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Abstract

The epitope of a monoclonal antibody raised against human thrombin has been determined by hydrogen/
deuterium exchange coupled to MALDI mass spectrometry. The antibody epitope was identified as the
surface of thrombin that retained deuterium in the presence of the monoclonal antibody compared to control
experiments in its absence. Covalent attachment of the antibody to protein G beads and efficient elution of
the antigen after deuterium exchange afforded the analysis of all possible epitopes in a single MALDI mass
spectrum. The epitope, which was discontinuous, consisting of two peptides close to anion-binding exosite
I, was readily identified. The epitope overlapped with, but was not identical to, the thrombomodulin binding
site, consistent with inhibition studies. The antibody bound specifically to human thrombin and not to
murine or bovine thrombin, although these proteins share 86% identity with the human protein. Interest-
ingly, the epitope turned out to be the more structured of two surface regions in which higher sequence
variation between the three species is seen.

Keywords: Epitope mapping; MALDI; thrombin; hydrogen/deuterium exchange; BIACORE

Epitope mapping is the process of identification of the mo-
lecular determinants for antibody–antigen recognition.
Identification of the epitope is a key step in the character-
ization of monoclonal antibodies, especially those used in
therapeutic strategies (Nelson et al. 2000). It has also been
essential in the design of vaccines against toxins (Kazemi
and Finkelstein 1991; Logan et al. 1991) or against enzymes
(Gonzalez et al. 1994; for review, see Saint-Remy 1997)
and in the mapping of ligand binding sites in receptors using
monoclonal antibodies (Lorenzo et al. 1991).

Several methods have been developed for mapping pro-
tein epitopes of monoclonal antibodies. A popular strategy
involves probing the antibody-binding ability of synthetic
peptides derived from the amino acid sequence of the anti-
gen. Binding is assessed using BIACORE or ELISA
(Reineke et al. 1999). More recent methods involve the
combinatorial synthesis of peptide libraries onto a planar
support (i.e., a protein chip), followed by exposure of the
surface to the antibody. Identification of the epitope pep-
tides is done on the chip by any of the multiple methods for
solid-phase screening (Reineke et al. 2001). Another com-
binatorial method involves the phage display of a library of
peptides derived from the sequence of the protein antigen.
Selection of the epitope peptides takes place after several
rounds of biopanning (Burritt et al. 2001). One major limi-
tation of these peptide-based techniques is that epitope iden-
tification is feasible only for antibodies that have a linear,
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continuous epitope. In other words, peptide-based methods
are not useful in identifying discontinuous epitopes, a cat-
egory to which most protein epitopes belong (Klein and
Horejsi 1997).

The application of MALDI mass spectrometry to the
analysis of proteins has triggered the development of new
strategies for the identification of discontinuous epitopes. In
limited proteolysis, the antigen is cleaved by different pro-
teases, in the presence and in the absence of the antibody,
and the fragments are identified by mass spectrometry. The
epitope is the region of the antigen that becomes protected
from proteolysis upon binding of the antibody (Suckau et al.
1990). In selective chemical modification, the antigen reacts
with chemical tags specific for Arg, Tyr, and Lys residues.
The sites of modification in the free antigen and in the
antibody-bound antigen are determined by mass-spectro-
metric peptide mapping (Fiedler et al. 1998). In epitope
excision, antibody beads are incubated with the antigen pro-
tein and subjected to extensive proteolysis. The beads are
then washed several times to get rid of the nonepitope frag-
ments, whereas the epitope fragments remain bound to the
antibody. After acid elution from the antibody beads, the
epitope peptides are identified by MALDI mass spectrom-
etry (Van de Water et al. 1997).

The major limitation of these MALDI-based methods is
resolution. Both epitope excision and limited proteolysis
involve proteolytic cleavage with trypsin. This limits the
mapping to epitope regions that contain cleavage sites and
results in the identification of long peptide sequences (typi-
cally 30–60 residues) that poorly define the epitopes. Simi-
larly, the effectiveness of chemical modification methods
depends on whether label-reactive residues are located in
the epitope as much as it depends on the spacing between
these reactive residues.

