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The kinetics of solvent accessibility at the protein-protein interface
between thrombin and a fragment of thrombomodulin, TMEGF45, have
been monitored by amide hydrogen/deuterium (H/2H) exchange
detected by MALDI-TOF mass spectrometry. The interaction is rapid and
reversible, requiring development of theory and experimental methods to
distinguish H/2H exchange due to solvent accessibility at the interface
from H/2H exchange due to complex dissociation. Association and dis-
sociation rate constants were measured by surface plasmon resonance
and amide H/2H exchange rates were measured at different pH values
and concentrations of TMEGF45. When essentially 100 % of the thrombin
was bound to TMEGF45, two segments of thrombin became completely
solvent-inaccessible, as evidenced by the pH insensitivity of the amide
H/2H exchange rates. These segments form part of anion-binding exosite
I and contain the residues for which alanine substitution abolishes TM
binding. Several other regions of thrombin showed slowing of amide
exchange upon TMEGF45 binding, but the exchange remained pH-depen-
dent, suggesting that these regions of thrombin were rendered only
partially solvent-inaccessible by TMEGF45 binding. These partially inac-
cessible regions of thrombin form both surface and buried contacts into
the active site of thrombin and contain residues implicated in allosteric
changes in thrombin upon TM binding.
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Introduction

Thrombomodulin (TM) binding to thrombin
inhibits the ®brinogen cleavage activity of throm-
bin, and promotes thrombin cleavage and acti-
vation of protein C. In turn, protein C inactivates
the essential cofactors required for the coagulation
cascade, thus shutting down further production of
thrombin (Esmon, 2000). TM has six EGF-like
domains and the ®fth domain contains most of the
thrombin-binding residues. TMEGF45, containing
both the fourth and ®fth EGF-like domains, binds
more tightly than the ®fth domain alone, and is the
smallest fragment capable of altering thrombin
ing author:

modulin; EGF,
OF, matrix-assisted
¯ight; MS, mass
terium.
activity. TMEGF456 has no additional cofactor
activity but a tenfold smaller Kd (low nanomolar)
than TMEGF45 (White et al., 1995). Therefore, sev-
eral TM domains play a role in altering the activity
of thrombin. NMR experiments show at least two
residues in the fourth domain, the three residues
between the fourth and ®fth domain, and nearly
the entire ®fth domain undergo chemical shift per-
turbations in the presence of thrombin (Wood et al.,
2000). The crystal structure of thrombin bound to
TMEGF456 also shows a large interface of exten-
sive contacts between thrombin and parts of all
three EGF-like domains (Fuentes-Prior et al., 2000).

In order to discover the essential parts of this
large protein-protein interface, we chose to carry
out amide hydrogen/deuterium (H/2H) exchange
experiments because they give solution phase
solvent-accessibility information that cannot be
gleaned from a static crystal structure. We recently
reported the map of the surface of thrombin that
becomes excluded from solvent upon TM binding,
# 2001 Academic Press
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which includes anion-binding exosite 1 and regions
near the active site (Mandell et al., 1998b). In that
study, it was not possible to distinguish amides
that were completely solvent-excluded from those
that were only partly excluded at the interface.
Computational studies have indicated that both
types of amides are found at protein-protein inter-
faces and that 67 % of the interface is only partially
solvent-excluded (Lo Conte et al., 1999). Alanine
scanning experiments have also shown that only a
few of the residues in contact in the protein-protein
interface actually determine the thermodynamic
stability of the interaction, and these were termed
the ``hot spot'' of the interaction (Cunningham &
Wells, 1993; Wells, 1996).

We hypothesized that the thermodynamically
important part of the interface may be the solvent-
excluded part. Experiments were designed to ®nd
these completely solvent-excluded regions within
the interface by a thorough kinetic analysis of
H/2H exchange rates at the interface. A key com-
ponent of the experiment was to measure the pH-
dependence of the exchange rates, knowing that
near physiological pH, the intrinsic exchange rate
is log-linear with [OHÿ] (Hvidt & Nielson, 1966).
The rates of exchange of completely solvent-
excluded amides should be less pH-dependent
than the exchange rates of partially solvent-accessi-
ble amides because they can only exchange while
the complex is dissociated.

We present results that show that two segments
of thrombin contain completely solvent-excluded
amides when TMEGF45 is bound, and several
other segments show partial solvent exclusion. The
completely solvent-excluded segments map to
anion-binding exosite 1 and contain a tyrosine resi-
due for which mutation to alanine abolishes bind-
ing (Hall et al., 1999). The other regions show
exchange rates that are pH dependent, and there-
fore retain partial solvent accessibility. One of
these regions helps form the back side of the active
site of thrombin. Three other regions are surface
segments that form a pathway from anion-binding
exosite 1 to the active site. These results provide a
plausible explanation for the observed allosteric
effects of TM on thrombin activity (Ye et al., 1991).
To our knowledge, this is the ®rst report of an
experimental measurement of the kinetics of sol-
vent accessibility at a protein-protein interface.

Theory

Amide H/2H exchange rates at solvent-
excluded protein-protein interfaces

For amides at a completely solvent-excluded
protein-protein interface, the observed H/2H
exchange rate is controlled by the protein-protein
dissociation and association rates as well as the
intrinsic rate of hydrogen exchange (kex):

�RDL��kd

ka

RD � L ÿ!kex
RH �1�
Where RH is protonated receptor, RD is deuterated
receptor, L is ligand, kex is the intrinsic amide
exchange rate (minÿ1) for amides in the uncom-
plexed receptor, kd is the rate of dissociation of the
complex (minÿ1), and ka is the rate of association
of the proteins undergoing complexation (Mÿ1

minÿ1). It is important to note that kex is strongly
pH-dependent, and near physiological pH is log-
linearly dependent on [OHÿ]. The observed rate of
exchange, kobs, depends on the interplay between
the kinetics of both complexation and H/2H
exchange.

H/2H exchange at a protein-protein interface
could occur because of solvent accessibility at the
interface or because of exchange that occurs when
the complex dissociates. Therefore, to measure
only the solvent accessibility at the interface, it is
important to carry out the experiment under con-
ditions in which essentially 100 % of the receptor is
bound to ligand. The ®nal protein concentration
required for MALDI H/2H exchange measurement,
is 3 mM, considerably above the Kd for most inter-
actions, and therefore:

% Bound �
L� R� Kd �

�������������������������������������������
�L� R� Kd�2 ÿ 4LR

q
2R

If the Kd is less than 1 nM, a 1:1 ratio of ligand to
receptor is suf®cient to keep essentially 100 % of
the receptor bound throughout the experiment
regardless of the complexation kinetics. If the Kd is
10-100 nM, then higher ratios of ligand to receptor
are required to study H/2H exchange kinetics at
the interface in the bound complex (Figure 1) and
the interplay between the binding kinetics and
exchange kinetics becomes important.

