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ABSTRACT: Thrombomodulin (TM) forms a 1:1 complex with thrombin. Whereas thrombin alone cleaves
fibrinogen to make the fibrin clot, the thrombin-TM complex cleaves protein C to initiate the anticoagulant
pathway. Crystallographic investigations of the complex between thrombin and TMEGF456 did not show
any changes in the thrombin active site. Therefore, research has focused recently on how TM may provide
a docking site for the protein C substrate. Previous work, however, showed that when the thrombin active
site was occupied with substrate analogues labeled with fluorophores, the fluorophores responded differently
to active (TMEGF1-6) versus inactive (TMEGF56) fragments of TM. To investigate this further, we
have carried out amide H/2H exchange experiments on thrombin in the presence of active (TMEGF45)
and inactive (TMEGF56) fragments of TM. Both on-exchange and off-exchange experiments show changes
in the thrombin active site loops, some of which are observed only when the active TM fragment is
bound. These results are consistent with the previously observed fluorescence changes and point to a
mechanism by which TM changes the thrombin substrate specificity in favor of protein C cleavage.

Thrombin is a dual-action protease in the blood clotting
cascade acting as both a procoagulant (fibrinogen-cleaving)
and an anticoagulant (protein C-cleaving). Thrombomodulin
(TM)1 by binding to thrombin inhibits the procoagulant
activity of thrombin, and promotes the anticoagulant activity
(1). TM contains six EGF-like domains, the fifth of which
contains most of the thrombin-binding residues (2). Although
the fifth domain is able to bind to thrombin and inhibit
fibrinogen binding, the fourth domain increases binding
affinity and is required for protein C activation. TMEGF45,
containing both the fourth and the fifth EGF-like domains,
is the smallest active cofactor fragment of TM (3). The sixth
EGF-like domain also increases the affinity for thrombin
compared to that of the fifth domain alone, but the TMEGF56
fragment does not give thrombin the ability to activate protein
C (4).

The kinetics of binding of various inhibitors to thrombin
are increased hundreds to thousands of times when TM is
bound to thrombin (5-9). Protein C also binds to the TM-
thrombin complex>1000-fold faster than to thrombin alone
(10). The simplest explanation for why such a broad range

of proteins exhibit altered rates of association is that TM
alters the active site of thrombin, particularly the conforma-
tion of the loops surrounding the active site, to make
association more favorable. These data are not easily
reconciled with crystal structures of the thrombin-TMEGF456
complex versus thrombin alone, which show no differences
in active site loops (11). Our hypothesis is that differences
were not seen in the crystal structures because in all cases
the active site was occupied by an inhibitor molecule and
therefore the loops were already closed. Only a solution
method such as amide proton exchange would be able to
probe such subtle differences.

TM binds in anion-binding exosite (ABE1), a site on
thrombin distal to the active site where fibrinogen and other
cofactors also bind (7, 12). Amide H/2H exchange studies
showed two surface loops on thrombin were protected from
exchange when TMEGF45 bound: residues 54-612 (resi-
dues 33CT-39CT) and residues 93-109 (66CT-81CT) (13).
These results agreed fully with the crystal structure of the
thrombin-TMEGF456 complex (11) and with alanine scan-
ning mutagenesis experiments (10, 14, 15).
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(residues 93-109, or 66CT-81CT) when PPACK is bound
to the active site (16). On the basis of these results, we
proposed two possible paths by which the active site
communicates with ABE1. The first path involves Leu40CT

in ABE1 which abuts the side chain of Trp141CT and
Gly193CT at the back side of the active site (17). When TM
binds at ABE1, it contacts the 33CT-39CT loop (11, 13).
Mutation of Pro37CT or Gln38CT to Ala weakens TM binding
(15), and TM is thought to influence the position of Glu39CT,
relieving repulsion between this side chain and the incoming
P3′ Asp of protein C (18). TM binding may also alter the
conformation of the adjacent Glu192CT, which when mutated
to alanine converts the substrate specificity of thrombin
toward protein C activation (19).

