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Thrombin is a dual-action protease that serves a pivotal
function in the coagulation cascade where it participates in

cleavage of fibrinogen to form blood clots, but it also activates
protein C initiating anticoagulation. Fibrinogen binds at two sites
on thrombin: the active site where cleavage occurs and exosite 1,
on the opposite side of the thrombin molecule (Figure 1A).
Thrombomodulin (TM) binds thrombin at exosite 1,1,2 inhibits
fibrinogen binding, and increases the catalytic activity toward
protein C (cofactor activity).3 The fourth, fifth, and sixth EGF-
like domains of TM are all that is required for cofactor activity.4,5

The residues responsible for binding to thrombin are contained
in the fifth and sixth domains, and residues in the fourth domain
are necessary for protein C activation.6�8 Two EGF-like domain-
containing fragments of TM that have been employed to study
TM�thrombin interactions include TMEGF45, which has full
cofactor activity, but binds 10-fold more weakly, and TMEGF56,
which does not have cofactor activity, but has full binding
affinity.7

TM binding to thrombin at exosite 1 has been shown to
greatly increase the binding rate of various inhibitors that bind at
the active site of thrombin,2,9�12 and the ka for protein C binding
has been shown to be 1000-fold higher for the TM�thrombin
complex compared to thrombin alone.13 However, TM binding
did not measurably alter the structure of thrombin14 possibly due
to the presence of an irreversible inhibitor, L-Gly-Gly-Arg
chloromethyl ketone (GGACK), which is very similar to
DPhe-Pro-Arg-chloromethyl ketone (PPACK), in the active site

of thrombin which dramatically decreases the dynamics of the
complex.15 In addition, different changes in the spectra of
fluorescent dyes bound to the active site of thrombin were
observed depending on whether cofactor-active or -inactive
fragments of TM were bound at exosite 1.16 More recently,
H/D exchange experiments have been used to probe changes in
the backbone dynamics of thrombin when bound to TMEGF45
and TMEGF56.17 Two regions, one that was part of a β-strand
connecting exosite 1 to the active site (residues Leu84 to Leu99
using the chymotrypsin numbering scheme), retained more
deuterium when bound to TMEGF45 compared to TMEGF56.
Figure 1A highlights exosite 1 and the active site of thrombin as
well as the β-strand that connects them. Although all of these results
suggest an allosteric linkage between exosite 1 and the active site,
thermodynamic coupling between these two binding sites has
not been measured directly by calorimetry.

Thermodynamic measurements give powerful insights for
understanding the interactions of receptors and their ligands,
and isothermal titration calorimetry (ITC) is a tool that can be
used to directly measure all the thermodynamic properties of a
binding event. Interactions between a monoclonal antibody and
thrombin as well as between TM and thrombin have been
examined previously by ITC, but the TM�thrombin interaction
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ABSTRACT: Several lines of experimental evidence including amide exchange and NMR
suggest that ligands binding to thrombin cause reduced backbone dynamics. Binding of the
covalent inhibitor DPhe-Pro-Arg chloromethyl ketone to the active site serine, as well as
noncovalent binding of a fragment of the regulatory protein, thrombomodulin, to exosite 1
on the back side of the thrombin molecule both cause reduced dynamics. However, the
reduced dynamics do not appear to be accompanied by significant conformational changes.
In addition, binding of ligands to the active site does not change the affinity of
thrombomodulin fragments binding to exosite 1; however, the thermodynamic coupling
between exosite 1 and the active site has not been fully explored. We present isothermal
titration calorimetry experiments that probe changes in enthalpy and entropy upon
formation of binary ligand complexes. The approach relies on stringent thrombin
preparation methods and on the use of dansyl-L-arginine-(3-methyl-1,5-pantanediyl)amide and a DNA aptamer as ligands with
ideal thermodynamic signatures for binding to the active site and to exosite 1. Using this approach, the binding thermodynamic
signatures of each ligand alone as well as the binding signatures of each ligand when the other binding site was occupied were
measured. Different exosite 1 ligands with widely varied thermodynamic signatures cause a similar reduction in ΔH and a
concomitantly lower entropy cost upon DAPA binding at the active site. The results suggest a general phenomenon of
enthalpy�entropy compensation consistent with reduction of dynamics/increased folding of thrombin upon ligand binding to
either the active site or exosite 1.
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appears to be entirely entropic and so it could not be studied
further with this method.18 Recently, ITC was used to examine
the binding of ligands to the thrombin active site and to exosite
2.19 Here, we have probed the thermodynamic coupling between
exosite 1 and the active site using ITC.

