derived from 
that part of the progress curves where the maximal rate of factor 
Xa formation has become independent of the thrombin concen- 
tration (i.e. at later timer points than those shown in Fig. 1). Our 
approach allows for the calculation of apparent first-order rate 
constants of factor VIII activation [k,  in Eqn (3)] at various 
thrombin concentrations. The rate constants obtained were plot- 
ted against the thrombin concentrations used to activate plasma- 
derived factor VIII and des-(713- 1637)-factor VIII (Fig. 2). 
From the slopes of the resulting lines, apparent second-order rate 
constants of factor VIII activation by thrombin can be derived. 
Deletion of the heavy-chain region 713-1637 and in particular 
713-740 results in a tenfold reduction of the second-order rate 
constant to 0.3 ? 0.1 X lo6 M-' s-' for thrombin-mediated activa- 
tion (Table 1). This reduction should not to be attributed to the 
deleted B-domain sequence as activation of a mutant factor VIII 
lacking the majority of the B-domain is similar to that of plasma 
factor VIII [18]. We also tested the effect of a monoclonal anti- 
body directed against the sequence Lys713-Arg740 which is 
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Table 1. Apparent second-order rate constants of activation. Rate 
constants of activation were determined as described in the legend of 
Fig. 2. Plasma factor VIII was preincubated with a 15-fold molar excess 
of monoclonal antibody CLB-CAg 9 for 2 h at 37°C prior to factor X 
activation. The calculated values each represent the average ? SD of at 
least three experiments. n.d., not determined. 

Incubation X Apparent second- 
order rate constant 

thrombin factor Xa 

M Is-' 

Plasma-derived factor VIII 3.320.3 l . l ? O . l  
Des-(713 - 1637)-factor VIII 0.3t0.1 0.3?0.1 
Plasma-derived factor VIII + CLB-CAg 9 1.3?0.1 n.d. 

known to inhibit factor VIII activity. A reduction was deter- 
mined although to a lesser extent than for activation of des- 
(71 3- 1637)-factor VIII (Table 1). Thus, binding of an antibody 
to the region Lys713-Arg740 interferes with factor VIII activa- 
tion. 

Plasma-derived factor VIII and des-(713 - 1637)-factor VIII 
were also activated by factor Xa instead of by thrombin. Various 
factor Xa concentrations yielded apparent first-order rate con- 
stants (k4) of factor VIII activation which were plotted against 
factor Xa concentration (Fig. 2). The second-order rate constants 
were obtained from the slopes of these plots and are listed in 
Table 1. The rate constant for activation of plasma-derived factor 
VIII by factor Xa was threefold lower than for activation by 
thrombin. The second-order rate constant of des-(713- 1637)- 
factor VIII activation by factor Xa displayed the same value of 
0.3 20.1 X106 M-' s ' compared with activation by thrombin. 
These results suggest that the heavy-chain region Lys713- 
Arg740 is of importance in activation of factor VIII by both 
thrombin and factor Xa. 

Proteolysis of factor VIII. Activation of factor VIII is associ- 
ated with limited proteolysis and activation of des-(713- 1637)- 
factor VIII is reduced compared with plasma-derived factor 
VIII. Thus, it is likely that the rate of cleavage at one or more 
positions in  des-(713- 1637)-factor VIII is reduced. Des-(72 3- 
1637)-factor VIII and plasma-derived factor VIII were activated 
by thrombin and proteolysis of heavy and light chains was ana- 
lyzed. The appropriate cleavage products on immunoblot frag- 
ments were quantified spectrophotometrically (see the Materials 
and Methods section). Heavy-chain cleavage was monitored by 
generation of the heavy-chain A1 domain employing an anti- 
body against the amino acid sequence 329-346. The cleavage 
of the heavy chain of des-(713-1637)-factor VIII was slightly 
delayed compared with heavy-chain cleavage of plasma-derived 
factor VIII (Fig. 3A). Exclusively, intact light chain was de- 
tected employing a monoclonal antibody directed against the 
amino acid sequence 1673-1689. By this method, we deter- 
mined that cleavage of the des-(713-1637)-factor VIIl light 
chain is much slower than of plasma-derived factor VIII light 
chain (Fig. 3 B). Thus, the heavy-chain region Lys713 -Arg740 
predominantly affects factor VIII light-chain cleavage and not 
heavy-chain cleavage at position Arg372. This suggests that in 
the factor VIII heterodimer association of the heavy-chain se- 
quence 1-740 with the light chain is required for efficient prote- 
olysis of the factor VIII light chain. 