A second path of communication between ABE1 and the
active site involves the contiguous strand extending from
the TM binding site, residues 93-109 (66CT-81CT), to
residues 117-132 (90sCT insertion loop). The 90sCT loop is
important for the Ca2+ dependence of protein C activation,
and the triple mutant of Arg93CT, Arg97CT, and Arg101CT

to Ala does not activate protein C (20, 21). Single mutations
of these arginines have been shown to affect TM binding
and/or protein C activation (14, 15). Crystal structures also
show that the 90sCT insertion loop helps to orient thrombin
substrates in the active site (22, 23).

To further investigate the thrombin-TM interaction, we
used amide H/2H exchange experiments to look for confor-
mational differences within thrombin in the presence and
absence of two different TM fragments: a cofactor-active
TM fragment (TMEGF45) and a cofactor-inactive TM
fragment (TMEGF56). These two fragments bind to thrombin
with similar affinity at ABE1; however, only TMEGF45
promotes protein C activation. Thus, any differences in amide
proton exchange elicited by only TMEGF45 and not by
TMEGF56 may indicate changes that are important for the
promotion of protein C activation. Our results show that TM
binding causes conformational changes near the active site
of thrombin, and that certain changes occur only upon
binding of the cofactor-active TMEGF45 fragment but not
upon binding of the cofactor-inactive TMEGF56 fragment.

EXPERIMENTAL PROCEDURES

Proteins.Bovine thrombin was purified from a barium
citrate eluate (prepared from bovine plasma) according to
previously published methods (24). The eluate powder (8
g) was redissolved overnight in 200 mL of 100 mM EDTA,
and 150 mM NaCl, 10 mM sodium citrate, containing 11.1
g of ammonium sulfate and 0.03 g of benzamidine. Following
resuspension, the concentration of ammonium sulfate was
increased from 10 to 40%. After centrifugation at 10000g,
the supernatant was kept, brought to 70% ammonium sulfate,
and centrifuged. The pellet, containing prothrombin, was
dissolved in 5 mL of 50 mM Tris (pH 7.5) and 150 mM
NaCl and loaded onto a G-25 Sephadex gel filtration column
(2.5 cm× 100 cm) to remove the ammonium sulfate, and
the fraction containing the protein was collected. The
prothrombin was activated by incubating it with 2.0 mg/mL
Echis carinatusvenom, 10 mM CaCl2, and 1 mg/mL PEG-
8000 for 45 min at 37°C. The mixture was loaded onto a
second G-25 Sephadex column (2.5 cm× 100 cm) equili-
brated in 25 mM KH2PO4 (pH 6.5) and 100 mM NaCl, and

the protein fraction was collected. Finally, the G-25 fraction
containing active thrombin was loaded onto a MonoS FPLC
16/10 column (Amersham/GE Healthcare) equilibrated with
buffer A [25 mM KH2PO4 (pH 6.5) and 100 mM NaCl].
The thrombin was eluted with a linear gradient of buffer B
[25 mM KH2PO4 (pH 6.5) and 500 mM NaCl] over the
course of 1 h.R-Thrombin was identified by fibrinogen
clotting.

Human thrombin was obtained from purified prothrombin
(Haematologic Technologies) as described previously (16).
Optimal yields were obtained when the prothrombin con-
centrate was dissolved in 50 mM Tris (pH 7.5), 150 mM
NaCl, 10 mM CaCl2, and 1 mg/mL PEG-8000 so that the
final prothrombin concentration was 1.6 mg/mL. The pro-
thrombin was then activated for 2 h at 37°C with 5 mg/mL
E. carinatus venom, and purified as described above.
R-Thrombin was identified by the fibrinogen clotting assay,
and the protein concentration was determined by the absor-
bance at 280 nm (ε ) 1.92 cm mL unit-1 mg-1).

For the mass spectrometry experiments, thrombin was
buffer exchanged so that during the amide H/2H exchange
period the buffer would consist of 25 mM KH2PO4 (pH 6.5)
and 50 mM NaCl. Human thrombin was exchanged into 12.5
mM KH2PO4 (pH 6.5) and 25 mM NaCl and concentrated
to ∼1 mg/mL. Aliquots of 750 pmol of protein were
lyophilized and stored at-80 °C until they were used.