In order to further investigate the effects of various ligands
binding to thrombin, we used a methyl analogue of dansyl-L-
arginine-(3-ethyl-1,5-pantanediyl)amide (DAPA),20 calledDAMPA,
that was previously used to study pH effects upon binding to
thrombin21 as a reversible active site ligand. The thrombin-
binding DNA aptamer was used as a reversible ligand that binds
at exosite 1.22 Both DAMPA and the DNA aptamer bind with
high affinity and a significant change in enthalpy. The effects of
different ligands binding alone and in combination reveal ther-
modynamic coupling between exosite 1 and the active site.
Binding at the active site changes the thermodynamic signature
of exosite 1 ligands, and conversely binding at exosite 1 changes
the thermodynamic signature of active site ligands.

’MATERIALS AND METHODS

Preparation of Thrombin. Bovine thrombin was purified
from a barium citrate eluate (prepared from bovine plasma)
according to previously published methods.23 The eluate powder
(5 g) was resuspended overnight in 200 mL of 100 mM EDTA,
10 mM sodium citrate, and 150 mM NaCl containing 11.1 g of
ammonium sulfate and 30 mg of benzamidine. Following resus-
pension, the concentration of ammonium sulfate was increased
from 10 to 40%. After centrifugation at 10000g for 20 min, 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 aG-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 in-
cubating it with 2.0 mg/mL Echis carinatus venom (Miami
Serpentarium), 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 (2.5 cm � 100 cm) equilibrated in 25 mM NaH2PO4

(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 16/10 FPLC column (Amersham/GE
Healthcare) equilibrated with buffer A [25 mM NaH2PO4 (pH
6.5) and 100 mM NaCl]. The thrombin was eluted with a linear
gradient of buffer B [25 mM NaH2PO4 (pH 6.5) and 500 mM
NaCl] over the course of 90min. Purified, activeR-thrombin was
identified by fibrinogen clotting. Active fractions (>4000 U/mg)
were stored in 1mL aliquots with 10mMbenzamidine at�80 �C
for up to 2 weeks. For PPACK-thrombin, 1 mL fractions of active
R-thrombin were added to 1.1 μmol lyphoilized aliquots of
PPACK and allowed to shake for 3 h at room temperature before
storing at �80 �C. Immediately before ITC, all proteins were
repurified by HiLoad 16/60 Superdex 75 size-exclusion chroma-
tography (Amersham/GE Healthcare) equilibrated in 50 mM
Bis-tris propane (pH 7.4), 150 mM NaCl (and 2.5 mM CaCl2
for the experiments in calcium-containing buffer). This step
removes the benzamidine, after which time the thrombin was
used within 8 h.
Preparation of TMEGF45.TMEGF45 was expressed in Pichia

pastoris yeast as described previously.7 The protein was first
purified by anion-exchange chromatography (QAE Sephadex
followed by HiLoad 26/10 Q Sepharose) followed by reverse-
phase HPLC as described previously.24 HPLC fractions with
specific activities above 3 � 104 nmol apC/min/mg TM were
lyophilized and stored at�20 �C. The lyophilized fractions were
finally reconstituted in DI H2O and purified by HiLoad 16/60
Superdex 75 size-exclusion chromatography (Amersham/GE
Healthcare) in 50 mM Bis-tris propane (pH 7.4), 150 mMNaCl.
Preparation of DAMPA. Because of the lack of availability of

4-ethylpiperidine, required for the synthesis of DAPA as de-
scribed in ref 20, we modified the procedure to use 4-methylpi-
peridine, which is readily available, instead. This simpler
procedure results in DAMPA, for which a more difficult syn-
thesis was previously described.21 Dansyl arginine HCl (75 mg,
0.169 mmol) and N,N-carbonyldiimidazole (180 mg, 1.11
mmol) were added to 600 μL of DMSO and allowed to stir for
2 min. Then 180 μL of 4-methylpiperidine was added, and the
reaction was allowed to stir for 4 h at room temperature in the
dark. The reaction was quenched with 2 mL of 150 mM NaCl
and extracted twice with ethyl acetate. The ethyl acetate layer
containing the crude DAMPA was evaporated over the course of
an hour with a directed stream of N2, leaving a yellow oil which

