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ABSTRACT: Blood coagulation factor VIII (fVIII) is activated by thrombin to form an A1/A2/A3-C1-C2
heterotrimer, which functions as a cofactor for factor IXa during intrinsic pathway factor X activation.
Human thrombin-activated fVIII (fVIIIa) decays rapidly because of first-order dissociation of the A2
subunit, which may function to regulate the coagulation mechanism. The three fVIII A domains each
consist of two cupredoxin-like subdomains. Substitution of the COOH-terminal A1 subdomain of porcine
fVIIIa, which decays more slowly than human fVIIIa, reduces the dissociation rate constant for fVIIIa
decay. Examination of a human fVIII A1-A2-A3 homology model [Pemberton, S., et al. (1997)Blood
89, 2413-2421) revealed a possible interaction between Q316 in the FG helix of the COOH-terminal A1
subdomain and M539 in the FG helix of the NH2-terminal A2 subdomain, which are sites where human
and porcine fVIII differ. Decays of purified recombinant human and porcine fVIIIa and the human fVIIIa
mutants Q316H, M539L and Q316H/M539L were compared at 23 and 37°C. The decay rates of the
Q316H and Q316H/M539L mutants, but not the M539L mutant, were significantly slower than human
fVIIIa. These results indicate that the FG helix of the COOH-terminal A1 cupredoxin-like subdomain of
fVIII may be under selective pressure by the requirements of hemostatic balance.

Factor VIII (fVIII) 1 contains a sequence of domains
designated A1-A2-B-ap-A3-C1-C2 and is activated by
thrombin to form a 160 kDa A1/A2/A3-C1-C2 heterotrimer
(1-3). Thrombin-activated fVIII (FVIIIa) is a cofactor for
factor IXa during the activation of factor X in the intrinsic
pathway of blood coagulation. At pH 7.4, the activity of
human fVIIIa at its physiological concentration (∼1 nM)
spontaneously decays to undetectable levels with a half-life
of ∼2 min at 23 °C (4-7) as a result of A2 subunit
dissociation (2, 3, 8). A2 subunit dissociation appears to be
an important regulatory feature of the blood coagulation
mechanism because mutations in the fVIII gene that increase
the rate of A2 subunit dissociation produce hemophilia A
(9). The rate constant for A2 subunit dissociation of human
fVIIIa is ∼3-fold greater than that of porcine fVIIIa at 23
°C (10). The differential A2 subunit dissociation rates are
due to amino acid differences in the A1 subunit rather than
the A2 subunit because substitution of the porcine A1 subunit
into human fVIIIa reproduces the porcine fVIIIa decay rate
(7).

The three fVIII A domains are homologous to correspond-
ing A domains in factor V and ceruloplasmin (11). Each A
domain contains two∼20 kDa subdomains that are homolo-
gous to copper-binding cupredoxins such as plastocyanin and

azurin (12). Substitution of the porcine COOH-terminal A1
subdomain for the corresponding human subdomain produces
an A2 subunit dissociation rate constant that is distinguish-
able from porcine fVIIIa (7). Additionally, substitution of
the NH2-terminal A1 subdomain of porcine fVIII produces
a dissociation rate constant that is intermediate between
human and porcine fVIIIa, suggesting a possible cooperative
interaction between the two A1 subdomains. In this study,
we compared the amino acid sequences of the COOH-
terminal A1 and NH2-terminal A2 subdomains of human
and porcine fVIII and identified Q316 as a possible site
involved in human fVIIIa A2 subunit dissociation. Addition-
ally, M539 in the A2 domain was identified as a candidate
residue that interacts with Q316. Decay rate analysis of the
human-to-porcine fVIIIa mutants Q316H and Q316H/M539L
is consistent with involvement of Q316 in the regulation of
fVIIIa decay.