In this work we have mapped the epitope of a monoclonal
antibody (mAb) from mouse, generated against human
thrombin, by measuring deuterium retention of backbone
amides in thrombin upon complexation with the mAb in a
variation of the method developed by Mandell et al.
(1998a,b). In the experiments described here, the mAb was
first immobilized on protein G beads and covalently linked.
Then, both the thrombin and the mAb beads were allowed
to become deuterium-labeled in the free state and subse-
quently incubated together to form the deuterated immuno-
complex. Exchanging the complex back into water allowed
the nonepitope region to become protonated, while the epi-
tope region retained deuterium due to protection by the
mAb. The thrombin and mAb were then separated by an
acidic organic solution that was compatible with pepsin di-
gestion. Finally, the deuterium retention of the peptic frag-
ments was measured using MALDI mass spectrometry. The
epitope was found to be two discontinuous surface strands
on thrombin. The sequence diversity of the region is high
compared to the overall high similarity of 86% identical to

mouse, explaining the high selectivity of the antibody for
foreign (human) versus self (mouse) antigen.

Results

The mAb inhibits the activity of thrombin toward
protein C

Previous studies had already shown that mAb binding to
human thrombin resulted in the inhibition of clotting activ-
ity but not in the inhibition of amidolytic activity (Dawes et
al. 1984). Inhibition of clotting could be caused in two
distinct ways: The mAb could be binding in the vicinity of
the active site and disallowing the entrance of fibrinogen by
steric hindrance, or the mAb could be binding to the fibrino-
gen recognition exosite, which also serves as the primary
binding site for thrombomodulin (TM). To distinguish be-
tween these two possibilities, we measured the ability of the
thrombin:TM complex to cleave and activate protein C. The
protein C activation assay was done in the presence of in-
creasing amounts of the mAb (Fig. 1). A decrease in protein
C activation was observed after incubating the thrombin
with mAb for 10 min, indicating that the mAb binds to a
region of thrombin involved in protein C activation. The
antibody did not interfere with protein C binding, as shown
by the fact that the TM-independent activity of thrombin
toward protein C was not affected by the binding of the
mAb. Finally, the mAb was shown to completely block
thrombin binding to TMEGF456 on a BIACORE surface
(Fig. 2).

Mapping of the antibody binding site on thrombin

First, a traditional epitope mapping experiment was per-
formed in which a 20-fold molar excess of thrombin was
digested to completion with pepsin. The resulting digest

Fig. 1. The activity of the thrombin:TMEGF456 complex toward protein
C was measured after incubating the thrombin with increasing concentra-
tions of the mAb for 10 min (black bars). The mAb had no effect on the
TMEGF456-independent activation of protein C (gray bars).
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mixture was used in a competition experiment in which 135
ng of thrombin was immunoprecipitated with mAb cova-
lently linked to protein G beads. The same amount of throm-
bin was immunoprecipitated in the presence or absence of
the digest mixture, suggesting that the epitope may consist
of more than one segment on thrombin.

Thinking that the epitope might be discontinuous, we
thought to use amide hydgrogen/deuterium (H/D) exchange
following the same strategy that was previously applied to
identifying the TMEGF45 binding site on thrombin and the
inhibitor binding site on protein kinase A (Mandell et al.
1998b). The strategy involves deuteration of the free pro-
teins prior to complexation, back exchange into water, and
quantitation of the amount of deuterium retained by the
different regions of thrombin upon binding to the mAb.
Because the mAb, a large protein, produced many peptides
that interfered with analysis of the thrombin by mass spec-
trometry, the mAb was first covalently immobilized onto a
solid support. This allowed us to eliminate the mAb from
the reaction mixture by quickly incubating the thrombin-
bound mAb beads with 50% 1-propanol, 50% 0.1% TFA at
pH 2.5 prior to digestion with pepsin. Upon centrifugation,
the thrombin was separated from the mAb beads and the
resulting mass spectra contained only peptides arising from
thrombin digestion.

Much of thrombin becomes deuterated after 10 min in-
cubation in buffered D2O, but after complexation with the
antibody, most of the thrombin peptides retained little or no
deuterium after back exchange for equivalent times into
water (Table 1). Among these antibody-inert regions of
thrombin were some that previously showed significant
deuterium retention upon binding to the thrombomodulin
fragment TMEGF45 (Mandell et al. 2001). This was the
case for residues 167–180 (residues 133–144 in chymotryp-

Fig. 2. Binding of thrombin to a TMEGF456 surface was monitored in real
time using a BIACORE assay. Sensorgrams were collected both in the
presence (black) and in the absence (gray) of mAb. Binding of mAb to
thrombin completely abolished the latter’s ability to bind to TMEGF456.

