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Numerous enzymes with widely different functions, structures, and mechanisms require a monovalent cation (M⫹) for
optimal catalytic activity (1–3). In practically all cases reported
to date, M⫹ activation is mediated by Na⫹ or K⫹ with high
selectivity (3, 4). Remarkable progress has been made during
the past decade in the structural characterization of such
enzymes. Structural studies have uncovered two basic mechanisms of activation, one in which M⫹ functions as a cofactor by
bridging atoms of the protein and substrate in the active site
and another in which M⫹ binds away from substrate and influences recognition and catalysis through an allosteric mecha-
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nism. A simple classification of M⫹-activated enzymes has been
proposed recently by merging information from kinetic and
structural studies (3). The classification groups enzymes based
on their M⫹ specificity (Na⫹ or K⫹) and the mechanism of
activation, cofactor-like (Type I) or allosteric (Type II).
Among Na⫹-activated Type II enzymes, thrombin has been
studied in considerable detail both functionally and structurally
(5–7). Na⫹ binds near the primary specificity pocket, nestled
between the 186 and 220 loops (8, 9), and is required for efficient cleavage of the procoagulant factors fibrinogen (10), factors V (11), VIII (12), XI (13), and the prothrombotic factor
PAR1 (14), but not for activation of the anticoagulant protein C
(10, 15). Hence, Na⫹ binding to thrombin controls key reactions responsible for the initiation, amplification, and feedback
inhibition of the coagulation cascade (16) as well as platelet
aggregation (7). Indeed, several naturally occurring mutations
of the prothrombin gene, like prothrombin Frankfurt (17),
Salakta (18), Greenville (19), Scranton (20), Copenhagen (21),
and Saint Denis (22), affect residues responsible for Na⫹ binding (9) and are often associated with bleeding. Furthermore,
thrombin can be engineered for optimal anticoagulant activity
in vitro and in vivo by mutating residues linked to Na⫹ binding
(15, 23–26).
Thrombin and a few other M⫹-activated enzymes like Trp
synthase (27, 28), pyruvate kinase (29, 30), Hsc70 (31), ␤-galactosidase (32, 33), and inosine monophosphate dehydrogenase
(34) have been the subject of detailed treatments of the kinetics
of M⫹ activation. At steady state, Na⫹ promotes diffusion into
the active site and acylation of substrate by thrombin (35–37).
The binding affinity is relatively weak, with a Kd in the millimolar range (35) as found for many other M⫹-activated enzymes
(1– 4), and changes significantly with temperature (38 – 40).
However, the kinetics of M⫹ binding to M⫹-activated enzymes
in general remain for the most part unexplored due to the difficulty of resolving rate constants for reactions that likely occur
on a very fast time scale (4). In the case of thrombin, earlier
studies have suggested that Na⫹ binds in a two-step mechanism
with a fast phase occurring within the dead time of the spectrometer (2 ms), followed by a slow phase in the 30-ms time
scale at 5 °C (41). In the present study, we revisit these earlier
observations and address the kinetic mechanism of Na⫹ binding to thrombin in more detail. We identify the Trp residues
responsible for the spectral changes and the precise mechanism
that gives rise to the two-step components of Na⫹ binding.

