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Summary

Factor (F)VIIIa, a heterotrimer comprised of A1, A2, and A3C1C2 subunits, is labile due to the 

tendency of the A2 subunit to dissociate from the A1/A3C1C2 dimer. As dissociation of the A2 

subunit inactivates FVIIIa activity, retention of A2 defines FVIIIa stability and thus, FXase 

activity. Earlier results showed that replacing residues D519, E665, and E1984 at the A2 domain 

interface with Ala or Val reduced rates of FVIIIa decay, increasing FXa and thrombin generation 

(Wakabayashi et al., Blood 112: 2761, 2008). We now show the enhanced FVIIIa stability of these 

variants results from increases in inter-A2 subunit affinity. Using a FVIIIa reconstitution assay to 

monitor inter-subunit affinity by activity regeneration, the apparent Kd value for the interaction of 

wild type (WT) A2 subunit with WT A1/A3C1C2 dimer (43 ± 2 nM) was significantly higher than 

values observed for the A2 point mutants D519A/V, E665A/V, and E1984A/V which ranged from 

∼5 to ∼19 nM. Val was determined to be the optimal hydrophobic residue at position 665 

(apparent Kd = 5.1 ± 0.7 nM) as substitutions with Ile or Leu at this position increased the 

apparent Kd value by ∼3- and ∼7-fold, respectively. Furthermore, the double mutant (D519V/

E665V) showed an ∼47-fold lower apparent Kd value (0.9 ± 0.6 nM) than WT. Thus these 

hydrophobic mutations at the A2 subunit interfaces result in high binding affinities for the A2 

subunit and correlate well with previously observed reductions in rates in FVIIIa decay.
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Introduction

Factor (F)VIII is a plasma protein that is absent or defective in patients with hemophilia A. 

FVIII is translated as a single chain polypeptide that undergoes post-translational 

modification and cleavage to produce the heterodimer that circulates in plasma. The 

heterodimer is made up of a heavy chain (HC) consisting of the A1(a1)A2(a2)B domains 

and a light chain (LC) consisting of the (a3)A3C1C2 domains. HC and LC are associated in 
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a relatively stable, non-covalent and copper-dependent interaction at the A1-A3C1C2 

interface. FVIII is activated by limited proteolysis catalyzed by thrombin and FXa that 

produces the active FVIIIa heterotrimer made up of the A1, A2, and A3C1C2 subunits. The 

FVIIIa heterotrimer serves as a cofactor to FIXa in the propagation stage of clotting. FVIIIa 

and FIXa assemble into the FXase complex on a negatively charged phospholipid surface, 

and FVIIIa increases the catalytic efficiency of FIXa in the conversion of FX to FXa by 

several orders of magnitude (See Ref. (1) for review).

FVIIIa is inactivated as the A2 subunit spontaneously dissociates from the A1/A3C1C2 

dimer at physiologic concentrations. Weak electrostatic interactions between A2 and both 

A1 and A3C1C2 subunits contribute to the instability of the FVIIIa heterotrimer. 

Dissociation of the A2 subunit leads to dampening of FXase activity (2,3). The mechanism 

of A2 dissociation is not well defined. Several point mutations to FVIII at the A2-A1 and 

A2-A3C1C2 interfaces have been shown to promote A2 dissociation in FVIIIa (4-6). These 

FVIII variants are characterized by a one-stage/two-stage assay discrepancy (7,8) in which 

the latter assay, which examines FVIIIa stability, reveals significant reductions in activity 

compared to WT FVIIIa due to increased rates of dissociation of the A2 subunit.