Table 1. Quantitative differences for those regions of thrombin
that previously showed differences upon thrombomodulin binding

Thrombin regiona
Residue

no.

Centroidb

free
thrombin

Centroid
thrombin/+

MAb �Mass

TM-binding site 97–117 2589.1 2591.3 2.2
TM-binding site 96–112 2129.8 2130.5 0.7
TM-binding site 54–61 1006.1 1006.2 0.1
TM-binding peripheral

site 139–149 1265.2 1266.7 1.5
W141-segment 167–180 1508.7 1509.1 0.4
W148-segment 181–196 1717.4 1717.6 0.2
C-terminal helix 281–293 1704.0 1704.1 0.1
Allosteric site/active

site loop 117–132 2147.1 2147.2 0.1

a Thrombin regions as defined in Mandell et al. (2001): peptides corre-
sponding to the thrombomodulin (TM) binding site, peripheral site, and
allosteric sites including the W141-W148 loop and the C-terminal helix.
All other regions that were covered quantitatively as indicated in Figure 4
showed no difference in the presence or absence of mAb.
b Weighted average of the isotopic mass envelope for a given peptide.
These experiments were performed in duplicate, and the error between
determinations is ∼0.2 deuterons.

Fig. 3. Several regions of thrombin that showed retention of deuterium
upon binding of thrombomodulin (Mandell et al. 2001) did not show any
significant mass difference upon binding of mAb (bottom spectrum) com-
pared to the no-mAb control (top spectrum). (A) Thrombin residues 167–
180 (residues 133–144 in chymotrypsin numbering). (B) Thrombin resi-
dues 117–132 (residues 85–101 in chymotrypsin numbering).
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sin numbering), shown in Figure 3A, which corresponds to
the loop containing W141. Also in this same category were
residues 117–132 (residues 85–101 in chymotrypsin num-
bering [Fig. 3B]), which correspond to a surface connection
between the fibrinogen recognition site and the active site of
thrombin. Finally, the C-terminal tail of thrombin, which
also retained deuterium upon TMEGF45 binding, showed
no retention upon binding of the mAb (Fig. 4).

The fibrinogen recognition site itself, residues 97–117
(residues 67–85 in the chymotrypsin numbering), was sig-
nificantly protected by the mAb, although the portion of this
peptide that is actually involved in binding to mAb is dif-
ferent from the portion contacting TMEGF45 (Fig. 5). Com-
paring the shift in mass for this peptide, 97–117
(�mass � 2.2), with the mass shift of the shorter overlap-
ping peptide, 96–112 (�mass � 0.7), we observed that
most of the protection was taking place in residues 113–117.
This observation comes in direct contrast with the protec-
tion of this region by TMEGF45, which showed the same
degree of protection of both peptides, indicating that the
binding site of TMEGF45 is in the 96–112 segment.

Residues 139–149 (residues 108–116 in chymotrypsin
numbering) were significantly protected by the mAb (Fig.
6). This region was only marginally protected upon binding
of TMEGF45. Based on these mass spectrometric measure-
ments of deuterium retention, we propose that peptides cor-
responding to the adjacent residues 139–149 and 113–117

(Fig. 7) comprise the discontinuous epitope for binding of
the mAb.

Synthetic epitope peptide corresponding to region
139–149 disrupts thrombin:mAb binding

The peptides corresponding to regions 97–117 and 139–149
were synthesized to see if the peptides alone were sufficient
for antibody binding. The association of mAb to the throm-
bin on a BIACORE surface was monitored both in the pres-

Fig. 4. Sequence of thrombin showing the different peptides that were obtained from pepsin digestion and for which quantitative
hydrogen/deuterium (H/D) exchange data could be obtained. Key residues are identified above the sequentially numbered sequence in
the chymotrypsin numbering scheme. The black bars denote peptides that did not shift in the presence of either TMEGF45 or mAb.
The green bars correspond to regions that shifted in mass in the presence of TMEGF45 but not in the presence of the mAb. The red
bars show the regions that shifted in mass in the presence of both TMEGF45 and the mAb.

Fig. 5. The region of thrombin corresponding to amino acids 97–117
(residues 67–85 in the chymotrypsin numbering) retained a significant
amount of amide deuteration in the presence of the mAb (bottom spectrum)
relative to the control (top spectrum).
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ence and in the absence of a 2000- and 10,000-fold molar
excess of either or both peptides. Figure 8 shows that the
presence of the peptide corresponding to amino acids 97–
117 did not affect recognition of thrombin by the mAb even
at a 10,000-fold molar excess. This shows that this peptide
alone is not sufficient for recognition. It is possible that the
recognition of this peptide by the antibody requires the pep-
tide to be structured in a native-like conformation.