For the interactions with slow kd values, i.e. less
than 10ÿ2 minÿ1, the lifetime of the complex is
hours, and it essentially never dissociates during a
typical one hour experiment. For these complexes,
the observed rate of H/2H exchange of amides that
are completely solvent-excluded at the interface
will simply equal kd:

kobs � kd and kd � 0 �2�

Many protein-protein interactions have kd values
faster than 10ÿ2 minÿ1, and the complex will dis-
sociate during the experiment. In these cases, it is
necessary to consider the interplay between ka, kd,
and the intrinsic H/2H exchange rate, kex:

kobs � kdkex

ka�ligand� � kex
�3�

A quantitative estimate of kobs is dif®cult
to obtain because measured values of ka vary
from 106-109 Mÿ1 minÿ1 and kd can be as high as
10 minÿ1 (Wu et al., 1996; Myszka et al., 1996).
Experiments show that values of kex also vary con-
siderably. The rates predicted by Bai et al. (1993)



Figure 1. Plot of the relationship between the concen-
tration of ligand, and the percentage of receptor that is
bound in the experiment. Theoretical curves for
Kd � 0.1 nM and 1 nM were essentially indistinguish-
able (*). To achieve 100 % bound, receptor:ligand ratios
greater than 1:1 are required for Kd � 10 nM (&) and
higher. The curve for Kd � 50 nM (~) shows that for
these weaker binding af®nities, ratios greater than 5:1
are required to achieve 100 % bound. Actual experimen-
tal conditions for the thrombin-TMEGF45 interaction,
which has a Kd close to 50 nM, are plotted on this curve
for thrombin:TMEGF45 ratios of 1:1, 2.6:1 and 7:1 (X).
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for unstructured polyalanine at 20 �C are 360 minÿ1

(pH 6.5), 3500 minÿ1 (pH 7.5), and 8900 minÿ1

(pH 7.9). However, the rates observed for surface
amides in proteins are typically much less than the
free exchange rates in unstructured peptides
(Dharmasiri & Smith, 1996). At pH 7.5, these rates
typically range from about 16 minÿ1 to 570 minÿ1

with a median of 30 minÿ1 in the mannose per-
mease domain P13 from Escherichia coli
(Gemmecker et al., 1993).

When Kd is higher than 10 nM, inevitably kd will
be fast enough that the complex will dissociate
during the experiment. Figure 1 shows that for
these cases, an excess of ligand will be required to
achieve 100 % bound, and we can de®ne a pseudo
®rst order rate constant (ka[ligand]) that allows
direct comparison of the terms in the denominator
of equation (3). Many protein-protein interactions
are expected to have ka[ligand] � kex. In these
cases, kobs will depend on ka, kd and kex. We have
studied one such example, the interaction between
protein kinase A and its inhibitor, PKI, for which
the kinetic constants are kd � 4.6 � 10ÿ2 minÿ1,
ka � 9 � 107 Mÿ1 minÿ1, so ka[ligand] � 270 minÿ1

at the experimental concentration of 3 mM
(Herberg et al., 1999; J.G.M. et al., unpublished
data). In these cases, a full study of the relationship
between ligand concentration and kobs will be
necessary because values of kex vary widely.

Some protein-protein interactions such as throm-
bin-TMEGF45 (Kd � 50 nM) are in rapid
equilibrium. In order to achieve 100 % bound, a
seven-fold excess of TMEGF45 was used resulting
in ka[ligand] � 30,000 minÿ1 and the complex
reassociates before an H/2H exchange event can
take place regardless of the estimated value of kex.
For these cases, equation (3) simpli®es to:

kobs � Kd � kex

�ligand� �4�

High ratios of ligand to receptor ensure that kobs

re¯ects exchange at the interface and not exchange
due to complex dissociation.

Dependence of amide exchange rate on pH as
a criterion for solvent accessibility at
the interface

The preceding discussion forms the framework
for understanding the pH dependence of the
observed exchange rates of completely solvent-
excluded amides at protein-protein interfaces. For
interactions where kd is slow, kobs � 0 and not pH-
dependent. For protein-protein interactions that are
in rapid equilibrium, kobs will be a function of kex

as well as Kd and ligand concentration (equation
(4)). In these cases, the pH dependence of kobs

should be slight if the conditions of 100 % bound
are met by adding an excess of ligand.

All of the above discussion pertains only to
amides that are completely solvent-excluded at the
protein-protein interface. We can also consider the
exchange rate of those amides that remain partly
solvent-accessible at the interface. Interfaces are
expected to contain a high percentage of such
partly excluded amides (Lo Conte et al., 1999). The
exchange rates for these amides will depend on
how solvent-inaccessible they are, and will vary
from a lower limit of kobs for completely solvent-
inaccessible amides (Equation 3) up to a maximum
value of the intrinsic exchange rate, kex (equation
(5)):

�RHL� ÿkex �RDL��kD

ka

RD � Lÿ!kex
RH � L �5�

Again, the solvent accessibility determines the
degree to which the kobs is pH dependent. The less
solvent-accessible the amide is, the weaker the pH
dependence will be. Conversely, the closer the
exchange rate is to kex, the stronger the pH depen-
dence will be. In all cases, it will be possible to
differentiate amides that are partly solvent-accessi-
ble from those that are completely excluded from
solvent at the interface by ascertaining the degree
to which the observed H/2H exchange rate is pH
dependent.
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Results

Fragmentation of thrombin by pepsin

Cleavage of thrombin with pepsin resulted in
about 35 peptides, of which 25 were identi®ed
(Figure 2). These peptides covered 50 % of the
thrombin sequence and 60 % of the solvent-accessi-
ble surface. Regions of thrombin that contained
disul®de bonds did not yield observable frag-
ments. Electrospray ionization instead of MALDI
did not result in signi®cantly greater coverage,
suggesting that sequence coverage was limited by
disul®de bonding and not by the method of pep-
tide ionization. It was not always possible to obtain
quantitative data on each peptide for various
reasons including weak signals and overlapping
peaks. Quantitative data were obtained from 17
peptides that covered 48 % of the thrombin
sequence.

Determination of the thrombin-TMEGF45
binding kinetics

In order to understand the interplay between
H/2H exchange and complexation kinetics, it was
essential to determine the binding kinetic rate con-
stants. The thrombin-TMEGF456 interaction is
rapid and reversible with a ka near 109 Mÿ1 minÿ1

and a kd near 2 minÿ1 (Baerga-Ortiz et al., 2000).
The Kd for TMEGF45 is 50 nM, roughly 20-fold
Figure 2. Sequence of human a-thrombin showing the
observed in a single MALDI-TOF mass spectrum. The light c
thrombin binding are colored red, the residues important for
triad residues are colored purple. Peptides that resulted fro
below the sequence with thick lines representing peptides fro
representing peptides that were observed but not quanti®ed
residue, only one line is shown. The peptides covered 50 % o
ble surface. The cysteine residues that form the disul®de
between C209 and C223, and between C237 and C267 ar
reduced, and coverage near the disul®de bonds was poor. Ab
monly used chymotrypsin numbering scheme, but the seque
simplicity. Hall et al. (1999) use a third numbering scheme
chain, so residues reported by Hall et al. (1999) are 36 less th
larger than for TMEGF456. TMEGF45 has a higher
kd compared with TMEGF456, which accounts for
the difference in Kd. The binding kinetics of throm-
bin to TMEGF45 did not vary over the pH range
used for the H/2H exchange experiments (Table 1).

