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Figure 15. Antibody purification and cleavage. A) SDS-PAGE gel image showing flow through 
(FT) wash and elution steps in the purification of 4C7, 4A4, and 4F4, IgG heavy and light chains 
are marked by black arrows. B) SDS-PAGE gel image showing a pre-IgG cleavage sample vs. a 
cleaved and purified Fab sample 

 

 

SAXS 

Formation of ET3i in complex with anti-A2 inhibitory antibodies and subsequent 

purification via SEC was successful. Usable SAXS data was collected at the ALS beamline and 

processed for the ET3i:G99, ET3i:G99:4F4, ET3i:G99:4A4 complexes by Dr. Kenny Childers. The 

known ET3i:G99 crystal structure (PDB #7KBT) was superimposed into the generated SAXS 

envelopes to examine validity of the envelopes and identify the location of 4A4 and 4F4 within 

the envelope (Figure 16). These envelopes illustrate the presence of additional density outside 

of ET3i at the expected position for G99, as well as additional densities protruding from the A2 

domain in the 4A4 and 4F4 containing constructs.  
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Figure 16. SAXS data generated for ET3i, and the ET3i:G99, ET3i:G99:4F4, ET3i:G99:4A4 
complexes. A) Pair distance distribution function (P(r)), illustrating the probability of any two 
points A and B to be X distance apart, as well as the radius of gyration (Rg) and maximum 
distance between atoms (dmax) used when calculating the P(r) for the ET3i:G99 (green), 
ET3i:G99:4F4 (magenta), and ET3i:G99:4A4 (blue) complexes B) Images of the ET3i:G99 crystal 
structure superimposed on the generated SAXS envelopes for the ET3i:G99 (green), 
ET3i:G99:4F4 (magenta), and ET3i:G99:4A4 (blue) complexes. (Data work-up done by Dr. Kenny 
Childers).  
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Crystallography 

Anti-A2 inhibitor Fabs of 4A4, 4F4, and 4C7 were screened in house using Hampton 

Research screens. These generated crystal hits were further pursued with fine screening, and 

crystals were looped and sent for data collection at the ALS beamline. Lower quality diffraction 

was detected for two 4F4 crystals, and seven 4A4 crystals of varying conditions. A single 4A4 

crystal generated higher quality diffraction with a 2.08 Å resolution (Figure 17). This crystal was 

grown via hanging drop vapor diffusion in 0.2 M calcium chloride dihydrate and 20% PEG 3350. 

As this illustrated the 4A4 Fab’s ability to produce high quality crystals, the ET3i:4A4 alongside 

the C1:NB2E9 complex were sent to the Hauptman-Woodward Institute for a 1536 condition 

crystal screen. A variety of fine screens were designed based on these large screens for both 

complexes. At the time of writing C1:NB2E9 crystals have been looped and sent to the ALS 

beamline, but failed to diffract, and the ET3i:4A4 conditions have just begun to be plated.   
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Figure 17. Fab crystallization and diffraction. A)  Examples of 
Fab crystals produced for 4A4, 4F4, and 4C7. Note, none of 
these specific crystals produced usable diffraction data. B) 
Diffraction data collected for 4A4 Fab with resolution of 2.08 
Å. 
 

 

 

 

 

 

 

 

Nanodisc Prep 

 MSP1D1 80:20 (PC:PS) nanodiscs were successfully constructed following protocols 

designed by previous graduate students. The formed nanodiscs were then further purified via 
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SEC, and the various fractions’ binding affinities for C1C2 WT were determined and the 

fractions pooled based on similar levels of binding affinity (Figure 17). Pooled fractions were 

stored at 4 °C, for future use in lipid binding studies.  

 

 

Figure 17. Nanodisc purification. A) SEC of MSP1D1 80:20 (PC:PS) nanodiscs. Three separate 
peaks were collected and accessed for binding to C1C2 WT via BLI, denoted by the red, purple, 
and black stars. B) BLI binding curves of the collected fractions and C1C2 WT. Fractions were 
pooled based on having similar levels of binding, denoted by the black, purple, and red boxes, 
which also correspond to the elution peaks of the respective fractions (matched by color of star 
and box).  
 

 

Biolayer Interferometry 

 Initial BLI binding data was collected and used to confirm the identity and fold of the 

disulfide mutants, by collecting binding data between the mutants and the anti-C1 NB2E9 and 

anti-C2 BO2C11 inhibitors. Each of the disulfide mutants illustrated binding to both NB2E9 and 

BO2C11 to a similar degree as the WT sample tested (figure 18). Initial BLI binding data was 

collected and used to verify the identity of the anti-A2 antibodies by showing binding to ET3i. 

