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Summary. Themurinemonoclonal antibodyR8B12 recognizes

the C-terminal region (residues 563–740) of the A2 subunit of

factor VIIIa [J Biol Chem 266: 1991; p. 20139], as judged by

Western blotting. However, the location of the epitope within

this region is not known. In the present study, we used affinity-

directedmass spectrometry tomap the epitope. A2 subunit was

digested with trypsin or chymotrypsin and then subjected to

immunoprecipitation (IP) using R8B12 IgG. Masses of the

affinity-selected peptides were determined directly from the

immune complexes by matrix-assisted laser desorption/ioniza-

tion mass spectrometry (MALDI-MS). Proteolysis of A2 with

the two proteases generated a pre-IP peptide fingerprint that

covered �70% of the A2 domain sequence. Analysis of the

post-IP tryptic peptide fingerprint showed twomasses, 1309and

1653 Da representing residues 584–593 and 497–510, respect-

ively, determined from a theoretical database search and

confirmed by direct sequencing. Results using a chymotryptic

digest yielded a single, weakly reactive fragment consistent with

residues 577–586, suggesting the importance of residues Ser584-

Tyr586 in forming the epitope. A synthetic peptide to residues

584–593 was immunoprecipitated by the IgG and blocked

R8B12-directed blotting to A2 subunit. The 497–510 and 584–

593 segments were observed to be adjacent and surface exposed

in the A2 domain model, and together with the above results

suggest that A2 domain residues 497–510 and 584–593

represent a discontinuous epitope for R8B12. Furthermore,

based upon blotting specificity, we speculate that residues 584–

593 make a substantially greater contribution to the binding

energy for this interaction.

Keywords: affinity-directed mass spectrometry, epitope, factor

VIIIa.

Introduction

The hereditary bleeding disorder hemophilia A results from a

defect or deficiency in the plasma protein factor VIII (FVIII).

The activated form of FVIII (factor VIIIa) assembles with the

serine protease factor IXa (FIXa) on an anionic phospholipid

surface to constitute the intrinsic factor Xase complex. This

complex catalyzes the conversion of zymogen factor X (FX) to

the serine protease FXa, a reaction critical for the propagation

phase of the coagulation cascade [1–3]. Factor VIIIa serves as a

cofactor in the intrinsic Xase, where it increases the catalytic

efficiency of FIXa toward FX by several orders of magnitude

(see [4] for review). Factor VIIIa is a heterotrimer composed of

A1 and A2 subunits derived from cleavage of the FVIII heavy

chain and the A3C1C2 subunit derived from the light chain.

Following the cleavage, the A1 and A3C1C2 subunits retain a

stable association by metal ion-dependent and -independent

interactions [5,6], while association of the A2 subunit occurs via

relatively weak electrostatic interactions [7,8].

Numerous studies have employed antibodies to FVIII in

order to identify structure/function correlates. Historically, this

approach derived in large part from the trace nature of FVIII

in plasma as well as the propensity for a significant fraction of

(severe) hemophilic patients to develop inhibitor antibodies in

response to replacement therapy. Implicit in this approach is

knowledge of the binding site or epitope for the antibody. For

antibodies obtained from the intact protein, including inhibitor

antibodies from patient plasmas, mapping epitopes have

involved cumbersome techniques including competition or

direct binding assays with recombinant or proteolytically

derived fragments, peptide competition studies, phage display

and/or mutational approaches such as alanine-scanning mut-

agenesis [9–11].

Affinity-directed mass spectrometry (MS) is a technique

developed to rapidly and accurately map protein–protein

interactive sites. Zhao et al. [12] have used it to study paratope–

epitope interactions, defining the epitope of a human growth
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factor for a monoclonal antibody. This approach has also been

employed to identify new antigenic regions of streptokinase

[13]. In the present study, we used affinity-directed MS to

fine-point map the epitope of the anti-FVIII A2 domain

monoclonal antibody R8B12. Prior results grossly localized the

epitope to residues 563–740 following the Western blotting

using an activated protein C-cleaved A2 subunit [14]. We now

show that the R8B12 IgG binds to a discontinuous epitope in

the A2 domain contained within residues 497–510 and 584–

593, and suggest that the latter sequence, in particular residues

Ser584-Tyr586, contributes themajority of the binding energy for

this interaction.