MATERIALS AND METHODS
Site-directed mutagenesis of human thrombin was carried
out in a HPC4-modified pNUT expression vector (15, 42), using
the QuikChange site-directed mutagenesis kit from Stratagene
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The kinetic mechanism of Naⴙ binding to thrombin was
resolved by stopped-flow measurements of intrinsic fluorescence. Naⴙ binds to thrombin in a two-step mechanism with a
rapid phase occurring within the dead time of the spectrometer
(<0.5 ms) followed by a single-exponential slow phase whose
kobs decreases hyperbolically with increasing [Naⴙ]. The rapid
phase is due to Naⴙ binding to the enzyme E to generate the
E:Naⴙ form. The slow phase is due to the interconversion
between E* and E, where E* is a form that cannot bind Naⴙ.
Temperature studies in the range from 5 to 35 °C show significant enthalpy, entropy, and heat capacity changes associated
with both Naⴙ binding and the E to E* transition. As a result,
under conditions of physiologic temperature and salt concentrations, the E* form is negligibly populated (<1%) and thrombin is almost equally partitioned between the E (40%) and E:Naⴙ
(60%) forms. Single-site Phe mutations of all nine Trp residues
of thrombin enabled assignment of the fluorescence changes
induced by Naⴙ binding mainly to Trp-141 and Trp-215, and to
a lesser extent to Trp-148, Trp-207, and Trp-237. However, the
fast phase of fluorescence increase is influenced to different
extents by all Trp residues. The distribution of these residues
over the entire thrombin surface demonstrates that Naⴙ binding induces long-range effects on the structure of the enzyme as
a whole, contrary to the conclusions drawn from recent structural studies. These findings elucidate the mechanism of Naⴙ
binding to thrombin and are relevant to other clotting factors
and enzymes allosterically activated by monovalent cations.

Naⴙ Binding to Thrombin

F⫽

F 0 ⫹ F1 Kapp关Na⫹兴
1 ⫹ Kapp关Na⫹兴

(Eq. 1)

where F0 and F1 are the values of F in the absence and under
saturating [Na⫹] and Kapp is the apparent equilibrium association constant for Na⫹ binding (see below). The value of F0 corresponds to the base-line reading.
The simplest kinetic scheme accounting for the two-step
mechanism of Na⫹ binding detected by stopped-flow measurements is given by Scheme 1.
k ⫺1 KA
E* 9
|
= E N E:Na⫹
k1
SCHEME 1
2

The abbreviations used are: PEG, polyethylene glycol; MES, 4-morpholineethanesulfonic acid.
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The free enzyme exists in equilibrium between two forms, E*
and E, that interconvert with kinetic rate constants k1 and k⫺1.
Of these forms, only E can interact with Na⫹ with an equilibrium association constant KA to generate the E:Na⫹ form. The
fast phase detected by rapid kinetics is due to the binding of
Na⫹ to E to generate E:Na⫹. Analysis of the fast phase was
carried out according to Equation 2, which is analogous to
Equation 1,
F⫽

F 0 ⫹ Fi KA关Na⫹兴
1 ⫹ KA关Na⫹兴

(Eq. 2)

where Fi is the value of F under saturating [Na⫹] (Fi ⬍ F1) and
KA is the intrinsic equilibrium association constant for Na⫹
binding. The slow phase is due to the interconversion between
E* and E with an observed rate constant as shown in Equation 3.
k obs ⫽ k1 ⫹ k⫺1

1
1 ⫹ KA关Na⫹兴

(Eq. 3)

The value of kobs is expected to decrease with increasing [Na⫹]
from k1 ⫹ k⫺1 ([Na⫹] ⫽ 0) to k1 ([Na⫹] ⫽ ∞). Analysis of kobs
yields k1, k⫺1, and a value of KA that is independent from that
derived from analysis of the amplitude of the fast phase according to Equation 2. In the event of a mutation that abrogates the
fast phase, the effect of Na⫹ binding can still be detected from
measurements of kobs (see “Results”). The alternative two-step
mechanism as shown in Scheme 2
KA
k⫺1
E N E:Na⫹ 9
|
= E*:Na⫹
k1
SCHEME 2

where a slow isomerization follows the rapid binding of Na⫹
leads to an observed rate constant as shown in Equation 4.
KA关Na⫹兴
k obs ⫽ k⫺1 ⫹ k1
1 ⫹ KA关Na⫹兴

(Eq. 4)

In this case, the value of kobs is expected to increase with
increasing [Na⫹] from k⫺1 ([Na⫹] ⫽ 0) to k1 ⫹ k⫺1 ([Na⫹] ⫽ ∞).
Hence, the dependence of kobs on [Na⫹] is of diagnostic value
and rules out Scheme 2 in favor of Scheme 1 (see “Results”).
There is a relationship between the apparent equilibrium
association constant Kapp derived from Equation 1 and the
intrinsic equilibrium association constant KA derived from
Equation 2 or 3. The value of Kapp can also be derived from
equilibrium titrations of intrinsic fluorescence (35, 39 – 41, 46,
47) or linkage studies (38, 46, 48). The value of KA, on the other
hand, can only be derived from rapid kinetic studies. Because of
the presence of E, E*, and E:Na⫹ in Scheme 1, at equilibrium
one has (49) Equation 5.
K app ⫽