Using the ceruloplasmin-based homology model (9), we previously identified acidic 

residues localized in hydrophobic pockets at the A2-A1 and A2-A3C1C2 interfaces with 

spatial separations from nearby potential hydrogen-bond partners exceeding 2.8 Å, 

suggesting that they did not contribute to hydrogen bond interactions at the A2 interface 

(10). Thus, these residues that include D519, an A2 residue at the A2-A1 interface, E665, an 

A2 residue at the A2-A3C1C2 interface, and E1984, an A3 residue at the A2-A3C1C2 

interface were proposed to destabilize the inter-A2 subunit interaction. Mutating these 

residues individually to either Ala of Val in an attempt to increase the buried hydrophobic 

surface area and decrease the buried hydrophilic surface area at the A2 interface showed that 

the D519A/V, E665A/V and E1984A/V variants had greater FVIII stability to thermal and 

chemical denaturation, and reduced rates of FVIIIa decay (10,11). This latter parameter 

reflected prolonged FXase activity and consequent greater amounts of thrombin in a 

thrombin generation assay. Furthermore, a variant in which both D519 and E665 were 

mutated to Val (D519V/E665V) showed the most dramatic increases in FVIII and FVIIIa 

stability and thrombin generation as compared with variants representing all possible double 

mutation combinations at these three sites (11). In this current study, we show by a 

functional, FVIIIa reconstitution assay that the high FVIIIa stability observed in these 

variants results from a greater affinity for the A2 subunit.

Materials and methods

Nomenclature

The FVIII protein sequence is numbered from the mature N-terminus using reference 

sequence NP000123.1. According to Human Genome Variation Society (HGVS), FVIII 

variants designated in the text at residues D519, E665, and E1984 correspond to p.D538, 

p.E684, and p.E2003 respectively (12).
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Materials

Recombinant FVIII (Kogenate) was a generous gift from Dr. Lisa Regan of Bayer 

(Berkeley, CA). Phospholipid vesicles containing 20% phosphatidylcholine (PC), 50% 

phosphatidylethanolamine (PE), and 30% phosphatidylserine (PS) were prepared as 

previously described(13). The reagents α-thrombin (Haematologic Technologies, Inc., Essex 

Junction, VT, USA), FIXa-β and FX (Enzyme Research Laboratories, South Bend, IN, 

USA), and the chromogenic FXa substrate Pefachrome Xa (Pefa-5523, CH3OCO-D-CHA-

Gly-Arg-pNA AcOH; Centerchem, Norwalk, CT) were purchased from the indicated 

vendors.

Construction, Expression, and Purification of WT A1 and A3C1C2, and Variant A3C1C2 
Subunits

WT A1 and A3C1C2 subunits were purified from Kogenate FVIII as previously described 

(14). FVIII mutants with Ala and Val mutations at E1984 were individually constructed as 

B-domainless FVIII (15). Recombinant WT and variant FVIII forms were stably expressed 

in baby hamster kidney (BHK) cells and purified as described previously (16). After 

transfection, there were no significant differences in the amounts of FVIII secreted among 

the variants. E1984A FVIII and E1984V FVIII were cleaved with thrombin (60 nM), and 

each thrombin-activated FVIII was incubated overnight with EDTA (50 mM) to separate the 

A1 and A3C1C2 subunits (17). The A1 subunit was removed by a heparin column (18), and 

A2 was removed by an affinity column using immobilized R8B12 monoclonal antibody (2). 

A3C1C2 subunit was further purified and concentrated on a MonoS column (GE 

Healthcare) equilibrated with 10 mM MES, pH 6.0, 0.1 M NaCl, 0.01% Tween20, and 

0.02% NaN3 (buffer A). The adsorbed A3C1C2 subunit was eluted from the MonoS column 

using an NaCl gradient (0 – 0.8 M) in 20 mM HEPES, pH 7.2, 0.01% Tween20, 0.02% 

NaN3. Alternatively, E1984A A3C1C2 was purified from FVIII by removing A2 with the 

R8B12 affinity column after thrombin (60 nM) digest, and removing contaminants and A1 

using a MonoS column as described above. Purity and concentration were determined by 

band density quantification using gels stained from SDS-PAGE or Western blots. Protein 

concentrations were verified by Bradford assay using bovine serum albumin (BSA) as a 

standard (19).