EXPERIMENTAL PROCEDURES

Materials. HEPES (N-2-hydroxyethylpiperazine-N′-2-
ethane-sulfonic acid) and oligonucleotides were purchased
from Invitrogen (Carlsbad, CA). Type III-E egg yolkL-R-
phosphatidylcholine and bovine brainL-R-phosphatidyl-L-
serine were purchased from Avanti Polar Lipids (Alabaster,
AL). Small unilamellar phosphatidylcholine/phosphati-
dylserine (PCPS) (75/25, w/w) vesicles were prepared using
an Avanti Polar Lipids Mini-Extruder kit according to
instructions supplied by the manufacturer. SP-Sepharose,
Source Q, mono S, and mono Q chromatography resins were
purchased from GE Healthcare Life Sciences. Tween-80 was
purchased from Pierce (Rockford, IL). Recombinant de-
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sulfatohirudin was a generous gift from Dr. R. B. Wallis,
Ciba-Geigy Pharmaceuticals. Human thrombin was a gift
from Dr. Sriram Krishnaswamy, University of Pennsylvania.
Human factors IXaâ and X were purified as described
previously (13, 14). Spectrazyme Xa (Methoxycarbonyl-D-
cyclohexylglycyl-gylcyl-arginine-p-nitroanilide acetate) was
purchased from American Diagnostica (Stamford, CT).

Construction and Expression of FVIII cDNAs.The con-
struction of cDNA constructs encoding B domain-deleted
(BDD) human fVIII and porcine fVIII in the mammalian
expression vector ReNeo has been described previously (15,
16). The human fVIII mutants Q316H and M539L were
constructed by splicing-by-overlap extension mutagenesis
(SOE) using the BDD human fVIII ReNeo plasmid for the
initial polymerase chain reaction (PCR) reactions (17)
according to previously published procedures (18-20). For
the Q316H mutant, a mutation was made at nucleotide 1006
in the human fVIII cDNA, converting a CAA codon to a
CAC codon. The first PCR used oligonucleotides corre-
sponding to human fVIII cDNA nucleotides 538-563 and
1023-985 as the forward and mutagenic reverse primers
(Table 1). The second PCR used oligonucleotides corre-
sponding to nucleotides 985-1023 and 1466-1441 as the
mutagenic forward and reverse primers. The SOE reaction
used fragments from the PCRs as templates and the 538-
563 and 1466-1441 oligonucleotides as primers. The SOE
product and BDD human fVIII/ReNeo ligation fragments
were generated usingSpe I and Mlu I. For the M539L
mutant, mutations were made at nucleotides 1672 and 1674
in the human fVIII cDNA, converting an ATG codon to a
CTA codon. The first PCR used oligonucleotides corre-
sponding to human fVIII cDNA nucleotides 1150-1194 and
1692-1654 as the forward and mutagenic reverse primers.
The second PCR used oligonucleotides corresponding to
nucleotides 1654-1692 and 2413-2393 as the mutagenic
forward and reverse primers. The SOE reaction used frag-
ments from the PCRs as templates and the 1150-1194 and
2413-2393 oligonucleotides as primers. The SOE product
and BDD human fVIII/ReNeo ligation fragments were
generated usingMlu I and BsiW I. The Q316H/M539L
mutant was made by digesting the Q316H and M539L
plasmids withMlu I andBsiW I and ligating the products.
PCR-generated sequences were confirmed by DNA sequenc-
ing. Expression of stably integrated fVIII cDNAs from baby
hamster kidney-derived (BHK-M) cells was performed as
described previously (15). Geneticin-resistant clones were
screened for fVIII coagulant activity in serum-free medium.
The highest producing clone of each construct was used for
preparative scale expression of fVIII.

Purification of Recombinant fVIII.BDD human fVIII,
porcine fVIII and the human fVIII mutants Q316H, M539L,
and Q316H/M539L were purified from cell culture medium
using SP-Sepharose and Source Q ion-exchange chroma-
tography as described previously (15) except that Q316H
underwent an additional mono S chromatography step. All
preparations were at least 90% pure as judged by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
consisted predominantly of a heavy chain (A1-A2)/light chain
(ap-A3-C1-C2) heterodimer with a small amount of un-
processed single chain fVIII. The concentrations of the
purified constructs were calculated using a molar extinction
coefficient at 280 nm of 260000 M-1 cm-1, based on their
predicted tyrosine, tryptophan, and cysteine compositions
(21), which did not differ among the proteins.