KA
KA
⫽
k⫺1 1 ⫹ r
1⫹
k1

(Eq. 5)

The parameter r ⫽ [E*]/[E] measures the population of E* relative to E. Under conditions where r ⬍⬍ 1 and the free form is
VOLUME 281 • NUMBER 52 • DECEMBER 29, 2006
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(La Jolla, CA) as described (9, 39). Expression of thrombin
mutants was carried out in baby hamster kidney cells. Mutants
were activated with the prothrombinase complex between 40
and 60 min at 37 °C. Enzymes used in the activation were from
Enzyme Research (South Bend, IN). Mutants were purified to
homogeneity by fast protein liquid chromatography using
Resource Q and S columns with a linear gradient from 0.05 to
0.5 M choline chloride (ChCl), 5 mM MES, pH 6, at room temperature. Active site concentrations were determined by titration with hirudin (43). All nine Trp residues of thrombin were
mutated to Phe by single-site substitutions. The conservative
replacement did not change the kinetic properties of the constructs, which retained activity toward substrates and Na⫹ activation comparable with wild-type (data not shown). Murine
thrombin was prepared as reported elsewhere (44).
Stopped-flow fluorescence measurements of Na⫹ binding to
thrombin were carried out with an Applied Photophysics SX20
spectrometer, using an excitation of 280 nm and a cutoff filter at
305 nm. Samples of thrombin at a final concentration of 50 nM
were mixed 1:1 with 60-l solutions of the same buffer (5 mM
Tris, 0.1% polyethylene glycol (PEG),2 pH 8.0, at 15 °C) containing variable amounts of NaCl (up to 400 mM) kept at constant
ionic strength of 400 mM with ChCl. The baseline was measured with 400 mM ChCl in the mixing syringe. Each trace was
determined in quadruplicate. Na⫹ binding studies were carried
out for wild-type thrombin in the temperature range 5–35 °C.
The pH was precisely adjusted at room temperature to obtain
the value of 8.0 at the desired temperature. Tris buffer has a pKa
of 8.06 at 25 °C and a temperature coefficient of ⌬pKa/⌬T of
⫺0.027 (45). These properties ensured buffering over the entire
temperature range examined.
The fluorescence increase observed upon Na⫹ binding has
an initial rapid phase that cannot be resolved within the dead
time (⬍0.5 ms) of the spectrometer, followed by a single exponential slow phase with a kobs that decreases as [Na⫹] increases
(see “Results”). The total change in fluorescence calculated
from the sum of the amplitudes of the fast and slow phases
coincides with the value of F determined by equilibrium measurements of intrinsic fluorescence. The value of F as a function
of [Na⫹] was fit according to Equation 1 (39)

Naⴙ Binding to Thrombin

mates the true Na⫹ binding affinity KA. Hence, it is very important to know how r changes under conditions of interest to
correctly interpret Na⫹ binding in terms of the process that
converts E to E:Na⫹.
The temperature dependence of Kapp, KA, and r yields the
thermodynamic parameters associated with the underlying
processes according to Equation 6 (39)
⫺ln K ⫽