Figure 1. (A) Crystal structure of PPACK-thrombin (PDB 1PPB33). The catalytic triad is highlighted in orange, exosite 1 is shown in red, with the
β-strand linking exosite 1 to the active site highlighted in purple, and the two peptides with reduced H/D exchange in the presence of TMEGF45 are
shown in cyan. The covalently bound PPACK is black. Representative ITC binding curves are shown for addition of 15 μL injections of a 70 μMsolution
of DAPA (B), or a 13 μM solution of TMEGF56 (C), or a 70 μM solution of the thrombin aptamer (D) to thrombin (6.5 μM in the cell). Values for Ka

are M�1, ΔH in J mol�1, and ΔS in J mol�1 K�1, and N is the stoichiometry of binding.
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was resuspended in warm 0.1% TFA, 15% acetonitrile (ACN)
and immediately injected on aWaters C18 reverse phase column
(19 mm � 300 mm) equilibrated with 0.1% TFA/10% ACN.
DAMPAwas eluted by a gradient of 0�50% ACN over 30 min at
a flow rate of 10 mL/min. Fractions were collected and analyzed
byMALDI-MS; DAMPA has a molecular weight of 489.3 g/mol.
Fractions containing only DAMPA were lyophilized out of H2O
and stored at �80 �C for up to 3 months in 4.2 nmol aliquots.
The concentration of DAMPA was determined by the absor-
bance at 330 nm (ε = 4010 cm L unit�1 mol�1).
DNA Aptamer. The 15 base DNA aptamer, GGTTGGTGT-

GGTTGG, originally discovered by Bock et al., from a screen of
1013 synthetic oligonucleotides,22 binds thrombin at exosite
1 and was ordered from Integrated DNA Technologies. Samples
were lyophilized in 43 nmol aliquots and stored at �20 �C until
needed. Immediately before use, the samples were reconstituted
in 600 μL of ITC buffer. Concentration was determined by the
absorbance at 260 nm (ε = 143 300 cm L unit�1 mol�1).
ITC Experiments. All proteins were repurified by size-exclu-

sion chromatography the same day the experiments were per-
formed (see above). Protein concentrations were determined by
BCA assay (Pierce Chemicals). Collected fractions were con-
centrated to 6.5 μM and stored at �20 �C for the day until they
were used. DAMPA and thrombin aptamer samples were recon-
stituted in 50 mMBis-tris propane (pH 7.4), 150 mMNaCl (and
2.5 mMCaCl2 for the experiments in calcium-containing buffer)
to final concentrations of 65�70 μM. For TMEGF45�thrombin
experiments, 13 nmol of repurified thrombin was combined with
65 nmol of repurified TMEGF45 and concentrated to a final
volume of 2 mL, yielding a final concentration of 6.5 μM
thrombin and a 5-fold excess of TMEGF45, ensuring that the
thrombin was >99% bound with the TMEGF45.25

All ITC experiments were performed on a VP-ITC calorimeter
(MicroCal, Inc.). The volume of the calorimetric cell in the
VP-ITC is 1.4 mL, and all titrations detailed in this paper were
conducted by adding the titrant in steps of 15 μL. All experiments
were performed at 25 �C with a 180 s initial delay. In order to
avoid bubble formation in the calorimetric cell during stirring, all
solutions were thoroughly degassed. The heat evolved during
each injection of ligand was obtained by integrating the

calorimetric signal. The heat associated with binding of a ligand
to the protein in the cell was obtained by subtracting the heat of
dilution from the heat of reaction. Heats of dilution due to
mismatch between the syringe and cell solutions were insignif-
icant in all experiments. The individual heats were plotted as a
function of the molar ratio, and nonlinear regression of the
data was performed using the ORIGIN software supplied with
the instrument according to a single binding site model,
which provided the enthalpy change (ΔH) and the binding
constant (KA).
Differential Scanning Calorimetry (DSC) Experiments.

Immediately before DSC, all proteins were repurified by HiLoad
16/60 Superdex 75 size-exclusion chromatography (Amersham/
GE Healthcare) equilibrated in 25 mM PIPES, pH 6.5, and
150 mM NaCl. Samples containing 25 μM thrombin alone
or with 75 mM TMEGF45 or 50 mM aptamer were degassed
for 10 min prior to DSC analysis. All melting experiments were
performed on a VP-DSC calorimeter fromMicroCal Inc. with an
active cell volume of 0.5 mL. Melting experiments were per-
formed over a range of 25�90 �Cwith a scan rate of 90 �C/h, and
sets of experiments were always preceded by an initial buffer
scan followed by dynamic loading of samples during a thermal
downscan.