Construction, Expression and Purification of WT and Variant A2 Subunits

Amino acid substitutions in the isolated A2 domain were introduced in the pFastBac-wtA2 

plasmid, in which A2 contains a TEV cleavage site and His6 tag (20), using the QuikChange 

site-directed mutagenesis kit (Stratagene, La Jolla, CA). D519 and E665 were each replaced 

with Ala and Val as single mutations, and a double mutant was constructed in which both 

D519 and E665 were replaced with Val. In addition, E665 in A2 was also replaced with Leu, 

Ile, and Phe. Baculovirus expressed-A2 (bA2) constructs were prepared and purified from 

High-Five cells (Invitrogen) using the Bac-to-Bac Baculovirus Expression system 

(Invitrogen) as previously described (20). Briefly, WT bA2 and each bA2 variant were 

purified from the supernatant of baculovirus infected High-Five cells. The supernatant was 

concentrated on a heparin column, and bA2 was isolated by the His6 tag on a Talon™ 

IMAC column. AcTEV protease was used remove the His6 tag by cleavage at the TEV site, 
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and the protease was removed and protein concentrated by column chromatography. The 

purity of bA2 and concentration were determined by band density quantification of stained 

gels from SDS-PAGE or Western blots. Protein concentrations were verified by Bradford 

assay using BSA as a standard (19).

Purity and Concentration by SDS-PAGE Gel Staining and Western Blotting Band Density 
Quantification

FVIII subunits were electrophoresed on a 10% polyacrylamide gel at constant voltage. Gels 

were stained with Gelcode Blue (Thermo Electron Corporation, Waltham, MA) or 

transferred to a polyvinyl fluoride membrane to be probed with anti-A2 (R8B12) and anti-

A3 (2D2) monoclonal antibodies. The chemifluorescence substrate (ECF substrate; GE 

Healthcare, Piscataway, NJ, USA) reaction with a secondary antibody (anti-mouse IgG 

linked to alkaline phosphatase) was detected by a fluorescence signal using a 

phosphoimager (Storm 860; GE Healthcare). The band densities from dilutions of each 

purified subunit and standards were quantified and were used to determine subunit 

concentration. Protein concentrations were verified by Bradford assay using BSA as a 

standard (19).

Reconstitution of A1/A3C1C2 from Purified Subunits

A1/A3C1C2 was reconstituted using 240 nM or 480 nM A1 subunit and 1 μM A3C1C2 

subunit in 20 mM HEPES pH 7.2, 100 mM NaCl, 5 mM CaCl2, 0.01% Tween20, and 100 

μg/mL of BSA overnight at 4 °C. The reconstituted A1/A3C1C2 dimer was then incubated 

at 37°C for 2 hours before use in FVIIIa reconstitution. Alternatively, 20 nM A3C1C2 

subunit was reconstituted with 500 nM of A1 subunit and was incubated overnight at 4°C. 

As the Kd for the interaction between A1 and A3C1C2 is approximately 60 nM (21), A1/

A3C1C2 was reconstituted using a molar excess of one subunit over the other to ensure full 

reconstitution. The concentration of the limiting component was used as the dimer 

concentration.

Chromogenic FXa Generation Assays

The rate of conversion of FX to FXa was monitored in a purified system at 23°C. 

Reconstituted FVIIIa (2 nM) was added to a reaction mixture of 40 nM FIXa and 20 μM 

PSPCPE in 20 mM HEPES pH 7.2, 100 mM NaCl, 5 mM CaCl2, 0.01% Tween20, and 100 

μg/mL BSA. After 2 minutes, 300 nM FX was added to the mixture, and the reaction was 

stopped with 100 mM EDTA after an additional 2 minutes. FXa generated was determined 

using the FXa chromogenic substrate, Pefachrome Xa (0.46 mM final concentration). 

Reactions were read for 3 minutes at 385 nm using a Vmax microtiter plate reader 

(Molecular Devices).