Materials and methods

Reagents

Recombinant FVIII (KogenateTM; Bayer Corp., Berkeley, CA,

USA) was a gift from Dr Lisa Regan). A synthetic peptide

representing FVIIIa A2 subunit residues 584–593 (SWYLTE-

NIQR) was obtained from Quality Controlled Biochemicals

(Hopkinton, MA, USA) and was >90% pure as judged by

high performance liquid chromatography (HPLC). The anti-

FVIII A2 domain monoclonal antibody R8B12 [8] was

obtained from Green Mountain Antibodies (Burlington, VT,

USA). The Protein G PLUS-agarose suspension (Calbiochem,

La Jolla, CA, USA), the serine protease inhibitor Pefabloc SC

(Roche, Indianapolis, IN, USA), MS grade trypsin (Promega,

Madison, WI, USA) and chymotrypsin (Sigma, St Louis, MO,

USA) were purchased from the indicated vendors.

Isolation of FVIIIa A2 subunit

Isolation of FVIIIa A2 subunit was performed as previously

described [15] with minor modifications. The subunit was

dialyzed into buffer containing 20 mM HEPES, 100 mM NaCl,

0.01% Tween 20, and 0.1 mM EDTA, pH 7.2, and stored at

)80 �C.

Proteolysis of A2 subunit

Factor VIIIa A2 subunit (10–20 lg) was digested with trypsin

or chymotrypsin (20:1 wt/wt) under non-denaturing conditions

(50 mM ammonium bicarbonate buffer, pH 8.0) for 5–10 min

at 37 �C. Digestions were terminated by addition of one-tenth

volume of 10 mM Pefabloc SC solution, followed by heating at

100 �C for 5 min.

Immunoprecipitation

Immunoprecipitation (IP) protocols used a modification of

that described by Zhao et al. [12]. The tryptic or chymotryptic

digest was mixed with R8B12 IgG (10 lg) in 60 lL of TSO

solution (75 mM Tris–HCl/200 mM NaCl/0.5% N-octyl glu-

coside, pH 8.0) and incubated for 2 h at 4 �C with gentle

agitation. A Protein G PLUS-agarose suspension (60 lL) was

added to the solution and incubated for another 1 h at 4 �C
with gentle agitation. The solution was then centrifuged for

2 min at 13 000 · g and the supernatant was removed by

aspiration. The beads were washed three times with 200 lL
TSO buffer and then three times with 200 lL TMSK buffer

(10 mM Tris–HCl/200 mM NaCl/5 mM 2-mercaptoethanol,

pH 8.0). An equal volume of matrix solution [a-cyano-
hydroxycinnamic acid (Sigma), 15 mg mL)1 in 1:1 acetonitri-

le/1% TFA] was mixed with the washed agarose beads. The

matrix/agarosemixture (1 lL)was spotted on amatrix-assisted

laser desorption/ionization (MALDI) plate and air-dried.

Mass spectrometry

MALDI-time of flight spectra were recorded in reflector mode

(positive ion) on a Voyager-DE STR mass spectrometer. Mass

spectra were externally calibrated using a set of fiveMS peptide

standards (New England Biolabs, Ipswich, MA, USA). Iden-

tification of the peptide masses was performed using the

University of California, San Francisco (UCSF) Protein

Prospector suite of proteomic tools (http://prospector.ucsf.

edu; accessed 24 January 2006) and the MASCOT program

(http://www.matrixscience.com; accessed 24 January 2006) to

match the experimental masses to the FVIII sequence (acces-

sionnumber:P00451). Peptide sequence determination was

performed using a tandem LC/MS/MS system (Micromass

Q-TOF 2, Waters Corporation, Milford, MA, USA) at the

Center for Functional Genomics at the University at Albany.

The tandem mass spectra were processed using the MASCOT

MS/MS Ion Search tool.

Results and discussion

A2 subunit sequence coverage

Treatment of the A2 subunit with trypsin under non-denatur-

ing conditions produced a set of peptide fragments that

represented �40% of the A2 sequence (Fig. 1). These condi-

tions were employed to yield a limit digest focusing on surface

exposed regions of the subunit. The sequence coverage

identified residues from the first �270 residues of this 368-

residue subunit. Failure to identify fragments from the

C-terminal region of A2 likely resulted from the lower

concentration of Lys and Arg residues and/or the potential

for this region to be less surface exposed, as suggested by the

higher relative concentration of hydrophobic residues. The A2

subunit was also treated with chymotrypsin in an attempt to

increase the overall sequence coverage, especially within the

region comprising the last 100 residues. This digest produced a

set of fragments that included peptides, which overlapped with

the tryptic peptide fragments providing additional coverage

within the first �270 residues of the A2 subunit as well as

identifying several sequence stretches in the C-terminal region.