’RESULTS

Binding of Ligands to the Active Site and to Exosite 1 of
Thrombin. With the goal of probing how ligand binding at
exosite 1 might affect the thermodynamics of binding at the
active site, we tested various ligands that were known to bind at
each of these sites. The fluorescent ligand, DAPA, which has
often been used for active site titration,20 has exothermic binding
with a ΔH of �6 kcal/mol and an equilibrium binding dissocia-
tion constant of 22 nM. Because of uneven quality of commer-
cially available DAPA, an analogue, DAMPA, was synthesized
that gave an essentially identical thermodynamic signature
(Figure 1B, Table 1). Experiments were all performed at 25 �C
in order tominimize autocatalytic degradation of thrombin. SDS-
PAGE analysis of the thrombin reobtained from the ITC cell
after an experiment in which DAMPA binding was measured

Table 1. Results from Isothermal Titration Calorimetry Experiments Exploring Binding at Exosite 1 and the Active Site of
Thrombin

in cell in syringe Ka (�107 M�1) N ΔH (kcal/mol) �TΔS (kcal/mol) ΔG (kcal/mol)

Without Calcium

thrombin DAMPA 4.5 ( 2.5a 0.9 ( 0.1 �5.9 ( 0.3 �4.4 ( 0.6 �10.3 ( 0.4

thrombin aptamer 0.9 ( 0.2 0.96 ( 0.1 �20.2 ( 0.8 10.5 ( 0.9 �9.7 ( 0.2

thrombin TM56 no heat observed

apt-thromin DAMPA 5.8 ( 0.37 1.11 ( 0.1 �4.2 ( 0.3 �6.4 ( 0.7 �10.6 ( 0.4

PPACK-thrombin aptamer 0.8 ( 0.1 0.98 ( 0.02 �17.7 ( 1.1 8.3 ( 1.2 �9.4 ( 0.8

TM45-thrombin DAMPA 5.0 ( 1.8 0.86 ( 0.02 �4.5 ( 0.2 �6.0 ( 0.4 �10.5 ( 0.2

With 2.5 mM Calcium

thrombin DAMPA 4.5 ( 0.5 0.9 ( 0.1 �6.2 ( 0.04 �4.2 ( 0.1 �10.4 ( 0.1

thrombin aptamer 1.5 ( 0.2 0.87 ( 0.04 �22.4 ( 0.1 12.6 ( 1.0 �9.8 ( 0.1

apt-thromin DAMPA 5.6 ( 2.1 1.06 ( 0.08 �4.8 ( 0.2 �5.7 ( 0.4 �10.5 ( 0.3

PPACK-thrombin aptamer 1.4 ( 0.6 0.9 ( 0.1 �21.0 ( 0.3 11.3 ( 0.04 �9.7 ( 0.3

TM45-thrombin DAMPA 5.9 ( 2.2 1.00 ( 0.06 �5.0 ( 0.1 �5.5 ( 0.2 �10.5 ( 0.2
aValues are the average of three independent experiments.
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showed that the thrombin had not been significantly autolyzed
(Supporting Information Figure 1). Thus, the binding of DAM-
PA gives a convenient thermodynamic signature of binding to the
active site of thrombin that is indistinguishable from the binding
of DAPA.19

We previously showed that TMEGF45 shows no change of
heat when it binds to thrombin, thus making it a poor choice of
ligand for probing binding to exosite 1.18 Here we show that
TMEGF56, which binds 10-fold more strongly to thrombin than
TMEGF45, also does not release heat upon binding to thrombin
(Figure 1C). This same preparation of TMEGF56 bound tightly
to thrombin with aKD of 1.7 nM as assessed by SPR (Supporting
Information Figure 2).26 Thus, it appears that fragments of TM
do not provide a directly measurable thermodynamic signature of
binding to exosite 1. In contrast, a DNA aptamer selected to bind
to exosite 1 was highly exothermic with aΔH of�20.2 kcal/mol
and an equilibrium binding dissociation constant of 111 nM
(Figure 1D, Table 1). The results were indistinguishable whether
human or bovine thrombin was used (Supporting Information
Figure 3), so experiments were performed with bovine thrombin
for cost efficiency. The results show that different exosite 1
ligands have markedly different thermodynamic signatures.
Binding of the DNA Aptamer to Exosite 1 Alters the

