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Summary
Background—Factor VIII consists of a heavy chain (A1A2B domains) and light chain
(A3C1C2 domains), while the contiguous A1A2 domains are separate subunits in the cofactor,
factor VIIIa. Recently we reported that procofactor stability at elevated temperature and cofactor
stability over an extended time course were increased following replacement of individual charged
residues (Asp(D)519, Glu(E)665, or Glu(E)1984) with either Ala (A) or Val (V) (Wakabayashi et
al., Blood, 112, 2761, 2008).

Objectives—In the current study we generated combination mutants at these three sites to
examine any additive and/or synergistic effects of these mutations on the stability.

Methods—Studies assessing factor VIII stability involved monitoring decay rates of factor VIII
at 55°C or in guanidinium, decay of factor VIIIa following A2 subunit dissociation, and thrombin
generation at low (0.3 nM) factor VIII concentration.

Results and Conclusions—Similar tendencies were observed within each group of variants.
Variants with mutations at D519 and either E665 or E1984 (Group A) generally showed
significantly better stability as compared with single mutants. Most variants with mutations at
E665 and at E1984 (Group B) did not show significant improvement. Triple mutants with
mutations at D519, E665 and E1984 (Group C) showed improvement to a similar degree as the
Group A double mutants. Overall, these results indicate that selected combinations of mutations to
reduce charge and/or increase hydrophobicity at the A2/A1 and A2/A3 domain interfaces yield
factor VIII reagents with improved stability parameters.
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Introduction
Factor VIII, a plasma protein that is decreased or defective in individuals with hemophilia
A, is expressed as both single chain and heterodimer forms. The latter consists of a heavy
chain (HC) comprised of A1(a1)A2(a2)B domains and a light chain (LC) comprised of
(a3)A3C1C2 domains, with the lower case a representing short (~30–40 residue) segments
rich in acidic residues (see Ref. [1] for review). Factor VIII is activated by proteolytic
cleavages at the a1A2, a2B and a3A3 junctions catalyzed by thrombin or factor Xa. The
resulting product, factor VIIIa, is a heterotrimer comprised of subunits designated A1, A2,
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and A3C1C2 that functions as a cofactor for the serine protease factor IXa in the membrane-
dependent conversion of zymogen factor X to the serine protease, factor Xa (see Ref. [1] for
review).

Reconstitution studies have shown that the factor VIII heterodimeric structure is supported
by both electrostatic and hydrophobic interactions [2]. Metal ions also contribute to the
inter-chain affinity and activity parameters [3]. Occupancy of a calcium site in the A1
domain is required to yield the active factor VIII conformation [4]. Recent intermediate
resolution X-ray structures [5,6] showed occupancy of the two type 1 copper ion sites within
the A1 and A3 domains. Earlier functional studies indicated that copper ions facilitate the
association of HC and LC to form the heterodimer, increasing the inter-chain affinity by
several-fold at physiologic pH [7,8].

The instability of factor VIIIa results from weak electrostatic interactions between the A2
subunit and the A1/A3C1C2 dimer [9,10] and leads to dampening of factor Xase activity
[11,12]. Several factor VIII point mutations have been shown to facilitate the dissociation of
A2 relative to wild type (WT) and these residues localize to either the A1–A2 domain
interface [13,14] or the A2–A3 domain interface [15]. These factor VIII variants
demonstrate a characteristic one-stage/two-stage assay discrepancy [16,17], with significant
reductions in activity values determined by the latter assay as a result of increased rates of
A2 subunit dissociation. Examination of hydrogen-bonding interactions at the A2 interface
following mutation of selected charged/polar residues spatially separated by <2.8 Å showed
loss of function, as judged by increased rates of factor VIII decay at 55°C and/or rates for
factor VIIIa decay relative to WT, in approximately half of the 30 residues tested [18],
suggesting that multiple residues at the A1A2 and A2A3 domain interfaces contribute to the
stabilization of factor VIII.