冉

⌬H0 1 ⌬S0 ⌬CP
T0
T
1 ⫺ ⫺ ln
⫺
⫹
R T
R
R
T
T0

冊

(Eq. 6)

where K is Kapp, KA, or r, ⌬H0 and ⌬S0 are the enthalpy and
entropy changes at the reference temperature T0 ⫽ 298.15 K,
⌬CP is the heat capacity change, R the gas constant, T the absolute temperature. The van’t Hoff plot of ⫺lnK versus 1/T is
linear when ⌬CP ⫽ 0 and curves upward when ⌬CP ⬍ 0.
FIGURE 2. Values of kobs for the slow phase of fluorescence increase due
to Naⴙ binding to thrombin (see Fig. 1) as a function of [Naⴙ] in the temperature range 5–35 °C. Shown are the results pertaining to 5 (black circles),
10 (gray circles), 15 (red circles), 20 (green circles), 25 (blue circles), 30 (yellow
circles), and 35 (magenta circles) °C. Experimental conditions were 50 nM
thrombin, 5 mM Tris, 0.1% PEG, pH 8.0. The [Na⫹] was changed by keeping the
ionic strength constant at 400 mM with ChCl. Continuous lines were drawn
according to Equation 3 under “Materials and Methods” with best-fit parameter values listed in Table 1.

essentially all E, the value of Kapp coincides with KA. However,
under conditions where r is significant, a sizable fraction of free
thrombin exists in the E* form and the value of Kapp underestiDECEMBER 29, 2006 • VOLUME 281 • NUMBER 52

RESULTS
Na⫹ binding to human thrombin gives rise to a significant
increase in intrinsic fluorescence (35, 39 – 41, 46, 47). The
change occurs in two steps, clearly revealed by stopped-flow
measurements (Fig. 1A). A fast phase, whose amplitude
increases with [Na⫹], occurs within the dead time of the spectrometer (⬍0.5 ms) and is followed by a single-exponential slow
phase whose kobs decreases with increasing [Na⫹]. Control
experiments run with murine thrombin, an enzyme devoid of
Na⫹ activation (44), show no change in fluorescence even at
200 mM Na⫹ (Fig. 1B). The dependence of kobs on [Na⫹] is
hyperbolic (Fig. 2) and is consistent with the mechanism
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. A, kinetic traces of Na⫹ binding to human thrombin in the 0 –250-ms time scale. Shown are the traces obtained at 0 (black circles), 5 (red circles), 10
(green circles), and 50 (blue circles) mM Na⫹. 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 kobs for the slow phase decreases with increasing [Na⫹] (see also Fig. 2), as is
evident from the plot. Experimental conditions were 50 nM thrombin, 5 mM Tris, 0.1% PEG, 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 a{1 ⫺ exp(⫺kobst)} ⫹ b with best-fit parameter values: black circles, a ⫽ 0 ⫾
0 V, kobs ⫽ 0 ⫾ 0 s⫺1, b ⫽ 8.19 ⫾ 0.01 V; red circles, a ⫽ 0.11 ⫾ 0.02 V, kobs ⫽ 170 ⫾ 10 s⫺1, b ⫽ 8.39 ⫾ 0.02 V; green circles, a ⫽ 0.15 ⫾ 0.02 V, kobs ⫽ 150 ⫾ 10
s⫺1, b ⫽ 8.46 ⫾ 0.02 V; blue circles, a ⫽ 0.37 ⫾ 0.01 V, kobs ⫽ 130 ⫾ 10 s⫺1, b ⫽ 8.54 ⫾ 0.01 V. B, kinetic traces of Na⫹ binding to thrombin wild type and mutants
in the 0 –250-ms time scale expressed relative to the base-line value F0 to enable comparison. Shown are the traces obtained at 200 mM Na⫹ for human
thrombin (black circles), mutants W141F (red circles), and W215F (green circles). Also shown, as a control, is the trace obtained at 200 mM Na⫹ for murine
thrombin (blue circles), which is devoid of Na⫹ activation. Notice how mutation of Trp-141 and Trp-215 essentially abolishes the fast phase seen in the wild type
(see panel A) and reduces significantly the total fluorescence change associated with Na⫹ binding (see also Fig. 3 and Table 2). Experimental conditions were
50 nM thrombin, 5 mM Tris, 0.1% PEG, pH 8.0, at 15 °C. Continuous lines were drawn using the expression a{1 ⫺ exp(⫺kobst)} with best-fit parameter values: black
circles, a ⫽ 0.36 ⫾ 0.02 V, kobs ⫽ 111 ⫾ 7 s⫺1, b ⫽ 0.37 ⫾ 0.02 V; red circles, a ⫽ 0.21 ⫾ 0.02 V, kobs ⫽ 84 ⫾ 8 s⫺1, b ⫽ 0.02 ⫾ 0.02 V; green circles, a ⫽ 0.20 ⫾ 0.01
V, kobs ⫽ 130 ⫾ 10 s⫺1, b ⫽ ⫺0.01 ⫾ 0.01 V; blue circles, a ⫽ 0 ⫾ 0 V, kobs ⫽ 0 ⫾ 0 s⫺1, b ⫽ 0.00 ⫾ 0.01 V.