The peptide corresponding to amino acids 139–149 com-
peted for binding to the antibody at a 2000-fold molar ex-
cess, indicating that this stretch of amino acids is the pri-
mary epitope for the thrombin:mAb interaction. The fact
that no peptides were found in a classical epitope competi-
tion experiment (see above) is consistent with the observa-
tion that even this peptide binds to mAb with a low affinity
when not in its native conformation.

Discussion

In recent years, the use of mass spectrometry to interrogate
protein structure and function has become widespread
(Chambers et al. 2000). In this work we have used amide
H/D exchange to identify the epitope of thrombin that binds
a monoclonal antibody. The covalent immobilization of the
mAb onto protein G beads simplified the experiment three-
fold. First, the mAb was eliminated from the solution; this
simplified the analysis of the mass spectra, which can get
overcrowded with peaks rather easily. Second, the throm-
bin:mAb beads were washed in water once during the back-
exchange reaction, ensuring that all the thrombin that had
not bound to mAb was washed away, so that we only mea-
sure deuterium retention in thrombin molecules that were in
complex with the mAb. This modification probably resulted
in an increase in the sensitivity of the method. Third, the use
of mass spectrometry combined with short deuteration times
allows preferential analysis of the surface of the antigen. In
the past, amide H/D-exchange experiments using NMR,

which mainly detects slowly exchanging amides, were com-
plicated by long-range conformational changes that were
observed upon antibody binding (Williams et al. 1997).

Our method for epitope mapping can be applied to any
protein–protein interaction, in which one protein can be
covalently immobilized and the other “pulled down”. Typi-
cally for a pull-down experiment to work, the kd of the
interaction has to be <0.01 min−1, and this is generally true
for interactions with Kd <10 nM (Mandell et al. 2001). The
method works especially well for epitope mapping because
the binding site on the antibody is far from the protein-G-
bound constant region. Subsequent amide H/D exchange
surface mapping gives higher resolution of the epitope than
existing methods. Because pepsin cleaves at many sites,
overlapping peptides are generated, allowing identification
of exact binding sites and of discontinuous sites.

Fig. 6. The other region of thrombin that was significantly protected in the
presence of the mAb was the one corresponding to amino acids 139–149
(residues 108–116 in chymotrypsin numbering). This region also showed
some protection upon contact with TMEGF45 (Mandell et al. 2001), but
the amount of protection was less.

Fig. 7. Comparison of the binding maps generated by hydrogen/deuterium
(H/D) exchange experiments for the interaction of thrombin with mAb (A)
and TMEGF45 (B; Mandell et al. 2001). Surface segments of thrombin that
were highly protected (blue) are distinguished from those that were only
slightly protected (cyan) upon binding of the mAb. Similarly, segments of
thrombin that were highly protected (red) are distinguished from those that
were only slightly protected (magenta) upon binding of TMEGF45. The
binding sites of MAb and TMEGF45 are overlapping but not identical. The
thrombin structures are shown in the same orientation and the active site
residues are indicated in green.
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Most, if not all, epitopes of antibodies produced by im-
munizing with native proteins are of the discontinuous type
(Klein and Horejsi 1997). Protein structure is so convoluted
that there are virtually no contiguous regions on the mo-
lecular surface large enough to form an epitope. Initial ex-
periments for finding the epitope showed that no peptides
generated by pepsin digestion of thrombin competed with
the antibody for thrombin binding, suggesting that the iden-
tification of an epitope comprised of a single peptide would
not be possible. The epitope did indeed turn out to be dis-
continuous, consisting primarily of two adjacent regions of
thrombin: residues 113–117 and 139–149 (Fig. 7A).

Other regions that were previously found to be protected
by TMEGF45 showed little or no retention of deuterium,
including residues 167–180, residues 117–132, and the C-
terminal tail of thrombin (Figs. 4, 7B). One explanation for
this is that the mAb recognizes a smaller region than the
cofactor TMEGF45. This explanation is consistent with the
results from theoretical studies of comparison of different

protein–protein interfaces, which show that, in general, an-
tibody–antigen interfaces consist of fewer atoms than the
average protein–protein interface (Lo Conte et al. 1999).
Also antibody–antigen interactions have a lower-than-aver-
age fraction of interface atoms completely buried and a
higher-than-average fraction of interface atoms still in con-
tact with the solvent.

