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Factor VIII (FVIII) plays a critical role in blood coagulation by
forming the tenase complex with factor IXa and calcium ions on a
membrane surface containing negatively charged phospholipids.
The tenase complex activates factor X during blood coagulation.
The carboxyl-terminal C2 domain of FVIII is the main membrane-
binding and von Willebrand factor-binding region of the protein.
Mutations of FVIII cause hemophilia A, whereas elevation of FVIII
activity is a risk factor for thromboembolic diseases. The C2
domain-membrane interaction has been proposed as a target of
intervention for regulation of blood coagulation. A number of mol-
ecules that interrupt FVIII or factor V (FV) binding to cell mem-
branes have been identified through high throughput screening or
structure-based design. We report crystal structures of the FVIII
C2 domain under three new crystallization conditions, and a high
resolution (1.15 A) crystal structure of the FVIII C2 domain bound
to a small molecular inhibitor. The latter structure shows that the
inhibitor binds to the surface of an exposed B-strand of the C2
domain, Trp?*'3-His?®!°, This result indicates that the Trp?3'3-
His?®*'® segment is an important constituent of the membrane-
binding motif and provides a model to understand the molecular
mechanism of the C2 domain membrane interaction.

Blood coagulation factor VIII (FVIII)? is synthesized as a sin-
gle polypeptide chain, including a 19-residue signal peptide.
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The mature FVIII contains 2,332 amino acid residues arranged
within five domains organized as A1-A2-B-A3-C1-C2 (1, 2).
FVIII circulates in the blood as a heterodimer: the A1, A2, and
variable portions of the B domain forming the heavy chain with
a molecular weight varying between 90,000 and 200,000; and
the A3, C1 and C2 domains forming the light chain with a
molecular weight of 80,000. The noncovalent assembly of the
heterodimer is facilitated by divalent metal ions, as revealed by
recent crystallographic studies (3, 4). In plasma, FVIII circulates
as a complex with von Willebrand factor which stabilizes FVIII
by preventing its rapid clearance from the blood circulation (5).
During blood coagulation, FVIII is cleaved by thrombin at
Arg®?, Arg’°, and Arg'®® (6), which converts it to a fully
active cofactor, FVIIIa. FVIIIa dissociates from von Willebrand
factor and binds to membrane surfaces where it assembles with
the serine protease factor IXa. The presence of FVIIIa enhances
the V. for factor X activation by FIXa by 200,000-fold (7).
This large amplification requires that the FVIII level in blood be
controlled. Mutations of FVIII cause hemophilia A, an X-linked
bleeding disorder (8). The molecular mechanisms of FVIII
binding to membranes are not fully understood.

Several lines of evidence suggest that the light chain of FVIII,
in particular the C2 domain, is responsible for the specific bind-
ing to membrane surfaces (9, 10). A 1.5-A x-ray crystal struc-
ture of the FVIII C2 domain and a mutagenesis study suggested
that two hydrophobic loops formed by Met*'*°-Phe*?°° and
Leu??**-Leu***® play an important role (11, 12). Two additional
loops formed by Trp?*'3-His**'® and GIn*?**-Lys***) were also
proposed to be involved in membrane binding based on an elec-
tron microscopy study (13).

C2 domain membrane-binding sites were proposed as a drug
target to regulate the functional concentrations of coagulation
factors, FVIII and FV, that contain a C2 domain (14). A number
of small organic molecules were identified that disrupt C2
domain membrane anchoring of FVIII (14) and FV (15). One of
these inhibitors, 005B10, identified from in silico screening, was
found to inhibit FVIII interaction with negatively charged
phospholipids (15). In this study, we report the high resolution
crystal structure (1.15 A) of the human FVIII C2 domain in
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complex with this small molecule. The inhibitor was found to
bind to an unexpected surface-exposed segment of the C2
domain, Trp?*'3-His**'°, This study not only suggests that
Trp**'*-His**'* is a membrane-binding site of the C2 domain
but can also become useful for further refinement of in silico
screening strategies.