Thermodynamics of Binding at the Active Site. The binding
of single ligands to either the active site or exosite 1 gave clear
thermodynamic signatures that could be reproducibly measured
by ITC. We next used these same ligands to probe the thermo-
dynamic cross-talk between exosite 1 and the active site. In these
experiments, a complex was preformed between thrombin and
one of the ligands, and then this complex was titrated in the ITC
with the other ligand. The amount of the first ligand added to
form the complex was determined from the ITC titrations shown
in Figure 1, and a sufficient excess was added so that the thrombin
was completely bound. We first probed the effects of binding the
DNA aptamer to exosite 1 prior to titrating the active site with
DAMPA. The results showed that when the DNA aptamer was
bound, the heat released (ΔH) upon binding DAMPA was
significantly reduced from�5.9 kcal/mol upon binding DAMPA
to free thrombin to only to only �4.2 kcal/mol upon binding
DAMPA to the aptamer�thrombin complex (Figure 2). Re-
markably, the binding affinity was nearly the same with a ΔG of

�10.4 kcal/mol for DAMPA binding to free thrombin vs aΔG of
�10.5 for DAMPA binding to the aptamer�thrombin complex
(Table 1). The reason for the large difference in heat released
compared to the small difference inΔG between the two binding
reactions is accounted for by a compensating difference in the
entropy change upon binding. We report the entropy change as
�TΔS so that it can be directly compared to theΔH andΔG. For
DAMPA binding to thrombin, the �TΔS was �4.4 kcal/mol,
whereas the �TΔS was �6.4 kcal/mol for DAMPA binding to
the aptamer�thrombin complex (Table 1). Use of DAMPA as
the ligand in these experiments was convenient because its KA is
in a good range of c values so that the stoichiometry andKA could
be reliably obtained directly from the ITC experiment. The value
of ΔG was then obtained from the ITC measurement of KA, and
finally the value of �TΔS was computed from ΔG � ΔH.
Binding of the DNA Aptamer to Free Thrombin Has a

Different Thermodynamic Signature from Binding of the
DNA Aptamer to PPACK-Thrombin. To ascertain whether the
alteration in thermodynamic signature “goes both ways” in
thrombin, we next compared the thermodynamics of binding
of the DNA aptamer to free thrombin vs PPACK-thrombin.

Figure 2. ITC binding curves for the addition of 15 μL injections of a
70 μM DAPA solution binding to thrombin alone (6.5 μM in the cell)
(A) and DAPA binding to a thrombin�aptamer complex (6.5 μM
thrombin with 20 μM aptamer) (B).

Figure 3. ITC binding curves for 15 μL injections of a 70 μM aptamer
solution binding to a 6.5 μM solution of thrombin (A) and to a 6.5 μM
solution of PPACK-thrombin (B).

Figure 4. ITC binding curves for 15 μL injections of a 70 μM solution
of DAPA binding to thrombin alone (6.5 μM in the cell) (A) and to
TM45-thrombin (6.5 μM thrombin with 32.5 μM TM45) (B).
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Again, the heat released upon binding of the DNA aptamer to
PPACK-thrombin was significantly less than for binding of
the DNA aptamer to free thrombin (Figure 3). In this case,
the overall ΔG for these two binding events was very similar
(�9.7 vs �9.4 kcal/mol), and the difference in the entropy
change upon binding again compensated for the difference in
heat released (Table 1).
Effect of TMEGF45 on the Thermodynamics of DAMPA

Binding to Thrombin. To test whether TM binding also affects
ligand binding at the active site, binding of DAMPA to free
thrombin was compared to binding of DAMPA to the thrombin�
TMEGF45 complex. As with the aptamer, the ΔH upon
DAMPA binding to free thrombin was significantly more favor-
able than the ΔH upon DAMPA binding to the thrombin�
TMEGF45 complex (Figure 4). The enthalpy change upon
binding was reduced from �5.9 to �4.5 kcal/mol, and the
entropy change again fully compensated for the difference so that
the difference in binding free energy between the two experi-
ments was negligible (Table 1). This result was all the more
remarkable considering the completely different thermodynamic
signature of the aptamer binding (highly favorable ΔH) com-
pared to TMEGF45 binding (no observable binding ΔH).
Effects of Calcium on the Binding Thermodynamics of