It has also been observed that, in general, antibodies bind
like rigid molecules and require that their antigen be in the
proper conformation and have optimal curvature for binding
(Rees et al. 1994). Our findings are consistent with this
notion because the antibody appears to bind to a small re-
gion and only cause changes in solvent accessibility in the
vicinity of the binding site, whereas TMEGF45 binding
appeared to have a significant influence over the dynamic
behavior of remote regions of thrombin (Ye et al. 1991;
Mandell et al. 2001). It is interesting to note that despite the
fact that the antibody–antigen interaction most likely in-
volves primarily the interaction of amino acid side chains
across the interface, we were able to detect the epitope
based on decreases in amide exchange of the backbone. The
most probable reason for this observation is that the epi-
topes were in loops that were solvent-exposed on the sur-
face of thrombin and became less exposed in the antibody-
bound complex. It is likely that most but not all antibody–
antigen interactions would involve some decrease in solvent
exposure of the binding site, even if it is mainly side chains
that are directly involved in the interaction.

The sequences of bovine, mouse, and human thrombin
show remarkable similarity. Over 85% of the sequence is
identical for all three species of mammals, and we know the
similarity between human and bovine results in various
forms of cross-reactivity. Bovine thrombin cleaves human
fibrinogen and human protein C and binds to human
TMEGF456 with the same affinity and kinetics as human
thrombin (Baerga-Ortiz et al. 2000). The mAb was abso-
lutely specific for human thrombin and did not cross-react
with bovine thrombin. No binding was observed between
mAb and bovine thrombin in BIACORE assays. The mAb
was, of course, selected in mice and would not bind mouse
thrombin because thrombin is an essential self-protein. Of
the 17 positions in thrombin sequence (out of 293) that
differed between human, mouse, and cow (Fig. 9), only
eight are on the surface of thrombin. Of these, three residues
were located close to the region that we identified as the
epitope (108, 136, and 143). Interestingly, five variable sites
clustered around loop 181–196 (residues 145–160 in the
chymotrypsin numbering) of thrombin (Fig. 9), and this
loop therefore would have been identified as the best epi-
tope candidate by sequence alignments. Two peptides cov-
ered this region and neither showed retention of deuterium
upon mAb binding (Fig. 4). This loop is known to be highly
unstructured, so perhaps it is not a good candidate for an-
tibody recognition. It is very interesting that the antibody

Fig. 8. Binding of the mAb (10 nM) to a surface containing biotinylated
thrombin was monitored in real time both by itself (red) or in the presence
of 20 mM (blue) and of 100 mM (green) of the peptide corresponding to
residues 97–117 of thrombin (A) and residues 139–149 of thrombin (B).
Although the peptide corresponding to residues 97–117 did not affect
binding of mAb, the peptide corresponding to residues 139–149 disrupted
binding partially at high concentration.
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selected the most highly variable structured surface on
thrombin. The combination of sequence variation and struc-
tural conservation at this surface probably provided the
highest selectivity of binding for human over self.

Materials and methods

Proteins

Human thrombin was purified from plasma barium citrate eluate
(Sigma) according to previously published procedures (Ni et al.

1990). Essentially, the eluate powder was redisolved and the 70%
ammonium sulfate fraction containing prothrombin was obtained.
After gel filtration, the prothrombin was activated by incubating
with Echis carinatus venom and the protein purified on a Mono S
FPLC column equilibrated with 25 mM KPhos (pH 6.5), 100 mM
NaCl. The thrombin was eluted with a linear gradient increasing to
500 mM NaCl. Active thrombin was identified by fibrinogen clot-
ting assay.

For the mass spectrometry experiments, thrombin was ex-
changed into buffer (50 mM NaH2PO4 [pH 6.6], 50 mM NaCl)
using a centricon 10 (Millipore). The final solution (1 mg/mL) was
lyophilized in 750-pmol portions and stored at −70°C. The mouse
monoclonal antibody (Dawes et al. 1984) was purchased from
Haematologic Technologies.