The use of both proteases resulted in an overall coverage of

�70% of the A2 subunit. This coverage identified peptide

fragments representing regions of significant structural
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importance in FVIII including residues 373–385 and 418–428

proposed as interactive sites for the A1/A3C1C2 dimer [16];

residues 558–565 that represent an FIXa-binding region [17]

and contain the activated protein C cleavage site at Arg562 [8];

and residues 484–509 that contribute to factor Xase-catalyzed

FXa generation [18] possibly by an electrostatic steering

mechanism [19], and comprise the binding site for the potent

inhibitory monoclonal antibody 413 [20].

Affinity-directed MS of trypsin-digested A2 subunit

The tryptic digest of A2 subunit was analyzed byMALDI-MS

as described in Materials and methods (Fig. 2A). Each peak in

the spectrum, spanning m/z of 1176 to 2975, corresponds to a

peptide fragment, and those peaks considered to be of

significant abundance are labeled. Greater than 90% of the

component peptides in the set of peptide fragments generated

by the enzymatic digest were identified using sequence match-

ing. The tryptic digest was then incubated with an immobilized

R8B12 IgG. Resulting immune complexes comprised of the

immobilized IgG and affinity-selected peptides were washed,

mixed with matrix and directly analyzed by MALDI-mass

spectrometry (MS) (Fig. 2B). Two peptides affinity-selected by

the R8B12 IgG exhibited m/z values of 1309 and 1653 that

correspond to the A2 subunit fragments 584–593 and 497–510,

respectively, as predicted from a theoretical trypsin digest

(Table 1). The two peptides were subjected to tandem mass

spectrometric analysis in order to confirm their identity

(Fig. 2C,D). The de novo sequence of both peptides accurately

matched to the theoretically predicted A2 domain sequences.

The most abundant product ions from the tandemMS spectra

of each peptide fragment were submitted to the MASCOT

database. Only human FVIII was identified as the protein

sequence containing both the m/z 1309 and 1653 peptide

sequences. The above results indicate that the FVIII A2

domain residues 497–510 and 584–593 contain portions of the

R8B12-binding site thereby indicating that the epitope for this

antibody is discontinuous rather than a single linear sequence.

In a previous study, Fay et al. [14] demonstrated that the

R8B12 antibody recognizes the C-terminal region (residues

563–740) of the A2 subunit of FVIIIa as judged by Western

blotting of an activated protein C-cleaved subunit. This result is

consistent with the observation that residues 584–593 contrib-

ute to the R8B12 antibody epitope. However, residues 497–510

lie outside of this C-terminal region recognized by R8B12

antibody. We speculate that this latter sequence makes a

lesser contribution to the antigen–antibody-binding energy and

this property dictates the specificity observed in Western

blotting.

Affinity-directed MS of chymotrypsin-digested A2 subunit

Similar IP analyses were performed using a chymotryptic digest

of theA2 subunit. This digest was employed to extend coverage

of the A2 sequences into the C-terminal region of the domain

as well as to generate fragments that would overlap with the

tryptic digest in an attempt to verify the epitope. The

chymotryptic digest produced only one peptide fragment that

was recovered in a relatively low abundance following the IP

protocol (data not shown). This observation suggested treat-

ment with chymotrypsin may have cleaved within the epitope,

reducing antibody affinity. The peptide fragment recoveredwas

identified as A2 domain residues 577–586, predicted from a

theoretical chymotrypsin digest. This fragment partially over-

laps with the tryptic peptide fragment A2 domain residues 584–

593, which were recovered in high relative yield from the tryptic

digest following the IP protocol. Together, these results suggest

that the tripeptide sequence corresponding to residues 584–586

(Ser-Trp-Tyr) contributes to the epitope along with other

residues C-terminal to this sequence.