MATERIALS AND METHODS

Materials—SP-Sepharose fast flow cation-exchange resins were
purchased from Amersham Biosciences. Vectors and cell strains
of the Pichia pastoris expression system were from Invitrogen. The
small molecule compound (Hit2Lead, 005B10-7688319) was pur-
chased from Chembridge Corp. Purified human FVIII was kindly
provided by Dr. P. Tureck (Baxter AG, Vienna).

Expression and Purification—The C2 domain cDNA for
human factor VIII (residues 2174 —2326) was amplified by PCR
from human factor VIII cDNA (ATCC 10085779) using a for-
ward primer with a SnaBl site, 5'- CTGTATACGTAAT-
GGGCGTTGATTTAAATAGT-3' and areverse primer with a
Notl site 5'-AAGATGCGGCCGCTCAGTAGAGGTCCT-3'".
Restriction sites are underlined. The PCR fragment was sub-
cloned into the yeast expression vector pPIC9K under the
control of the alcohol oxidase promoter. An a-factor signal
peptide was placed 5’ of the C2 domain coding region to facil-
itate the secretion of the recombinant protein into the medium.
The vector was transformed into the P. pastoris strain GS115 by
electroporation (1500 V, 25 wF, and two pulses for 4.5 ms). The
expression strain was inoculated into BGMY medium for amplifi-
cation and was transferred to BMMY medium for methanol-in-
duced expression (1% methanol once a day for 4 days). Secreted
protein was isolated from the medium by ammonium sulfate pre-
cipitation (40% saturated ammonium sulfate) and collected by
centrifugation at 12,000 X g for 30 min. The precipitate was resus-
pended in 10 mm sodium phosphate buffer, pH 7.0, containing 10
mM NaCl. The product was then loaded onto a SP-Sepharose fast
flow column, and eluted with a gradient from 50 mm to 500 mm
NaClin 10 mm sodium phosphate buffer, pH 7.0, at a flow rate of 4
mlmin~". The expression yield was ~0.05 g per liter of medium.

Protein Crystallization—For crystallization, the purified FVIII
C2 domain was concentrated in a Millipore Ultrafree concen-
trator to a concentration of 6.0 mg/ml. Crystallization was car-
ried out at room temperature using the hanging drop vapor
diffusion method. Three different crystallization conditions
were found (see supplemental Fig. S1 for crystal images): (1)
2.8 M NaCl, 3% ethylene glycol, 0.1 m Tris-HCI pH 8.0; (2) 2.4—
3.3 M NaCl, 0.1 m MES, pH 6.0; and (3) 30% polyethylene glycol
monomethyl ether (PEG-MME) 2000, 0.15 M KBr. The inhibi-
tor 005B10 was dissolved in dimethyl sulfoxide to a final con-
centration of 5 mg/ml. The complex of protein with the inhib-
itor was formed by mixing the protein and inhibitor at a molar
ratio of 1:5 for 24 h, and crystallized with 2.8 M sodium chloride,
0.1 M Tris-HCl buffer, pH 8.0, 3% ethylene glycol.

X-ray Data Collection and Structure Determination—The
crystals were briefly soaked in a cryoprotectant solution con-
sisting of the crystallization mother liquor with 20% glycerol.
X-ray diffraction data collection was carried out at 100°K on the
Argonne Advanced Photon Source Southeast Regional Collab-
orative Access Team beam line 22-ID. All structures were
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determined using the molecular replacement program MOLREP
of the CCP4 package (16). The structure of the C2 domain of
FVIII (Protein Data Bank (PDB) code 1D7P; Ref. 11) was used as
a molecular replacement model for phasing of the x-ray data.
Model building was done with the program COOT against o,
weighted 2F ) — F, maps, and the structure was refined by ran-
domly removing 5% of the measurements to monitor the free
R-factor (Ry,.,) to minimize model bias. The electron density
for the inhibitor was clearly visible after the rigid body refine-
ment step, and the inhibitor was manually positioned into this
electron density. After several cycles of positional and B-factor
refinement together with manual adjustments, the results were
successfully refined to the final R and R, values. The struc-
tures of two crystal forms of the inhibitor-free FVIII C2 domain
were determined in a similar way (Table 1).