TMEGF45 was expressed inPichia pastorisyeast as
described by White et al. (3). The protein was first purified
by anion-exchange chromatography (QAE Sephadex fol-
lowed by HiLoad 26/10 Q Sepharose) followed by HiLoad
16/60 Superdex 75 size-exclusion chromatography (Amer-
sham/GE Healthcare). TMEGF45 was further purified and
desalted by reverse-phase HPLC as described previously
(25). TMEGF56 was prepared by expression in CHO cells
as a fusion protein from an expression cassette derived from
the RSV-PL4 vector (26) which contained the TMEGF56
fragment spanning residues 387-464 with a Met388Leu
substitution and placed in a position C-terminal to the epitope
tag for monoclonal antibody HPC-4. TMEGF56 was ad-
sorbed from the cell media with HPC-4 immunoaffinity resin
and purified by anion-exchange chromatography on Mono-Q
resin (Amersham/GE Healthcare) as described previously
(26). TMEGF56 was further purified by HiLoad 16/60
Superdex 75 size-exclusion chromatography (Amersham/GE
Healthcare) and finally was exchanged into 12.5 mM
KH2PO4 (pH 6.5) and 25 mM NaCl and concentrated to∼5
mg/mL. Protein concentrations were determined by the BCA
assay (Pierce Chemicals). After HPLC purification, portions
of TMEGF45 (5625 pmol) were lyophilized out of H2O and
stored at-80 °C until they were used. TMEGF56 was stored
lyophilized at-80 °C in portions containing 1875 pmol of
protein.

Mass Spectrometry.Matrix-assisted laser desorption ion-
ization time-of-flight (MALDI-TOF) mass spectra were
acquired on a Voyager DE-STR instrument (Applied Bio-
systems) as previously described (27). The matrix used was
5.0 mg/mL R-cyano-4-hydroxycinnamic acid (Sigma-Ald-
rich) dissolved in a solution containing a 1:1:1 mixture of
acetonitrile, ethanol, and 0.1% TFA. The pH of the matrix
was adjusted to pH 2.2 using 2% TFA. The matrix solution
was chilled on ice for at least 60 min prior to use, and the
MALDI target plates were chilled overnight at 4°C. Peptides
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produced by pepsin cleavage of human and bovine thrombin
were identified previously (16, 28).

Amide H-2H Exchange Experiments.The pH conditions
during various stages of the reaction were determined on an
Accumet Inlab 423 pH electrode (Mettler-Toledo) using
nondeuterated mock solutions (to avoid having to recalibrate
the electrode for deuterons). The number of deuterons
incorporated into different regions of thrombin over the
course of 10 min (on-exchange) was measured in buffered
2H2O [10 mM Tris base (pH 7.5)]. The kinetics of incorpora-
tion (on-exchange) are a good measure of the solvent
accessibility of each region of thrombin. After incubation at
25 °C with 6 µL of H2O to rehydrate the lyophilized
thrombin, 30µL of 2H2O was added to initiate on-exchange
for times of 0.5-10 min. The samples were simultaneously
quenched and diluted by addition of 120µL of buffer (0
°C) with ∼10 µL of 2% TFA to give a final pH of 2.2. Each
sample was then incubated with a 2-fold molar excess of
immobilized pepsin (Pierce Chemicals) for 5 min at 4°C.
Pepsin beads were removed by centrifugation at 14 000 rpm
for 10 s, and then the resulting thrombin peptide mixture
was aportioned into several fractions, rapidly frozen in liquid
N2, and stored at-80 °C. On-exchange experiments were
also performed on the thrombin-TMEGF45 and thrombin-
TMEGF56 complexes. These experiments were performed
in exactly the same manner as for thrombin alone, except
that the TM fragment was dissolved in 6µL of aqueous
buffer [20 mM Tris base and 10 mM CaCl2 (pH 8.5)] and
added to the lyophilized thrombin so that the resulting pH
of the mixture was 7.5 and everything was hydrated and
mixed prior to addition of the 30µL of 2H2O. The rest of
the experiment proceeded in the same manner as for the
thrombin alone.