Recently we identified four charged residues likely buried at the contiguous A2 interface
and created charge removal/hydrophobic mutations [19] based on the assumption that
mutation to increase buried hydrophobic area and/or reduce the buried hydrophilic area
often results in enhanced protein stability [20]. Mutations at three of these sites, Asp519 and
Glu665 in the A2 domain and Glu1984 in the A3 domain to Ala or Val yielded up to ~2 fold
higher thermal stability in factor VIII and up to ~5 fold higher stability in factor VIIIa
compared to WT [19]. In this report we created combined mutants at Asp519, Glu665, and/
or Glu1984 and examined activity parameters assessing factor VIII thermal and chemical
stability, A2 dissociation in factor VIIIa, and thrombin generation capacity to assess
potential additive effects/synergy of the variants and the relationship to residue position.
Results show that selective mutations possess enhanced gain-of-function dependent upon
specific residue location.

Materials and Methods
Reagents

Recombinant factor VIII (Kogenate™) was a generous gift from Dr. Lisa Regan of Bayer
Corporation (Berkeley, CA). Phospholipid vesicles containing 20% phosphatidylcholine
(PC), 40% phosphatidylethanolamine (PE), and 40% phosphatidylserine (PS) were prepared
using octylglucoside as described previously [21]. The reagents α-thrombin, factor VIIa,
factor IXaβ, factor X, and factor Xa (Enzyme Research Laboratories, South Bend, IN),
hirudin and phospholipids (DiaPharma, West Chester, OH), the chromogenic Xa substrate,
Pefachrome Xa (Pefa-5523, CH3OCO-D-CHA-Gly-Arg-pNA·AcOH; Centerchem Inc.
Norwalk CT), recombinant human tissue factor (rTF), Innovin (Dade Behring, Deerfield,
IL), fluorogenic substrate, Z-Gly-Gly-Arg-AMC (Calbiochem, San Diego, CA), and
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thrombin calibrator (Diagnostica Stago, Parsippany, NJ) were purchased from the indicated
vendors.

Construction, expression and purification of WT and variant factor VIII
Combination of Ala and Val mutants at charged residues (Asp519, Glu665, and Glu1984)
and WT factor VIII forms were individually constructed as a B-domainless factor VIII,
lacking residues Gln744-Ser1637 in the B-domain [22]. Recombinant WT and variant factor
VIII forms were stably expressed in BHK cells and purified as described previously [4].
Protein yields for the variants ranged from >10 to ~100 μg from two 750 cm2 culture flasks,
with purity from ~85% to >95% as judged by SDS-PAGE. The primary contaminant in the
factor VIII preparations was albumin. Factor VIII concentration was measured using an
Enzyme-Linked Immunoadsorbant Assay (ELISA) and factor VIII activity was determined
by one-stage clotting and two-stage chromogenic factor Xa generation assays described
below.

Assays
A sandwich ELISA was performed as previously described [23] using purified commercial
recombinant factor VIII (Kogenate, Bayer Corporation) as a standard. Factor VIII capture
used the anti-C2 antibody (ESH-8, American Diagnostica Inc., Stamford, CT), and R8B12
antibody (Green Mountain Antibody, Burlington, VT) was employed for factor VIII
detection following biotinylation. One-stage clotting assays were performed using substrate
plasma chemically depleted of factor VIII as previously described [19]. The rate of
conversion of factor X to factor Xa was monitored in a purified system according to
methods previously described [19].

Thrombin generation assay
The amount of thrombin generated in plasma was measured by Calibrated Automated
Thrombography [24] using methods previously described [19]. Briefly, factor VIII deficient
plasma (<1% residual activity, platelet-poor) from severe hemophilia A patients lacking
factor VIII inhibitor (George King Bio-Medical, Overland Park, KS) was mixed at 37°C
with a final concentration of 0.3 nM factor VIII, 0.5 pM rTF, 4 μM PSPCPE vesicles, 433
μM fluorogenic substrate, 13.3 mM CaCl2, and 105 nM thrombin calibrator. The
development of a fluorescent signal was monitored at 8 second intervals using a Microplate
Spectrofluorometer (Spectramax Gemini, Molecular Devices, Sunnyvale, CA) with a 355
nm (excitation)/460 nm (emission) filter set. Fluorescent signals were corrected by the
reference signal from the thrombin calibrator samples [24] and actual thrombin generation in
nM was calculated as previously described [19].