A2 Subunit Affinity for A1/A3C1C2 by Reconstitution Assay

WT and variant bA2 (20 nM) were reconstituted with indicated concentrations of the A1/

A3C1C2 dimer. Alternatively, WT FVIIIa and FVIIIa mutants with a substitution in the 

A3C1C2 subunit were first reconstituted with A1 subunit as described above and then the 

reconstituted A1/A3C1C2 dimer (20 nM) was reacted with varying concentrations of A2 
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subunit. Reconstitution reactions were incubated at room temperature for 2 hours. The rate 

of FXa generated per nM of A1/A3C1C2 or nM of A2 was determined using a FXa 

generation assay.

Data Analysis

Kd and activity parameters for FXa generation were calculated from initial rate data by 

fitting the data using non-linear least-squares regression analysis to a single-site ligand 

binding model using the equations,

where AT is the total concentration of A2, A is the concentration of free A2, AB is the 

concentration of FVIIIa which is proportional to FXa generation rate, BT is the total 

concentration of A1/A3C1C2 and K is a conversion factor from the concentration of 

reconstituted FVIIIa to FVIIIa activity measured by FXa generation. Since Kd values are 

obtained from curve fits of functional data, we refer to these as apparent Kd values.

Results

bA2 subunits

We have previously observed that mutations, individually or in combination, to convert 

acidic residues buried in hydrophobic pockets at the interface of the A2 domain to Ala or 

Val result in marked reductions in the rate of FVIIIa decay. As such, we would predict 

proteins with these mutations to show enhanced affinity for the A2 subunit, and this change 

in affinity should correlate with the magnitude reduction in FVIIIa decay. To test this 

hypothesis, we assessed the inter-A2 subunit affinity following a titration of FVIIIa 

reconstitution using a FVIIIa subunit harboring the mutation recombined with the 

complementary WT subunits.

For mutations at D519 and E665, both of which localize to the A2 domain and interface with 

the A1 and A3 domains respectively, variants were prepared using a baculovirus expression 

system as described in Methods and materials. We have previously shown that WT A2 

expressed in this system yields equivalent results to A2 subunit purified from FVIIIa 

expressed in mammalian (BHK) cell culture (20). The bA2 variants D519A, D519V, 

E665A, E665V and the double mutant, D519V/E665V, were purified as described above 

and subjected to SDS-PAGE to assess their electrophoretic mobility and purity. Results 

shown in Figure 1 indicate that each of the variants migrates to a position that is essentially 

indistinguishable from the A2 subunit (∼43 kDa) purified from FVIIIa and shows the 

presence of little if any contaminating proteins.
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Binding affinity between bA2 subunit and WT A1/A3C1C2 dimer determined by 
reconstitution assays

Factor VIIIa reconstitution assays used a fixed concentration of the WT or variant bA2 

forms combined with variable concentrations of the A1/A3C1C2 dimer that had been 

previously reconstituted from the WT isolated A1 and A3C1C2 subunits. The reason for 

using reconstituted A1/A3C1C2 rather than A1/A3C1C2 isolated as the dimer from WT 

FVIIIa was to eliminate any possible contamination of A2 subunit in the A1/A3C1C2 

preparation. Indeed FXa generation assays using high concentrations of the reconstituted 

A1/A3C1C2 alone showed essentially no activity in the absence of added A2 subunit (data 

not shown).

FVIIIa reconstitution reactions were assessed by FXa generation assays as described in 

Methods and materials. Results from assays where bA2 (20 nM) was titrated with varying 

concentrations of A1/A3C1C2 dimer are shown in Figure 2. WT bA2 and each bA2 variant 

yielded a saturable level of FXa generated in the presence of excess dimer. We observed that 

the variants demonstrated maximal levels of FXa generation at lower dimer concentrations; 

with the D519V/E665V bA2 double mutant achieving maximal FXa generation at the lowest 

level of added dimer. These activity curves were fitted to a single-site ligand binding model 

to estimate the inter-A2 subunit affinity for each variant and results are presented in Table 1.