The rates of off-exchange of deuterons from thrombin in
complex with TM fragments were measured as described
previously (13, 28). Experiments were carried out at 25°C.
Lyophilized samples of either thrombin or TM were hydrated
with 6 µL of 2H2O buffer. For experiments performed at pH
7.5, the thrombin buffer was 50 mM Tris base (pH 7.5), the
TMEGF45 buffer was 20 mM Tris base and 10 mM CaCl2

(pH 8.0), and the TMEGF56 buffer was 10 mM Tris base
and 10 mM CaCl2 (pH 8.0). For experiments performed at
pH 8.0, the thrombin buffer was 50 mM Tris base (pH 8.0),
the TMEGF45 buffer was 20 mM Tris base and 10 mM
CaCl2 (pH 8.0), and the TMEGF56 buffer was 10 mM Tris
base and 10 mM CaCl2 (pH 8.0). Thrombin and TM samples
were incubated separately in2H2O buffer for 8 min before
they were combined (12µL total volume) and allowed to
form the complex for 2 min. The complex was off-exchanged
for varying times (0 to 2 min) by 1:10 dilution into 120µL
of H2O buffer [10 mM Tris base (pH 7.5 or 8.0, as
appropriate)]. 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 2.2 by addition of
2% TFA (∼10 µL). The precise amount of TFA required
for quenching was determined by titration prior to each
experiment. Digestion of the quenched protein was carried
out as described above. Pepsin beads were removed by
centrifugation at 14 000 rpm for 10 s, and then the digest
was aliquoted into several fractions, rapidly frozen in liquid
N2, and stored at-80 °C.

All samples were analyzed by MALDI-TOF mass spec-
trometry one at a time. Samples were rapidly thawed, mixed
with cold matrix, spotted on a prechilled MALDI target plate,
and dried under vacuum (13). The mass spectra were
analyzed to determine the average number of deuterons
present in each peptic peptide. The number of deuterons
incorporated in each peptide was quantified by subtracting
the centroid of the undeuterated control from the centroid
of the isotopic peak cluster for the deuterated sample. All
values reported represent only the deuterons exchanged onto
the backbone amide-hydrogen (NH) positions. The residual
deuterium content (5% for the on-exchange experiments and
4.5% for the off-exchange experiments) that was incorporated
into rapidly exchanging side chain positions was subtracted.
Finally, data were corrected for back-exchange loss (∼45%)
as described previously (16). On-exchange was measured at
0, 0.5, 1, 2, 5, and 10 min, and the data were fit using a
biexponential fit in Kaleidagraph as described previously
(29). Off-exchange was measured at 0, 0.5, 1, and 2 min,
and the data were fit using either a bi- or triexponential fit
in Kaleidagraph as described previously (13).

RESULTS

Thrombin Conformational Dynamics Probed by Amide
H-2H Exchange.In previous work, we have shown that
amide H/2H exchange experiments followed by pepsin
digestion and mass spectrometry can be used to probe the
relative solvent accessibility of regions of thrombin to which
different effector molecules are bound. In early work, the
interface between thrombin and TMEGF45 was mapped
using “off-exchange” experiments. In these experiments, the
surface of the protein is first deuterated for 10 min and then
the complex is formed and diluted into H2O for varying
times. The thrombin-TMEGF45 interface, which cor-
responded to ABE1, was found to have solvent-inaccessible
amides when TMEGF45 was bound (13). During these
studies, other changes in thrombin were observed that could
not be readily explained. This led to the further probing of
thrombin conformational dynamics using on-exchange ex-
periments to compare PPACK-bound thrombin to the active
site open form (16). In this latter work, we found that
comparison of results from bovine and human thrombin
could increase the degree of coverage of the thrombin
sequence and help to verify some of the subtle effects that
were observed. In the studies shown here, we used both on-
and off-exchange experiments and also compared bovine and
human thrombin to obtain the maximum certainty in the
results. The pepsin fragments that are obtained from digestion
of bovine and human thrombin cover approximately 50%
of the thrombin sequence (Figure 1).