Surface Plasmon Resonance Measurement of FVIII Binding to
Immobilized Phospholipid Vesicles—The preparation of phos-
pholipid vesicles (20/80 phosphatidylserine /phosphatidylcho-
line and the determination of the binding isotherm of FVIII
binding to immobilized phosphatidylserine/phosphatidylcho-
line vesicles was as described previously (15).

RESULTS

Determination of the Crystal Structures of FVIII C2—Pratt et
al. (11) reported the crystal structure of the recombinant
human FVIII C2 domain (sequence 2,171-2,329) crystallized
using ammonium sulfate as precipitant. We determined that
the high concentration of ammonium sulfate in the crystalliza-
tion buffer interfered with the interaction of the FVIII C2
domain and its inhibitor. This is presumably due to the high
ionic strength of ammonium sulfate that precludes the protein-
inhibitor interaction. Thus, we searched for new crystallization
conditions for the FVIII C2 domain.

We produced the recombinant human FVIII C2 domain
(amino acids 2,170-2,328) in Pichia pastoris, using a similar
method to that reported by Pratt et al. (11). We generated the
crystals of this C2 domain under three different crystallization
conditions (see Table 1). One crystal form was obtained using
sodium chloride as precipitant at two different pH values (6.0 or
8.0), and the other was generated using PEG-MME 2000 as
precipitant. The crystal formed crystals in the presence of NaCl
at either pH (PDB code 3HNY) have the same crystal packing
with identical cell parameters and space group (P2;2,2,),
whereas the crystal formed in the presence of PEG (PDB code
3HOB) has a different crystal packing (space group of P2;). The
structures from these crystal forms were determined by molec-
ular replacement using the crystal structure of the FVIII C2
domain determined by Pratt et al. (11; PDB code 1D7P). The
structure of the NaCl form (PDB code 3HNY) was refined to an
R value of 0.185 and an Ry, value of 0.200 to 1.07 A, whereas
the structure of the PEG-MME 2000 form (PDB code 3HOB)
was refined to an R value 0of 0.213 and an Ry, value of 0.272. All
crystal structures have reasonable stereochemistry, as shown by
the Ramachandran plots (Table 1).

The crystals formed in the presence of NaCl (PDB code
3HNY) have cell parameters and space groups identical to the
ones determined by Pratt et al. (11; r.m.s.d. of 0.59 A for 544
main chain atoms), despite the different precipitant used in
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TABLE 1

Data collection and structural refinement statistics of three FVIII C2 domain structures

Parameters Value(s) or determination
Crystals FVIII C2 domain FVIII C2 domain FVIII C2-005B10 complex
Deposited PDB code 3HNY 3HOB 3HNB
Crystallization conditions NaCl, Tris-HCl, pH 8.0 PEG-MME 2000, KBr NaCl, Tris-HCI, pH 8.0
Synchrotron wavelength 1.000 A 1.000 A 1.000 A
Space group P2,2,2, P2, P2,2,2,