Determination of TMEGF45 concentration
required for H/2H exchange experiments

We observed increasing amounts of deuterium
retained at the interface as the ratio of TMEGF45 to
thrombin was increased from 2.6:1 to 7:1, corre-
sponding to 98.77 and 99.78 % bound, respectively
(Figure 1). For the 2.6:1 ratio, the complex was
apart for 1.5 seconds during two minutes of off-
exchange time, and this was enough to decrease
the observed deuteration compared with the
0.3 second apart at a 7:1 ratio. To ensure the
observed H/2H exchange was for amides at the
interface of the protein complex, and not due to
complex dissociation, a ratio of TMEGF45 to
thrombin of 7:1 was used for the quantitative
measurement of exchange rates. At this ratio, the
concentration of TMEGF45 was 24 mM and
ka[TM] � 30,000 minÿ14kex. The possibility of non-
speci®c binding arises with high ratios of ligand:re-
ceptor, so comparisons were made with lower
ratios of TMEGF45:thrombin (data not shown).
The same surface regions of thrombin showed slo-
wed exchange in the complex at ratios of 7:1 and
peptides that were generated by pepsin cleavage and
hain is indicated by blue text, the residues important for
protein C activation are colored green, and the catalytic
m cleavage of thrombin by pepsin are shown as lines
m which quantitative data were obtained, and thin lines

. For non-quanti®able peptides differing by only a single
f the thrombin sequence and 60 % of the solvent-accessi-
bonds between C9 and C155, between C64 and C80,

e shown in bold letters. The disul®de bonds were not
ove the sequence, key residues are indicated in the com-
ntial numbering scheme is used throughout the text for
, which is sequential starting at residues in the heavy

an the sequential numbers given here.



Table 1. The ka, kd and Kd of TMEGF45 as a function of pH

pH ka (Mÿ1 minÿ1) � 108 kd (minÿ1) Kd (nM) % bound

6.5 3.6(�0.5) 18.6(�0.2) 52(�13) 99.75
7.0 3.7(�0.5) 18.6(�0.2) 50(�13) 99.76
7.5 4.0(�0.5) 24.0(�0.3) 60(�15) 99.71
8.0 4.3(�0.6) 22.2(�0.3) 52(�13) 99.75

The percentage of thrombin bound was calculated by assuming a [thrombin] of 3.3 mM and [TMEGF45] of 24 mM according to the
following equation:

% Bound �
L� R� Kd �

�������������������������������������������
�L� R� Kd�2 ÿ 4LR

q
2R
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2.6:1, consistent with a lack of non-speci®c
binding.

Regions of thrombin that showed decreased
H/2H exchange rates upon complexation
with TMEGF45

Initially, the rates of amide deuteration in free
thrombin were determined as a measure of surface
accessibility (Mandell et al., 1998a). Rates of deu-
teration that were much slower than the mean
value of 30 minÿ1 were taken as an indication that
the region of thrombin might not be completely
solvent-accessible. Caution was used in interpret-
ing results from these regions, because changes in
these regions might be due to secondary confor-
mational changes. Kinetics of incorporation of deu-
terium into amide positions in each region of
thrombin were measured in the absence of
TMEGF45 at both pH 6.6 and 7.9. The rate of incor-
poration of deuterium at pH 7.9 is approximately
20-fold faster than at pH 6.6. On occasion, we
observed more deuterium incorporation at pH 7.9
than at 6.6, indicating that some of the amides in
the region exchanged slowly, and were therefore
not completely deuterated after ten minutes at pH
of 6.6. Based on the difference between the deu-
teration at pH 6.6 versus 7.9, the regions of throm-
bin presented here could be classi®ed into three
categories. Surface loop regions of thrombin incor-
porated deuterium rapidly at both pH values.
Other regions spanned surface as well as partly
buried sites. These showed rapid deuteration at
pH 7.9, but also contained a few amides that
became deuterated more slowly at pH 6.6 indicat-
ing that the region was not completely solvent-
accessible. Finally, some regions incorporated deu-
terium slowly at both pH values. In the structure
of thrombin, these regions had the least surface
solvent-accessibility as determined by calculating
the solvent-accessible surface area of each individ-
ual region using GRASP (Nicholls et al., 1991).

In order to determine which regions of thrombin
showed altered solvent-accessibility upon
TMEGF45 binding, off-exchange experiments were
performed. For these experiments, proteins were
incubated in deuterated buffer of pH 6.6 or 7.9 for
eight minutes, mixed together for two miNutes
and then diluted tenfold into H2O to initiate off-
exchange. After varying lengths of time, the reac-
tion was quenched to stop exchange, the thrombin
was digested and the entire mixture of peptides
was analyzed by mass spectrometry. Kinetic rates
of off-exchange in the presence and absence of
TMEGF45 were obtained from measurements over
30 minutes. Complete data from all 17 peptides
were quantitatively analyzed for rates of deuter-
ium incorporation and for rates of off-exchange of
deuterium from amide positions.

Nine peptides representing six different regions
of thrombin showed slowed off-exchange when
thrombin was complexed with TMEGF45. These
six different regions cover a large surface of the
thrombin molecule (Figure 3). Complete analysis of
data from all 17 peptides showed that the regions
that did not change were scattered throughout
the thrombin molecule while the surface
that decreased solvent-accessibility is contiguous
(Figure 3). Data for one region that did not change
(residues 248 to 255, a surface loop) are presented
in Figure 4. Mass spectra for the peptide corre-
sponding to this region (m/z 1048.53) are shown in
Figure 4(a). Kinetic data for incorporation of deu-
terium into this region are shown in Figure 4(b).
Exchange of these deuterons back to protons in the
presence and absence of TMEGF45 at pH 6.6 is
plotted in Figure 4(c) and at pH 7.9 is plotted in
Figure 4(d).