Thrombomodulin Binding at Anion Binding Exosite 1
(ABE1).ABE1 on thrombin is the binding site for both TM
and fibrinogen. Two peptides present in the peptic digest of
human thrombin covered ABE1. Residues 96-112 (65CT-
80CT) are covered by a peptide with a mass MH+ of 2127.19,
and residues 97-117 (66CT-84CT) are covered by a peptide
with a mass MH+ of 2586.44. Only one peptide covered this
region from bovine thrombin, and no further information was
obtained in this case. Figure 2 shows that this region of
thrombin incorporates deuterium quickly and is mostly
deuterated by 10 min in the absence of TM. In the presence
of TMEGF45 or TMEGF56, this region incorporates much
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less deuterium, indicating that TM binding protects this
surface loop from incorporation of deuterium into the solvent
accessible amide positions. Also shown in Figure 2 (panels
C and D) is a time course of deuterium off-exchange for
these two peptides from thrombin alone and from thrombin
bound to either TM fragment. When TM is absent, these
peptides off-exchange nearly all of the incorporated deute-

rium by 2 min. When TM is bound to either TMEGF45 or
TMEGF56, off-exchange is slower, and surface deuterons
at amide positions are retained throughout the time course.
In previous studies, we also reported protection of exchange
of the thrombin surface loop containing residues 54-61
(residues 33CT-39CT) upon TM binding (13). Both TMEGF45
and TMEGF56 appeared to protect this loop equally as well
in both bovine and human thrombin (data not shown). The
H/2H exchange results for these ABE1 peptides were the
same at both pH 7.5 and 8.0, and the on-exchange and off-
exchange results mirrored each other.

Exchange in the Autolysis Loop of Thrombin.Another site
that differs in H/2H exchange between TM-bound human
thrombin and free human thrombin is the autolysis loop. This
region of the protein is covered by a peptide with a mass
MH+ of 1506.78 (residues 167-180, or Gln131CT-Leu143CT).
A much longer peptide covered this region from bovine
thrombin which also extended into the core of thrombin so
the shorter human thrombin peptide that only covers the loop
is presented. On-exchange experiments show that this loop
is less solvent accessible and only becomes partially deu-
terated in 10 min (Figure 3A). This region exhibited slower
off-exchange in thrombin bound to either TM fragment
(Figure 3B). This could be due to the proximity of W177
(W141CT) in this loop to ABE1 that is in direct contact with
TM. Similar results were seen at both pHs, but the effect
was more dramatic at pH 8.0 perhaps because a somewhat
higher level of deuteration was achieved.

TMEGF45 Affects Exchange of the 90s Loop in the
Thrombin ActiVe Site.The region of thrombin corresponding
to the 90sCT loop showed slowed H/2H exchange only when
thrombin was bound to TMEGF45. We first observed this
effect in bovine thrombin in the peptide with a mass MH+

of 2102.12 (residues 117-132, or Leu84CT-Leu99CT), which
also extends around the thrombin molecule to ABE1. Figure
4A shows the mass spectra expanded around this peptide
from the off-exchange experiments using bovine thrombin.

FIGURE 1: Aligned sequences of human and bovineR-thrombin showing all the peptides generated by pepsin cleavage as lines below the
sequence. Thick lines denote peptides from the human protein digest, and thin lines denote those from the bovine digest. The light chain
residues of thrombin are indicated with bold text, and significant residues, including the catalytic triad (H57, D102, and S195), are in both
bold text and annotated above the sequence in the chymotrypsin numbering system. Coverage of the thrombin sequence is low, in part due
to the four disulfide bonds present in thrombin.

FIGURE 2: Amide H/2H exchange at ABE1 of thrombin. (A) On-
exchange into residues 96-112 (peptide with a mass MH+ of
2127.19) of thrombin alone (2), thrombin bound to TMEGF45 (b),
and thrombin bound to TMEGF56 (9) at pH 7.5. (B) On-exchange
into residues 97-117 (peptide with a mass MH+ of 2586.44) of
thrombin alone (2), thrombin bound to TMEGF45 (b), and
thrombin bound to TMEGF56 (9) at pH 7.5. (C) Off-exchange
from residues 96-112 (peptide with a mass MH+ of 2127.19) from
thrombin alone (2), thrombin bound to TMEGF45 (b), and
thrombin bound to TMEGF56 (9) at pH 7.5. (D) Off-exchange
from residues 97-117 (peptide with a mass MH+ of 2586.44) from
thrombin alone (2), thrombin bound to TMEGF45 (b), and
thrombin bound to TMEGF56 (9) at pH 7.5.
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After off-exchange for both 30 s and 1 min, deuterium
retention is observed in this loop when TMEGF45 is bound