Each of the five anti-A2 inhibitors illustrated binding to ET3i, with varying degrees of binding 
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with 1-D4 and 4A4 showing the highest binding affinities followed by 4F4, and 2-101, with 4C7 

having little to no additional binding in comparison to the blank (figure 19). As neither of these 

experiments were conducted with varying protein concentration nor in triplicate, exact binding 

capacities are unable to be determined. Regardless of not determining exact binding, binding 

affinity was confirmed.  

 

 

 

Figure 18. C1C2 disulfide mutants’ antibody test binding. A) C1C2 disulfide mutants’ test 
binding to anti-C2 inhibitor NB2C11, with mutations and negative control labeled on the chart. 
B) disulfide mutants’ test binding to anti-C1 inhibitor NB2E9, with mutations and negative 
control labeled on the chart with the same color scheme as A.  
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Figure 19. All five anti-A2 inhibitors’ test binding to ET3i to confirm identity and binding to FVIII, 
with inhibitors and negative control labeled on the chart.  
 

Discussion 

 FVIII’s C domains facilitate binding to the surface of activated platelet membranes, 

allowing for the formation of the tenase complex. Binding models proposed have illustrated the 

importance of both electrostatic interactions between positively charged basic residues of FVIII 

and negatively charged PS headgroups, as well as the hydrophobic solvent exposed loops of the 

C1 and C2 domains embedding into the anhydrous inner membrane coordinating and stabilizing 

this lipid binding interaction. The data generated to build these binding models has focused 

primarily on the C2 domain; however, there are implications for the importance of the C1 

domain. Notably, the C2 domain appears to have a great degree of flexibility, having been 

shown to rotate ~35-45o about a central set of residues. This flexibility is thought to perhaps 

illustrate a docking and undocking conformation of the C2 domain45. This flexibility alongside 

the lone C2 constructs lack of PS specificity, while a C2 deleted FVIII construct retains PS 



 

58 
 

specificity indicates the possibility of the C1 domain coordinating the initial binding interaction 

followed by a conformational shift of the C2 domain causing it to swing down and stabilize the 

lipid binding interaction. Additionally, the C2 domain sees a near complete loss of lipid binding 

at physiological concentrations of NaCl, while full length FVIII retains binding approximately 

equivalent to the C2 deleted construct64. This illustrates the importance of electrostatic 

interactions in facilitating C2 lipid binding and shows that there are differences between the C1 

and C2 domains’ mechanism of binding as well as possible regulation mechanisms.  

 Previous attempts to express soluble C1C2 and C1 constructs have been attempted by 

other labs but were unsuccessful79. Through the addition of a Trx solubility tag and expression 

in a modified SHuffle T7 vector that has been optimized to promote slow protein expression 

alongside proper folding in disulfide-containing proteins and native disulfide bond formation80 

has proved to be successful in producing constructs that are properly folded while being 

retained in the soluble fraction. Despite this, purification of any C1-containing construct is 

plagued by a persistent 70 kDa contaminant, not seen in C2 constructs, that was unable to be 

removed using typical wash buffers of more than 50 column volumes.  This contaminant is 

thought to be a chaperone (HSP70) that is naturally expressed in E. coli, which recognizes and 

binds to the large, solvent exposed hydrophobic region (~1400 Å2) of C1.  Additionally, the 

three-fold larger hydrophobic region of C1 vs. C2 may help to explain poor solubility seen for C1 

when compared to C2. The mechanism of chaperone release is driven by the phosphorylation 

of the chaperone by ATP, as well as interaction with one K+ and two Mg2+ ions. As such, MgCl2 

and KCl were added to the growth media to help prevent initial binding of sample to the 

chaperone, and a purification protocol was developed which included an ATP wash step (also 
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containing MgCl2 and KCl). This modified expression and purification protocol proved to be 

extremely successful at removing this troublesome contamination, notably being shown to 

work for five different C1C2 mutants and three different C1 mutants. This is of note, to further 

our understanding of FVIII’s lipid binding mechanism, studies will need to investigate the C1 

domain. The C2 domain has thus far been the primary protein of study for FVIII’s lipid 

interactions, this is in part due to the ease of expression, solubility, and stability of this protein 

in comparison to the C1 domain. Our expression and purification protocol’s seemingly universal 

application to mutant C1 containing constructs illustrates a methodology that allows for 

mutational studies at a wide variety of residues. This shows promise moving forward in our 

understanding of C1’s role in the lipid binding mechanism.  

 The flexibility of the C2 domain points to the possibility of a docking and undocking 

conformation. Four different C1C2 mutant constructs were designed and ordered such that if a 

disulfide bond were to form between the mutation sites, it would lock C2 in its proposed 

undocking conformation. Each of the four mutants were able to be successfully expressed and 

purified.  The identity and proper fold of each of the constructs was confirmed via binding to 

anti-C1 and anti-C2 inhibitors via BLI, and molecular weight was confirmed on MS. The WT 

C1C2-Trx construct contains 3 native disulfide bonds (2 within C1C2 and 1 in Trx). Formation of 

a disulfide bond can be observed by a loss of 2 Da per bond in the overall mass of the construct. 