Naⴙ Binding to Thrombin

TABLE 1
Fluorescence and Naⴙ binding parameters for wild-type thrombin as a function of temperature
The parameters F0, Fi, and F1 defining ⌬Fi ⫽ Fi ⫺ F0 and ⌬Ft ⫽ F1 ⫺ F0 were derived from analysis of the data in Fig. 3, A and B, using Equations 1 and 2 under “Materials
and Methods.” The values of Kapp were derived from analysis of the data in Fig. 3A according to Equation 1. The values of KA were derived from analysis of the data in
Fig. 3B according to Equation 2, and Fig. 2 according to Equation 3, together with the values of k1 and k⫺1. r is the ratio k⫺1/k1. Note how the values of Kapp and KA obtained
independently obey Equation 5 under “Materials and Methods.”
T

F0

Fi

F1

⌬Fi/F0

⌬Ft/F0

°C

V

V

V

%

%

5
10
15
20
25
30
35

8.36 ⫾ 0.02
8.32 ⫾ 0.03
8.19 ⫾ 0.01
7.94 ⫾ 0.03
8.18 ⫾ 0.03
8.21 ⫾ 0.02
8.16 ⫾ 0.02

8.74 ⫾ 0.02
8.74 ⫾ 0.03
8.59 ⫾ 0.02
8.18 ⫾ 0.03
8.57 ⫾ 0.03
8.49 ⫾ 0.02
8.40 ⫾ 0.02

9.09 ⫾ 0.02
9.01 ⫾ 0.03
9.03 ⫾ 0.01
8.51 ⫾ 0.03
8.94 ⫾ 0.03
8.96 ⫾ 0.02
8.93 ⫾ 0.02

4.5
5.0
4.9
3.0
4.8
3.4
2.9

8.7
8.3
10.3
7.1
9.3
9.1
9.4

depicted in Scheme 1 and Equation 3. That supports the conclusion that, in the absence of Na⫹, thrombin exists in equilibrium between two conformations, E* and E, and that only E can
be converted to the E:Na⫹ form. The binding of Na⫹ to E gives
rise to the fast phase. The slow phase detected by stopped-flow
measurements is the result of the interconversion between E*
and E that takes place on a time scale of milliseconds.
The sum of the amplitudes of the slow and fast phases
changes hyperbolically with [Na⫹] (Fig. 3A) and recapitulates
the behavior observed by intrinsic fluorescence measurements
at equilibrium (35, 39 – 41, 46, 47). Analysis of such curves in
the temperature range 5–35 °C enables determination of Kapp
from Equation 1 (Table 1). A van’t Hoff plot of the Kapp values is
shown in Fig. 4 and reveals a curvature conducive to the presence of a heat capacity change of ⫺500 cal/mol/K, consistent
with previous results (38 – 40). Analysis of the amplitude of the
fast phase as a function of [Na⫹] (Fig. 3B) according to Equation
2 enables the determination of KA (Table 1). These values of KA
are practically identical to those derived independently from