Fig. 9. Alignment of the sequences for human, bovine, and mouse thrombin shows possible sites for antibody recognition. Of 17
sequence differences (vertical arrows above the sequence) between human and mouse thrombin, 8 were on the surface of thrombin and
were viable epitope candidates (red in the structure). The residue numbers for these are shown on both the sequence and the structure
and they map to different regions of thrombin. Two of them, 111 and 145, were in the identified epitope (arrows), whereas 4 were
located near the 181–196 loop, which did not retain deuterium upon binding of mAb.
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Protein C activation assay

The protein C activation assay has also been previously described
(Lougheed et al. 1995). Essentially, thrombin was mixed with
TMEGF456 in a 96-well plate and human protein C was added.
After 20 min, the reaction was quenched with 40 �L of a solution
of heparin/antithrombin III and the amount of activated protein C
was determined using chromogenic substrate S2366 (Chromoge-
nix).

To assay whether the mAb competed with TMEGF456 in the
protein C activation assay, 0.04 mg/mL thrombin was incubated
with 1.66 mg/mL, 0.33 mg/mL, 0.17 mg/mL, 0.08 mg/mL, 0.04
mg/mL, and 0 mg/mL mAb for 30 min. The samples were then
diluted 1:10 right before adding them to the assay mixture. To
assay whether the mAb inhibited the TM-independent activation of
protein C, the thrombin:mAb mixtures were diluted 2-fold instead
of 10-fold, and the assay was performed in the manner already
described except that no TMEGF456 was added to the well.

BIACORE measurements

BIACORE measurements were carried out on a BIACORE 3000
instrument as described previously (Baerga-Ortiz et al. 2000). The
surface was prepared by flowing TMEGF456 (TM residues 346–
465) that was biotin labeled at the N terminus over a surface
containing immobilized streptavidin. TMEGF456 (430 response
units) was coupled to the surface and thrombin binding was as-
sayed in 10 mM HEPES (pH 7.4), 150 mM NaCl, 2.5 mM CaCl2,
0.005% P-20 by flowing a single concentration of thrombin 12.5
nM over the surface after incubation at room temperature for 30
min. In previous experiments we showed that the smallest active
fragment of TM, TMEGF45 (TM residues 346–426), has a 10-fold
faster kd, which makes BIACORE measurements on this fragment
difficult. The BIACORE experiments presented here were there-
fore performed using the larger fragment, TMEGF456 (TM resi-
dues 346–465). To assay for binding competition by the mAb, a
mixture containing 12.5 nM thrombin and 40 nM mAb was pre-
pared in the flowing buffer and allowed to complex for 30 min
prior to injection.

Preparation of antibody beads

Protein G beads were purchased from Sigma and incubated (200
�L) with 2 mg of antibody (bead capacity: 20 mg of IgG/1mL
beads) in 50 mM sodium borate (pH 9) and 3 M NaCl overnight
while mixing. After washing with borate buffer, 20 mM dimeth-
ylpimelimidate (DMP) was added to covalently cross-link the
mAb to the protein G on the solid support. After 2 h the cross-
linking was quenched with 1 M ethanolamine (pH 8.5) for 20 min.
The beads were washed extensively with borate buffer and then
with a solution of 10 mM glycine (pH 1.7) to eliminate the mAb
that did not get covalently bound to the beads. Finally, the beads
were buffer exchanged into 50 mM NaH2PO4 (pH 6.6), 50 mM
NaCl, and stored in 30 �L aliquots. Thrombin-binding to the mAb
beads and to control (protein G) beads was assessed by pull-down
experiments in which various concentrations of thrombin were
incubated with 30 �L portions of beads. These experiments re-
vealed that thrombin did not bind nonspecifically to the protein G
alone, even under conditions in which thrombin was in a 20-fold
excess (i.e., <10% of the thrombin bound to the beads; data not
shown). These control experiments were also used to ascertain the
binding capacity of the beads.

Deuterium retention experiments

Thrombin was resuspended in 3 �L D2O (Cambridge Isotopes) for
10 min to allow deuteration of surface amides. The mAb beads (30
�L) were resuspended in 270 �L of deuterated phosphate buffer
(50 mM KH2PO4 at pH 6.6, 50 mM NaCl) for 10 min and then
centrifuged and decanted to 30 �L. The mAb and thrombin were
mixed together for 10 min in a volume of 33 �L.