Solvent exclusion at anion-binding exosite I

Kinetics of deuterium incorporation into anion-
binding exosite I were studied in two overlapping
peptides spanning residues 96 to 112, (m/z
2127.19) and residues 97 to 117 (m/z 2586.44)
(Figure 5(a) and (b)). The region is highly solvent-
accessible with a percentage deuterium incorpor-
ated that was equivalent to values obtained pre-
viously for a completely unstructured peptide
(Mandell et al., 1998a). Deuterium incorporation
was equivalently high at both pH values and both
regions were fully deuterated by ten minutes
(Table 2, Figure 5(b)). In the absence of TMEGF45,
all amides in the region spanning residues 96 to
112 rapidly exchanged back to the value expected
for a 1:10 dilution. When TMEGF45 was present,



Figure 3. Stereo view of human
a-thrombin showing the regions
that had slowed amide hydrogen
exchange in the complex with
TMEGF45. The residues of the cata-
lytic triad are in space-®lling
models and colored green. The
regions that were not quantitatively
covered are grey, and those that
were covered but did not change
upon TMEGF45 binding are blue.
The two regions (residues 54 to 61
and 96 to 112) that were totally
solvent-excluded in anion-binding
exosite I are colored red. The
region that forms the back side of
the active site and is likely an allo-
steric change is colored black (resi-
dues 167 to 180). The regions that
form a partially solvent-excluded
path to the active site (residues 112

to 117, 139 to 149 and 281 to 293) are colored pink and the loop that is contacted by the C-terminal helix causing yet
another allosteric change near the active site is cyan (residues 125 to 132).
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three deuterons remained bound to thrombin even
at long off-exchange at either pH (Table 2;
Figure 5(c) and (d)). Another two deuterons
exchanged slowly at pH 6.6 but quickly at pH 7.9
indicating that they remain partially solvent-
accessible.

The longer peptide spanning residues 97 to 117
(m/z 2586.44) offered an opportunity to separately
investigate residues 96 to 112 and 113 to 117.
Nearly 11 amides within residues 97 to 117 were
slowed to exchange in the presence of TMEGF45
(Figure 5(e)). Three of these amides remained deut-
erated in the complex even after very long times of
off-exchange even at pH 7.9 (Figure 5(e) and (f)).
These amides can be assigned to the 96-112 region
of this peptide, since they were also observed in
the shorter peptide (Table 2). The other eight
amides that are slowed in this segment
upon TMEGF45 binding remain partly solvent,
accessible, based on comparisons of the data at
pH 6.6 versus 7.9. Since only four amides were slo-
wed in the 96-112 segment, the additional four
slow amides observed in the 96-117 fragment can
be assigned to the 113-117 region. Thus, nearly all
of anion-binding exosite I is partially solvent
excluded when TMEGF45 binds to thrombin. A
core of three amides within the 96-112 regions
remains completely solvent-excluded at the inter-
face, while several more amides both in residues
96 to 112 and in residues 113 to 117, are partially
solvent-excluded.

Solvent accessibility changes at an adjacent
segment in anion binding exosite I

Residues 54 to 61 (peptide m/z 1004.55) form a
surface-exposed loop on the edge of the active-site
canyon near anion-binding exosite I (Figure 3). For
this region, deuterium incorporation was slower at
pH 6.6 than at pH 7.9, indicating that it was less
solvent-accessible (Table 3A). A higher level of
deuterium incorporation was obtained at pH 7.9,
and the extra deuterons exchanged back rapidly in
both the presence and absence of TMEGF45. At
both pH values in the presence of TMEGF45,
0.7-1.0 amide retained deuterium for very long
times. The exchange rate of this amide did not
vary with pH, so we can conclude that it is com-
pletely solvent-inaccessible in the complex.

A buried segment of thrombin containing
Trp177 (Trp141 in the chymotrypsin numbering
scheme) that interacts with Arg104 in anion-bind-
ing exosite 1 also showed slowing of amide H/2H
exchange in the presence of TMEGF45. This region
was represented by two peptides spanning resi-
dues 167 to 180 (m/z 1506.78), and residues 166 to
180 (m/z 1619.87). The overlapping peptides gave
identical results and data are only presented for
residues 167 to 180 (Table 3B). Consistent with its
buried character, this region was not very solvent-
accessible as assessed from the extra four deuter-
ons incorporated at pH 7.9 compared to pH 6.6. At
pH 7.9 in the presence of TMEGF45 a signi®cant
slowing of amide off-exchange was observed for
this region, but at pH 6.6 no signi®cant slowing
was observed. The most likely explanation for
these data is that the amides that were slow to off-
exchange in the complex only became deuterated
at pH 7.9. The lower solvent-accessibility and par-
tial solvent-inaccessibility in the complex is sugges-
tive of allosteric or conformational changes upon
TMEGF45 binding.

A surface path to the active site

Residues 139 to 149 (peptide m/z 1263.71) form
a surface-exposed strand that lies between anion-
binding exosite I and the C-terminal helix



Figure 4. (a) Mass spectra of the peptide corresponding to the surface loop that did not change upon TMEGF45
binding (residues 248 to 255, m/z 1048.53) from the peptic digest of thrombin: (i) before deuteration; (ii) at ten
minutes deuteration; (iii) after off-exchange in the absence of TMEGF45; and (iv) after off-exchange in the presence of
TMEGF45. (b) Kinetics of deuterium incorporation into residues 248 to 255 at pH 6.6 (*) and pH 7.9 (&). (c) Kinetics
of off-exchange of deuterium from residues 248 to 255 of thrombin at pH 6.6 alone (&) or in complex with TMEGF45
(*). (d) Kinetics of off-exchange of deuterium from residues 248 to 255 of thrombin at pH 7.9 alone (&) or in com-
plex with TMEGF45 (*). The off-exchange experiments were done by dilution, and a residual amount of deuterium,
proportional to the number of exchangeable sites, is still present on each peptide at in®nite time.

Solvent Accessibility at Protein Interfaces 581
(Figure 3). This region was fairly solvent-accessible
(Table 4A). At pH 6.6 in the presence of TMEGF45,
an average of 1.8 amides showed slowed exchange.
At pH 7.9, no signi®cant slowing of amide
exchange was observed in this region, suggesting
that this part of the interface is not completely
solvent-excluded.

The C-terminal helix is adjacent to the 139 to 149
segment on the surface of thrombin. Two overlap-
ping peptides, residues 276 to 292 (m/z 2202.25),
and residues 281 to 293 (m/z 1702.02) correspond
to this helix, and both showed slowing of amide
exchange upon TMEGF45 binding (Figure 3). This
region contained amides that were solvent accessi-
ble and some that were less so, as assessed from
the difference between deuterium incorporation at
pH 6.6 compared to pH 7.9 (Table 4B, Figure 6(a)).
At pH 6.6, all of the amides became less solvent-
accessible and exchanged at an intermediate rate
when TMEGF45 was bound (Figure 6(b)). At
pH 7.9 when TMEGF45 was bound, two amides
exchanged at a very slow rate (Figure 6(c)). One
explanation for these observations is that the helix
is tightening up upon TMEGF45 binding and all of
the amides exchange somewhat more slowly. At
pH 7.9, even those amides that incorporated



Figure 5 (legend opposite)
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Table 2. Solvent accessibility of anion-binding exosite I

A. Sequence Mass (MH�)
96-112 2127.19

Sample
On by 10 min
(18.4 possible)a Fast off (16 amides)b Intermed off Slow off

pH 6.60 thrombin 14.6 10.2 (0.15) 0 3.0 (0.08)
�TMEGF45 4.9 (0.15) 1.1 (0.32) 7.2 (0.40)
pH 7.90 thrombin 14.6 10.8 (0.50) 0 2.8 (0.28)
�TMEGF45 7.5 (0.23) 0 6.0 (0.13)

B. Sequence Mass (MH�)
97-117 2586.44

Sample
On by 10 min
(22.8 possible)a Fast off (20 amides)b Intermed off Slow off

pH 6.60 thrombin 19.4 14.3 (0.15) 0.5 (0.25) 3.4 (0.32)
�TMEGF45 3.4 (0.25) 3.6 (0.23) 11.2 (0.29)
pH 7.90 thrombin 19.2 14.1 (0.38) 0 3.8 (0.20)
�TMEGF45 7.0(0.12) 4.0 (0.17) 6.8 (0.22)

All deuterium levels were corrected to account for �40 % loss during analysis.
The error to the ®t for each value is indicated in parentheses.
a The number of possible sites of deuteration � number of amides � 4.4 % of all exchangeable sites (based on ®nal dilution of sam-

ple before drying).
b The number of backbone amides (not including the N-terminal residue).
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deuterium more slowly became labeled, and these
exchanged back at a slow rate when TMEGF45
was bound.