Affinity (Kd) values presented represent a functional, apparent Kd value inasmuch as this 

assay does not directly measure the interaction between A2 subunit and A1/A3C1C2 dimer, 

but rather measures the extent of FVIIIa reconstitution following assembly of the FXase 

complex and catalysis of FXa. We observed an apparent Kd value of ∼43 nM for the WT 

bA2 interaction which is similar to a value determined in a prior report using a similar assay 

(∼30 nM (20)). A very early study determined the affinity of the A1/A3C1C2 for the A2 

subunit to be ∼260 nM (14). We attribute this discrepancy with the more recent studies to 

the lower quality of the reagents used. The inter-subunit Kd of 260 nM for A2 was 

determined using an A2 subunit that was purified using a somewhat cumbersome and 

lengthy procedure from the FVIIIa trimer (14). We believe this method was somewhat 

detrimental to the activity of the A2 protein. We currently use a much improved purification 

scheme for the A2 subunit from FVIIIa (20), as well as the A2 obtained from the 

baculovirus expression system, the latter of which provides A2 subunit free from any 

contaminating A1 and A3C1C2 subunits. Each of the single bA2 variants showed reduced 

Kd values relative to WT with D519A, D519V, and E665A values reduced by ∼2.3-, ∼4.3-, 

and ∼3.1-fold, respectively. Furthermore, the Val replacement for E665 showed a greater 

reduction in apparent Kd than the Ala replacement at this site (∼8.4 and 3.1-fold reductions, 

respectively). However, the D519V/E665V double mutant showed the highest inter-A2 

subunit affinity with an apparent Kd that was reduced ∼47-fold relative to the WT bA2. This 

latter result indicated that replacing acidic residues with hydrophobic ones at A2 domain 

interface with A1 and A3 domains yields a greater inter-A2 subunit affinity than either 

substitution individually. Maximal levels of FXa generated for these point mutation variants 

did not appreciably differ from that of WT, whereas the value for the double mutation was 

modestly increased.

Monaghan et al. Page 6

Thromb Haemost. Author manuscript; available in PMC 2015 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Binding affinity for additional E665 variants

Results shown above indicate that the E665V bA2 variant possessed the highest inter-

subunit affinity of the point mutants tested, and this affinity was ∼2-fold greater than that of 

the E665A variant. Additionally, a previous study (10) showed that E665V had the slowest 

FVIIIa decay rate of the point mutants at 4 nM FVIIIa, and this decay rate was ∼3-fold 

slower than that of E665A. These observations suggest a contribution of residue size in 

addition to hydrophobic character for the enhanced affinity at E665 relative to WT. While a 

Val mutation at D519 resulted in a similar ∼2-fold increase in A2 affinity over the Ala 

mutation, D519V and D519A FVIIIa decay rates were relatively indistinguishable (70% and 

60% of WT, respectively) (10). To further explore contribution of residue size at E665, the 

bA2 variants were constructed to replace the Glu residue with Leu, Ile or Phe, thereby 

increasing the specific volume of the residue side chain compared with Val. While the 

expression levels for E665I and E665L bA2 proteins were similar to the WT and other 

variants, the E665F variant did not express, suggesting that a Phe residue at this site may not 

be tolerable for A2 expression.

In experiments similar to those described above, the E665L and E665I bA2 subunits were 

titrated with variable levels of A1/A3C1C2 dimer. Subsequently, rates of FXa generated in 

each of the reactions were determined using a FXa generation assay. The FXa generation 

curves were fitted to a single-site binding equation (Figure 3) to determine the apparent Kd 

values for the inter-A2 subunit affinity (Table 1). Replacing E665 with Leu did not 

significantly alter the affinity of A2 for A1/A3C1C2, whereas replacing E665 with an Ile 

yielded a modest (2-fold) increase in affinity. These results suggest that of the hydrophobic 

residues tested, Val at position 665 is optimal for inter-subunit affinity. Interestingly, the 

extent of maximal FXa generated for the E665L variant was ∼30% lower than that of WT. 