Kinetics of factor VIII light-chain cleavage. The finding that 
the heavy-chain region Lys713- Arg740 contributes to proteoly- 
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Fig. 3. Proteolysis of plasma-derived factor VIII and des-(713-1637)- 
factor VIII. Factor VIII (10 nM) was incubated with 2 nM thrombin in a 
buffer containing 50 pM phospholipids in 100 mM NaCI, 10 rnM CaCl,, 
50 mM Tris, pH 7.5, at 37°C. Subsamples were subjected to SDSPAGE 
and immunoblotting. The A1 heavy-chain fragment of factor VIII was 
detected employing a polyclonal anti-(factor VIII) antibody (p53) (A). 
Intact light chain was detected employing monoclonal antibody CLB- 
CAg 69 (B). Quantification of cleaved fragments was as described in 
the Materials and Methods section. Proteolysis is shown for plasma- 
derived factor VIII (0) and des-(713-1637)-factor VIII (.). The 
average? SE of 2-3 experiments is shown. 

sis of the factor VIII light chain (Fig. 3) prompted us to analyze 
the kinetics of this cleavage more extensively. We developed an 
assay to determine proteolysis of factor VIII light chain by 
thrombin and factor Xa. This assay is based on a specific combi- 
nation of two monoclonal antibodies to discriminate between 
intact and cleaved light chain. By virtue of this selectivity, cleav- 
age of intact light chain can be determined. The extent of cleav- 
age is calculated for each time point with the initial concentra- 
tion as a reference. The time courses of proteolysis of the light 
chain of various factor VIII species by 2 nM thrombin and factor 
Xa are shown in Fig. 4A and B, respectively. Compared with 
plasma-derived factor VIII, the light chain of des-(713 - 1637)- 
factor VIII is cleaved at a lower rate by thrombin and factor Xa. 
A similar result was obtained for cleavage of plasma-derived 
factor VIII after preincubation with an antibody directed against 
the Lys713 -Arg740 sequence. Thus, the sequence Lys713- 
Arg740 contributes to the rate of factor VIII light-chain cleavage 
by thrombin and factor Xa. Cleavage rates were obtained by 
fitting the light-chain cleavage data into a model describing a 
single exponential decay Eqn (5) in the Materials and Methods 
section). This analysis yields the first-order rate constant of 
factor VIII light-chain cleavage. At various enzyme concentra- 
tions, the first-order rate constants were determined and subse- 
quently plotted against thrombin or factor Xa concentration em- 
ploying a method similar to that shown in Fig. 2 for the activa- 
tion of factor VIII. Second-order rate constants were derived 
from the slopes of those plots and the values are listed in Table 
2. The second-order rate constant of des-(713- 1637)-factor VIII 
light-chain cleavage was approximately sevenfold lower than for 
plasma-derived factor VIII light-chain cleavage. Furthermore, 
incubation of factor VIII with an antibody directed against the 
sequence Lys713 -Arg740 reduced the light-chain cleavage rate 
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Fig. 4. Light-chain cleavage of various factor VIII species. Light- 
chain cleavage by thrombin (A) and factor Xa (B) was determined in 
subsamples of factor Xa formation experiments that contained 0.4 nM 
factor VIII, 0.3 nM factor IXa, 0.2 pM factor X, 50 pM phospholipids, 
and 2nM thrombin or factor Xa. Plasma-derived factor VIII (0), 
plasma-derived factor VIII preincubated with 6 nM of antibody CLB- 
CAg 9 (0). and des-(713-1637)-factor VIII (W) were activated and 
proteolysis of intact light chain was assessed in a specific immunological 
assay (see the Materials and Methods section). 

Table 2. Second-order rate constants of proteolysis. Rate constants of 
factor VIII light-chain cleavage were determined from the slopes of plots 
of first-order rate constants against activator concentration as described 
in the Materials and Methods section. Incubation of plasma-derived 
factor VIII with a 15-fold molar excess of monoclonal antibody CLB- 
CAg 9 was for 2 h at 37°C prior to proteolysis experiments. The calcu- 
lated values each represent the average? SD of at least three experi- 
ments. 