Factor VIII activity inhibition after guanidinium chloride exposure
WT and mutant factor VIII (50 nM) in buffer containing 20 mM N-[2-
hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid] (HEPES), pH 7.2, 0.1 M NaCl, 0.01%
Tween 20, 0.01% BSA, and 5 mM CaCl2 plus 0–1.2 M guanidinium chloride were
incubated for 2 hrs at 23°C. Aliquots were diluted (1/50) in the above buffer containing 10
μM PSPCPE vesicles and activated by 5 nM thrombin for 1 min. Reactions were
immediately quenched with hirudin (10 U/ml) and activity was determined by factor Xa
generation assay following addition of factor IXa (40 nM) and factor X (300 nM). Residual
guanidinium chloride (< 24 mM) did not inhibit the activation of factor VIII or its cofactor
activity.
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Data analysis
Factor VIII/VIIIa activity values as a function of time were fitted to a single exponential
decay curve by non-linear least squares regression using the equation,

where A is residual factor VIIIa activity (nM/min/nM factor VIII), A0 is the initial activity, k
is the apparent rate constant, and t is the time (minutes) of reaction of either factor VIII at
55°C (for factor VIII decay experiments) or after thrombin activation was quenched (for
factor VIIIa decay measurements).

Factor VIII activity inhibition data by guanidinium exposure were fitted to a concentration-
response curve by non-linear least squares regression using the equation,

where IC50 is the 50% activity inhibitory concentration (M), X is the log-scale inhibitor
(guanidinium chloride) concentration, and H is the Hill’s slope. Log(IC50) values were used
for statistical analysis.

Nonlinear least-squares regression analysis was performed by Kaleidagraph (Synergy,
Reading, PA). Comparison of average values was performed by the Student’s t-test.

Results
Generation of factor VIII point mutants in combination with Asp519Ala/Val, Glu665Ala/Val,
and Glu1984Ala/Val

Previously we demonstrated increased factor VIII and VIIIa stability [19] resulting from Ala
or Val mutation of 3 charged residues, Asp519, Glu665, and Glu1984, that appeared to be
buried at the interface of the A2 and A1 domains (Asp519) or the A2 and A3 domains
(Glu665 and Glu1984). Out of 12 possible combinations, 11 double mutants were
successfully produced and designated as Group A variants with mutations at D519 and
either E665 or E1984, and Group B variants with mutations at E665 and E1984. In addition,
we combined Asp519Ala or -Val with Glu665Val/Glu1984Ala or Glu665Val/Glu1984Val
to generate triple mutants (Group C variants).

Factor VIII is expressed as a mixture of single chain and heterodimer forms [19]. Western
blotting using an anti-A2 domain antibody to quantitate the stoichiometry of single chain
and heterodimer forms yielded a value near unity for WT (results not shown). This value
was somewhat lower for the factor VIII variants (typically ~0.5) indicating greater relative
heterodimer content.

Purified proteins were assessed for specific activity using both one-stage and two-stage
assays (results not shown). All Group A mutants retained >80% activity compared to WT.
Interestingly, the activity by one-stage assay for the Asp519Ala/Glu665Ala, Asp519Val/
Glu665Val, and Asp519Val/Glu1984Val variants were significantly increased (~140% to
~180% of WT activity). In Group B, the Glu665Ala/Glu1984Ala and Glu665Ala/
Glu1984Val variants showed significant reductions in activity as measured by both one-
stage and two-stage assays (~40% to ~80% of WT activity) compared to the value for the
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better single mutant in the combination, and suggested a detrimental effect of the combined
mutations. Two of the Group C mutants retained similar levels as WT for both specific
activity values. However, the activity of Asp519Ala/Glu665Ala/Glu1984Val by two-stage
assay was reduced to ~40% of WT although the activity by one-stage was increased (160%
of WT). The reason for this discrepancy is not clear.

Thermostability of factor VIII variants
The purified factor VIII mutant proteins were assessed for stability at 55°C as judged by
rates of activity loss. Factor VIII (4 nM) was incubated and at the indicated times an aliquot
was removed, cooled to room temperature, reacted with thrombin and residual cofactor
activity was measured by factor Xa generation. Previously we showed that Ala and Val
replacements for Asp519, Glu665, and Glu1984 all showed improved thermal stability [19].
Rates of factor VIII decay for the combination variants as well as the single point mutants
are shown in Table 1. The decay rates for two Group A mutants (Asp519Ala/Glu665Ala and
Asp519Ala/Glu665Val) were significantly improved compared with the value for the better
single mutation in the combination, while rates of two Group B mutants (Glu665Ala/
Glu1984Ala and Glu665Ala/Glu1984Val) and one Group C mutant (Asp519Val/Glu665Val/
Glu1984Val) were somewhat increased. Although varying ratios of single chain and
heterodimer forms likely impact these decay rate results, the stoichiometry of single chain to
heterodimer for the combination variants (this study) and single point mutations [19] was
consistently lower than that for WT. Since the single chain form of factor VIII shows greater
thermal stability than the heterodimer [19], these results indicated the measured stability
values underestimate that of the variants relative to WT.