This effect may result from the extended structure of the Leu side chain negatively 

impacting orientation of A2 subunit within the FXase complex.

Binding affinity between WT bA2 subunit and variant A1/A3C1C2 dimer determined by 
reconstitution assays

For high stability variants containing a mutation in the A3C1C2 subunit, the WT A3C1C2 

and A3 domain variant E1984A and E1984V subunits were purified as described in Methods 

and materials. Each of the A3C1C2 subunits were reconstituted with excess WT A1 as 

opposed to excess A3C1C2 due to limiting concentrations of variant A3C1C2. The dimer 

was reconstituted as described in Methods and materials. The purpose of this reconstitution 

rather than purification of A1/A3C1C2 dimers from the FVIIIa forms was to eliminate the 

presence of A2 subunit that may contaminate the dimer preparations. The reconstituted 

dimers (20 nM) were titrated with 0-240 nM WT bA2. Progress curves from FXa generation 

assays were fitted to the single-site binding equation (Figure 4) to estimate the apparent Kd 

values for A2 in WT FVIIIa and FVIIIa variants (Table 1). The slight differences in Kd 

values determined in the two WT experimental sets can be attributed to standard deviation 

and/or slight discrepancies in the concentration determination of the limiting component. 

We note however, that the results obtained with the complete complement of WT subunits 

yielded Kd values that were significantly greater than values for the point mutants with the 

exception of the E665L variant. Similar to the variants with substitutions in the A2 subunit, 
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each of the substitutions made in A3C1C2 resulted in a similar decrease in Kd app for the 

A2 subunit (3.7- and 4-fold for E1984A and E1984V, respectively) as compared to WT 

FVIIIa. Unlike the disparity in values seen with the E665 Ala and Val variants, these results 

suggested that specific volume differences between Ala and Val did not impact the inter-A2 

subunit interaction. Furthermore, the modest increases in maximal FXa generation observed 

with these variants were consistent with previously observed increases in thrombin 

generation parameter values for the variants (11).

Discussion

FVIIIa activity is labile due to the tendency for A2 subunit to dissociate under physiological 

conditions. We have previously shown that replacing D519, E665, and E1984, alone (10) 

and in combination (11), with either alanine or valine resulted in decreased rates of FVIIIa 

decay, as well as increased FVIII thermostability and increased thrombin generation in 

plasma. In the present study, we show that the enhanced stability observed in these FVIII 

variants results from an increased inter-A2 subunit affinity, as determined by functional 

assay using FVIIIa reconstitution from isolated subunits. D519, E665, and E1984 are 

conserved in human, canine, porcine, mouse, rabbit and bat FVIII, and D519 is also 

conserved in rat FVIII. Considering that these residues are detrimental to FVIII and FVIIIa 

stability, conservation of D519, E665, and E1984 suggests that their role in A2 dissociation 

has an important function, presumably for the dissociation of FVIIIa leading to down-

regulation of FXase.

The extent of affinity enhancement observed correlates well with previous results 

monitoring the rates of FVIIIa activity decay (10). For example, at 4 nM FVIIIa the D519A 

and E665A variant activity decayed at a rate that was ∼60% the rate of WT FVIIIa, while 

the E665V decayed at a rate ∼20% that of WT and this decay rate was similar to that of 

either the Ala or Val mutation at E1984 (10). Examination of the functional affinity data 

(Table 1) suggest somewhat of a gradient of the apparent Kd values for the point mutants 

with E665V < E1984V ≈ E665A≈ D519V ≈ E1984A < D519A <WT. Furthermore, the 

D519V/E665V FVIIIa (1.5 nM) possessed an activity decay rate that was ∼14% the value 

observed for WT FVIIIa (11). This marked reduction in FVIIIa decay parallels the enhanced 

affinity for the double mutation.

