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The molecular mechanism of thrombin activation by Na�

remains elusive. Its kinetic formulation requires extension of
the classical Botts-Morales theory for the action of amodifier on
an enzyme to correctly account for the contribution of the E*, E,
andE:Na� forms.The extended scheme establishes that analysis
of kcat unequivocally identifies allosteric transduction of Na�

binding into enhanced catalytic activity. The thrombin mutant
N143P features no Na�-dependent enhancement of kcat yet
bindsNa� with an affinity comparable to that of wild type. Crys-
tal structures of the mutant in the presence and absence of Na�

confirm that Pro143 abrogates the important H-bond between
the backbone N atom of residue 143 and the carbonyl O atom of
Glu192, which in turn controls the orientation of the Glu192-
Gly193 peptide bond and the correct architecture of the oxyan-
ion hole. We conclude that Na� activates thrombin by securing
the correct orientation of theGlu192-Gly193 peptide bond,which
is likely flipped in the absence of cation. Absolute conservation
of the 143–192H-bond in trypsin-like proteases and the impor-
tance of the oxyanion hole in protease function suggest that this
mechanism of Na� activation is present in all Na�-activated
trypsin-like proteases.

Regulation of activity through metal ion complexation plays
a key role in many enzyme-catalyzed reactions, and over one-
third of known proteins are metalloproteins (1–3). The earliest
evidence for monovalent cation (M�) activation of enzymes
was provided by Boyer (4) with the discovery of the absolute
requirement of K� by pyruvate kinase (5). Monod demon-
strated Na�-dependent catalytic rate enhancement in �-galac-
tosidase (6). Following these discoveries, many enzymes were
observed to display increased activity in the presence ofM� (7).
A recent classification of M�-activated enzymes groups them
based on the selectivity of the effect, as established by kinetic
studies, and themechanism of activation, as shown from struc-
tural analysis (8). The mechanism of activation can be estab-
lished from crystal structures as cofactor-like or allosteric. In
the former case, theM� anchors the substrate to the active site
of the enzyme, often acting in tandemwith a divalent cation like

Mg2�. In this mechanism of activation, called Type I, theM� is
absolutely required for catalysis. In the latter, called Type II, the
M� enhances enzyme activity through conformational transi-
tions triggered upon binding to a site where the M� makes no
direct contact with substrate. In this case, that is most relevant
to the clotting enzyme thrombin and related trypsin-like pro-
teases (9, 10), the M� acts as an allosteric effector and is not
absolutely required for catalysis.
Earlier kinetic studies on the hydrolysis of chromogenic sub-

strates by Orthner and Kosow revealed that thrombin is opti-
mally active in the presence of Na� (11), an effect originally
observed in factor Xa by the same group (12) and in activated
protein C by Steiner and Castellino (13–16). Curiously, the
original observation on thrombinwas at oddswith the accepted
view at the time that salts, and Na� in particular, actually acted
as inhibitors of thrombin hydrolysis of synthetic substrates (17,
18). In fact, the inhibitory effect of Na� was rationalized as a
direct perturbation of the catalytic His57 that would reduce
effectiveness of the charge relay system (18).Wells and Di Cera
demonstrated that the Na� activation of thrombin is specific
and allosteric and involves the transition of the enzyme
between two active forms (19) leading to an increase in kcat and
a decrease inKm. These forms areE (Na�-free) with low activity
and E:Na� (Na�-bound) with high activity, originally defined
as the slow and fast forms (19). The E and E:Na� forms are
significantly (2:3 ratio) populated under physiological condi-
tions, because the Kd for Na� binding is 110 mM at 37 °C (19–
23) and the physiological [NaCl] � 140 mM is not sufficient for
saturation.Na� is themajor driving force behind the procoagu-
lant, prothrombotic, and signaling functions of thrombin in the
blood (24), because it is required for optimal cleavage of fibrin-
ogen (24–26), PAR1, PAR3, and PAR4 (27, 28) and activation of
factors V (29), VIII (30), and XI (31). Importantly, Na� binding
is dispensable for cleavage of the anticoagulant protein C with
or without thrombomodulin (25, 26). This explains why several
naturally occurring mutations of the prothrombin gene, like
prothrombin Frankfurt (32), Salakta (33), Greenville (34),
Scranton (35), Copenhagen (36), and Saint Denis (37), that
affect residues linked to Na� binding (38) are associated with
bleeding and why all anticoagulant thrombin mutants engi-
neered to date are defective for Na� binding (26, 39–43). After
being overlooked in earlier structures (44–46), the Na� bind-
ing site of thrombin was identified unequivocally using Rb�

replacement (47) and facilitated the subsequent identification
of the analogous Na� binding sites in factor Xa (48, 49), factor
VIIa (50), activated protein C (51), factor IXa (52), and the
thrombin precursor meizothrombin-desF1 (53). Na� has a sig-
nificant influence on the activity of factors VIIa (54, 55), IXa
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(52), Xa (12, 56–61), activated protein C (13–16, 62), and
meizothrombin-desF1 (53, 63). Therefore, studies on the
molecular mechanism of Na� binding to thrombin are key to
understand the function and regulation of this and many other
clotting enzymes.
The role of two active species in equilibrium, E and E:Na�,

can be cast mathematically in terms of the well known Botts-
Morales scheme for the action of a “modifier” on enzyme func-
tion (64). In this scheme, binding of Na� to thrombin is
expected to produce a single kinetic phase reflecting the con-
version of E into E:Na�. Recent findings, however, indicate that
this is not the case. Na� binding to thrombin andmeizothrom-
bin-desF1 gives rise to two kinetic phases, one fast (in the
microsecond time scale) due to Na� binding to E to produce
E:Na� (23, 65) and another considerably slower (in the milli-
second time scale) that reflects a pre-equilibrium between E
and another form, E*, that is unable to bind Na� or substrate to
the active site (23, 66). The three forms of thrombin lead to the
kinetic scheme (Scheme 1).
Two Na�-free forms E* and E interconvert with kinetic rate

constants kr and k�r, and E interacts with Na� with a rate con-
stant kA to populate E:Na�, that may dissociate into the parent
components with a rate constant k�A. The presence of E* rede-
fines the slow form (19) as a mixture of two conformations in
equilibrium, E* and E, which requires extension of the Botts-
Morales scheme to ensure a rigorous treatment of the allosteric
effect of Na� on thrombin. In addition, more information is
needed on themolecular events that translateNa� binding into
enhanced catalytic activity as reported by the values of kcat and
kcat/Km. Site-directed mutagenesis may become advantageous
ifmutants defective for allosteric transduction of theNa� effect
can be identified and crystallized in the presence and absence of
Na�. One such mutant is presented in this study and helps
define a major structural transition linked to Na� binding to
thrombin.