The C-terminal helix is adjacent to a loop near
the edge of the active site that contains the catalytic
aspartate. Two overlapping peptides spanning resi-
dues 117 to 125 (m/z 1168.68) and residues 117 to
132 (m/z 2144.14) enabled us to dissect this region,
which was completely solvent-accessible, as evi-
denced by the same number of deuterons incorpor-
ated at both pH 6.6 and 7.9 (Table 4C and D). At
both pH values, slowed exchange was observed
when TMEGF45 was bound, but only for the 117-
132 fragment, not for the 117-125 fragment. The
exchange slowed only to an intermediate rate,
indicating that the region remains partly solvent-
accessible. Another fragment, spanning residues
117 to 126, could not be quanti®ed due to overlap
with another peak in the mass spectrum, but a
small degree of solvent exclusion was apparent in
the mass spectrum at both pH values. Since this
peptide overlaps with 117-125 (which showed
identical H/2H exchange kinetics in the presence
and absence of TMEGF45), the amide that slows
upon TMEGF45 binding can be attributed to
Tyr126. This residue is within 2.5 AÊ of catalytic
Asp135. Finally, a peptide spanning residues 118
to 136 also showed qualitatively the same increase
in mass as was seen for residues 117 to 132.
Figure 5. (a) Mass spectra of the peptide corresponding to
from the peptic digest of thrombin: (i) before deuteration; (ii)
absence of TMEGF45; and (iv) after off-exchange in the prese
into amides of thrombin at pH 6.6 (*) and pH 7.9 (&) resi
(broken lines). (c) Kinetics of off-exchange from residues 9
TMEGF45 (*) at pH 6.6. (d) The same as (c) but at pH 7.9
thrombin alone (&) and in complex with TMEGF45 (*) at p
Discussion

Correlation between solvent exclusion and the
``hot spot'' of the interaction

Three amides within residues 96 to 112 became
completely solvent-inaccessible upon TMEGF45
binding. This segment contains Tyr107 (Tyr71 in
the work by Hall et al., 1999), which when mutated
to alanine shows a large decrease in TM binding
(Hall et al., 1999). We also observed one solvent-
inaccessible amide in the segment containing resi-
dues 54 to 61. This segment forms the edge of
anion-binding exosite I, and contains Leu54 and
Phe55, which appear to form a hydrophobic pocket
for binding Ile414 of TM in the crystal structure of
the thrombin-TMEGF456 complex (Fuentes-Prior
et al., 2000).

Wells' group has coined the term for those few
sites in a protein-protein interface at which alanine
mutations abolish binding as the hot spot of the
interaction. In human growth hormone, the hot
spot was a small region of the entire interface
observed in the crystal structure of the complex.
The hot spot residues determine the thermodyn-
amic stability of the protein-protein complex
(Wells, 1996). Our results suggest that the solvent-
inaccessible core of the interface corresponds to the
hot spot. In other words, the region that is comple-
tely solvent-inaccessible seems to correspond to the
anion-binding exosite I (residues 97 to 117 m/z 2586.44)
at ten minutes deuteration; (iii) after off-exchange in the

nce of TMEGF45. (b) Kinetics of deuterium incorporation
dues 97 to 117 (continuous lines) and residues 96 to 112
6 to 112 of thrombin alone (&) and in complex with
. (e) Kinetics of off-exchange from residues 97 to 117 of
H 6.6. (f) The same as in (e) but at pH 7.9.



Table 3. Solvent accessibility of the regions adjacent to anion-binding exosite I

A. Sequence Mass (MH�)
54-61 1004.55

Sample
On by 10 min
(8.6 possible)a Fast off (6 amides)b Intermed off Slow off

pH 6.60 thrombin 5.0 2.9 (0.34) 0 1.2 (0.27)
�TMEGF45 1.9 (0.02) 0 2.2 (0.01)
pH 7.90 thrombin 7.6 5.0 (0.22) 0 1.7 (0.17)
�TMEGF45 4.3 (0.23) 0 2.4 (0.16)

B. Sequence Mass (MH�)
167-180 1506.78

Sample
On by 10 min
(14.6 possible)a Fast off (13 amides)b Intermed off Slow off

pH 6.60 thrombin 7.0 4.4 (0.15) 0 1.4 (0.08)
�TMEGF45 3.1 (0.23) 0.7 (0.18) 2.0 (0.13)
pH 7.90 thrombin 10.9 6.7 (0.50) 0 3.4 (0.28)
�TMEGF45 5.1 (0.22) 0 5.1 (0.12)

All deuterium levels were corrected to account for �40 % loss during analysis.
The error to the ®t for each value is indicated in parentheses.
a The number of possible sites of deuteration � number of amides � 4.4 % of all exchangeable sites (based on ®nal dilution of sam-

ple before drying).
b The number of backbone amides (not including the N-terminal residue).

Table 4. Solvent accessibility of the path to the active site

A. Sequence Mass (MH�)
139-149 1263.71

Sample
On by 10 min
(11.6 possible)a Fast off (9 amides)b Intermed off Slow off

pH 6.60 thrombin 7.8 5.6 (0.31) 0 1.7 (0.18)
�TMEGF45 3.8 (0.23) 3.1 (1.10) 0.4 (1.25)
pH 7.90 thrombin 8.9 6.7 (0.20) 0 1.7 (0.11)
�TMEGF45 6.4 (0.26) 0 2.0 (0.14)

B. Sequence Mass (MH�)
281-293 1702.02

Sample
On by 10 min
(13.7 possible)a Fast off (12 amides)b Intermed off Slow off

pH 6.60 thrombin 7.1 4.8 (0.08) 0 1.5 (0.05)
�TMEGF45 <0.01 5.1 (0.48) 1.6 (0.07)
pH 7.90 thrombin 9.6 6.8 (0.30) 0 2.1 (0.17)
�TMEGF45 4.9 (0.35) 0 4.0 (0.20)