Incubation X Second-order 
rate constant 

thrombin factor Xa 

Plasma-derived factor VIII 2.1 t 0 . 2  2.2?0.3 
Des-(713- 1637)-factor VIII 0 .2t0.1 0.5k0.2 
Plasma-derived factor VIII + CLB-CAg 9 0.350.1 0.4?0.1 
Isolated light-chain 0.2?0.1 11.3 25.1 

constant to the same extent as observed for des-(713-1637)- 
factor VIII. We conclude that the reduction in the light-chain 
cleavage rate of des-(713- 1637)-factor VIII is associated with 
a role of the sequence Lys713-Arg740 that is lacking in the 
heterodimeric mutant compared with wild-type factor VIII. 

Contribution of the heavy chain that lacks the Lys713- 
Arg740 sequence to light-chain cleavage. The heavy-chain re- 
gion Alal -Asp712, in addition to the region Lys713-Arg740, 
may contribute to the efficiency of factor VIII light-chain cleav- 
age. To test this hypothesis, cleavage of the light chain of des- 
(71 3- 1637)-factor VIII was compared with cleavage of isolated 
light chain. The second-order rate constant of cleavage by 
thrombin was identical for des-(713 - 1637)-factor VIII light 
chain and isolated light chain (Table 2). This suggests that the 
heavy chain comprising Alal -Asp712 does not contribute to 
factor VIII light-chain cleavage by thrombin. Remarkably, 
cleavage of isolated light chain by factor Xa appeared to be a 
very efficient process. Fig. 5 shows that the conversion of iso- 
lated light chain by 2 nM factor Xa proceeds more rapidly than 
conversion of the light chain within the factor VIII heterodimer. 
The light chain of des-(713-1637)-factor VIII is cleaved by 
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Fig. 5. Contribution of heavy chain to factor VIII light-chain cleav- 
age. Plasma-derived factor VIII (0.4 nM) (O), des-(713- 1637)-factor 
VIII (0.4 nM) (W), and isolated factor VIII light chain (2.8 nM) (A), 
were incubated with 2 nM factor Xa in the presence of 50 pM phospho- 
lipids in 100 mM NaCl, 10 mM CaCl,, 50 mM Tris, pH 7.5. Light-chain 
cleavage was assessed as described in the Materials and Methods section 
and the decay of intact light chain was calculated with t = 0 as reference. 
Data represent the average t SE of 2-4 experiments. 

factor Xa at a lower rate than the light chain in plasma factor 
VIII. Moreover, the second-order rate constant of cleavage of 
des-(713-1637)-factor VIII light chain by factor Xa is similar 
to cleavage by thrombin (Table 2). Apparently, the heavy-chain 
region Alal -Asp712 inhibits cleavage of the factor VIII light 
chain by factor Xa. However, factor VIII light-chain cleavage 
by both thrombin and factor Xa is promoted by the heavy-chain 
region Lys713 - Arg740. 

DISCUSSION 

It has been well established that proteolysis of factor VIII at 
positions Arg372 and Arg1689 is required for factor VIII activa- 
tion [12, 31-33]. Although cleavage at position Arg740 does 
not contribute to factor VIII activation [lo, 341, we recently ob- 
tained data suggesting that the heavy-chain region Lys713 - 
Arg740 adjacent to this cleavage site is involved in factor VIII 
activation by thrombin [7]. In the present study, we have ex- 
plored the role of this acidic region in proteolytic activation of 
factor VIII in more detail. For this purpose, we analyzed the 
kinetics of factor VIII activation and proteolysis employing the 
variant des-(713 - 1637)-factor VIII which lacks the heavy-chain 
region Lys713-Arg740. It may be relevant to note that this vari- 
ant also lacks nearly the entire B-domain. Therefore, our results 
with regard to the reduced proteolytic activation of the deletion 
variant may be explained by a role of the heavy-chain region 
713-740 or alternatively by a role of the B-domain sequence 
741 - 1637. Several possibilities may be considered in assessing 
which region is most likely involved in activation of factor VIII. 
First, the specific coagulant activity of factor VIII heterodimers 
consisting of the light chain and heavy chain of the 1-740 se- 
quence is similar to that of heterodimers containing light chain 
and variably sized heavy chain comprising remnant B-domain 
portions [35]. Secondly, a factor VIII variant lacking the se- 
quence 771-1666 activated at a normal rate compared with 
plasma factor VIII [36]. Thirdly, we have previously described 
that activation of the variant des-(741- 1668)-factor VIII lacking 
the entire B-domain is similar to that of plasma factor VIII [9]. 
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Thus, it is very unlikely that B-domain sequences contribute to 
activation of factor VIII. Moreover, our experiments employing 
the anti-(713-740) monoclonal antibody (Fig. 4, Tables 1 and 
2) as well as the recent observation that the region 721-729 is 
required for full procoagulant activity of factor VIII [21] indi- 
cate that the C-terminal acidic region of the heavy chain contrib- 
utes to factor VIII activation and cleavage. Collectively, these 
data provide strong support to our conclusion that it is the lack 
of the region Lys713 -Arg740 that endows the variant des- 
(71 3 - 1637)-factor VIII with its specific activation characteris- 
tics. 