MATERIALS AND METHODS

The human thrombin mutant N143P was constructed,
expressed, and purified to homogeneity as reported else-
where (20, 26, 38), using the QuikChange site-directed
mutagenesis kit from Stratagene (La Jolla, CA) in a HPC4-
modified pNUT expression vector containing the human
prethrombin-1 gene. Values of s � kcat/Km and kcat for the
hydrolysis of the chromogenic substrates H-D-Phe-Pro-Phe-
p-nitroanilide (FPF),2 H-D-Phe-Pro-Lys-p-nitroanilide
(FPK), and H-D-Phe-Pro-Arg-p-nitroanilide (FPR) were
determined from analysis of progress curves and corrected
for product inhibition as detailed elsewhere (67) under

experimental conditions of 5 mM Tris, 0.1% PEG 8000, pH
8.0, at 25 °C, in the presence of 200 mM NaCl or choline
chloride (ChCl). Values of s � kcat/Km for the hydrolysis of
the chromogenic substrates H-D-Phe-Gly-Arg-p-nitroani-
lide (FGR), FPF, FPK, and FPR, the release of fibrinopeptide
A from fibrinogen, cleavage of the protease-activated recep-
tors PAR1, PAR3, and PAR4, and activation of protein C in
the absence or presence of 100 nM thrombomodulin and 5
mM CaCl2 were determined as reported elsewhere (26, 28,
68) under physiological experimental conditions of 5 mM

Tris, 0.1% PEG 8000, 145 mM NaCl, pH 7.4, at 37 °C.
Stopped-flow fluorescence measurements were carried

out with an Applied Photophysics SX20 spectrometer, with
excitation at 280 nm and a cutoff filter at 305 nm (23). Sam-
ples of wild-type or N143P thrombin at a final concentration
of 50 nM in 5 mM Tris, 0.1% PEG 8000, pH 8.0, at 15 °C were
mixed 1:1 with 60-�l solutions of the same buffer containing
variable amounts of NaCl (up to 400 mM) kept at constant
ionic strength of 400 mM with ChCl. The baseline was mea-
sured with 400 mM ChCl in the mixing syringe. Each trace
was determined in quadruplicate. Na� binding was also
studied in the presence of saturating amounts (1 mM) of the
active site inhibitor benzamidine to establish the contribu-
tion of the E*-E interconversion to the total fluorescence
change detected in the absence of inhibitor. Under these
conditions, Scheme 1 predicts that binding of benzamidine
would shift the E*-E equilibrium in favor of E, so that binding
of Na� would only cause the transition of E to E:Na�.
Accordingly, the total fluorescence change in the presence of
benzamidine was �50% of that measured in the absence of
inhibitor and was not due to an inner filter effect of benza-
midine estimated at �5% after proper correction (69). Sim-
ilar results were obtained when the E*-E equilibrium was
perturbed with saturating amounts of the active site inhibi-
tor argatroban, featuring a negligible inner filter effect.
Binding of the active site inhibitor argatroban was studied

directly by isothermal titration calorimetry under experi-
mental conditions of 5 mM Tris, 0.1% PEG 8000, 200 mM

NaCl, or ChCl, pH 8.0, at 25 °C, using an iTC200 calorimeter
(MicroCal Inc., Northampton, MA) with the sample cell
containing thrombin and the syringe injecting argatroban
(70). The sample volume for iTC200 was 204.6 �l, and the
total volume of injected ligand was 39.7 �l. The thermal
equilibration step at 25 °C was followed by an initial 60-s
delay step and subsequently an initial 0.2-�l injection. Typ-
ically, 19 serial injections of 2 �l and 1 last injection of 1.5 �l
of ligand were performed at an interval of 180 s. The stirring
speed was maintained at 1000 rpm, and the reference power
was kept constant at 5 microcalories/s. The heat associated
with each injection of ligand was integrated and plotted
against the molar ratio of ligand to macromolecule. Thermo-
dynamic parameters were extracted from a curve fit to the
data using the software (Origin 7.0) provided by MicroCal
according to a one-site binding model.
Crystals of the thrombin mutant N143P were obtained at

22 °C using the hanging drop, vapor-diffusion method, with
each reservoir containing 500 �l. Equal volumes (1 �l) of the
protein sample and reservoir solution (see Table 1) were

2 The abbreviations used are: FPF, H-D-Phe-Pro-Phe-p-nitroanilide; FPK, H-D-
Phe-Pro-Lys-p-nitroanilide; FPR, H-D-Phe-Pro-Arg-p-nitroanilide; FGR, H-D-
Phe-Gly-Arg-p-nitroanilide; PEG, polyethylene glycol; r.m.s.d., root mean
square deviation.

SCHEME 1
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mixed to prepare the hanging drops. Diffraction quality crys-
tals grew in 2 weeks and were cryoprotected in a solution
similar to the reservoir solution but containing 15% (v/v)
glycerol prior to flash freezing. X-ray diffraction data for the
N143P mutant in the E:Na� form were collected at the
Advanced Photon Source (beamline Biocars 14-BMC,
Argonne National Laboratory, Argonne, IL), and those for
the N143P mutant in the E* form were collected with a home
source Mar345 detector (MarResearch, Germany). The data
were indexed, integrated, and scaled with the HKL2000 soft-
ware package (71). The structures were solved by molecular
replacement using MOLREP from the CCP4 suite (72) and
PDB accession codes 1SHH (38) and 3BEI (73) as a search
model for the N143P mutant in the E:Na� and E* forms,
respectively. Refinement and electron density generation
were performed with Crystallography and NMR System (74)
for the mutant N143P in the E:Na� form or REFMAC (75)
for the mutant N143P in the E* form, and 5% of the reflec-
tions were randomly selected as a test set for cross-valida-
tion. Ramachandran plots were calculated using PRO-
CHECK (76). Statistics for data collection and refinement
are summarized in Table 1. Atomic coordinates and struc-
ture factors have been deposited in the Protein Data Bank
(accession codes: 3JZ1 for N143P in the E:Na� form; 3JZ2 for
N143P in the E* form).