C. Sequence Mass (MH�)
117-125 1168.68

Sample
On by 10 min
(8.0 possible)a Fast off (7 amides)b Intermed off Slow off

pH 6.6 thrombin 9.4 6.9 (0.17) 0 1.7 (0.10)
�TMEGF45 6.3 (0.66) 0 2.3 (0.45)
pH 7.90 thrombin 8.5 6.2 (0.23) 0 1.5 (0.13)
�TMEGF45 6.8 (0.53) 0 1.0 (0.27)

D. Sequence Mass (MH�)
117-132 2144.14

Sample
On by 10 min
(15.9 possible)a Fast off (14 amides)b Intermed off Slow off

pH 6.60 thrombin 13.3 5.6 (1.20) 3.9 (1.13) 2.9 (0.15)
�TMEGF45 4.6 (0.38) 4.5 (0.78) 3.2 (0.97)
pH 7.90 thrombin 14.9 10.9 (0.53) 0 3.0 (0.35)
�TMEGF45 8.5 (0.65) 2.3 (0.60) 3.2 (0.12)

All deuterium levels were corrected to account for �40 % loss during analysis.
The error to the ®t for each value is indicated in parentheses.
a The number of possible sites of deuteration as in Tables 2 and 3.
b The number of backbone amides (not including the N-terminal residue).
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Figure 6. (a) Kinetics of deuterium incorporation into the C-terminal helix of thrombin, residues 281 to 293 (m/z
1702.02) at pH 6.6 (*) and pH 7.9 (&). (b) Kinetics of off-exchange from residues 281 to 293 of thrombin alone (&)
and in complex with TMEGF45 (*) at pH 6.6. (c) as in (b) but at pH 7.9. A second related peptide of mass 2202.26
(residues 276 to 292) showed similar kinetics (data not shown).
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region containing the thermodynamically most
important residues for the interaction. The hot spot
of the thrombin-TM interaction may be the hydro-
phobic pocket formed from Phe55, Tyr107, Ile114
and Leu96 that binds Ile414 of TM (Fuentes-Prior,
2000). So far, only Tyr107 has been mutated to
alanine, and this mutant showed the most severe
loss of TM binding of all the alanine mutants stu-
died (Hall et al., 1999). None of the other hydro-
phobic residues that surround our proposed hot
spot (Leu54, Phe55, Leu96, Val97, Ile99 and Ile111)
was selected for mutation in this alanine scanning
study. Still, the drastic loss of TM binding upon
mutation of Tyr107 suggests that the hot spot is
also the solvent-inaccessible core of the interface.
These results point to further experiments: ®rst to
mutate the other residues in the proposed hot spot
to con®rm its identity, and second, to test whether
the hot spot of other protein-protein interactions is
also the part of the interface that is completely
solvent-excluded. If so, measurement of the kin-
etics of amide H/2H exchange in the complex
would be a much simpler way to identify the hot
spot of a protein-protein interaction than alanine
scanning mutagenesis.

Solvent exclusion and the thermodynamics of
the thrombin-TMEGF45 interaction

While solvent exclusion at a protein-protein
interface has been thought to be a consequence of
tight binding, we are aware of only one other
study that has directly measured solvent exclusion
at a protein-protein interface. Paterson et al. (1991)
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used NMR to measure H/2H exchange rates of
amides in the horse cytochrome c-E8 monoclonal
antibody complex. The authors were able to deter-
mine protection factors (kfree/kbound) for individual
amides. One amide (Arg38) of cytochrome c was
found to be slowed by a factor of 340, which corre-
lated with the predicted protection factor of �300
for a completely buried amide. By comparison, the
three completely solvent-excluded amides in the
96-112 region showed rate decreases from
�10 minÿ1 in free thrombin to �0.02 minÿ1 in the
TMEGF45 complex. This exchange rate in the com-
plex is that predicted by equation (3) if kex was
10 minÿ1 and values of ka and kd are as listed in
Table 1.

Previous studies have shown that the �G for the
thrombin-TM interaction is dominated by an
increase in entropy since �H is �0 at 298 K
(Vindigni et al., 1997). In the case of TMEGF45-
thrombin, the Kd is 50 nM, so the �G of binding is
ÿ9.9 kcal/mol at 298 K. Since �G � �H ÿ T�S,
and �H � 0, �S � 33 cal/(mol K)ÿ1. Reactions dri-
ven by entropy alone must overcome the entropic
barrier imposed by the loss of translational and
rotational degrees of freedom in the unbound state,
which are partially offset by residual intermolecular
motions (Brady & Sharp, 1997; Janin, 1996). One
source of entropy gain is the liberation of bound
water at the complex interface, and this may pro-
vide a signi®cant portion of the energetic gain in
the thrombin-TMEGF45 interaction. This hypoth-
esis is consistent with the highly negative heat
capacity change observed for this interaction
(Vindigni et al., 1997). Experiments have shown that
the average increase in entropy upon liberation of a
water molecule from the surface of a cyclic dipep-
tide is 2.0(�1.6) cal/(mol K)ÿ1 (Habermann &
Murphy, 1996). To account for the entropy change
upon binding of TMEGF45 to thrombin, about 16
water molecules would need to be liberated from
interface. While the experiments performed here are
not capable of explicitly determining the number of
water molecules excluded from the interface, the
observation of solvent-excluded amides is fully con-
sistent with a signi®cant release of water from the
interface. It is interesting to speculate that the
release of bound water is accomplished by the ¯ex-
ible loops of the ®fth EGF-like domain of TM,
which all showed chemical shift perturbations upon
binding to thrombin, perhaps with the TM loops ®t-
ting into the nooks and crannies of the thrombin
surface (Wood et al., 2000).

Allosteric effects due to TMEGF45 binding

An allosteric mechanism for the activation of
protein C by TMEGF45 is supported by numerous
observations. TMEGF45 alters the kcat of thrombin
for protein C from 2 minÿ1 to 250 minÿ1 (a factor
of 125), but the Km changes by a factor of only 12,
from 60 nM to 5 nM (Esmon, 1995). Fluorescent
active-site labels, spin labels, and synthetic sub-
strates have all demonstrated that conformational
changes take place near the S2 substrate-binding
pocket in the thrombin active site when TM frag-
ments containing the fourth EGF-like domain bind,
but not when fragments containing only the ®fth
and sixth EGF-like domains bind (Ye et al., 1991,
1992; Musci et al., 1988). Conversely, the crystal
structure of thrombin complexed to TMEGF456
with an inhibitor in the active site displays no con-
formational differences with respect to other crys-
tal structures of thrombin (Fuentes-Prior et al.,
2000). It is possible that the thrombin-TM complex
is dynamic, and that TM binding alters the distri-
bution of conformational states of thrombin in sol-
ution, but this would not be observed in the
crystal. Our results point to several possible modes
of allosteric change that may be induced by bind-
ing of TMEGF45 to thrombin.