Measurement of the Kinetics of fVIIIa Decay.A chro-
mogenic substrate assay for fVIIIa activity was used based
on factor X activation by an enzymatic complex consisting
of factor IXa, PCPS, calcium, and limiting amounts of fVIIIa
as described previously (7, 10). For measurements of fVIIIa
decay at 23°C, fVIII (1 nM) was reacted with 100 nM
thrombin at 23°C for 30 s in 0.15 M NaCl, 0.02 M HEPES,
5 mM CaCl2, and 0.01% Tween-80, pH 7.4 (Buffer A),
followed by addition of desulfatohirudin (150 nM) to inhibit
thrombin. At various times, fVIII activation mixtures were
diluted to a total fVIIIa concentration of 0.2 nM into 2 nM
factor IXa/20µM PCPS in buffer A at 23°C. Factor X then
was added immediately to a final concentration of 300 nM,
and factor Xa formation was measured using the chromoge-
nic substrate Spectrazyme Xa as described previously (22)
using a VersaMax kinetic plate reader (Molecular Devices,
Sunnyvale, CA). For measurements of fVIIIa decay at 37
°C, 20 nM fVIII was reacted with 100 nM thrombin at 23
°C in buffer A for 15 s, followed by dilution to 1 nM in
buffer A containing 8 nM desulfatohirudin at 37°C for
various times and then assayed as described above. The
buffer pH was adjusted to correct for the variation of the
pKa of HEPES with temperature as described previously (7).

Analysis of the Kinetics of fVIIIa Decay.Decay kinetics
of fVIIIa were analyzed using a model describing reversible
binding of the A2 subunit to the A1/A2/A3-C1-C2 dimer as
described previously (7, 10).

The dissociation and association rate constants,k andk′,
respectively, are related by the dissociation constant,Kd )
k/k′. The dissociation constants for human and porcine fVIIIa
at 23°C are∼160 and∼90 nM, respectively (7). Thus, when
fVIII is activated at its physiological concentration (∼1 nM),
the equilibrium lies far toward the dissociated state, resulting
in a single-exponential decay.

Table 1: Oligonucleotide PCR Primers

sequence no.a oligonucleotide

538-563 5′-CATGTGGACCTGGTAAAAGACTTGAA-3′
1023-985 5′-AGCTTCCATGCCATCATGGTGGTGGGAAGAGATATGACA-3′
985-1023 5′-TGTCATATCTCTTCCCACCACCATGATGGCATGGAAGCT-3′
1466-1441 5′-CTTGCTTGATTCTTAAATATAATCAA-3 ′
1150-1194 5′-TACTCTAGTTTCGTTAATCTAGAGAGAGATCTAGCTTC-3′
1692-1654 5′-GAAGCTAGATCTCTCTCTAGATTAACGAAACTAGAGTA-3′
1654-1692 5′-TACTCTAGTTTCGTTAATCTAGAGAGAGATCTAGCTTC-3′
2413-2393 5′-TCTTTTGAAAGCTGCGGGGG-3′

a Human fVIII cDNA (GenBank accession no. NM000132). Position 1 corresponds to the start of the initial ATG codon in the signal peptide.
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Under these conditions, the fraction of fVIIIa remaining
as a function of time,f(t),

is given by

whereao is the initial concentration of fVIIIa anda(t) is the
concentration of dissociated product at timet. Because fVIIIa
activity is measured indirectly by measuring factor X
activation, ao cannot be measured directly, but rather, is
estimated by extrapolation to the ordinate of the line formed
from plotting the logarithm of the initial velocity of factor
X activation vs time for the 1 and 3 min points. Estimates
and intraexperimental 95% confidence limits fork were
obtained by fitting values off(t) as a function ofao and t
using weighted nonlinear least-squares regression analysis
and Student’st distribution as described previously (7).