Our kinetic analysis of factor VIII activation is based on a 
model of two coupled enzymatic reactions, which employs the 
lag phase in factor Xa formation in the presence of varying con- 
centrations of factor VIII activator to derive rate constants of 
factor VIII activation (Figs 1 and 2). Our kinetic analysis of this 
complex system generates calculated data for factor Xa forma- 
tion curves that are in excellent agreement with the experimental 
observations (see Fig. 1). For plasma-derived factor VIII, the 
apparent second-order rate constant of activation by thrombin 
was 3.3+0.3X10h M-' s-' (Table 1). This value is similar to 
that reported for the activation of porcine factor VIII under 
slightly different conditions [37]. For des-(713- 1637)-factor 
VIII, the rate constant of activation by thrombin is tenfold re- 
duced compared with plasma-derived factor VIII (Table 1). In- 
cubation of des-(713 - 1637)-factor VIII with thrombin concen- 
trations exceeding 30 nM yields a fully activated species that 
functions similar to activated plasma factor VIII [7]. Thus, the 
mutant has n o  defect in the interaction with the other compo- 
nents of the factor Xa formation assay. In addition, preincuba- 
tion of plasma-derived factor VIII with a monoclonal antibody 
against the region Lys713 -Arg740 also resulted in a substantial 
reduction of the activation rate constant (Table 1). These kinetic 
data indicate that the heavy-chain region Lys713-Arg740 pro- 
motes factor VIII activation by thrombin. 

The regulatory function of the region Lys713-Arg740 might 
seem to be in agreement with the concept that factor VIII activa- 
tion by thrombin involves the acidic regions that provide binding 
sites for thrombin, thereby facilitating proteolysis at the adjacent 
cleavage sites. However, several data imply that this particular 
region of the heavy chain serves a more complicated role. First, 
the region Lys713 -Arg740 also contributes to factor VIII acti- 
vation by factor Xa (Fig. 2, Table l ) ,  while acidic, tyrosine-sul- 
phate-containing regions so far have exclusively been associated 
with thrombin binding [13, 381. Secondly, cleavage at position 
Arg740 is thought to be dispensable for factor VIII activation 
[lo, 341. Thirdly, Kjalke et al. concluded that absence of the 
region 721 -729 affects the rate of factor VIIT proteolysis but 
not the affinity of thrombin for factor VIII [21]. It is further 
of interest to note that the mutant des-(713-1637)-factor VIII 
contains two residual sites at which cleavage may be considered 
as potentially rate-limiting in factor VIII activation, although 
Arg372 and Argl689 are distant from the region Lys713- 
Arg740 in the amino acid sequence of factor VIII. 

To assess the relation between factor VIII activation and in- 
dividual cleavages within factor VIII, we employed an approach 
based on kinetic analysis of factor VIII cleavage and activation 
under identical conditions. Our method has the advantage over 
previous studies that it does not require radiolabeled factor VIII, 
while still allowing the quantification of factor VTIT cleavage 
within the complete factor X activating mixture [compare 8, 34, 
371. Quantitative immunoblotting of reaction mixtures contain- 
ing plasma-derived factor VIII or des-(713- 1637)-factor VIII 
revealed that in the mutant lacking the heavy-chain Lys713 - 
Arg740 region virtually no light-chain cleavage occurred 
(Fig. 3). This unexpected finding was corroborated by our rigor- 