The formation of a 4th disulfide bond, not seen in WT, was observed in the H2031C/V2294C 

C1C2 mutant by an 8 Da shift between reduced and non-reduced samples illustrating success in 

the formation of the designed disulfide bond. The mutant in question is an excellent candidate 

to lock C1C2 in its undocking conformation, as the distance between the alpha carbons of 
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H2031 and V2294 shifts from 5.4 Å to 10.2 Å from the undocking to docking conformations. 

Moving forward with this project will require validating the location of this new disulfide bond, 

determining reduction conditions that selectively break only this bond, and conducting lipid 

binding assays to determine if there is a loss of binding when the designed disulfide bond is 

present.  

FVIII is an essential cofactor within the blood coagulation cascade, with those who have 

a deficiency of functional FVIII having a condition known as hemophilia A. The most common 

complication of hemophilia A treatment is the development of inhibiting antibodies that bind to 

exogenous FVIII rendering it non-functional. The two most immunogenic domains of FVIII are 

the C2 and A2 domains, with additional implications for the C1 domain. While there has been 

extensive investigation of the immunogenic effects on the C2 domain, there has yet to be a 

structure of an anti-A2 inhibitor bound to FVIII. There also has yet to be a structure of FVIII’s C1 

domain in complex with a human derived antibody, which would provide validity to the 

previous data collected using murine derived inhibitors when working with human models. 

Unfortunately, despite obtaining diffraction data with a 2.08 Å resolution, the structure of the 

4A4 Fab still needs to be solved as our lab has yet to receive the full sequence. Regardless, the 

successful crystallization and diffraction of the 4A4 Fab is a promising start to being able to 

obtain x-ray crystallographic data for the ET3i:4A4 complex. In addition, the successful 

formation of the C1:human-derived-NB2E9 complex has allowed for a large-scale crystal 

screening, with fine screens ongoing. As of writing there have been crystals looped and treated 

with x-rays for the NB2E9 complex, however, there has yet to be any usable diffraction data.  
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Beyond x-ray crystallography, SAXS data was collected for ET3i bound to anti-A2 

antibodies 4A4 and 4F4, as well as anti-C2 G99, whose x-ray crystal structure bound to ET3i has 

previously been determined. The generated SAXS envelopes for the ET3i:G99, ET3i:G99:4A4, 

ET3i:G99:4F4 complexes matched previous structural data of the ET3i:G99 complex, with 

additional density protruding from the A2 

domain in the 4A4 and 4F4 containing 

complexes. While the 4F4 epitope has yet to 

be mapped, superimposing the 4F4 and 4A4 

SAXS envelopes supports a partial overlap of 

the 4A4 and 4F4 epitopes (Figure 20). The 

4A4 binding epitope was previously 

determined to be between residues Asp403-

His44455, however the exact binding, and 

thereby method of FVIII inhibition, have yet 

to be determined. Of the 403-444 FVIII 

sequence there are two regions, 403-422 

and 427-444, which are solvent exposed 

with residues 423-426 completely buried 

within the A2 domain. Within the 

superimposed image of the two SAXS 

envelopes and the ET3i:G99 structure the 

additional density presumed to be the 4A4 Fab appears to completely cover residues 403-422 

Figure 20. Superimposition of 
ET3i:G99:4F4, shown in purple, and 
ET3i:G99:4A4, shown in blue, and ET3i:G99 
crystal structure, with solvent exposed 
residues in the proposed 4A4 binding 
epitope labeled in red. (Data work up done 
by Dr. Kenny Childers). 
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with some coverage of residues 427-444, while the 4F4 Fab appears to not cover residues 403-

422 with some coverage within residues 427-444 (Figure 20). Previous work has highlighted the 

possibility of FVIII anti-A2 inhibitors blocking a potential FX binding site corresponding to 

residues 400-409, resulting in loss of function in the tenase complex81. This may point to 4A4’s 

method of inhibition, as well as explain why 4A4 is 121 times more immunogenic than 4F4 

(Table 2), as it appears that 4F4’s binding epitope does not cover the 400-409 region.  Again, 

this data will contain greater insight once we have the sequences of both 4A4 and 4F4 

alongside additional structural data of the 4F4 Fab and both of the inhibitors in complex with 

ET3i. 