40052 JOURNAL OF BIOLOGICAL CHEMISTRY

Kapp
M

⫺1

220 ⫾ 20
180 ⫾ 20
100 ⫾ 10
68 ⫾ 7
46 ⫾ 5
24 ⫾ 2
13 ⫾ 1

KA

k1

kⴚ1

⫺1

s⫺1

s⫺1

52 ⫾ 2
78 ⫾ 4
115 ⫾ 3
166 ⫾ 4
224 ⫾ 4
312 ⫾ 4
431 ⫾ 10

48 ⫾ 2
75 ⫾ 4
83 ⫾ 6
65 ⫾ 8
34 ⫾ 4
27 ⫾ 8
23 ⫾ 4

M

370 ⫾ 40
300 ⫾ 40
160 ⫾ 20
90 ⫾ 9
57 ⫾ 4
28 ⫾ 2
15 ⫾ 1

r
0.92
0.96
0.72
0.39
0.15
0.086
0.053

analysis of kobs as a function of [Na⫹] according to Equation 3
(Fig. 2), which also enables resolution of k1 and k⫺1 (Table 1).
The van’t Hoff plot of the KA values is curved, as for Kapp, due to
a heat capacity change of ⫺500 cal/mol/K (Fig. 4). This proves
that the heat capacity change reported previously for the values
of Kapp (38 – 40) reflects an intrinsic property of Na⫹ binding to
thrombin and is not the result of the pre-existing equilibrium
between E and E*. In fact, from the definition of Kapp in Equation 5, it can be seen that the E-E* equilibrium gives rise to an
apparent heat capacity change when the value of r changes with
temperature, even if no heat capacity change is associated with
KA and/or r. The direct determination of KA from rapid kinetic
data resolves the transition from E to E:Na⫹ in Scheme 1 and
decouples this process from the linked equilibrium between E
and E*. The temperature dependence of KA then offers direct
validation of the heat capacity change associated with Na⫹
binding as a basic thermodynamic property of thrombin
(38 – 40).
Binding of Na⫹ is characterized by a large enthalpy change of
VOLUME 281 • NUMBER 52 • DECEMBER 29, 2006
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FIGURE 3. A, Na⫹ binding curves of thrombin obtained from the total change in intrinsic fluorescence measured as the sum of the amplitudes of the fast and
slow phases determined by stopped-flow kinetics (see Fig. 1). Shown are the results pertaining to 5 (black circles), 10 (gray circles), 15 (red circles), 20 (green
circles), 25 (blue circles), 30 (yellow circles), and 35 (magenta circles) °C. Experimental conditions were 50 nM thrombin, 5 mM Tris, 0.1% PEG, pH 8.0. The [Na⫹] was
changed by keeping the ionic strength constant at 400 mM with ChCl. Continuous lines were drawn according to Equation 1 under “Materials and Methods”,
with best-fit parameter values listed in Table 1. B, Na⫹ binding curves of thrombin obtained from the amplitude of the fast phase of fluorescence increase
determined by stopped-flow kinetics (see Fig. 1). Shown are the results pertaining to 5 (black circles), 10 (gray circles), 15 (red circles), 20 (green circles), 25 (blue
circles), 30 (yellow circles), and 35 (magenta circles) °C. Experimental conditions were 50 nM thrombin, 5 mM Tris, 0.1% PEG, pH 8.0. The [Na⫹] was changed by
keeping the ionic strength constant at 400 mM with ChCl. Continuous lines were drawn according to Equation 2 under “Materials and Methods” with best-fit
parameter values listed in Table 1.

Naⴙ Binding to Thrombin

⫺22 kcal/mol that is compensated by a large entropy loss of
⫺64 cal/mol/K (Fig. 4). The enthalpy change is due to formation of the six ligating interactions in the coordination shell that
also involve four buried water molecules (3, 4, 9). The entropy
change reflects the uptake and ordering of water molecules
within the channel embedding the primary specificity pocket
and the active site linked to the occupancy of the Na⫹ site (9).
As a result of the enthalpy-entropy energetic compensation, the
binding affinity of Na⫹ is relatively weak (Kd in the mM range),
as seen for many other M⫹-activated enzymes (3, 4). An important consequence of the large enthalpy change is that the value
of KA becomes only about 10 M⫺1 at 37 °C, which implies that
under physiologic conditions of temperature and [NaCl] ⫽ 140
mM thrombin is only 60% bound to Na⫹, as first documented in
1992 (35). This makes thrombin optimally poised for allosteric
regulation in vivo, where the Na⫹-bound and Na⫹-free forms
are targeted toward procoagulant and anticoagulant roles,
respectively (7, 10).
It is of particular importance to structurally assign the spectral changes linked to Na⫹ binding to thrombin. Trp-215 in the
aryl binding site has been identified as a major fluorophore
responsible for the spectral change (48), but a rigorous test of
the contribution of all nine Trp residues of thrombin has not
been carried out. Previous studies investigated the role of Trp60d, Trp-96, Trp-148, Trp-207, and Trp-215 with Phe substitutions, but the analysis involved the activity toward thrombin
substrates and not Na⫹ binding (50). Fig. 5 shows the fluorescence enhancement due to Na⫹ binding for the Phe mutants of
all nine Trp residues of thrombin. The Phe mutations of the
DECEMBER 29, 2006 • VOLUME 281 • NUMBER 52