Back exchange was carried out by diluting the mixture of throm-
bin plus beads in 270 �L of H2O. The beads were centrifuged, the
supernatant was discarded, and the beads (in ∼30 �L) were resus-
pended in 270 �L H2O, centrifuged again, and then decanted to 30
�L. The time from the first dilution into H2O until completion of
the final centrifugation was 2 min. During this 2 min, back ex-
change of all the amides that were not in the interface of the
thrombin:mAb complex was occurring. To measure the remaining
deuterium content in the amides of thrombin, the reaction was
quenched by mixing with 30 �L of a chilled (4°C) solution of
equal parts of 0.1% TFA (pH 2.25) and 1-propanol. This solution
not only quenched the exchange but also eluted the thrombin from
the beads, which were removed by centrifugation and discarded.
The supernatant (30 �L) was mixed with 100 �L of a slurry of
immobilized pepsin (Pierce Chemicals) at 4°C in 0.1% TFA (pH
2.25) for 10 min. After 10 min of digestion, the immobilized
pepsin was removed by centrifugation and the sample was rapidly
frozen in liquid nitrogen and stored at −70°C until analysis within
1–2 d.

A control experiment (no mAb) was carried out by resuspending
the thrombin in 3 �L of D2O and subjecting it to back exchange
with 27 �L of H2O. The rest of the experiment was performed
exactly the same way as already described for the mAb experi-
ment. This control experienced a 90% dilution of the D2O with
H2O, whereas the thrombin:mAb sample on the beads experienced
a 99% dilution. Despite this difference, retention of deuterium in
the thrombin:mAb sample was clearly observed over that of the
free thrombin. In MALDI-MS analysis of H/D exchange, a small
correction is required for the residual D2O present at the time of
mass spectrometry and this correction (for 0.05% remaining for
mAb experiments or 5% remaining for control experiments after
dilution into matrix) was applied to the data shown in Table 1
(Mandell et al. 2001).

Mass spectrometry

MALDI-TOF mass spectrometry was done on a Voyager DE STR
(PE Biosystems) and the matrix was 5 mg/mL alpha-Cyano-4-
hydroxycinnamic acid (Sigma) in 1:1:1 (0.1%TFA:ethanol:aceto-
nitrile) that was adjusted to pH 2.2 after mixing all the ingredients.
Pepsin-digested thrombin samples were thawed and mixed 1:1
with cold matrix solution. The mixture (1 �L) was quickly spotted
onto a cold MALDI plate and analyzed. The identities of each peak
in the spectrum of pepsin-digested thrombin have been previously
determined and reported (Mandell et al. 2001). The spectra were
displayed and analyzed using the GRAMS-MS software and cali-
bration of the spectra was done using the theoretical mass of two
prominent previously identified thrombin peptides (1048.5328 and
2144.1406). The centroid of each isotopic mass envelope was mea-
sured with the CAPP software written by Jeff Mandell (Mandell et
al. 1998a).

Sequence alignment

Sequences were aligned using the CLUSTALW module for mul-
tiple-sequence alignments (Thompson et al. 1994).
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Peptide synthesis

Peptides corresponding to regions 97–117 (VRIGKHSRTRYER
NIEKISML) and 139–149 (MKLKKPVAFSD) were synthesized
using FMOC chemistry on a MilliGen 9050 solid-state peptide
synthesizer and purified as previously described (Hunter and Ko-
mives 1995). The purity of each peptide was verified by mass
spectrometry.

Inhibition of thrombin:mAb binding
by epitope peptides

A BIACORE surface containing thrombin was prepared as fol-
lows. Thrombin was biotin-labeled at the active site by reaction
with the covalent active site inhibitor PPACK that was biotin-
labeled (Haematologic Technologies). The amount of biotinylated
thrombin coupled to the streptavidin surface was 250 response
units (SA-chip, BIACORE). Coupling was carried out at a flow
rate of 5 �L/min in 10 mM Hepes (pH 7.4), 300 mM NaCl, 2.5
mM CaCl2, 0.005% P-20. The remaining biotin binding sites were
blocked by injecting 100 �L of a solution of biotin (0.02 mg/mL
in the same buffer). A solution of 100 nM mAb in HBS (10 mM
Hepes [pH 7.4], 150 mM NaCl, 2.5 CaCl2, 0.005% P-20) was
incubated for 4 h in the presence of a 2000-fold and a 10,000-fold
molar excess of peptide corresponding to amino acids 97–117 or
139–149 of thrombin or a control peptide not derived from the
thrombin sequence. Each sample was diluted 1:10 in HBS prior to
injection at 5 �L/min.
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