Unit cell parameters

42.2,55.5,68.3, a0 =B =y =90°

43.3,59.0,60.1, « = y = 90°, B = 110.7°

42.1,55.8,68.0,a = B =y =90°

Independent reﬂectigns 69,391 (6,479)° 17,899 (1,231) 50,523 (4,441)
Highest resolution (A) 1.07 2.07 1.15
Completeness (%) 97.7 (92.5) 82.8 93.7 (76.8)
Redundancy 5.7 3.1 4.7
Solvent content (%) 52.03 46.56 51.89
merge 0.065 (0.349) 0.07 (0.418) 0.084 (0.415)
Ilo 29.04 (1.83) 13.49 (1.21) 17.53 (2.48)
Refinement . ) )
Resolution range 43.07-1.07 A 56.254-2.07 A 43.11-1.15 A
Rcryst/Rﬁeeh % 18.5,20 21.6,26.7 18.5,22.0
r.m.s.d. of bond lengths and bond angles® 0.009 A, 1.43° 0.012 A, 1.43° 0.008 A, 1.45°
Ramachandran plot statistics
% Residues in core, allowed, generous, 87.0,11.6,0, 1.4 86.6,12.7,0,0.7 84.8,13.8,0,1.4
and disallowed regions
Average B factors, A? 13 32 12
“Rinerge = 3,2 A1(h) — (I(h)|/2,24,(h), where (I(h)) is the mean intensity of reflection /.
Numbers in parentheses refer to the highest resolution shell.
“Repyse = 100 X S|E,(h) — E(h)|/>F,(h), where F,(h) and F.(h) are observed and calculated reflections. Ry, is Ry that was calculated using 5% of the data, chosen randomly,
and omitted from the subsequent structure refinement.
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FIGURE 1. Structural superposition of FVIIl C2 domain structures formed
under different crystallization conditions. The C2 domain in the protein-
inhibitor complex from crystals formed in the presence of NaCl (PDB code
3HNB) is shown in cyan; the C2 domain formed in the presence of ammonium
sulfate (PDB code 1D7P) in magenta, the C2 domain from crystals formed in
the presence of PEG-MME (PDB code 3HOB) in green. The phenyl ring of resi-
due Phe*?®® was modeled in dual conformations. The conformations of
Phe??° are clearly different. The two membrane-binding spikes (2251-2252
and 2199-2200) are more open in 1D7P (magenta) than in the structure of
F8C2-005B10 (cyan).

crystallization (Fig. 1). The crystals formed in the presence of
PEG (PDB code 3HOB) have different crystal packing and con-
tain two FVIII C2 domain molecules in one crystallographic
asymmetric unit. The two molecules are similar to each other
with an r.m.s.d. of 0.48 A. Both are also similar to the crystal
formed in the presence of NaCl (r.m.s.d. of 0.46 A). Our human
C2 domain is a recombinant protein produced in yeast (P. pas-
toris). The overall crystal structure of the current FVIII C2
domain is quite similar to the crystal structures of C2 domains
produced in mammalian cells, including the C2 domain struc-
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Inhibitor concentration (M)

FIGURE 2. Inhibition by compound 005B10 of FVIIl binding on immobi-
lized phospholipid vesicles composed of 20% phosphatidylserine and
80% phosphatidylcholine. Inhibitory IC, were determined to be 7.8 um.

tures of the full-length B-domain-deleted FVIII (PDB code
3CDZ; 3), r.m.s.d. 0.97 A; PDB code 2R7E (4) r.m.s.d. 1.14 A for
main chain atoms), and the inactivated bovine FVai (PDB code
1SDD (17), r.m.s.d. 1.29 A, see supplemental Fig. S2). The struc-
tural resemblance of FVIII C2 domains from different sources
and different crystal packing (Fig. 1 and supplemental Fig. S2)
suggests that the overall C2 domain structure is quite robust
and not perturbed by crystal packing forces.

The Structure of the C2 Domain-Inhibitor Complex and the
Inhibitor-binding Sites of FVIII C2—A FVIII C2 domain inhib-
itor, 005B10, that interferes with C2 domain membrane bind-
ing was identified by Segers et al. (15) using a computational
approach. This compound inhibited membrane binding of
EVIII with an IC,, of 7.8 uM, as measured by surface plasmon
resonance (Fig. 2). We obtained crystals of this inhibitor in
complex with the FVIII C2 domain using NaCl as a precipitant.
The crystals diffracted to 1.15 A with the synchrotron x-ray
source. We determined the crystal structure of this complex
and refined it to an R value of 0.185 and an Ry, value 0of 0.220 at
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FIGURE 3. Top, stereo representation of the overall structure of human FVIII C2-005B10 complex. FVIII C2 is in
cyan, and the carbon atoms of the inhibitor, 005B10, is in yellow. Oxygen atoms are colored red, and nitrogen
atoms are colored blue. The inhibitor binds to the surface-exposed residues Trp?3'3-His?3'*, Bottom, the inter-
action between the inhibitor 005B10 and the FVIII C2 domain. The FVIIl C2 is shown in cyan, and the small
molecular inhibitor 005B10 is shown in yellow. There are two hydrogen bonds (black dotted lines) between the
inhibitor and FVII C2. One is between the inhibitor and Trp?3'?, the other is between the inhibitor and Lys**°2,