Ligand Binding. Although thrombin is not thought to have a
calcium-binding site, experiments on TM binding to thrombin
are usually carried out in buffer containing calcium because both
TM and protein C are known to bind calcium.27,28 We thus
repeated all of the experiments already described in buffer
containing 2.5 mM CaCl2 (Table 1). The thermodynamic
signature of DAMPA binding to thrombin was within error the
same whether the buffer contained calcium or not (Table 1).
Consistent with the ionic nature of the interaction between the
DNA aptamer and exosite 1 of thrombin, the thermodynamic
signature for the aptamer binding changed slightly so that the
binding ΔH was slightly more favorable and the �TΔS was
slightly less favorable. These differences were only slightly out-
side of the experimental error and were judged to be insignificant.
We also compared the differences between each thermodynamic
parameter measured in the presence and absence of calcium for
the ternary interactions (Figure 5). These results showed again
that the enthalpy�entropy compensation is nearly complete also
in the presence of calcium. In all cases, the same trends were
observed for the ternary interactions in the presence or absence
of calcium. For example, prebinding of the DNA aptamer caused

the ΔH to be somewhat more favorable and the �TΔS to be
somewhat less favorable for DAMPA binding, and this trend was
also seen in the presence of calcium (Figure 5A). Prebinding of
TMEGF45 also showed similar trends (Figure 5B). Attempts to
measure a change in heat upon addition of calcium to thrombin
in the cell showed no measurable direct binding, indicating that
the calcium effects are most likely secondary ionic effects most
likely influencing binding at exosite 1.
Relationship between Binding and Overall Thrombin

Stabilization. One explanation for the decreased entropic pen-
alty for binding a ligand at one site when a ligand is already bound
at another site is that the first ligand reduces the dynamics of the
protein so that a smaller conformational entropy change occurs
upon binding the second ligand.29 We previously showed that
when PPACK is bound at the active site of thrombin the
backbone dynamics are reduced throughout the protein.15 The
reduced dynamics are accompanied by a large increase in
stabilization; the Tm increases from 57 to 79 �C as measured
by DSC.30 To probe whether something similar happens when
ligands bind to exosite 1, we performed DSC experiments to
compare the stability of thrombin alone to thrombin bound with
the aptamer or TMEGF45 at exosite 1. Both the aptamer and
TMEGF45 caused a small but measurable increase in melting
temperature (57.9 �C) as compared to thrombin alone (56.9 �C)
(Figure 6A); however, the change was much smaller than that
observed for PPACK binding to the active site.30 Thus, the
thermodynamic coupling between exosite 1 and the active site
may be partially, but not completely attributed to alterations of
conformational dynamics.

’DISCUSSION

Direct thermodynamic measurement of binding allostery in
thrombin has been a difficult goal to achieve for several reasons.
First, the concentration of thrombin required for ITC measure-
ments is relatively high, and under these conditions, thrombin
autolysis is expected to be significant. We circumvented this
problem by using freshly prepared thrombin that was stored
briefly at �80 �C at pH 6.5 with 5 mM benzamidine, then
repurified by size exclusion chromatography, and rapidly con-
centrated immediately before the ITC experiment was per-
formed. These measures ensured that all of the thrombin was
fully binding competent, allowing accurate measurement of the
stoichiometry and heat released upon binding.

Figure 5. (A) Thermodynamic parameters for aptamer binding to throm-
bin and PPACK-thrombin with and without Ca2þ present. (B) Thermo-
dynamic parameters for DAMPA binding to thrombin, aptamer-thrombin
andTM45-thrombinwith andwithoutCa2þ present. For bothfigures,ΔH is
shown in gray, �TΔS is shown in white, and ΔG is shown in black.