RESULTS

FVIII, factor V, and ceruloplasmin each contain three
orthologous A domains. Each A domain consists of two
cupredoxin-like subdomains. A homology model of the fVIII
A domains has been constructed based on a crystal structure
of ceruloplasmin (23). Comparison of the crystal structures
of ceruloplasmin and a proteolytic fragment of bovine factor
Va consisting of the A1/A3-C1-C2 domains has revealed
that the CR backbone of the A1 and A3 domains is highly
conserved (12, 24). Additionally, the A domains of both
structures contain a conserved pseudo-3-fold axis of sym-
metry. These results indicate that the fVIII homology model
may be useful for predicting amino acid side chains involved
in fVIIIa subunit interactions. The pseudo-3-fold axis of
symmetry of fVIII, shown schematically in Figure 1A,
indicates that NH2-terminal subdomains interface with
COOH-terminal subdomains of neighboring domains. Each
cupredoxin-like subdomain has aâ-sheet structure, made up
of seven parallel or antiparallel strands, which is orthologous

to plastocyanin and other members of the cupredoxin family
(Figure 1B).

To test the hypothesis that the difference between human
and porcine fVIIIa decay rates is due to amino acid
differences in the A1-COOH and/or A2-NH2 subdomains,
the fVIII homology model was used to identify neighboring
groups in the two subdomains. To attempt to avoid excluding
possible important interactions, all interdomain groups within
6 Å were defined as neighboring groups. This analysis
identified N280 and Q316 in the A1-COOH subdomain and
F536 and M539 in the A2-NH2 subdomain as the only
neighboring residues in which human and porcine fVIII differ
(Table 2). Additionally, residue P25, which is a histidine in
porcine fVIII, in the extended loop between the A and the
B stands of A1-NH2 subdomain, was neighbored by several
residues in the A2-NH2 subdomain. N280 is in a loop
between strands D and E in the A1-COOH subdomain
(Figure 2) but is exposed (solvent accessibility, 51%), making
it an unlikely candidate for interacting with the A2 domain.
Q316 is in anR-helix between the F and G strands of the
A1-COOH subdomain and is buried (solvent accessibility,
13%) by virtue of an interaction with theR-helix between
strands F and G in the A2-NH2 subdomains, where F536
and M539 are located. Because of the possible interaction
of the FG helices in the two subdomains, residues 316 and
539 were selected for mutagenesis to the corresponding
porcine residues. The human-to-porcine mutant cDNAs
encoding Q316H, M539L, and Q316H/M539L human fVIII
were constructed, and the corresponding expressed proteins
were purified as described in the Experimental Procedures.

Decay Kinetics of FVIIIa Constructs.After the activation
of fVIII at physiological concentrations (∼1 nM) by throm-
bin, the kinetics of fVIIIa decay are governed by the rate
constant,k, for the dissociation of the A2 subunit from the

FIGURE 1: FVIII domain and subdomain structure. (A) The
arrangement of the NH2- and COOH-terminal cupredoxin-like
subdomains of the three A domains is shown, along with the B,
C1, and C2 domains. (B)â-strand structure of cupredoxin-like
molecules (37). The twoâ-sheets are formed by strands A, C, and
E and strands G, F, and D, respectively.

f(t) )
ao - a(t)

ao

a(t) ) aoe
-kt

Table 2: Neighboring Amino Acids in the A1-COOH and A2-NH2
Subdomains of the Human fVIII Homology Modela

subdomain

A1-COOH A2-NH2
F270 Y476, P477, H478, G479
E272 Y476,F536
G273 Y476, D482
T275 G479, D519, R531
F276 E518
N280 T522, S524
H281 S524, D525, T522
R282 D519, G520, P521, T522, L529, L531
A284 H478, G479
S285 Y532
M301 E518
D302 D482, V483
L303 V483
F306 D482, V483
F309 F536, M539
H311 H478,F536, M539, L543
I312 A644
S313 M539, E540, L543, A544
Q316 M539, E540, L543
H317 E540, R583
P333 E518
L335 T481, T516, E518, D519
R336 T514, T516, V517, E518