FVIII C2 domain FV C2 domain
F2200 W2063
L2251 S2215 82215 2063
2064
F2200 221
~ L2251 L2216&
N ~~W2064

FIGURE 4. Comparison of the hydrophobic spikes of the C2 domains (view
from membrane) of factor VIII (left) and factor V (right). Factor V C2 struc-
tures exist in open (red, PDB code 1CZS) and closed (blue, PDB code 1CZV)
forms. Factor VIII structures also show conformational flexibility of the spikes
(blue for PDB code 3HOB, and magenta for PDB code 1D7P), but the overall
structure is more compact and the spikes are less flexible compared with
factor V.

1.15 A (Table 1, PDB code 3HNB). The structure had a satisfac-
tory stereochemistry with 84.8% of the residues in the most
favored region and 13.8% in the additional allowed region in the
Ramachandran plot. The structure of the C2 domain in the
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complex is similar to the molecular
replacement search model (r.m.s.d.
0f 0.56 A) and to the other C2 struc-
tures in our study (r.m.s.d. of 0.07 A
for 3HNY; r.m.s.d. is 0.46 A for
3HOB), suggesting that the inhibi-
tor does not perturb the FVIII C2
structure.

The small molecular inhibitor was
clearly visible from the electron den-
sity maps in the structure of the com-
plex (supplemental Fig. S3). The
inhibitor binds to residues Trp?*'3-
His**'® of the FVIII C2 domain (Fig.
3). Two hydrogen bonds were formed
between the small molecule inhibi-
tor (labeled 005B10 in Fig. 3) and
residues Trp>*'® and Lys***® (Fig. 3).
Trp>*'? seems to be the key residue
for inhibitor binding as 73% of its
total area (contact area of 55.5 A2)
interacts with the inhibitor. Com-
parison of the current inhibitor-
bound FVIII C2 structure (PDB
code 3HNB) with the unbound form
(PDB code 1D7P) shows the local
conformations of residues Ser**'%-
Val**!* do not change upon inhibi-
tor binding (r.m.s.d. of 0.14 A).

Local Structural Flexibility of
FVIII C2 Domain—Although all the
current and previous FVIII C2
domain structures are quite similar
to each other in their overall struc-
tures, some local changes are signif-
icant. His**'® has three conforma-
tions of its side chain in our
structure of the complex (Fig. 1).
Side chain flexibility of residue
Phe***° was also observed in our
PEG2000 crystal form (PDB code
3HOB) and was modeled with two side chain conformations.
Two putative membrane-binding loops (residues Met>'*°-
Phe*° and Leu®**!-Leu®?*?, also termed spikes) are further
apart in 1D7P than in our NaCl form crystals (PDB 3HNB, Fig.
1). This variation of distance between these two spikes suggests
that the FVIII C2 domain has two conformations: an open and
a closed form, much like what has been proposed for the C2
domain of FV (Fig. 4) (18).