First, the tight contact between TMEGF45 and
the 54-61 region of thrombin may change the con-
formation of Glu61 that is thought to have an unfa-
vorable interaction with Asp residues in protein C
(Erlich et al., 1990; Le Bonniec et al., 1991). It is
likely that binding to this region as well as to the
96-112 region of thrombin induces changes in the
167-180 region, which also extends through
the back side and includes Trp177 (Trp141 in
chymotrypsin numbering). This tryptophan residue
has also been implicated in ¯uorescent changes
upon TM binding.

Second, slowing of amide exchange was seen for
a path of amides extending along the surface of
thrombin via the 139-149 segment and C-terminal
helix to a loop immediately preceding the catalytic
aspartate. Within the 139-149 segment, mutation
of Lys142 to alanine signi®cantly decreased TM
binding (Lys106 in Hall et al., 1999). It is interesting
that we observed slowing of H/2H exchange for
this region when TMEGF45 was bound to throm-
bin, but in the crystal structure it is the sixth
domain that is contacting Lys142. The structure of
TMEGF45 indicates that it is an extremely dynamic
molecule, and as such, the fourth domain may
make transient contacts across the face of thrombin
from anion-binding exosite I to the C-terminal
helix (Wood et al., 2000). Tightening or pushing-up
on the C-terminal helix could cause conformational
changes in residues 126 to 132 that would result in
the observed slowing of H/2H exchange for
amides in this segment. This loop forms part of the
binding site for residues at the P2 and P3 positions
of the substrate. It contains Leu131, a S2 pocket
residue that also forms contacts to the rest of the
binding pocket that accommodates the P2 residue
of the substrate causing subtle substrate speci®city
changes. Indeed, it was precisely when ¯uorescent
labels were placed at the P2 position of the sub-
strate that changes were seen when TM fragments
containing the fourth domain were bound to
thrombin (Ye et al., 1991).

The H/2H exchange results presented here are
consistent with previous studies showing allosteric
effects of TM on thrombin. The observed partial
solvent-inaccessibility may be due to transient
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contact of the fourth domain along the surface of
thrombin, or may be due to allosteric confor-
mational changes. A good starting point to differ-
entiate between these two may be further H/2H
exchange studies on complexes of thrombin with
TM mutants that are known to have altered pro-
tein C activation properties.

Materials and Methods

Proteins

TMEGF45 was expressed in Pichia pastoris yeast as
described by White et al. (1995). The protein was ®rst pur-
i®ed by anion-exchange chromatography (QAE Sephadex
followed by HiLoad 26/10 Q Sepharose) followed by
HiLoad 16/60 Superdex 75 size-exclusion chromatog-
raphy (Pharmacia Biotech, Uppsala, Sweden). TMEGF45
was further puri®ed and desalted by reverse-phase HPLC
as described (Wood & Komives, 1999), and TMEGF456
was exchanged into water by centrifugation with a Cen-
tricon-10 ®lter (Millipore Corp., Bedford, MA, USA).
Human a-thrombin was a generous gift from Dr John
Fenton and was exchanged into 12.5 mM potassium
phosphate buffer, 25 mM NaCl (pH 6.5), using
a Centricon-10 ®lter. No active-site inhibitor was used.
Aliquots were lyophilized and stored at ÿ20 �C until use.

Protein concentrations were determined by amino
acid analysis. Lyophilized thrombin and TMEGF45
samples were hydrolyzed with 6M HCl at 110 �C for
20 hours. After hydrolysis, each sample was lyophilized,
dissolved in 20 mM HCl, and analyzed using a Hitachi
L-8500A amino acid analyzer (Tokyo, Japan). Thrombin
aliquots contained 435 picomoles of thrombin, 375 nano-
moles of K2PO4, and 750 nM NaCl; TMEGF45 aliquots
contained 3.18 nM.

Measurement of thrombin-TMEGF45 binding kinetics

Surface plasmon resonance experiments were per-
formed using a Biacore 3000 surface plasmon resonance
instrument (Biacore, Inc., Piscataway, NJ) as described in
detail elsewhere (Baerga-Ortiz et al., 2000).

Mass spectrometry

Matrix-assisted laser desorption time-of-¯ight
(MALDI-TOF) mass spectra were acquired on a Voyager
DE STR (PE Biosystems, Foster City, CA, USA). Data
were acquired as described elsewhere (Mandell et al.,
1998a). All reported masses are theoretical monoisotopic
MH� masses unless otherwise noted. The matrix used
was 5 mg/ml a-cyano-4-hydroxycinnamic acid (Sigma,
St. Louis, MO, USA), in a solution containing 1:1:1 aceto-
nitrile, ethanol, and 0.1 % (v/v) TFA and was adjusted to
pH 2.2 with 2 % TFA using an Inlab 423 pH electrode
(Mettler Toledo, Wilmington, MA, USA).

Electrospray Fourier Transform Ion Cyclotron Reson-
ance (ESI-FTICR) Mass spectrometry was carried out on
a Bruker (Billerica, MA, USA) Bio-APEX II Spectrometer
equipped with a 7 T magnet and an external electrospray
ion source (Analytica, Branford, CT, USA) by accumulat-
ing 128 scans per sample. The temperature of the drying
gas for ESI was set to 250 �C. The capillary exit potential
was set to 80-100V and the trapping time was 0.5-
1 second. Spectra were internally calibrated on known
peptides from the thrombin digest. Samples were pre-
pared exactly as described for the MALDI and then
desalted using zip tips (Millipore, Bedford, MA, USA)
prior to infusion into the electrospray source.

Thrombin digestion and identification of
peptic fragments

The identi®cation of each peptide in the digest mix-
ture was described previously (Mandell et al., 1998b,
1999). The identity of most peaks was con®rmed by
mass searching using masses measured with a high-res-
olution Fourier transform ion cyclotron resonance mass
spectrometer equipped with a 7 T magnet and an elec-
trospray ionization source (Bruker Daltonics, Inc., Billeri-
ca, MA, USA). The theoretical mass of all peptides
identi®ed by FTICR was within ®ve parts per million of
the mass measured using the high-resolution instrument.

pH of H/2H exchange mixtures

pH measurements were made on non-deuterated mock
solutions to avoid electrode isotope effects. The pH of
small volumes (�12 ml) used during protein complexation
was measured with a micro PHR-146 pH electrode (Lazar
Research Laboratories, Inc., Los Angeles, CA, USA). The
pH of larger volumes (�100 ml) was measured with a
more accurate Inlab 423 pH electrode (Mettler Toledo,
Wilmington, MA, USA). Deuterated buffer solutions were
prepared from 1 M stock buffers (in H2O) in exactly the
same manner as the mock solutions.

Measurement of the rate of incorporation of
deuterons into surface amides of thrombin

The number of deuterons incorporated into different
regions of thrombin over ten minutes was measured in
buffered 2H2O at pH 6.6 and 7.9. The kinetics of incor-
poration are a good measure of the solvent accessibility
of each region of thrombin. The number of deuterons
incorporated at ten minutes was also used as the t � 0
value in the off-exchange experiments described below.
After incubation, samples were simultaneously quenched
and diluted by addition of 120 ml of H2O buffer (0 �C)
with �5 ml of 2 % TFA to give a ®nal pH of 2.5. Each
sample was then digested at 0 �C for ®ve minutes with a
1:1 molar ratio of immobilized pepsin, which was
removed by centrifugation at 14,000 RPM for one minute
at 4 �C. Finally, the supernatant was frozen in liquid N2.