RESULTS

Correct analysis of the allosteric effect of Na� on thrombin
requires extension of the classical Botts-Morales scheme (64) in
terms of the E*, E, and E:Na� forms in Scheme 1. The presence
of E* produces an extended scheme as given in Scheme 2.
The active forms E and E:Na� feature different values of

kinetic rate constants for binding (k1,0, k1,1) and dissociation
(k�1,0, k�1,1) of substrate S, as well as rates of substrate conver-
sion into product (k2,0, k2,1). The parameters KA � kA/k�A and
KA� � kA�/k�A� are the equilibrium association constants for
Na� binding to E and ES, respectively. The ratio r � k�r/kr �
[E*]/[E] is the equilibrium constant for the E*-E interconver-
sion and removal of E* (r � 0) converts Scheme 2 into the well
known Botts-Morales scheme. To derive the expressions for
the independent parameters s � kcat/Km and kcat, Scheme 2
must be solved for the velocity of product formation at steady
state, v, per unit active enzyme concentration, etot. The solution
is known in the case of the Botts-Morales scheme (9, 64, 77).
Hence, solution of Scheme 2 can be obtained in terms of the
known solution of the Botts-Morales scheme perturbed by the
presence of E*.
The expression for v/etot depends on the total number of

trajectories at steady state for Scheme 2. Each trajectory leading
to a species must contain the product of four rate constants;
because of the five intermediates in Scheme 2 only four are
independent due to conservation of mass. The sum of trajecto-
ries toward each species defines the contribution of that species
at steady state (78). The expression for the velocity of product
formation at steady state is therefore,

v

etot
�

k2,0�ES� � k2,1�E:Na�S�

�E*� � �E� � �E:Na�� � �ES� � �E:Na�S�

�
k2,0	ES � k2,1	E:Na�S

	E* � 	E � 	E:Na� � 	ES � 	E:Na�S
(Eq. 1)

where 	EX is the sum of trajectories toward species EX in
Scheme 2 (EX� E*, E, ES, E:Na�, or E:Na�S). The contribution
of E* is derived as follows. All trajectories leading to a species
other than E* must contain the rate constant kr, and therefore
	EX � kr
EX (EX � E, ES, E:Na�, or E:Na�S), where the 

values (listed in Table 2) refer to the sum of trajectories of the
Botts-Morales scheme obtained when E* is omitted in Scheme
2. This is because E* can only participate to the flux of trajecto-
ries by generating E. All trajectories leading to E*, on the other
hand, must contain the rate constant k�r, and therefore 	E* �
k�r
E. This is because E* can only be generated from E. With
these important simplifications, Equation 1 becomes,

SCHEME 2

TABLE 1
Crystallographic data for the thrombin mutant N143P

E:Na� form E* form

Buffer/salt 0.2 M NaNO3 0.1 M imidazole
PEG 3350 (20%) 8000 (7%)
PDB ID 3JZ1 3JZ2
Data collection APS 14-BM-C Home Mar345
Wavelength (Å) 0.9 1.54
Space group C2 P43
Unit cell dimensions (Å) a � 120.0 a � 57.9

b � 47.7 b � 57.9
c � 50.7 c � 119.8
� � 92.3°

Molecules/asymmetric unit 1 1
Resolution range (Å) 40–1.6 40–2.4
Observations 150,267 83,891
Unique observations 36,932 14,942
Completeness (%) 98.6 (97.0) 96.7 (77.8)
Rsym (%) 6.1 (32.0) 7.6 (40.8)
I/�(I) 16.9 (3.1) 19.0 (2.2)

Refinement CNS REFMAC
Resolution (Å) 40-1.6 40-2.4
�F�/�(�F�) �0 No cutoff
Rcryst, Rfree 0.203, 0.216 0.189, 0.246
Reflections (working/test) 34,471/1,818 14,167/747
Protein atoms 2,239 2242
Na� ions 2 0
Solvent molecules 214 116
r.m.s.d. bond lengthsa (Å) 0.008 0.012
r.m.s.d. anglesa (°) 1.7 1.4
r.m.s.d. �B (Å2) (mm/ms/ss)b 2.39/2.80/4.07 2.02/1.36/2.45
B� protein (Å2) 28.1 34.1
B� Na� (Å2) 24.6 -
B� solvent (Å2) 42.8 20.3

Ramachandran plot
Most favored (%) 98.4 100
Generously allowed (%) 1.1 0
Disallowed (%) 0.5 0

a Root mean squared deviation (r.m.s.d.) from ideal bond lengths and angles and
r.m.s.d. in B-factors of bonded atoms.

b mm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.
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v

etot
�

k2,0
ES � k2,1
E:Na�S


E�1 � r� � 
E:Na� � 
ES � 
E:Na�S

� � v

etot
�

BM


E � 
E:Na� � 
ES � 
E:Na�S


E�1 � r� � 
E:Na� � 
ES�
E:Na�S
� � v

etot
�

BM

f (Eq. 2)

and the solution of the steady-state properties of Scheme 2 is
the same as that of the Botts-Morales scheme, (v/etot)BM, which
does not depend on r, corrected by a factor f that depends on r,
[Na�], and [S]. Under saturating concentrations of substrate,
one has f � 1 (see Table 2) in Equation 2 and,

kcat � lim
�S�3�

v

etot
�

k2,0 � k2,1K�A[Na�]

1�K�A[Na�]
(Eq. 3)

The expression for kcat in Scheme 2 is the same as that in the
Botts-Morales scheme. The presence of E* has no influence on
the value of kcat, as expected, because this parameter is a prop-
erty of the enzyme-substrate complex and not of the free
enzyme. Three independent parameters k2,0, k2,1, and KA� are
resolved frommeasurements of kcat as a function of [Na�]. The
value of s has a more complicated expression (see Table 2), i.e.,

s �
kcat

Km
�

1

etot
� dv

d�S]�
[S]�0

�sBM

1�KA[Na�]

1�r � KA[Na�]
(Eq. 4)

and contains the value sBM in the Botts-Morales scheme (9, 64,
77) corrected by the contribution of r. The algebraic form of
Equation 4 is such that the parameters KA reflecting the Na�

binding affinity of the free enzyme and r cannot be resolved
independently. These parameters can only be resolved by
stopped-flowmeasurements ofNa� binding (23). The presence
ofE* has a profound influence on the value of s, contrary towhat
is observed in the case of kcat. As r increases because the popu-
lation of E* increases, the value of s decreases without limits. A
mutation of thrombin that stabilizes E* has the potential to
abrogate activity even in the absence of perturbation of Na�

binding (KA) or specific effects on the values of s for the E form
s0 � k1,0k2,0/(k�1,0 � k2,0) or theE:Na� form s1 � k1,1k2,1/(k�1,1 �
k2,1). That is a basic difference with respect to the Botts-
Morales mechanism for which s is bound from s0 to s1.