 

Conclusions and Future Work 

Hemophilia A is an X-linked recessive condition that affects 1 in 5,000 male births, most 

commonly treated via venous injection of recombinant FVIII to act as a replacement for the 

patients endogenous FVIII. Approximately 60-70% of patients are categorized as severe, 

requiring frequent injections to stay on top of bleeding episodes. About a third of these severe 

cases develop inhibiting antibodies during treatment which bind to the exogenous FVIII, 

sterically hindering key binding partners from being able to bind to FVIII, thereby rendering it 

non-functional. Looking forward in the development of FVIII therapeutics there are two main 

considerations; minimizing the immunogenic response in patients, while maintaining proper 

protein function. Gaining structural data of FVIII in complex with inhibitory antibodies provides 

invaluable insight into the binding epitopes and thereby inhibitory mechanisms of these 

antibodies. Knowing the key residues involved in inhibitor binding interactions may give way to 
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designing therapeutics that are able to lower inhibitor binding capacity and thereby inhibition 

of the therapeutic. To this extent continued efforts to obtain the first structure of FVIII in 

complex with an anti-A2 inhibitor are ongoing, as well as obtaining the first structure of FVIII in 

complex with a human-derived-anti-C1 inhibitor. Beyond identifying key residues involved in 

inhibitor binding, structural data would be able to provide insight into inhibitor mechanism, 

which can be used to extrapolate FVIII functional mechanisms, as seen in the development of 

the current lipid binding model. Understanding FVIII’s mechanisms of function and the key 

motifs therein, sets the stage for the needed pieces to construct a functional FVIII therapeutic.  

With this in mind, efforts to confirm that the FVIII C2 domain’s flexibility corresponds to 

a lipid docking and undocking conformation are ongoing. The next steps for this project first 

require the validation of the location of the 4th disulfide bond observed in C1C2 mutant 

H2031C/V2294C in order to show that it is in fact the designed disulfide bond. This could be 

accomplished via simply sequencing the protein on a mass spectrometer, however due to the 

relative high number of disulfide bonds present in the protein the data collection and work-up 

might become too messy and complicated. Secondly, reducing conditions must be found such 

that the two native disulfide bonds of C1C2 remain intact, while the non-native, designed 

disulfide bond is broken. By combining this step alongside the first could prove to be a much 

simpler task, by sequencing the protein after first alkylating the protein, to ‘mark’ any free 

thiols, followed by reduction of the protein with varying reducing agents at differing 

concentrations, followed by alkylation with a different alkylating agent of differing mass than 

the first to separately ‘mark’ newly exposed thiols. By doing this one could observe which 

cysteines make up the 4 disulfide bonds present in the protein, as well as compare which bonds 
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are broken under varying reducing conditions. Thirdly, the lipid binding capacity of the 

proposed docking and undocking conformations must be collected and compared. To do this 

lipid binding affinity could be determined via BLI or lipid sedimentation assays using both the 

protein treated with the proper reducing conditions to solely break the designed disulfide bond, 

as well as a non-reduced protein sample.  
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Appendix Figure 3. C1C2 disulfide mutant purification. A) SDS-PAGE gel image of C1C2 
T2023C/V2294C FPLC NI-NTA purification, with fraction number X labeled as f. X. Non-pure 
samples are boxed in red and pure samples are boxed in yellow, corresponding to the red and 
yellow stars on the chromatograph. B) Ni-NTA chromatogram of C1C2 T2023C, V2294C 
purification, absorbance shown by the blue curve, and % buffer B shown by the orange curve. 
The black star shows the end of the ATP wash and the elution of the 70 kDa contaminant, the 
red star shows the beginning of elution off the column, matching the fractions boxed in red on 
the gel image, and the yellow star shows the elution of the purified sample, corresponding to 
the yellow boxed fractions on the gel image. 
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Appendix Figure 4. C1C2 disulfide mutant purification. A) SDS-PAGE gel image of C1C2 
H2031C/V2294C FPLC NI-NTA purification, with fraction number X labeled as f. X. Non-pure 
samples are boxed in red and pure samples are boxed in yellow, corresponding to the red and 
yellow stars on the chromatograph. B) Ni-NTA chromatogram of C1C2 H2031C, V2294C 
purification, absorbance shown by the blue curve, and % buffer B shown by the orange curve. 
The black star shows the end of the ATP wash and the elution of the 70 kDa contaminant, the 
red star shows the beginning of elution off the column, matching the fractions boxed in red on 
the gel image, and the yellow star shows the elution of the purified sample, corresponding to 
the yellow boxed fractions on the gel image. 
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Appendix Figure 5. Mass 
chromatogram for C1C2 disulfide 
mutants and wild type under non-
reducing conditions. A) C1C2 WT, 
showing a mass of 53,307 Da. B) C1C2 
T2023C/V2294C. C) C1C2 T2023C, 
S2175C, showing a mass of 54,366 Da. 