Frozen samples were quickly (<30 seconds) defrosted
to 0 �C, mixed 1:1 with 0 �C matrix, and 0.5 ml was
spotted onto a chilled MALDI target. The target was
immediately placed into a desiccator under a moderate
vacuum such that the spot would dry in approximately
one minute. Slow drying under moderate vacuum was
found to improve sample analysis, presumably because
of improved crystal growth. The chilled, dried plate was
transferred as quickly as possible (<ten seconds) to the
mass spectrometer. Samples were analyzed on individ-
ual target plates so that each sample was treated identi-
cally and experienced the same amount of artifactual
back exchange, thereby avoiding the necessity of correct-
ing for back exchange occurring during analysis
(Mandell et al., 1998a). About three minutes elapsed
from the time of defrosting to analysis with the bulk of
the time being the one minute of slow drying and the
1.5 minutes that elapses between the time the target is
loaded into the spectrometer and when the ®rst laser
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shot occurs. Data were collected for 256 scans over
256 seconds (Mandell et al., 1998a).

Measurement of the rates of off-exchange of
deuterons from the thrombin-TMEGF45 complex

The rates of off-exchange of deuterons from thrombin
in complex with TM fragments were measured as
described elsewhere (Mandell et al., 1998a,b). Exper-
iments were carried out at 25 �C. Lyophilized samples of
either thrombin or TM were hydrated with 6 ml of 2H2O
buffer. For experiments performed at pH 6.6, the throm-
bin buffer was 50 mM Tris base (pH 6.5) and the
TMEGF45 buffer was 10 mM Tris base, 10 mM CaCl2.
For experiments performed at pH 7.9, the thrombin buf-
fer was 50 mM Tris base and the TMEGF45 buffer was
10 mM Tris base, 10 mM CaCl2. Thrombin and
TMEGF45 samples were incubated separately in 2H2O
for eight minutes before combining them (12 ml total)
and allowing them to complex for two minutes. The
complex was off-exchanged for varying times (1 to
30 minutes) by 1:10 dilution with 120 ml of H2O buffer
(10 mM Tris base, either pH 6.6 or pH 7.9, as appropri-
ate). The pH variation of the complexation and dilution
buffers was never more than �0.1 unit. H/2H exchange
was quenched at 0 �C to pH 2.5 by addition of 1 % (for
pH 6.6 experiments) or 2 % (for pH 7.9 experiments) TFA
(�6 ml). The precise amount of TFA required for quench-
ing was determined by titration prior to each exper-
iment. Protein digestion and mass spectrometry analysis
were performed as described above.

Control experiments were performed to determine the
rates of deuteron off-exchange from thrombin in the
absence of TMEGF45. To reproduce the same pH and
volume conditions as for the thrombin-TM experiments,
instead of adding 6 ml of TM to thrombin after eight min-
utes of incubation in 2H2O, 6 ml of 10 mM Tris base
10 mM CaCl2, pH 8.0 was added for experiments at both
pH values. The pH of the dilution buffer for samples
containing thrombin alone and samples of thrombin
with TMEGF45 were within 0.15 unit of each other.
Because the off-exchange was accomplished by dilution
of the 100 % 2H2O solution to �10 %, a fraction of
exchangeable deuterons was always observed and
appeared to be off-exchanging slowly as the number
equilibrated against the residual 2H2O.

Data analysis

Mass spectra were calibrated using the theoretical
mass of two prominent previously identi®ed thrombin
peptides (1048.5328 and 2144.1406). For some deuterated
samples the monoisotopic peak was not present, so
higher mass peaks of the same envelope were used;
these peaks were identi®ed based upon the internal cali-
bration of the mass spectrometer. The average mass of a
peptide was calculated by determining the centroid of its
isotopic envelope as described by Mandell et al. (1998a).
The difference between the average masses of the deuter-
ated and non-deuterated peptide gave the number of
deuterons incorporated. To correct for back exchange
during analysis, a factor of 1.667 was applied (Mandell
et al., 1998a) based on previous observations that the
number of deuterons was approximately 60 % of the
total possible.

Kinetic plots of deuteration of thrombin amides ®t
best to a two-exponential model accounting for deuter-
ons exchanging at a very rapid rate (fully solvent-
accessible amides) and an intermediate rate (amides with
reduced solvent-accessibility in the folded protein) using
the following equation:

D � Nfast�1ÿ eÿkfastt� �Nslow�1ÿ eÿkslowt�
where D is the total number of deuterons at time, t, Nfast

is the number of deuterons exchanging at the fast rate,
kfast, and Nslow is the number of deuterons exchanging at
the slow rate, kslow. The ®t was implemented in Kaleida-
Graph 3.0 (Synergy Software, Inc.). The rapidly exchan-
ging protons had all exchanged by the ®rst time-point,
so kfast was ®xed. Other ¯oating parameters (Nfast, Nslow

and kslow) were completely insensitive to changes in the
value of kfast from 10 minÿ1 to 100 minÿ1, so kfast was set
to 30 minÿ1, the median of the amide exchange rates for
the rapidly exchanging amides in the mannose permease
domain P13 from E. coli (Gemmecker et al., 1993).

Kinetics of off-exchange of deuterons from thrombin
amides ®t best to either a bi or tri-exponential model.
The different rates re¯ect those amides that were not
protected from solvent in the complex and remained fast
exchanging (set to 30 minÿ1), those partially excluded
and exchanging at an intermediate rate (typically 0.1 to
0.5 minÿ1), and those completely excluded that exchange
at a slow rate (typically 0.04 to < 0.01 minÿ1). The bi-
exponential model was used when no improvement in
the ®t was observed when the bi and tri-exponential
models were compared. In these cases, typically no
deuterons were found to exchange at the intermediate
rate. The tri-exponential equation is:

D � Nfaste
ÿkfastt �Nintere

ÿkintermedt �Nsloweÿkslowt � 0:044�P�
where D represents the number of deuterons at time t,
Nfast represents the number of fast-exchanging deuterons,
kfast is the fast-exchange rate, Ninter is the number of
intermediate-exchanging deuterons, kintermed is the inter-
mediate-exchange rate, Nslow is the number of slow-
exchanging deuterons, kslow is the slow-exchange rate.
The fast rate kfast was again ®xed at 30 minÿ1 and the
other variables were not sensitive to this fast rate. The
value of 0.044 (P) accounts for the residual deuteration
of all exchangeable protons on the peptide (including
side-chains) after all dilutions into protonated solutions
are made prior to drying on the MALDI target plate.
This residual amount of deuterium, proportional to the
number of exchangeable sites, was still observed on each
peptide at in®nite time.
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