The allosteric transduction of Na� binding into enhanced
catalytic activity of thrombin can be quantified from Equations
3 and 4 by taking the ratio between values at [Na�] � ∞ and
[Na�] � 0, i.e.,

� �
s1

s0
�1 � r� (Eq. 5)

� �
k2,1

k2,0
(Eq. 6)

where the value of�measures the enhancement of kcat and does
not depend on r. This parameter only measures the difference
in kcat between the two active forms of thrombin, E:Na�S and
ES, and does not depend on E*. Hence, a mutation that selec-
tively changes the value of r has no effect on the value of �. The
value of �, on the other hand, depends explicitly on r and can
increase even when s1 and s0 remain constant if E* becomes
more populated.
Of particular interest is the case where allosteric transduc-

tion of Na� binding into enhanced catalytic activity is compro-
mised. Residues involved in Na� binding need not be the same
as those transducing this event into enhanced catalytic activity.
Binding and catalysis in Scheme 2 are thermodynamically inde-
pendent, because the rate constants reflecting catalysis are not
subject to detailed balancing (64, 78). Indeed, although many
residues of thrombin influencing Na� binding have been iden-
tified (38, 54), no residue controlling allosteric transduction has
so far emerged from mutagenesis studies. In the presence of
Na� binding, a mutation that abrogates allosteric transduction
into enhanced catalytic activity leads to k2,0� k2,1 and s0� s1, or
� � 1 and � � 1 � r � 1. The condition � � 1 in Scheme 2 is

TABLE 2
Coefficients in the velocity expression (Equation 2) for the kinetics of Na� activation
Because these coefficients refer to the Botts-Morales scheme, obtained from Scheme 2 when E* is not present, they do not depend on the equilibrium constant r.
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very different from the condition � � 1 predicted by the Botts-
Morales scheme when s1 � s0. Therefore, conclusions on the
mechanism of Na� binding to thrombin based only on analysis
of s � kcat/Km data can be misleading. For example, a value of
� � 22measured for the hydrolysis of FPR by wild-type throm-
bin (Table 3) can also be obtained for a mutant that binds Na�

normally but does not transduce at all, provided r is large
enough. Without the knowledge gleaned from Scheme 2 and
Equation 5, such mutant would be deemed no different from
wild type, when in fact it holds important information on the
mechanism of Na� activation. Because the value of � cannot be
used to establish the extent or lack of allosteric transduction,
such conclusionsmust rely on the value of�, especiallywhenno
independent information is available on the value of r. A value
of � � 1 implies that E and E:Na� turn over substrate at the
same rate and that Na� has no transducing effect on the
enzyme. In conclusion, when Na� binds to thrombin but pro-
duces no enhancement of either kcat or s� kcat/Km for the active
E and E:Na� forms, the resulting value of kcat will not change
with [Na�], but the value of swill still be higher in the presence
of Na� due to the contribution of the inactive form E*.

All three forms of thrombin have been identified crystallo-
graphically (9), but they provide few details on the molecular
mechanism of Na� activation. E and E:Na� are very similar
(38), underscoring their active conformation. E*, on the other
hand, features a collapsed active site and a Na� site environ-
ment that cannot retain the cation (43, 73, 79), consistent with
its inactive nature. The presence of E* increases the apparent
Km for substrate binding, and the binding of Na� may over-
come this effect by shifting the equilibrium toward E:Na�.
However, the Na� effect on kcat cannot be explained with the
presence of E*, because this form is by definition never popu-
lated under saturating concentrations of substrate where kcat is
measured. The enhancement in kcat must be explained in terms
of the differences between E and E:Na� for which existing
structures offer little insight. Mutations that abrogate the Na�

effect on kcat in the presence of Na� binding are therefore cru-
cial to decouple themechanism of thrombin activation byNa�.

Residue Asn143 plays a key role in the function of thrombin
and the entire class of serine proteases to which thrombin
belongs (10). Trypsin-like proteases stabilize substrate binding
to the active site using a network of H-bonds, five of which are
highly conserved and ensure the efficient hydrolysis of amide
bonds (80, 81). Of these H-bonds, two stabilize an anti-parallel
�-sheet betweenGly216 and the P3 residue of substrate, and the
other three involve the backbone N and O atoms of the P1
residue of substrate. TheN atom engages the backboneO atom

of Ser214. The O atom of the P1 residue, on the other hand,
makes two H-bonding interactions with the backbone N atoms
of the catalytic Ser195 and Gly193 in the so-called “oxyanion
hole.” The role of this region of the enzyme is to stabilize the
developing negative charge on the O atom of substrate during
formation of the tetrahedral intermediate (82) by 1.5–3.0 kcal/
mol (83). The lack of a side chain at position 193 allows correct
positioning of the amido hydrogen to form the requisite
H-bond with the oxyanion substrate. Indeed, Gly is highly con-
served at position 193 in serine proteases, but few exceptions do
exist and are associatedwith perturbed substrate hydrolysis and
resistance to inhibition (84–87). The conformation of the 192–
193 peptide bond keeps the backbone of Gly193 in the correct
orientation for formation of the oxyanion hole. This is ensured
by a highly conserved H-bond between the carbonyl O atom of
residue 192 and the backbone N atom of residue 143 on the
adjacent �-strand. When this H-bond is broken, as in the E*
form of thrombin (43, 73, 79), factor VIIa (50), complement
factor B (88), and the arterivirus protease nsp4 (89), the 192–
193 peptide bond flips and the oxyanion hole is disrupted. Our
interest in residue Asn143 of thrombin was to establish the role
of the H-bond with Glu192 in the allosteric transitions of the
enzyme. TheN143Pmutation wasmade to selectively abrogate
the H-bonding capabilities of the backboneN atom, as success-
fully done in other systems (90–92), and produce a constitu-
tively flipped Glu192-Gly193 peptide bond. We expected the
mutation to stabilize the E* form and perhaps afford an antico-
agulant effect as recently observed for the �146–149e mutant
(43).
The properties of theN143Pmutant were tested under phys-

iological conditions against a panel of chromogenic and mac-
romolecular substrates (Fig. 1). Themutation changes the value
of kcat/Km to a different extent depending on the substrate used,
arguing against an exclusive stabilization of the E* form that
would have produced a similar drop in activity for all substrates
tested, as recently observed for the �146–149e mutant (43).
Importantly, the N143P mutation does not abrogate activity,
which hardly explains why Pro at position 143 is not docu-
mented in any trypsin-like protease sequenced to date (10). If
the N143P mutant disrupts the oxyanion hole, as expected,
then the energetic consequences do not abrogate activity alto-
gether and depend on the particular enzyme-substrate complex
formed. This is consistent with the results obtained with direct
perturbation of Gly193 (83) and studies on clotting factor VIIa
where active site ligands were found to reconstitute the correct
architecture of the oxyanion hole disrupted by the flip in the
192–193 peptide bond (50). Binding of thrombomodulin to

TABLE 3
Kinetic properties (s � kcat/Km, Km, and kcat) of wild-type and mutant N143P thrombin toward chromogenic substrates