(Figure 4A, traces iii and v) as compared to thrombin alone
(Figure 4A, traces ii and iv). The loop was covered in human
thrombin by the peptide with a mass MH+ of 2144.14, which
covered the same fragment, residues 117-132 (Leu84CT-
Leu99CT). In this case, we compared off-exchange in the
presence and absence of both TMEGF45 and TMEGF56.
Only TMEGF45 slows the amide exchange in this region,
and this can be seen from the raw data (Figure 4B) and from
the kinetic plots (Figure 4C,D) for the peptide from human
thrombin. A second peptide from human thrombin with a
mass MH+ of 1331.75, residues 117-126 (Leu84CT-
Tyr94CT), ends before the 90sCT loop but covers the adjacent
segment that connects ABE1 to the 90sCT loop. This shorter
peptide could be analyzed only qualitatively because of
complications of an overlapping higher-mass peptide peak.
Even though the total amount of deuteration was not possible
to determine, a small relative difference between free
thrombin and TMEGF45-bound thrombin but not TMEGF56-
bound thrombin could be observed (data not shown). For
both peptides, the off-exchange rate was slower only when
thrombin was bound to TMEGF45, although the difference
was more pronounced in the peptide with a mass MH+ of
2144.14. Again, these results were consistent at either pH,
but the mass envelope of the shorter peptide (MH+ of
1331.75) was better resolved at pH 8.0.

The C-Terminal Helix Is Also Tightened Only upon
TMEGF45 Binding.The C-terminal helix of human thrombin
was covered by a peptide with a mass MH+ of 1702.02,
residues 281-293 (Arg233CT-Phe245CT). This region ex-
changed more slowly, and differences in H/2H on-exchange
and off-exchange were seen only in the beginning of the
time course (Figure 5). The mechanism by which TM alters
the amide-exchange behavior of this helix is not readily
explained from the structure but may be related to its
proximity to the 90sCT loop.

FIGURE 3: Amide H/2H exchange at the autolysis loop of thrombin.
(A) On-exchange into residues 167-180 (peptide with a mass MH+
of 1506.78) of thrombin alone (2), thrombin bound to TMEGF45
(b), and thrombin bound to TMEGF56 (9) at pH 7.5. (B) Off-
exchange from residues 167-180 (peptide with a mass MH+ of
1506.78) from thrombin alone (2), thrombin bound to TMEGF45
(b), and thrombin bound to TMEGF56 (9) at pH 7.5.

FIGURE 4: Amide H/2H exchange at the 90s loop of thrombin. (A)
Peptide mass envelope for the bovine thrombin peptide with a mass
MH+ of 2102.12 (i) before deuteration, (ii) after off-exchange for
0.5 min, (iii) after off-exchange for 0.5 min when bound to
TMEGF45, (iv) after off-exchange for 1 min, and (v) after off-
exchange for 1 min when bound to TMEGF45. (B) Peptide mass
envelope for the human thrombin peptide with a mass MH+ of
2144.14 (i) before deuteration, (ii) after off-exchange for 0.5 min,
(iii) after off-exchange for 0.5 min when bound to TMEGF45, and
(iv) after off-exchange for 0.5 min when bound to TMEGF56. (C)
On-exchange into residues 117-132 (peptide with a mass MH+ of
2144.14) of thrombin alone (2), thrombin bound to TMEGF45 (b),
and thrombin bound to TMEGF56 (9) at pH 7.5. (D) Off-exchange
from residues 117-132 (peptide with a mass MH+ of 2144.14)
from thrombin alone (2), thrombin bound to TMEGF45 (b), and
thrombin bound to TMEGF56 (9) at pH 7.5.