a Structural analysis of the fVIII homology model (23) was performed
using DeepView (www.expasy.org/spdbv), version 3.7 (36). All inter-
subdomain groups within 6 Å of each other are listed. Shown inbold
are residues that differ between human and porcine fVIII.
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A1/A3-C1-C2 dimer as shown in Scheme 1 (7, 10). The
decay kinetics of human fVIIIa, porcine fVIIIa, and human
fVIIIa mutants Q316H, M539L, and Q316H/M539L were
measured at 23 and 37°C using a chromogenic substrate
assay of the intrinsic fXase complex under conditions in
which fVIIIa was the limiting function component as
described in the Experimental Procedures. FVIIIa decay rates
were fit to a single-exponential decay model using weighted
nonlinear least-squares regression analysis. The experiment
was performed twice for each construct, and the results are
summarized in Figure 3 and Table 3. Good reproducibility
of the estimates of the dissociation rate constant,k, was
obtained as judged by interexperimental values that were
within the 95% confidence limits obtained from intraexperi-
mental regression analysis in most cases. The decay of
porcine fVIIIa was∼3-fold slower than human fVIIIa at 23
°C and∼2-fold slower at 37°C, which is consistent with
earlier results using plasma-derived or recombinant human
and porcine fVIIIa (7, 10). The decay rates at both temper-
atures of the Q316H and the Q316H/M539L mutants were
significantly slower than human fVIIIa but faster than porcine
fVIIIa. In contrast, the decay of the M539L mutant was
indistinguishable from human fVIIIa.

DISCUSSION

The results of this study indicate that the interaction of
the A2 subunit with the A1/A3-C1-C2 dimer in human fVIIIa
involves Q316 in the FG helix region (Figure 2) of the
COOH-terminal cupredoxin-like A1 subdomain (Figure 4).
This residue was the only candidate residue identified by
molecular modeling in the COOH-terminal A1 subdomain
that might account for the differential decay rates of human

and porcine fVIIIa (Table 2). Q316 is predicted to interact
with M539 (Figure 4), where the corresponding porcine
residue is a leucine. However, the M539L fVIIIa mutant
decayed similarly to human fVIIIa unless combined with the
Q316H mutation (Figure 3 and Table 3). This result was
not unexpected because substitution of the entire porcine A2
domain for the corresponding human domain produces a
fVIIIa decay rate similar to human fVIIIa. The porcine
Q316H substitution at this site in human fVIIIa produced a
decay rate intermediate between porcine and human fVIIIa.
This indicates that, although this site is involved in the A1-
A2 interactions, at least one other site is involved in the
differential human-porcine fVIIIa decay rate. N280 was the
only other candidate site identified in the COOH-terminal
A1 subdomain by distance criteria but is solvent exposed
and not buried at the A1-A2 interface. There presumably
are structural rearrangements involving A domain interactions
in the activation of fVIII that may not be predicted by the
homology model. Additionally, differences between human
and porcine fVIII at site(s) remote from the A1-A2 interface
may drive subunit interactions, which would not be predicted
using the homology model.

The FG helices in the COOH-terminal A1 and NH2-
terminal A2 subdomains consist of residues 314-317 and
539-544, respectively. Missense mutations have not been
reported in the A1 subdomain FG helix. However, a missense
mutation at R541 has been identified that produces mild
hemophilia A (25). Additionally, there are several D542
mutations that produce severe hemophilia (26-29).