While the above variants show reduced rates of FVIIIa decay as a result of increased affinity 

for the bA2 subunit, other variants have been described where covalent interaction of the A2 

subunit to eliminate its dissociation have demonstrated increased FVIIIa activity using both 

in vitro and in vivo assays. Pipe and Kaufman produced a high stability FVIIIa by 

eliminating the thrombin cleavage site at Arg740 and covalently linking the A2 and A3 

domains using a 54 amino acid linker consisting of B-domain residues. This variant, termed 

IR8, maintained 38% initial clotting activity for over 4 hours after thrombin activation (22). 

Physiological studies showed that IR8 ectopically expressed in platelets was more effective 

than WT FVIII in cuticular bleeding assays and FeCl3 carotid artery models in hemophilia A 

mice (23). Gale et al. (24) showed that covalently linking the A2 and A3 domains by a 

disulfide bond also increases FVIIIa stability. In this study, a disulfide bond was generated 

between A2 residue Y664C and A3 residue T1826C, and this variant retained 90% clotting 
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activity three hours after activation. As WT FVIIIa only retained 5% activity after 40 

minutes, the disulfide bond variant showed sustained FVIIIa stability (24). A whole blood 

rotational thromboelastogram (ROTEG) assay showed that this increase in FVIIIa stability 

resulted in faster rates of clot formation and better clot quality (25).

In an earlier study, we showed that the non-covalent D519V/E665V FVIII variant, which 

shows the highest inter-A2 subunit affinity of the variants tested in this report, increased 

thrombin generation parameters such as thrombin peak value and endogenous thrombin 

potential ∼2.2-fold and 1.7-fold relative to WT, respectively (11). Recently, this variant was 

evaluated in several injury models in the hemophilia A mouse (26). This study reported that 

the variant showed a >4-fold increase in maximal platelet-fibrin deposition after laser injury 

to the cremaster muscle arteriole and ∼2-fold increase in protection from bleeding in a tail 

clip and tail vein transection assays as compared with WT FVIII. Thus the capacity to 

increase the retention of A2 subunit in FVIIIa by limiting its dissociation appears to have 

clear benefits in enhancing thrombin generation in vitro and in vivo, suggesting a potential 

role for these reagents as a therapeutic for hemophilia A.

Our reconstitution assay allows determination of apparent Kd values for inter-A2 subunit 

interactions in FVIIIa. Of our variants, D519V/E665V had the lowest apparent Kd compared 

to WT FVIII and, as indicated above, has proven to be effective as a therapeutic treatment 

for several vascular injury models in the hemophilia A mouse (26). Overall, this line of 

investigation indicates that apparent Kd measurements involving A2 subunit would be an 

effective tool for predicting the translational potential of FVIIIa variants with altered A2 

interactions.
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Abbreviations

FVIIIa factor VIIIa

FXase factor Xase

WT wild type

FIXa factor IXa

FVIII factor VIII

HC heavy chain

LC light chain

FXa factor Xa

FIXa factor IXa

PC phosphatidylcholine

PE phosphatidylethanolamine

PS phosphatidylserine

FX factor X

BHK baby hamster kidney

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

bA2 baculovirus expressed A2

IMAC immobilized metal affinity chromatography

HEPES N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]

BSA bovine serum albumin

ROTEG whole blood rotational thromboelastogram
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What is known about this topic?

Replacing the acidic residues D519, E665, and E1984 in hydrophobic patches at the A2-

A1/A3C1C2 interface in FVIII with either Ala or Val results in increased FVIII and 

FVIIIa stability.
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What does this paper add?

• The increased FVIII/FVIIIa stability observed in D519A/V, E665A/V, 

E1984A/V, and D519V/E665V is due to an increased apparent affinity for the 

A2 subunit.

• A gradient of A2 affinity was observed based on specific point mutations and 

combination of mutations ranging from ∼2-fold to ∼47-fold lower Kd values 

(higher affinity) compared to WT FVIIIa.