nine Trp residues of thrombin cause few, if any, changes in the
kinetic and equilibrium properties of the enzyme toward Na⫹
(Table 2). The Trp 3 Phe substitution therefore provides an
optimal adiabatic perturbation of the indole moiety and probes
selectively the changes monitored by fluorescence spectroscopy. The data in Fig. 5 refer to the total fluorescence change,
F1 ⫺ F0 in Equation 1 (black bars) or the amplitude of the fast
phase, Fi ⫺ F0 in Equation 2 (gray bars), both relative to the
base-line value F0. The 10% total increase in fluorescence
observed for wild type is retained by five Trp mutants, namely,
W29F, W51F, W60dF, W96F, and W237F. Two mutants,
W148F and W207F, experience ⬎30% loss in total fluorescence
change. On the other hand, W141F and W215F lose ⬎70% of
the total fluorescence change. Inspection of the fast component
of the fluorescence change is even more informative. This
phase monitors directly Na⫹ binding to E to generate the E:Na⫹
form. In the wild type, the amplitude of the fast phase, Fi ⫺ F0
(see Table 1 and Figs. 1B and 3B), is about half the amplitude of
the total fluorescence change, F1 ⫺ F0 (see Table 1 and Figs. 1A
and 3A). The amplitude of the fast phase is perturbed in all Trp
mutants, even when the total fluorescence change is the same as
for wild type (Figs. 1 and 5). Because Trp residues are distributed over the entire structure of thrombin, and their distance
from the bound Na⫹ ranges from 13 (Trp-215) to 35 (Trp-51)
Å, binding of Na⫹ to E likely elicits effects well beyond the
immediate environment of the Na⫹ site and perturbs the structure of thrombin as a whole. This is in agreement with recent
functional mapping of the Na⫹-induced allosteric transition of
thrombin (51). The amplitude of the fast phase increases significantly relative to wild type for the W29F, W51F, W60dF, and
W96F mutants. On the other hand, the amplitude decreases
significantly for W148F, W207F, and W237F and completely
disappears for W141F and W215F. Hence, Trp-215 but also
Trp-141 are major reporters of the process of Na⫹ binding to
thrombin. Trp-148, Trp-207, and Trp-237 also contribute to
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 4. van’t Hoff plots of Naⴙ binding to thrombin. Shown are the
values of Kapp (open circles) and KA (black circles) obtained from stopped-flow
kinetics in the temperature range 5–35 °C (see Table 1). The plot is curved in
both cases, signaling the presence of a heat capacity change. Also shown is
the temperature dependence of ⫺log r (gray circles, dimensionless units),
measuring the equilibrium between E and E* in Scheme 1 (see Table 1). This
parameter too is associated with significant curvature in the plot, signaling a
large heat capacity change. Experimental conditions were 5 mM Tris, 0.1%
PEG, pH 8.0. Continuous lines were drawn according to Equation 6 under
“Materials and Methods” with best-fit parameter values: open circles, ⌬H0 ⫽
⫺18.9 ⫾ 0.9 kcal/mol, ⌬S0 ⫽ ⫺56 ⫾ 3 cal/mol/K, ⌬CP ⫽ ⫺500 ⫾ 100 cal/
mol/K; black circles, ⌬H0 ⫽ ⫺21.5 ⫾ 0.9 kcal/mol, ⌬S0 ⫽ ⫺64 ⫾ 3 cal/mol/K,
⌬CP ⫽ ⫺500 ⫾ 100 cal/mol/K; gray circles, ⌬H0 ⫽ ⫺23 ⫾ 2 kcal/mol, ⌬S0 ⫽
⫺81 ⫾ 8 cal/mol/K, ⌬CP ⫽ ⫺900 ⫾ 300 cal/mol/K.