Factor VIIIa decay rates
Factor VIIIa decay rates previously reported for the stable single mutants were relatively
slow, with >70% activity retention after >15 min incubation [19]. For direct comparisons,
we performed the decay experiments using lower factor VIIIa concentration (1.5 nM) and in
the absence of factor IXa. Under these conditions, the decay rates of the single mutants were
somewhat increased compared to reported values [19], however, ratios to the WT value were
not changed dramatically. Significant activity (>60% at 15 min; data not shown) was
retained for Group A and C mutants which showed decay rates reduced as much as ~7–10-
fold relative to WT and ~1.5–3-fold relative to the better single mutation in that combination
(Table 1). On the other hand, two Group B mutants (Glu665Ala/Glu1984Ala and
Glu665Ala/Glu1984Val) showed decay rates as high as WT, negating the stabilizing effect
observed for the single mutation.

Factor VIII activity inhibition by guanidinium chloride
Factor VIII stability was examined following a 2h exposure to 0.6–1.2 M guanidinium (Fig.
1). Extended incubation beyond 2h did not appreciably alter the results (data not shown).
The sigmoidal shape of the curve suggested a complicated denaturation process and these
data were well fitted using a concentration-response curve. WT factor VIII activity reduction
occurred at >0.6 M guanidinium, and at 1.2 M all of the activity was lost (Fig. 1). All of the
mutants, including single mutants, showed increased resistance to denaturation (see Fig 1 for
selected variants). IC50 values are shown in Table 1. The degree of improvement in IC50
compared to WT for the single mutants ranged from 4 - 18%, for Group A and C mutants
this range was 13–29%, while that for Group B mutants was only 2 – 3%. When the IC50
values of the combined mutants were compared with the values of the best single mutant in
the combination, significant improvement was observed in all Group A and C mutants
except for Asp519Val/Glu665Val. On the other hand, 3 out of 4 Group B mutants showed
significant reductions in IC50 values compared to the value of best single mutant in the
combination.
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Thrombin generation assay
Thrombin generation assays were performed at low rTF concentration (0.5 pM) using factor
VIII deficient plasma. Titration of 0.25 to 1 nM WT or Asp519Val/Glu665Val variant factor
VIII revealed increased peak values for the variant at all concentrations ranging from an
~2.5-fold increase at <0.5 nM to an ~1.5-fold increase at 1 nM (data not shown). This
concentration-dependent increase in parameter value relative to WT at low variant
concentration may reflect reduced rates of A2 dissociation for the variant protein. We
speculate that at higher cofactor concentration the effects of A2 subunit dissociation become
less apparent than at low factor VIIIa. Subsequent assays employed 0.3 nM factor VIII. At
this factor VIII concentration, we observed significant increases in peak value and/or ETP
for several of the single point mutations (see Table 2) not observed in our prior report using
1 nM factor VIII [19].

Examples of thrombin generation data are shown in Fig. 2 as represented for WT factor
VIII, a single point mutant and one member each from Groups A, B and C. Thrombin
generation initiated at ~8 – 9 min in all cases. Observed peak times were similar except for
Glu665Val/Glu1984Val, that showed a significant delay by ~ 4 min. The largest difference
was observed in values for peak height, that showed up to an ~2.2 fold increase for the
Asp519Val/Glu665Val variant compared to the WT value. Thrombin generation parameters
for all variants are shown in Table 2. All 7 group A mutants showed increases in peak value
by 17–43% compared to the value of the better single mutant in the combination, with 6 out
of 7 mutants showing statistical significance. Comparing ETP values, all mutants tested fell
within the range of ± 20% difference compared to the value of the best single mutant in the
combination, with two group A mutants (Asp519Ala/Glu665Ala and Asp519Ala/
Glu1984Ala) showing significant increases. In addition, all mutants showed higher ETP
values compared to WT, with increases ranging from 18% to 72%.