FIGURE 5: Amide H/2H exchange at the C-terminus of thrombin.
(A) On-exchange in a peptide with a mass MH+ of 1702.02 of
thrombin at pH 7.5. (B) Off-exchange in a peptide with a mass
MH+ of 1702.02 for free (2), TMEGF45-bound (b), and TMEGF56-
bound (9) thrombin.
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DISCUSSION

Mechanism of TM Communication from ABE1 to the
ActiVe Site.One of the fascinating features of thrombin is
the many loops that surround its active site. Our results
showed that in both bovine and human thrombin, binding
of TM at ABE1 directly affects the conformational ensemble
of at least two of these loops (the 140sCT loop and the 90sCT

loop). The 140sCT loop exhibited a decreased solvent
accessibility when either TMEGF45 or TMEGF56 bound.

In both bovine and human thrombin, decreased solvent
accessibility was observed at the 90sCT loop when TMEGF45
was bound. The extent of amide proton exchange can be
decreased due to direct protein binding, to increased second-
ary structure content, or to changes in the conformational
ensemble (i.e., dynamics changes). Because the decreased
solvent accessibility was observed in a loop on the surface
of thrombin that is not near the TM binding site, it is most
likely due to changes in the conformational ensemble. The
decrease in solvent accessibility may be attributed to a
“tightening” of the conformational ensemble of the 90sCT

loop. The coverage of the human thrombin sequence by
pepsin digestion gave three peptides that revealed the
pathway from ABE1 where TM binds to the active site where
changes were observed (Figure 6A). This allows us to
postulate a mechanism in which TM binding at ABE1
(residues 96-117, or 65CT-84CT) effectively pulls on the
connecting strand (residues 117-126, or 84CT-94CT) and
alters the conformation of the 90sCT loop (residues 126-
132, or 94CT-99CT). Remarkably, this long-distance tighten-
ing of the 90sCT loop was only observed when TMEGF45

was bound and not when TMEGF56 was bound despite the
fact that the binding sites and affinities of these two different
TM fragments are very similar. Thus, the fourth domain of
TM must be responsible for causing changes at the active
site of thrombin. Other work has shown that the fourth
domain of TM alters the structure and dynamics of the fifth
domain (30, 31), and it is therefore not unreasonable to
postulate that it could alter the way the fifth domain interacts
with thrombin.

Comparison with Results from ActiVe Site Fluorescent
Labels. In experiments performed by Ye et al., dansyl
fluoride attached to the active site serine showed changes in
fluorescence when thrombin bound TM (32). For this label,
the fluorescence shifted in the presence of both the active
cofactor (TMEGF1-6) and the inactive cofactor (TMEGF56)
even though TMEGF56 does not confer protein C cleavage
activity. When instead fluorescein-FPR or ANS-FPR was
attached to the active site histidine, the FPR linkage
positioned the fluorophore farther from the active site serine.
Interestingly, this fluorescent label responded specifically to
TM(1-6) and not to TMEGF56 (33). However, because it
was not known where the fluorophore was exactly positioned
in the active site, it was not possible to identify a specific
site on thrombin that was being affected by TM(1-6) and
not TMEGF56 binding (33).

The fluorescence results strongly correlate with our amide
H/2H exchange results. Either TMEGF45 or TMEGF56
caused reduced exchange in the 140sCT loop that is at the
back of the active site near Ser195CT. But only TMEGF45,
the smallest active fragment of TM, caused reduced rate of

FIGURE 6: (A) Composite stereoview of the structure of PPACK thrombin (17) showing PPACK (purple) overlaid on the thrombin-TM
complex (11) showing EGRCK in the active site (black). Only one thrombin backbone is shown (gray). TMEGF456 is colored blue. A
surface strand (residues 117-126, 84CT-94CT, orange) connects the TM binding residues (residues 96-117, 65CT-84CT, yellow) and results
in conformational change in the 90sCT loop (residues 126-132, 94CT-99CT, red). This strand abuts the C-terminal helix (residues 281-293,
Arg233CT-Phe245CT, magenta) which also shows decreased solvent accessibility upon TMEGF45 binding. (B) Close-up stereoview of the
active site of the same figure as in panel A. The P3 Phe from the PPACK inhibitor (purple) is seen interacting with Trp96 and Leu99 in
the 90sCT loop (red), while the P3 Glu from the EGRCK inhibitor (black) is seen pointing away from Asp100 (blue) and Asp102 (green).
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exchange in the 90sCT loop and the C-terminal helix, which
form the binding site for the P2 and P3 residues. One might
ask whether conformational differences are seen in this loop
when the structure of PPACK-bound thrombin is compared
to that of EGRCK-bound thrombin, and the answer is no
(11). However, the Phe at the P3 position of PPACK is
indeed interacting with Leu99CT and Trp101CT, while the Glu
at the P3 position of EGRCK points away from the 90sCT