Figure 6. (A) DSC thermal denaturation data for thrombin alone
(25 μM, blue), aptamer-thrombin (25 μM thrombin with 75 μM
aptamer, red), and TMEGF45-thrombin (25 μM thrombin with
100 μM TMEGF45, magenta). The denaturation temperatures are
57.9, 58.7, and 58.9 �C, respectively. (B)Overlay of the crystal structures
of thrombin complexed with aptamer (thrombin, blue; aptamer, red)
(PDB 1HUT34) and of thrombin complexed with TMEGF456
(thrombin, green; TMEGF456, magenta) (PDB 1DX514).
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As reviewed in the introduction, previous work by us and
others, particularly focused on the binding of TM fragments to
exosite 1, suggested that binding at exosite 1 somehow changes
the active site of thrombin.16,17 Although these results hinted that
the binding sites may engage in “allosteric communication”,
binding affinities (KD) measured by SPR were exactly the same
for active thrombin binding to TMEGF456 vs PPACK-inacti-
vated thrombin binding to TMEGF456.18,31 As allostery is
traditionally defined as a change in ΔG of binding at one site
when the allosteric site is occupied, this result should be
interpreted as the absence of allostery between exosite 1 and
the active site.

The results we present here definitely demonstrate thermo-
dynamic coupling between exosite 1 and the active site; however,
the coupling does not result in a change in ΔG as would be
expected for traditional allostery. Instead, what is observed is a
near-perfect enthalpy�entropy compensation. Two different
ligands, a DNA aptamer and a TM fragment, were used as
ligands at exosite 1. Two different ligands, a covalent PPACK
modification at Ser 195 and a noncovalent ligand, DAMPA, were
used to probe binding at the active site. To look for allostery, we
measured the difference in binding thermodynamics at the one
site in the presence or absence of a ligand prebound at the other
site. These experiments revealed, as expected, that the allosteric
coupling “runs in both directions”. That is, if a ligand is bound at
exosite 1, the bindingΔH at the active site is reduced, but also the
entropic cost is lower so the overall bindingΔG does not change.
Similarly, if a ligand was bound at the active site, the heat released
upon binding a ligand at exosite 1 was reduced and the entropic
cost lowered so that again the binding ΔG does not change.

Such an enthalpy�entropy compensation mechanism is most
often seen in protein folding reactions where the protein adopts a
large number of conformations in the unfolded state (high
entropy), and when the protein folds to a single native state,
this entropy is exchanged for the favorable enthalpy of specific
side chain interactions in the folded structure. It is tantalizing to
speculate that ligand binding to either site on thrombin in effect
further folds the protein and that this is what we are observing in
the binding experiments. It is well-known that thrombin is highly
dynamic. Indeed, ligand binding to either exosite 1 or the active
site reduced amide hydrogen exchange throughout thrombin.15,17

Recent NMR experiments also showed that some resonances
that were presumably exchange-broadened in free thrombin
could be observed in the ligand-bound states, again hinting at
reduced dynamics upon ligand binding.32 One interpretation of
both of these results is that ligand binding changes the energy
landscape of thrombin toward a more folded structure. This
interpretation is bolstered by the finding that thrombin is highly
stabilized toward thermal denaturation by ligand binding as
measured by DSC.15

Probably the most fascinating part of the story, however, is
that it does not seem tomatter what the ligand is. The two ligands
that bound to exosite 1 had completely different thermodynamic
signatures; the DNA aptamer bound with a highly favorable ΔH
and a highly unfavorable�TΔS, whereas the TMEGF45 showed
no change in enthalpy upon binding and presumably bound with
a favorable �TΔS. It is worth emphasizing that even though we
did not directly observe a change in heat upon TMEGF45
binding, the large difference in binding enthalpy when DAMPA
was bound to free thrombin vs the TMEGF45�thrombin
complex is clear evidence that the TMEGF45 was, in fact, bound.
Despite the completely different thermodynamic signatures, and

even the completely different bound structures (Figure 6B), both
of these ligands induced the same effects on DAMPA binding.
Both reduced the favorable binding ΔH and in both cases this
was compensated by a reduced entropic cost so that the overall
binding ΔG was the same. The fact that such different ligands
could induce similar thermodynamic changes in the active site
strongly argues that they both caused similar folding changes in
thrombin. The results presented here are consistent with pre-
vious H/D exchange results from our laboratory showing that
ligand binding at exosite 1 decreased the amide exchange at the
active site. This was true for cofactor-active fragments of TM as
well as cofactor-inactive fragments.17 The results presented here,
however, do not help to explain why different ligands, specifically
cofactor active vs inactive forms of TM induced different H/D
exchange effects in loops surrounding the active site. It is likely
that kinetics and not thermodynamics studies will be required
to completely understand the dynamics changes induced by
cofactor-active forms of TM.
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