Discussion
Previously we reported that substitution of three charged residues with hydrophobic residues
(Ala or Val) localized at sites predicted to be buried at the interface of the A2 domain with
A1 (Asp519) or A3 (Glu665 and Glu1984) resulted in variable, but general increases in the
stability of factor VIII when assessed following activity retention at elevated temperature
and reduction in the rate of A2 subunit dissociation in the cofactor [19]. We proposed these
results were due to elimination of detrimental inter-domain interactions at the interfaces. In
the current study we now show that specific combinations of these mutations yield enhanced
stability parameters suggesting additive as well as synergistic effects to the single point
mutations. In the case of Group A variants where mutation at Asp519 was combined with
mutation at Glu665 or Glu1984, we observed stability enhancement in all 4 parameters
(factor VIII thermal and chemical stability, factor VIIIa stability, and thrombin generation
capacity) with few exceptions. However, there was little enhancement of stability, but rather
in many cases reductions in stability parameters with Group B variants that combined
mutations at Glu665 and Glu1984. Based on the factor VIII and VIIIa stability results of
Group B mutants, which showed somewhat better stability in Glu665Val containing mutants
over Glu665Ala containing mutants, we generated triple mutants with the addition of
mutation at Asp519. This additional mutation yielded higher stability parameters that
approached those observed for Group A variants, particularly with respect to factor VIII
chemical stability and factor VIIIa stability. Taken together, these results demonstrate that
combinations of mutations at Asp519 with Glu665 or Glu1984 yield gain-of-function factor
VIII reagents possessing improved protein stability as judged by several activity parameters.

Based upon our results from a recent study examining H-bonding interactions in factor VIII,
Asp519 appears to be located within a region where several residues (His281, Arg282,
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Ser524, and Arg531) that make important contribution to the A1 – A2 domain interaction
are clustered [18]. Similarly, Glu665 and Glu1984 are located within a cluster of residues
(Tyr664, Asn684, Tyr1786, Tyr1792, and Glu1829) that contributes to A2–A3 domain
interactions [18]. Thus, the mutations we created occur within electrostatically high energy
binding regions. The average Cα distances between the above residues calculated from the
factor VIII homology model [25] and consistent with the recently reported factor VIII
structures [5,6] were ~26, ~30, and ~10 Å for the Asp519 – Glu665, Asp519 – Glu1984, and
Glu665 Glu1984 pairings, respectively (Fig. 3). The distances separating the mutated
residues of the Group A mutants are far-removed (26 and 30 Å) compared to those of the
Group B mutants (10 Å). While the reason(s) for the significant reductions in specific
activity and some stability parameters for some of the Group B mutants is not clear, the
introduction of two mutations at the A2-A3 interface in such close proximity possibly
resulted in subtle changes in their relative coordination large enough to affect function.

In an attempt to identify the best variants based upon stability (factor VIII thermal and
chemical stability and factor VIIIa decay) and thrombin generation parameter values, if we
select the top three mutants from each of the categories examined, Asp519Ala/Glu665Val
appears 3 times, while Asp519Val/Glu665Val, Asp519Val/Glu1984Ala, and Asp519Val/
Glu665Val/Glu1984Ala appear twice. With respect to thrombin generation, using 0.3 nM
factor VIII we now show similar enhancements in peak value (>150–220 % WT) and ETP
(>130 – 170% WT) parameters as observed for a novel factor VIII variant, where the A2
domain is disulfide bridged to the A3 domain, following assays using similarly low levels of
factor VIII [26]. Thus, we conclude that the above 4 mutants represent the best mutants in
terms of gain-of-function produced from this panel.

There are still other areas of inter-subunit interfaces to explore for the purpose engineering
superior factor VIII molecules with higher stability. For example, mutagenesis of many of
the charged or polar residues comprising large areas of potential contacts between A2 and
A1/A3 domains did not alter stability or functional parameters [18], suggesting little side
chain involvement and/or non-H-bonding interactions. Therefore, creation of new, non-
covalent interactions in these areas might induce further enhancements to protein stability.
Furthermore, combining the high stability variants with other, non-related gain-of-function
mutations could likely yield additional benefits as potential therapeutics. For example,
preliminary results combining several of the high stability mutations in this report with
Glu113Ala, a high specific activity variant resulting from mutation of a non-coordinating
residue within a calcium binding site [23], yielded variants with the predicted enhancements
in both parameters.
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Fig. 2.
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Fig. 3.
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