DISCUSSION

FV and FVIII C2 domains facilitate the assembly of key coag-
ulation enzymatic complexes, prothrombinase and tenase, onto
cell membrane surfaces. This binding interaction was proposed
as a target for intervention in blood coagulation (14, 15). Using
a computational approach, Segers et al. (15) identified a small
molecule (005B10) that had the capability of inhibiting FVIII C2
binding to negatively charged phospholipids in vitro. We deter-
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mined the structure of the human FVIII C2 domain bound to
005B10. The inhibitor is found to bind to residues 2313-2315 of
the FVIII C2 domain. This suggests that residues 2313-2315
are involved in the membrane binding of the FVIII C2 domain.
Several other studies support a role for residues 2313-2315 in
this function. Three overlapping synthetic peptides encom-
passing this region (2303 to 2332) were found to inhibit FVIII
binding to phosphatidylserine by >90% (9), suggesting that the
region between residue 2313-2323 contains a phospholipid
binding site. An electron crystallography study revealed the
structure of FVIII bound to phospholipid membrane at 15 A
resolution and suggested that four C2 domain loops are
involved in phospholipid binding. These loops include the two
spike loops (Met?*'*?-Phe***° and Leu®**'-Leu®**?), the loop
containing Val***%, and the loop containing Trp>*'*-His**'®
(13). Some patients with hemophilia A, who have moderate to
severe loss of FVIII function, have a mutation of Trp**'® to Arg
(19, 20). A recombinant B-domain-deleted FVIII protein with
the mutation W2313A showed normal intracellular protein
synthesis and normal binding to von Willebrand factor in a
murine hemophilia A model, but defective binding (K, 28-fold
higher) to 4% phosphatidylserine vesicles (21). Sequence align-
ment of the C2 domain of human coagulation cofactors with
their homologs shows that Trp?*!* is a conserved residue
(supplemental Fig. S4). Taken together, these arguments sup-
port that the loop Trp**'3-His**'® plays an important role in
mediating C2 domain membrane binding.

Our study also demonstrates the flexibility of the FVIII C2
domain, especially the spike loops. In contrast to the previous
1.5 A x-ray structure (11), our structures obtained in the pres-
ence of NaCl exist in a closed form where the two spikes are
close to each other. The structure obtained from the PEG con-
dition showed the presence of both closed and open forms.
Wide separation between the spikes was observed in the struc-
ture of the FVIII C2 domain in complex with immunoglobulin
G4k (22). In this particular case, the separation of the spikes
seems related to the interaction between FVIII C2 domain and
the antibody. These observations suggest the spike loops are
flexible in nature. Such flexibility was observed in the structures
of other C2-containing proteins, including factor V and bovine
lactadherin, whose C2 domains are homologous to the FVIII C2
domain (18, 23). The FV C2 domain shows ~40% sequence
similarity to FVIII (24). In the FV C2 domain, two tryptophans
(Trp?°®3-Trp2°®*) are surface-exposed and are part of a spike
loop, corresponding to the spike loop Met***?-Phe**°® in FVIIL
FV C2 domain structures are in either the open form (PDB
codes 1CZS and 1CZT) or closed form (PDB code 1CZV) (18).
In the closed form of FV, the two tryptophans are buried inside
the protein, leading to unfavorable interactions with mem-
brane, whereas the open form may be suitable for the interac-
tion with hydrophobic interior of the membrane (18). However,
a recent molecular dynamics study concluded that both the
closed and open conformations of FV may be equally suitable
for membrane binding in terms of binding energy (25). This
study, together with previous studies, show that the flexibility of
the C2 domain spike loop is a prevalent feature of the C2
domain structure. The current evidence that Trp*'? is
involved in membrane binding further supports our previously
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proposed tenase membrane-binding model (3), where the C2
domain, along with the rest of full-length factor VIII molecule,
tilts onto the membrane (supplemental Fig. S5).

In summary, the inhibition of FVIII cofactor function
could represent a different but unique approach for anti-
thrombotic intervention. Several small molecule inhibitors
that disrupt FVIII/phospholipid binding have been identi-
fied by using high throughput screening strategies (14). Seg-
ers et al. (15) used a structure-based virtual ligand screening
approach to find several small molecules that bind the FV C2
domain and validated their binding to FV or FVIIL in vitro by
surface plasmon resonance. In the current study, we deter-
mined the crystal structure of the FVIII C2 domain in com-
plex with one of the inhibitors. These results provide the first
direct structural evidence for the membrane-binding role of
the C2 domain Trp>*'®-His>*'® segment. Furthermore, these
membrane-binding structural models may facilitate the fur-
ther design of lead compounds that may be developed into a
novel class of anticoagulants.
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