Fig. 1. Sequence coverage of the A2 subunit following the enzymatic digest. Peptides identified are represented by underlined sequences using trypsin

(broken lines and bold font) and chymotrypsin (solid lines and italics font). Peptides overlapping both tryptic and chymotryptic digests are represented in

bold italic font. The coverage is �70% of the A2 subunit sequence.
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Binding of a synthetic peptide 584–593 to R8B12 IgG

The above data demonstrate that residues 584–593 make a

primary contribution to the R8B12 epitope. To verify this

observation, we prepared a synthetic peptide to A2 subunit

residues 584–593 and subjected it to the affinity-directed MS

assay. As shown in Fig. 3, the synthetic peptide bound the

IgG as judged by its detection following the IP assay.

Furthermore, when R8B12 IgG (16 nM) was treated with

the peptide (1 lM) prior to use in Western blotting, the

resultant density observed on the blot for the A2 subunit

was reduced by >80% compared with that using untreated

IgG (data not shown). These results confirm an important

role for residues 584–593 in comprising the epitope.

Visualizing the R8B12 epitope

The above results indicate a discontinuous epitope for the

R8B12. The 497–510 and 584–593 segments comprising this

binding site were visualized using the FVIII A domain

homology model [21]. Both peptide fragments map to regions

of theA2 domain that appear to be surface exposed and in close

proximity to each other, consistent with these sequences

comprising a single interactive site in the folded protein (Fig. 4).

Table 1 Match of affinity-selected A2 subunit peptide sequences to theoretically predicted A2 subunit peptide sequences

No. m/z submitted m/z matched Error (Da) Length Position Sequence

1 1309.6357 1309.4154 )0.22 10 584–593 SWYLTENIQR

2 1653.9184 1653.6163 )0.30 14 497–510 HLKDFPILPGEIFK

Matching of experimental m/z values to theoretically predictedm/z values was performed using the University of California, San Francisco (UCSF)

Protein Prospector suite of proteomic tools (http://prospector.ucsf.edu; accessed 24 January 2006) and the MASCOT program (http://www.

matrixscience.com; accessed 24 January 2006).
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Fig. 2. Mass spectrum of peptide fragments produced by enzymatic digest of the A2 subunit. Spectra were acquired from the tryptic digest of the factor

VIIIa (FVIIIa) A2 subunit before (A) and after (B) immunoprecipitation (IP) with monoclonal antibody R8B12. TheMS/MS spectrum of the ions atm/z
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sequenced from the C-terminus of the peptide ion. Doubly charged ions are denoted as b++ and y++. Ions that have lost ammonia ()17 Da) are denoted

as b* and y*, and ions that have lost water ()18 Da) are denoted as b0 and y0.
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Earlier results assessing effects of the R8B12 IgG on

cofactor activity showed it to be marginally inhibitory,

yielding �80% residual FVIII activity at saturating levels of

antibody [22]. We speculate this inhibitory activity derives

from binding within the 497–510 segment of the epitope. This

region comprises a portion of the sequence (residues 484–

510) that maps to the binding site for the potent inhibitory

monoclonal antibody 413 [20]. Importantly, this sequence

represents an epitope for a number of anti-A2 domain-

specific human inhibitor antibodies [9]. Thus, we speculate

the weak inhibitory activity of R8B12 may be derived either

from its (relatively) lower affinity for the N-terminal portion

of its epitope, its binding to only a portion of this segment,

and/or steric effects in blocking macromolecular interactions

involving this site necessary for cofactor-dependent activation

of FX.

Conclusions

In this study, we identify a highly defined epitope for the anti-

A2-domain-specific monoclonal antibody, R8B12 using this

technique. Fragmentation using two different proteases yielded

coverage over�70% of the A2 domain in an MS-based assay.

Analyses of the IP data indicated that sequences 584–593 and

497–510 represented a discontinuous epitope, and based upon

blotting specificity, suggested that the former segment contri-

buted the majority of the binding energy for this interaction.

Furthermore, comparison of the tryptic and chymotryptic data

supported a role for residues Ser584-Tyr586 as directly contri-

buting to the epitope. Thus, the methods described in this

report have utility in fine point mapping epitopes for other

antibodies to FVIII. This would include monoclonals that

demonstrate unique effects on FVIII activity in order to

localize functionally important sites in the cofactor, as well as

assessing potentially more complex interactions of FVIII with

human inhibitors to identify highly immunogenic and/or

antigenic regions in the protein.
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