Enzyme Substrate sa Km
a kcata sb Km

b kcatb � �

�M�1 s�1 �M s�1 �M�1 s�1 �M s�1

wt FPF 0.013 � 0.001 110 � 10 1.4 � 0.1 0.48 � 0.01 17 � 1 8.3 � 0.3 37 � 1 5.9 � 0.2
wt FPK 0.30 � 0.01 40 � 1 12 � 1 7.0 � 0.2 4.0 � 0.2 28 � 1 23 � 1 2.3 � 0.1
wt FPR 4.0 � 0.2 0.88 � 0.04 3.5 � 0.1 88 � 6 0.33 � 0.03 29 � 1 22 � 1 8.3 � 0.2
N143P FPF 0.0058 � 0.0001 40 � 1 0.23 � 0.01 0.0054 � 0.0001 33 � 1 0.18 � 0.01 0.93 � 0.02 0.78 � 0.02
N143P FPK 0.0036 � 0.0001 72 � 2 0.26 � 0.01 0.028 � 0.001 6.4 � 0.1 0.18 � 0.01 7.8 � 0.2 0.69 � 0.02
N143P FPR 0.56 � 0.01 13 � 1 7.5 � 0.1 2.1 � 0.1 2.9 � 0.1 6.0 � 0.1 3.8 � 0.2 0.80 � 0.02

a Experimental conditions: 5 mM Tris, 0.1% PEG 8000, pH 8.0, 25°C, 200 mM ChCl.
b Experimental conditions: 5 mM Tris, 0.1% PEG 8000, pH 8.0, 25°C, 200 mM NaCl.
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exosite I of N143P does not ameliorate the energetic penalty on
substrate recognition by the active site, even in the case of the
anticoagulant substrate protein C. Although the data in Fig. 1
obviously donot rule out that theN143Pmutation stabilizes the

E* form, they do demonstrate a specific perturbation of the
intrinsic kinetic properties of the enzyme in addition to possible
changes in the allosteric equilibria involving E*, E, and E:Na�.
However, no relevant anticoagulant propensity is gained by the
mutant when Pro is substituted at position 143.
Having established that the N143P mutation affects specifi-

cally the catalytic properties of thrombin, we addressed
whether this perturbation was linked to the binding of Na�.
The catalytic activity of N143P is compromised up to two
orders of magnitude toward the chromogenic substrates FPF,
FPK, and FPR that differ in their P1 residue (Table 3). In the
wild type, the kcat/Km values of FPF, FPK, and FPR differ up to
three orders of magnitude and are significantly enhanced by
Na� with an increase in kcat that ranges form 2- (FPK) to 8-fold
(FPR). In the N143P mutant, the values of kcat change little in
the presence of Na�, and they are actually slightly higher in the
absence of cation (Table 3). Values of� are significantly smaller
than those measured for wild type. Importantly, these changes
in the N143P mutant are observed for substrates with large
values of � in the wild type due to an effect of Na� predomi-
nantly on kcat (FPR), Km (FPK), or both kcat and Km (FPF).
Because thesemay be signatures of perturbation of the alloster-
ic transduction, Na� binding to N143P was studied directly by
stopped-flow, and the results are shown in Fig. 2. A large fluo-
rescence increase upon binding of Na� documents the interac-
tion of the cationwith theN143Pmutant. However, contrary to
what is observed in the wild-type, the mutant lacks the slow
phase of fluorescence enhancement. This phase is due to the
E*-E interconversion of the enzyme (23), and its loss in the
N143P mutant can be attributed either to absence of the E*

FIGURE 1. Functional properties of the thrombin mutant N143P. Shown
are the values of s � kcat/Km for the hydrolysis of chromogenic substrates FGR,
FPF, FPK, and FPR, fibrinogen (FpA), PAR1, PAR3, PAR4, protein C (PC), and
protein C (PC�TM) or FPR (S�TM) in the presence of 100 nM thrombomodulin
and 5 mM CaCl2 for the thrombin mutant N143P (smut) relative to wild-type
(swt). Each substrate experiences a different loss of activity that cannot be
reconciled with an exclusive perturbation of the E*-E equilibrium in favor of
the inactive form E*, as recently reported for the �146 –149e mutant (43).
Hence, different substrates probe the oxyanion hole of the enzyme in differ-
ent ways leading to distinct perturbed energetics. Thrombomodulin is
unable to restore activity toward chromogenic substrate or protein C. Exper-
imental conditions are: 5 mM Tris, 0.1% PEG 8000, 145 mM NaCl, pH 7.4, at
37 °C. The values of swt are: 0.52 � 0.05 �M

�1s�1 (FGR), 0.28 � 0.03 �M
�1s�1

(FPF), 4.2 � 0.2 �M
�1s�1 (FPK), 37 � 1 �M

�1s�1 (FPR), 17 � 1 �M
�1s�1 (FpA),

39 � 1 �M
�1s�1 (PAR1), 0.35 � 0.02 �M

�1s�1 (PAR3), 0.34 � 0.01 �M
�1s�1

(PAR4), 59 � 3 M
�1s�1 (PC), 0.22 � 0.01 �M

�1s�1 (PC�TM), and 34 � 2
�M

�1s�1 (S�TM).

FIGURE 2. Na� binding to thrombin wild-type and N143P. A, kinetic traces of Na� binding to wild-type thrombin in the 0 –250 ms time scale. Shown are the
traces obtained at 0 (open circles) and 50 mM Na� in the absence (black circles) or presence (gray circles) of 1 mM benzamidine. Notice how the binding of Na�

obeys a two-step mechanism, with a fast phase completed within the dead time (�0.5 ms) of the spectrometer, followed by a single-exponential slow phase.
The presence of benzamidine abolishes the slow phase and yields a rapid phase whose amplitude is comparable to that observed in the absence of benza-
midine. Experimental conditions are: 50 nM thrombin, 5 mM Tris, 0.1% PEG 8000, pH 8.0, at 15 °C. The [Na�] was changed by keeping the ionic strength constant
at 400 mM with ChCl. Continuous lines were drawn using the expression b � a exp(�kobst) with best-fit parameter values: open circles, a � 0 � 0 V, kobs � 0 �
0 s�1, b � 8.11 � 0.01 V; black circles, a � 0.27 � 0.02 V, kobs � 130 � 10 s�1, b � 8.98 � 0.02 V; and gray circles, a � 0 � 0 V, kobs � 0 � 0 s�1, b � 8.63 � 0.01
V. These values are in excellent agreement with those reported previously in the absence of benzamidine (23). B, kinetic traces of Na� binding to the thrombin
mutant N143P in the 0 –250 ms time scale. Shown are the traces obtained at 0 (open circles) and 50 mM Na� in the absence (black circles) or presence (gray circles)
of 1 mM benzamidine. Notice how the binding of Na� to N143P produces only a rapid phase of fluorescence enhancement comparable in total amplitude to
that observed in the wild type. The presence of benzamidine reduces the amplitude of the fast phase and gives a total amplitude again comparable to that seen
in the wild type. Experimental conditions are: 50 nM thrombin, 5 mM Tris, 0.1% PEG 8000, pH 8.0, at 15 °C. Continuous lines were drawn using the expression b �
a exp(�kobst) with best-fit parameter values: open circles, a � 0 � 0 V, kobs � 0 � 0 s�1, b � 8.09 � 0.01 V; black circles, a � 0 � 0 V, kobs � 0 � 0 s�1, b � 8.87 �
0.01 V; and gray circles, a � 0 � 0 V, kobs � 0 � 0 s�1, b � 8.51 � 0.01 V. C, Na� binding curves of thrombin wild-type (open circles) and N143P (black circles)
obtained from the total change in intrinsic fluorescence determined by stopped-flow kinetics. Experimental conditions are: 50 nM thrombin, 5 mM Tris, 0.1%
PEG 8000, pH 8.0, at 15 °C. The [Na�] was changed by keeping the ionic strength constant at 400 mM with ChCl. Continuous lines were drawn according to the
equation, F � (F0 � F1Kapp[Na�])/(1 � Kapp[Na�]), where F0 and F1 are, respectively, the limiting values of intrinsic fluorescence in the absence and under
saturating [Na�] and Kapp � KA/(1 � r) is the apparent Na� binding affinity (23). The best-fit parameter values are: wild-type, F0 � 8.07 � 0.04 V, F1 � 9.12 � 0.03
V, Kapp � 120 � 20 M

�1; N143P, F0 � 8.10 � 0.02 V, F1 � 9.19 � 0.02 V, Kapp � 52 � 5 M
�1.
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form, or to a change in the kinetic rate constants kr and k�r that
define the rate of interconversion. The values of � � 1 in Table
3 coupled to the presence ofNa�binding strongly suggest a lack
of allosteric transduction for the N143P mutant. Hence, if the
mutation causes a flip of the Glu192-Gly193 peptide bond with
disruption of the oxyanion hole, it can be concluded that the
oxyanion hole is disrupted in the E form due to a flip of the
Glu192-Gly193 peptide bond. Restoration of the correct orienta-
tion of the Glu192-Gly193 peptide bond would represent a key
signature of the allosteric transduction of Na� binding into
enhanced kcat values for thrombin.
The values of � in Table 3 are perturbed relative to wild type,

which brings about the role of E* in the N143P mutant. If E* is
absent in this mutant (r � 0), then the values of � � 1 should
reflect the effect of Na� on the Km, because no enhancement is
seen for kcat. Furthermore, the total fluorescence change
reported in Fig. 2 should reflect the transition of E to E:Na� for
this mutant and would have twice the amplitude of the same
transition in the wild type. The contribution of the E-E* inter-
conversion can be abrogated by measuring Na� binding with a
ligand bound to the active site. Scheme 1 predicts that binding
of a ligand to the active site under saturating conditions would
shift the equilibrium from E* to E completely, because E* has
the active site occluded. Binding of Na� under these conditions
should give only a fast phase of fluorescence increase reflecting
the conversion of E to E:Na� with an amplitude similar to that
of the fast phase observed in the absence of active site ligand.
The data in Fig. 2 confirm this expectation for wild type. When
Na� binding is measured in the presence of the active site
inhibitor benzamidine, whose fluorescence properties do not
change when free or bound to the enzyme (93), only a rapid
phase of fluorescence increase is observed whose amplitude is
comparable to that of the fast phasemeasured in the absence of
benzamidine. When the same experiment is carried out with

the mutant N143P, a fast phase is observed that is smaller than
that seen in the absence of benzamidine, thereby demonstrat-
ing that some of the rapid fluorescence change detected upon
Na� binding to the N143P mutant in the absence of benzami-
dine is due to the E*-E interconversion that has become too fast
to resolve. Amplitude analysis (94) suggests that the E*:E ratio
in theN143Pmutant is close to 1:1 and comparable to that seen
in the wild type (23). In conclusion, the N143P mutant parti-
tions between E and E* and binds Na� like wild type, but does
not transduce this event into enhanced catalytic activity. Res-
toration of the oxyanion hole is therefore a major determinant
of the mechanism allowing Na� to activate thrombin.

The lack of allosteric transduction in the N143P mutant is
further supported by the equilibriumcomponents of ligand rec-
ognition. Binding of the active site inhibitor argatroban to wild
type increases 6-fold in the presence of Na� due to a massive
(6.7 kcal/mol) entropic contribution (Fig. 3). Most of this
entropic enhancement is lost in the N143P mutant, and the
affinity for argatroban increases only 2-fold in the presence of
Na�. It is straightforward to show that the ratio of affinities for
a ligand binding to the active site in the presence versus absence
of Na� has the same form as Equation 5, i.e.,

� �
K1

K0
�1 � r� (Eq. 7)

where K0 and K1 are the equilibrium binding constants of the
ligand to theE andE:Na� forms, respectively. A value of � � 6.2
is obtained for argatroban binding to wild type. Because r �
0.15 for wild type under the same experimental conditions (23),
the ratio K1/K0 � 5.4 indicates preferential binding of argatro-
ban to the E:Na� form relative to the E form. In the case of the
mutant N143P, the value of r cannot be accessed experimen-
tally because of the lack of the slow phase linked toNa� binding

FIGURE 3. Argatroban binding to thrombin wild type and N143P. Argatroban binding to thrombin wild type and N143P in the presence or absence of Na�,
as indicated, measured by isothermal titration calorimetry. The top panel shows the heat exchanged in each individual titration. The bottom panel is the
integration of the data to yield the overall heat exchanged as a function of the ligand/protein molar ratio. Experimental conditions were 5 mM Tris, 0.1% PEG
8000, pH 8.0, 25 °C, 200 mM NaCl or ChCl, as indicated. The thrombin and argatroban concentrations were 13.44 �M and 140 �M (wild-type, Na�), 13.44 �M and
140 �M (wild-type, Ch�), 52.5 �M and 777 �M (N143P, Na�), and 52.5 �M and 777 �M (N143P, Ch�). Titration curves were fit using the Origin software of the
iTC200, with best-fit parameter values (N is the stoichiometric constant): wild-type, Na�: n � 0.97 � 0.01, K � 1.8 � 0.4 108

M
�1, �G � �11.2 � 0.1 kcal/mol,

�H � �7.6 � 0.1 kcal/mol, T�S � 3.6 � 0.1 kcal/mol; wild-type, Ch�: n � 1.06 � 0.01, K � 2.9 � 0.3 107
M

�1, �G � �10.1 � 0.1 kcal/mol, �H � �13.2 � 0.1
kcal/mol, T�S � �3.1 � 0.1 kcal/mol; �143P, Na�: n � 1.03 � 0.01, K � 2.0 � 0.5 106