ous kinetic analysis of factor VIII light-chain cleavage. Compar- 
ison of cleavage and activation kinetics (Fig. 2, Tables 1 and 2) 
leads to the following conclusions: (a) second-order rate con- 
stants of des-(713- 1637)-factor VIII activation and light-chain 
cleavage by thrombin are identical; (b) the same parallel be- 
tween activation and light-chain cleavage exists for proteolysis 
of des-(713-1637)-factor VIII by factor Xa; (c) for plasma- 
derived factor VIII, the kinetics of activation and light-chain 
cleavage by factor Xa and thrombin display the same parallel 
behaviour, but the rate constants are 5 - 10-fold higher than for 
the mutant lacking the region Lys713-Arg740. These findings 
lead us to propose that light-chain cleavage is rate limiting in 
factor VIII activation, and that the region Lys713 -Arg740 
serves as a regulator for thrombin and factor Xa in the proteo- 
lytic activation of heterodimeric factor WIT. 

A remarkable difference between thrombin and factor Xa in 
factor VIII proteolysis is apparent from the cleavage kinetics of 
the isolated light chain (Table 2). Cleavage of heterodimeric 
factor VIII by thrombin is more efficient than of the isolated 
light chain, which supports our concept that the heavy chain, 
and in particular its region Lys713-Arg740, stimulates the in- 
teraction of factor VIll with thrombin. For factor Xa, however, 
the situation seems considerably more complex. First, the associ- 
ation between light chain and the truncated heavy chain of des- 
(713 - 1637)-factor VIII inhibits light-chain cleavage by factor 
Xa (Fig. 5). Although this apparent inhibition is partially over- 
come in heterodimeric factor VIII that contains the complete 
heavy chain including Lys713 -Arg740, cleavage of the isolated 
light chain by factor Xa still remains more favourable (Table 2). 
These data imply that the heavy-chain residues Alal - Asp71 2 
comprise a region that interferes with light-chain cleavage by 
factor Xa, whereas the same cleavage is promoted by the region 
Lys713 -Arg740. Although the precise mechanism of light- 
chain proteolysis remains unclear, it seems evident that the het- 
erodimeric state of intact factor VIII greatly contributes to the 
susceptibility of the light chain to proteolysis. In terms of the 
three-dimensional structure, this would imply that sites where 
thrombin and factor Xa cleave the light chain (at positions 
Argl689 and Argl721, respectively, compare [ 111) are located 
in close proximity to the region Lys713-Arg740 on the comple- 
mentary subunit. Other examples of the role of association of 
heavy and light chain in the proteolysis of factor VIII concern 
the interaction with the enzymes factor IXa and activated protein 
C. Activated protein C binds to the A3 domain [39], whereas 
this enzyme cleaves factor VIII within the A2 domain [4, 401. 
Compared to cleavage in the absence of the light chain, factor 
IXa has been shown to cleave the factor VIII heavy chain at 
position Arg336 at a higher rate when the factor VIII light chain 
is associated with the heavy chain [41]. Together, these data 
imply a close interrelation between the heavy chain and the light 
chain of factor VIII at specific positions. 

If the acidic region Lys713 -Arg740 serves to regulate 
cleavage of the factor VIII light chain at position Arg1689 or 
Arg1721, a similar role might be attributed to the adjacent region 
Glul649-Argl689. In this respect, it should be noted that sul- 
phation at Tyrl664 has been shown to affect factor VIIl activity 
only to a minor extent compared with sulphation at other tyro- 
sine residues in factor VIII, e.g. at positions 718, 719, and 723 
[38]. In addition, Tyrl664 seems completely dispensable for 
factor VIII activity [9, 361. Considering that the sulphated tyro- 
sine at position 1680 is required for high-affinity binding of 
factor VIII to the large multimeric von Willebrand factor [6, 201, 
it seems difficult to conceive that the region Glul649-Argl689 
also comprises a binding site for thrombin or factor Xa. Our 
finding that subunit interaction regulates proteolysis by thrombin 
and factor Xa (Table 2) suggests that subunit interaction may be 
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of more significance than the acidic region Glul649-Arg1689 
in proteolysis of the factor VIII light chain. A t  present, we can- 
not distinguish between the possibility that acidic regions serve 
as primary binding sites for enzymes or that these regions regu- 
late the exposure of specific binding sites for thrombin and 
factor Xa that are located elsewhere on the factor VIII protein. 
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