Several mutations in the fVIII gene result in abnormally
fast A2 subunit dissociation and hemophilia A, including A1
mutations A284E and S289L at the A1-A2 and A1-A3
interfaces, respectively, A2 mutation R531H at the A1-A2
interface, and A2 mutations N694I and R698L at the A2-
A3 interface (9, 30, 31). The fast dissociation rates associated
with the N694I and R698L mutations indicate that the A3

FIGURE 2: Alignment of the A1-COOH and A2-NH2 subdomains of human and porcine fVIII. A1-COOH and A2-NH2 subdomains are
defined as residues 191-336 and 373-556, respectively, using human fVIII amino acid sequence numbering (38). Residues 337-372 (ar)
correspond to an acidic region that is COOH-terminal of an activated protein C recognition site at R336. The ar segment is not paralogous
to the fVIII A2 or A3 domains or orthologous to factor V or ceruloplasmin. Asterisks denote identical amino acids. Residues Q316 and
M539 are marked by the closed circles. A-G representâ-sheets in the fVIII homology model (see Figure 1B).

Scheme 1

9740 Biochemistry, Vol. 46, No. 34, 2007 Parker and Lollar



domain of fVIII interacts with the A2 subunit in fVIIIa.
Substitution of the porcine A3 domain into human fVIIIa
produces a decay rate similar to human fVIIIa (7). These
results indicate that A3 residues important for the interaction
with the A2 domain are conserved in human and porcine
fVIII.

Elevated levels of fVIII are associated with an increased
risk of arterial and venous thrombosis (32, review). Although

abnormally fast fVIIIa decay is associated with a bleeding
diathesis, slow fVIIIa decay could tip hemostatic balance
toward thrombosis. Like porcine fVIIIa, the decay of murine
fVIIIa is considerably slower than human fVIIIa (33). The
relatively fast human A2 subunit dissociation rate may be
an evolutionary adaptation associated with the development
of a bipedal gait, an upright posture, and venous pooling in
the lower extremities. The acquisition of a bipedal gait, which
separates humans from other mammals, including all other
primates, is considered the signal event in human evolution,
representing a preadaptation to tool making and the expan-
sion of brain size.

Amino acid sequence variation between orthologous genes
is due to random fixation of mutations with no fitness
significance, purifying selection to eliminate deleterious
mutations, or, more rarely, positive selection to retain
advantageous mutations. Several proteins have been proposed
to be under positive selection, including the primate Rh blood
group, primate lysozymes, and numerous viral proteins (34).
However, positive selection is difficult to detect because
usually few amino acid sites are involved and must be
detected against the large background of neutral and negative
selection (35). Phylogenetic analysis of the fVIII gene
combined with characterization of the decay rates of ortholo-
gous fVIIIa molecules will be necessary to test the hypothesis
that A2 subunit dissociation is under positive selective
pressure.

FIGURE 3: Decay rates of fVIIIa constructs. Decays of human fVIIIa
(b), porcine fVIIIa (9), and human fVIIIa mutants Q316H (O),
M539L (1), and Q316H/M539L (3) at 23 (A) or 37°C (B) were
measured at a fVIIIa starting concentration of 1 nM as described
in the Experimental Procedures. The curves are weighted nonlinear
least-squares fits to a single-exponential decay with the fitted
parameters shown in Table 2, experiment 1.

FIGURE 4: Model of the interface of the fVIII COOH-terminal A1
and the NH2-terminal A2 subdomains. F and G represent the
â-strands flanking the FG helices in the two subdomains.

Table 3: FVIIIa Dissociation Rate Constants

k (min-1)a

construct experiment 23°C 37°C

human 1 0.360( 0.063 0.539( 0.074
2 0.368( 0.051 0.788( 0.202

porcine 1 0.152( 0.024 0.329( 0.033
2 0.122( 0.012 0.366( 0.042

Q316H 1 0.217( 0.045 0.400( 0.069
2 0.224( 0.044 0.432( 0.093

M539L 1 0.406( 0.065 0.641( 0.084
2 0.378( 0.058 0.739( 0.143

Q316H/M539L 1 0.275( 0.038 0.468( 0.042
2 0.277( 0.018 0.477( 0.051

a Parameter estimates and 95% confidence limits from weighted
nonlinear regression analysis are as described in the Experimental
Procedures.
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