Monaghan et al. Page 13

Thromb Haemost. Author manuscript; available in PMC 2015 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. SDS-PAGE of purified WT bA2 and bA2 variants
Approximately 0.5 μg of FVIIIa-derived A2 subunit and the WT and variant bA2 forms 

were applied to a 10% polyacrylamide gel with a molecular weight marker (lane 1), and 

bands were visualized using GelCode blue. Samples are A2 derived from FVIIIa (lane 2), 

WT bA2 (lane 3), and representative bA2 variants: D519A (lane 4), D519V (lane 5), E665A 

(lane 6), E665V (lane 7), and D519VE665V (lane 8).
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Figure 2. A2 binding in FVIIIa variants with mutations in A2 subunit by reconstitution assay
WT FVIIIa and FVIIIa mutants with a substitution in the A2 subunit were reconstituted at 

varying A1/A3C1C2 concentrations. WT and bA2 variants (20 nM) were reconstituted with 
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the indicated concentrations of A1/A3C1C2 prepared in the presence of excess (1 μM) 

A3C1C2. Reconstitution reactions were incubated at room temperature for 2 hours. Rates of 

FXa generated per nM of A2 were determined and the data fitted to a single site binding 

equation as described in Methods and materials. Results were averaged from 2 (D519A, 

E665A) or 3 (WT, D519V, E665V, D519VE665V) separate determinations. A. WT, closed 

circles; D519A, open squares; E665A, open triangles; B. WT, closed circles; D519V, open 

circles; E665V, open diamonds; D519V/E665V, crosses.
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Figure 3. A2 binding in FVIIIa variants with E665L and E665I mutations
WT FVIIIa and FVIIIa mutants with a substitution in the A2 subunit were reconstituted 

from WT and bA2 (20 nM) and the indicated concentrations of A1/A3C1C2, and FXa 

generation assays performed as described in the legend to Figure 2. Results were averaged 

from 4 separate determinations. WT, closed circles; E665L, closed triangles; E665I, closed 

squares.
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Figure 4. A2 binding in FVIIIa variants with mutations in A3C1C2 subunit by reconstitution 
assay
WT FVIIIa and FVIIIa mutants with a substitution in the A3C1C2 subunit were 

reconstituted at varying A2 concentrations. 20 nM of WT, E1984A, and E1984V A1/

A3C1C2 were reconstituted with the indicated concentrations of WT bA2 and excess (500 

nM) A1. Reconstitution reactions were incubated at room temperature for 2 hours. Rates of 

FXa generated per nM A1/A3C1C2 were determined and the data fitted to a single site 

binding equation as described in Methods and materials. Results were averaged from 2 

separate determinations. WT, closed circles; E1984A, open triangles; E1984V, open 

squares.
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Table 1
Apparent Kd of A2 in WT FVIIIa and FVIIIa variants

FVIIIa subunit mutation(s) Kd (app) Kd (app) Fold difference to WT Bmax

nM nM/min/nM A2

WT (A2) 43.3 ± 2.29 1.00 45.2 ± 0.68

D519A 18.9 ± 0.83 0.44 42.3 ± 0.50

D519V 10.0 ± 1.58 0.23 42.7 ± 1.70

E665A 13.8 ± 1.05 0.32 52.3 ± 0.97

E665V 5.14 ± 0.72 0.12 40.0 ± 1.13

E665L 44.0 ± 2.14 0.98 31.4 ± 0.52

E665I 17.5 ± 3.43 0.40 50.7 ± 1.21

D519V/E665V 0.93 ± 0.55 0.02 51.2 ± 3.19

nM/min/nM A1/A3C1C2

WT (A3C1C2) 56.3 ± 2.59 1.00 47.4 ± 0.62

E1984A 15.3 ± 1.12 0.29 62.2 ± 0.95

E1984V 14.2 ± 2.13 0.25 75.2 ± 2.27

Apparent (app) Kd for WT FVIIIa and FVIIIa variants were determined as described in “Methods and materials.” Bmax values represent rates of 

FXa generation at saturating FVIIIa subunit. Results were averaged from 2-4 separate determinations and are presented with standard deviation 
values.
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