M
�1, �G � �8.6 � 0.1 kcal/mol, �H � �5.9 � 0.1 kcal/mol, T�S � 2.7 �

0.1 kcal/mol; �143P, Ch�: n � 1.04 � 0.01, K � 1.0 � 0.1 106
M

�1, �G � �8.2 � 0.1 kcal/mol, �H � �7.2 � 0.1 kcal/mol, T�S � 1.0 � 0.1 kcal/mol.
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(see Fig. 2). Assuming that r is comparable to the value mea-
sured for wild type, it can be concluded that binding of Na� to
N143P increases the affinity for argatroban at most by 1.7-fold.
Na� binding to thrombin would therefore control the correct
architecture of the oxyanion hole in both the ground and tran-
sition states, thereby allowing optimization of both substrate
binding and catalysis by the enzyme.
To further dissect the molecular basis of the properties docu-

mented by kinetic and equilibrium measurements, crystal struc-
tures of the N143P mutant were solved in the presence and
absence ofNa�. The structure in the absence ofNa� removes any
doubts about the contribution of E* for this mutant, called into
question by the lack of slow phase in the Na� binding data
reported in Fig. 2. The structure is practically identical (r.m.s.d.�
0.15Å) to theE* form identified from twoothermutations (43, 73,
79). The presence of the N143P mutation abrogates the H-bond
with the carbonylO atomofGlu192 and causes a flip of theGlu192-
Gly193 peptide bond with disruption of the oxyanion hole (Fig. 4).
Themutant folds in a self-inhibited conformation (Fig. 4) due to a
collapseof the215–217�-strand into theactive site thatmoves the
indole ring of Trp215 �10 Å to engage the catalytic His57 on the
opposite side of the active site cleft. Hence, the thrombinmutants
D102N, �146–149e, and N143P crystallize in the same E* form,
notwithstanding differences in sequence and crystallization con-
ditions. In the presence of Na� the collapse of the 215–217
�-strand into the active site is corrected, and Trp215 moves back
into thepositionobserved in theE:Na� form (Fig. 4). TheNa� site
is restoredandbinds thecationwith the samecoordinationaswild
type. However, the flip of the Glu192-Gly193 peptide bond is
retained because of the presence of Pro143.

DISCUSSION

The extension of the Botts-Mo-
rales scheme presented in this study
provides a rigorous framework to
understand the mechanism of
thrombin activation by Na�. A
major property of the extended
scheme is that kcat offers unequivo-
cal evidence of the presence of allo-
steric transduction of Na� binding.
Hence, any mechanism of Na� acti-
vation must involve discussion of
the properties of the active forms E
and E:Na�. The inactive E* form
cannot be invoked to explain the
mechanism of Na� activation of
thrombin pertaining to kcat. The
kinetic constant kcat is a property of
the enzyme-substrate complex,
which cannot form when thrombin
assumes the inactive E* form. This
refutes recent naive suggestions
that Na� activates thrombin by
switching the enzyme from an inac-
tive to an active conformation (95,
96) and that also lead to the untena-
ble prediction of kcat/Km � 0 in the
absence of Na�. Thrombin exists in

the E* and E forms in the absence of Na�. The presence of E
explains why thrombin is not inactive in the absence of Na�

(kcat/Km � 0), as documented by three decades of experi-
mental data (9, 11, 19). The presence of E* explains why Na�

binding to thrombin obeys a two-step kinetic mechanism
(Scheme 1) (23) and why the activity of some mutants defec-
tive for Na� binding is orders of magnitude lower than that
of the E form of wild-type (43, 70, 97).
Analysis of the structures of E and E:Na� bound to PPACK

reveals that they are practically identical to each other
(r.m.s. � 0.19 Å) except for a small (1 Å) upward shift in the
60-loop in the absence of Na� (38) that hardly explains the
difference in kcat observed experimentally. The E and E:Na�

forms are also very similar when free (38) except for the
Arg187–Asp222 ion pair that is broken in the E form, a rota-
tion of Asp189 in the primary specificity pocket, the confor-
mation of Ser195 that breaks the H-bond with His57 in the E
form, and the architecture of the water network spanning
�20 Å from the Na� site to the active site (38). Mutagenesis
of Arg187, Asp189, and Asp222 supports the role of these res-
idues in the E-E:Na� interconversion, because their replace-
ment to Ala weakens Na� binding (38, 98). The S195A
mutant has little effect on Na� binding (65), but its role on
allosteric transduction cannot be established because of its
lack of catalytic activity. The water network links the
�-strands 215–219, 225–227, and 191–193 that define the
Na� site and the walls of the primary specificity pocket and
likely provides the long range connectivity needed to allo-
sterically communicate information from the Na� site to the

FIGURE 4. X-ray crystal structure of the thrombin mutant N143P. Left: ribbon representation of the
structure of the thrombin mutant N143P (Pro143 is shown as a stick model and indicated by arrow) in the E*
(cyan) and E:Na� (gold) forms. The 215–217 �-strand in the mutant collapses into the primary specificity
pocket (red arrows), with the side chain of Trp215 (stick model) repositioned into the active site (residues of
the catalytic triad His57, Asp102, and Ser195 are shown as stick models) in hydrophobic interaction with
Trp60d, Tyr60a, Leu99, and His57. This represents a drastic change (r.m.s.d. 0.384 Å) from the E:Na� confor-
mation of the mutant N143P (Na� shown as a purple ball) where the side chain of Trp215 is positioned 10.5
Å away and leaves the active site accessible to substrate. Right: details of the disruption of the oxyanion
hole in the thrombin mutant N143P in the E:Na� form (CPK, gold). The conformation of the same residues
in the E* form is shown by comparison (CPK, cyan). The Glu192-Gly193 peptide bond is flipped (red arrow),
because the presence of Pro143 abolishes the H-bond between the backbone N atom of residue 143 and
the backbone O atom of Glu192. The 2Fo � Fc electron density map (light green mesh) refers to the E:Na�

form and is contoured at 1.0 �.
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active site Ser195 and to residues involved in substrate recog-
nition, such as Asp189. However, the role of the water net-
work is hard to probe by mutagenesis, because no side chains
from the protein are involved, other than Asp189, Glu192, and
Ser195. Hence, residues of thrombin responsible for trans-
ducing Na� binding into enhanced catalytic activity mea-
sured by kcat have remained elusive. The mutant N143P
reported in this study provides direct evidence that the
architecture of the oxyanion hole is under the control of Na�

binding and ensures optimal catalysis in the E:Na� form.
The mutation causes the Glu192-Gly193 peptide bond to flip
and disrupts the correct orientation of the backbone N atom
of Gly193. Kinetically, the kcat for hydrolysis of FPF, FPK, or
FPR becomes independent of [Na�], and the value of � is
reduced compared with wild-type. Hence, the Glu192-Gly193
peptide bond is most likely flipped in the E form and assumes
the correct orientation in the E:Na� form. These changes are
not documented by existing structures of E and E:Na� (38)
most likely because the Glu192-Gly193 peptide bond has
intrinsic flexibility in the absence of Na� and can assume
alternative conformations depending on solution and pack-
ing conditions. However, the Glu192-Gly193 peptide bond is
flipped in the K�-bound structure of thrombin (99), which
could explain why this cation is less effective than Na� in
activating the enzyme (19, 54).
Themutant N143P in the Na�-free form crystallizes in the

inactive E* form, as observed for two other mutants of
thrombin (43, 73, 79). The structural architecture of the E*
form is now well established and is completely distinct from
that of the zymogen form of the protease, contrary to some
recent unsubstantiated claims (95, 96). Activation of many
trypsin-like proteases requires proteolytic processing of an
inactive zymogen precursor (100). Cleavage of the propro-
tein precursor occurs at the identical position in all known
members of the family, i.e. between residues 15 and 16. The
nascent N terminus induces conformational change in the
enzyme through formation of an ion pair with the highly
conserved Asp194 that organizes both the oxyanion hole and
substrate binding site (101, 102). The ion pair between Ile16
and Asp194 remains intact in the E* form, with a distance of
only 2.6 Å between the N terminus of Ile16 and the O�2 atom
of Asp194. On the other hand, the ion pair is broken in exist-
ing structures of the zymogen forms of trypsin (102), chymo-
trypsin (103), and chymase (104). Finally, stopped-flow
experiments demonstrate that the E*-E interconversion
takes place on a time scale �10 ms (23), as opposed to the
zymogen-protease conversion that evolves over a much lon-
ger (100–1000 ms) time scale (94, 105).
The value of r for the N143P mutant must be high enough

to enable detection of the E* conformation by crystallo-
graphic studies. Yet, the E form also exists for this mutant
because both s0 and k2,0 have finite values (Table 3) and
future x-ray studies should be able to trap this conformation
of the enzyme under suitable conditions. Because the values
of � for this mutant depend on the substrate used and also
differ from the value of � for argatroban binding, it must be
concluded that the N143P mutation abrogates the Na�-in-
duced enhancement of kcat but influences to different extent

the binding of substrates and ligands to the active site.
Hence, the mutation must perturb the primary specificity
pocket and possibly other recognition sites within the active
site in a way that is probed differently by FPF, FPK, FPR, and
argatroban.
The combination of kinetic and structural data enables us to

conclude that a major difference between the E and E:Na�

forms of thrombin is the conformation of the Glu192-Gly193
peptide bond controlling the architecture of the oxyanion hole.
The architecture is disrupted in the E form and correctly
formed in the E:Na� form, thereby accounting for the higher
kcat upon Na� binding. The difference between the inactive E*
form and the active E form, both lacking Na� bound at its site,
likely resides in the conformation of Trp215 and the 215–217
�-strand. In the E* form, the �-strand collapses into the active
site and precludes substrate binding, but in the E form the
�-strand is correctly positioned to allow substrate diffusion
into the active site. Furthermore, rearrangement of the 186-
and 220-loops in the E form relative to the E* form enables Na�

binding and conversion into the more active E:Na� form. Evi-
dence thatNa� binding plays an important structural and func-
tional role in other clotting enzymes is overwhelming (12–16,
48–63). Absolute conservation of the 143–192H-bond in tryp-
sin-like proteases (10) and the importance of the oxyanion hole
in protease function (80, 81) suggest that the mechanism of
Na� activation revealed by the N143P mutant of thrombin is
present in all Na�-activated trypsin-like proteases.
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74. Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P.,

Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M., Pannu,
N. S., Read, R. J., Rice, L.M., Simonson, T., andWarren, G. L. (1998)Acta
Crystallogr. D Biol. Crystallogr. 54, 905–921

75. Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997) Acta Crystal-
logr. D Biol. Crystallogr. 53, 240–255

76. Morris, A. L., MacArthur,M.W., Hutchinson, E. G., and Thornton, J. M.
(1992) Proteins 12, 345–364

77. Page, M. J., and Di Cera, E. (2006) Physiol. Rev. 86, 1049–1092
78. Hill, T. L. (1977) Free Energy Transduction in Biology, Academic Press,

New York
79. Pineda, A. O., Chen, Z. W., Bah, A., Garvey, L. C., Mathews, F. S., and Di

Cera, E. (2006) J. Biol. Chem. 281, 32922–32928
80. Hedstrom, L. (2002) Chem. Rev. 102, 4501–4524
81. Perona, J. J., and Craik, C. S. (1995) Protein Sci. 4, 337–360
82. Birktoft, J. J., and Blow, D. M. (1972) J. Mol. Biol. 68, 187–240
83. Bobofchak, K. M., Pineda, A. O., Mathews, F. S., and Di Cera, E. (2005)

J. Biol. Chem. 280, 25644–25650
84. Timm, D. E. (1997) Protein Sci. 6, 1418–1425
85. Katona, G., Berglund, G. I., Hajdu, J., Gráf, L., and Szilágyi, L. (2002) J.
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E. (1999) Proc. Natl. Acad. Sci. U.S.A. 96, 1852–1857

Thrombin Mutant N143P

36184 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 52 • DECEMBER 25, 2009

 at S
LU

 H
ealth S

ciences C
enter Library, on F

ebruary 1, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


98. Prasad, S., Cantwell, A. M., Bush, L. A., Shih, P., Xu, H., and Di Cera, E.
(2004) J. Biol. Chem. 279, 10103–10108

99. Carrell, C. J., Bush, L. A., Mathews, F. S., and Di Cera, E. (2006) Biophys.
Chem. 121, 177–184

100. Neurath, H., and Dixon, G. H. (1957) Fed. Proc. 16, 791–801
101. Fehlhammer, H., and Bode, W. (1975) J. Mol. Biol. 98, 683–692

102. Fehlhammer, H., Bode, W., and Huber, R. (1977) J. Mol. Biol. 111,
415–438

103. Wang, D., Bode, W., and Huber, R. (1985) J. Mol. Biol. 185, 595–624
104. Reiling, K. K., Krucinski, J., Miercke, L. J., Raymond, W. W., Caughey,

G. H., and Stroud, R. M. (2003) Biochemistry 42, 2616–2624
105. Fersht, A. R. (1972) J. Mol. Biol. 64, 497–509

Thrombin Mutant N143P

DECEMBER 25, 2009 • VOLUME 284 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36185

 at S
LU

 H
ealth S

ciences C
enter Library, on F

ebruary 1, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/