loop, presumably repelled by Asp100CT and Asp102CT

(Figure 6B).
Substrate Specificity Changes that Would Result from

Alteration of the 90sCT Loop.TM is undoubtedly promoting
protein C activation by several mechanisms, none of which
are mutually exclusive. A wealth of kinetic data indicate that
TM alters the active site that is “seen” by approaching
substrates and inhibitors. BPTI binding kinetics are specif-
ically enhanced by TM fragments containing the fourth
domain (6, 8, 9). Association of the protein C inhibitor with
the thrombin-TM complex is accelerated 140-fold compared
with the rate for thrombin alone (5). The protein C inhibitor
has a Phe at the P2 position, which is normally occupied by
a small side chain (Table 1). Protein C also associates 1000-
fold faster with the thrombin-TM complex than with
thrombin alone (10). TM may open or twist the 90sCT loop,
improving access to the active site and resulting in the
observed dramatic increase in association rates for these
varied substrates and inhibitors.

One way TM may promote the association of thrombin
with its alternative substrate protein C is to relieve electro-
static repulsion between protein C and the active site of
thrombin. Site-directed mutagenesis studies have suggested
that TM removes the electrostatic repulsion between Glu39CT

and the P3′ Asp of protein C and the electrostatic repulsion
from Glu192CT at the base of the active site (18, 19). Neither
of these sites is contacted directly by TM (10); however,
we observed that both TMEGF45 and TMEGF56 induce
amide-exchange differences near these residues.

The amide H/2H exchange experiments uniquely point to
a role for the 90sCT loop in optimal substrate recognition at

the P3 position of protein C. Only the cofactor-active
TMEGF45, which is able to promote protein C activation,
causes tightening of the 90sCT loop. Protein C has an Asp at
the P3 position, whereas fibrinogen has a Phe. TM-induced
alteration of the 90sCT loop could remove electrostatic
repulsion between Asp100CT and Asp102CT of thrombin and
the P3 Asp of protein C, thus improving its approach to the
active site of thrombin. Also, only the cofactor-active
TMEGF45 caused reduced exchange in the C-terminal helix
which abuts the 90sCT loop. Asp100CT is hydrogen bonded
to Ser214CT, so it is likely that alteration of the 90sCT loop
also will affect the conformation of the 220sCT loop.
Although we do not have peptide coverage of the 220sCT

loop in the amide-exchange studies, alanine scanning experi-
ments have suggested that residues in this loop are also
important for protein C recognition (10).

The amide H/2H exchange experiments presented here give
direct evidence that TM causes subtle changes in thrombin;
however, the crystal structure of thrombin bound to
TMEGF456 showed no differences in thrombin compared
with PPACK-inactivated thrombin (11). There are several
plausible explanations for this discrepancy. One possibility
is that the complex seen in the crystals already has the active
site loops closed, perhaps because there is a covalent
substrate at the active site. Indeed, loop repositioning prior
to binding may be assessed best by association kinetic
experiments, which show dramatic differences between free
thrombin and TM-bound thrombin (10). A second possibility
is that TM may cause alterations in the dynamic ensemble
of thrombin that cannot be observed in the crystals. Such
subtle conformational or dynamic changes can perhaps best
be observed by amide H/2H exchange experiments such as
those presented here. Amide H/2H exchange is a new
experimental tool that reveals, in the most direct way so far
achieved, the subtle changes that occur only when a cofactor-
active TM fragment is bound. They also reveal the pathway
within the thrombin molecule by which changes are trans-
mitted from the TM binding site to the active site.
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