FIGURE 5. Fluorescence change induced by Naⴙ binding to wild type
and the Phe mutants of all nine Trp residues of human thrombin.
Shown are the values listed in Table 2 for the total change in intrinsic
fluorescence measured as F1 ⫺ F0 (black bars) or the amplitude of the fast
phase measured as Fi ⫺ F0 (gray bars). All values are expressed as % change
relative to F0. Experimental conditions were 50 nM thrombin, 5 mM Tris,
0.1% PEG, pH 8.0, at 15 °C. The [Na⫹] was changed by keeping the ionic
strength constant at 400 mM with ChCl.

Naⴙ Binding to Thrombin
TABLE 2
Fluorescence and Naⴙ binding parameters for wild-type thrombin and mutants

a

Fi

F1

⌬Fi/F0

⌬Ft/F0

V

V

V

%

%

8.19 ⫾ 0.01
8.17 ⫾ 0.02
8.15 ⫾ 0.01
8.13 ⫾ 0.01
8.13 ⫾ 0.03
8.02 ⫾ 0.01
8.18 ⫾ 0.02
8.15 ⫾ 0.01
8.12 ⫾ 0.01
8.14 ⫾ 0.02

8.59 ⫾ 0.02
8.69 ⫾ 0.02
8.70 ⫾ 0.02
8.73 ⫾ 0.03
8.70 ⫾ 0.03
8.02 ⫾ 0.01
8.35 ⫾ 0.02
8.28 ⫾ 0.02
8.12 ⫾ 0.01
8.36 ⫾ 0.01

9.03 ⫾ 0.01
9.02 ⫾ 0.02
9.04 ⫾ 0.01
9.05 ⫾ 0.01
8.98 ⫾ 0.03
8.24 ⫾ 0.01
8.69 ⫾ 0.02
8.73 ⫾ 0.01
8.34 ⫾ 0.01
9.08 ⫾ 0.01

4.9
6.4
6.7
7.4
7.0
0.0
2.1
1.6
0.0
2.7

10.3
10.4
10.9
11.3
10.4
2.7
6.2
7.1
2.7
11.5

Kapp
M

⫺1

100 ⫾ 10
58 ⫾ 6
100 ⫾ 10
89 ⫾ 6
70 ⫾ 10
110 ⫾ 10
81 ⫾ 8
120 ⫾ 10
59 ⫾ 8
110 ⫾ 10

KA

k1

kⴚ1

⫺1

s⫺1

s⫺1

115 ⫾ 3
126 ⫾ 4
114 ⫾ 3
132 ⫾ 2
133 ⫾ 2
79 ⫾ 1
95 ⫾ 2
89 ⫾ 2
118 ⫾ 3
101 ⫾ 2

83 ⫾ 6
74 ⫾ 4
87 ⫾ 6
77 ⫾ 9
69 ⫾ 2
40 ⫾ 9
72 ⫾ 4
78 ⫾ 2
81 ⫾ 7
68 ⫾ 3

M

160 ⫾ 20
85 ⫾ 7
170 ⫾ 30
140 ⫾ 10
110 ⫾ 10
170 ⫾ 10
130 ⫾ 10
190 ⫾ 10
110 ⫾ 10
170 ⫾ 10

r

Da
Å

0.72
0.59
0.76
0.58
0.52
0.51
0.76
0.88
0.69
0.67

24
35
21
27
23
21
23
13
30

Distance from the C⑀2 atom of the Trp residue to the bound Na⫹ in the crystal structure of the Na⫹-bound form 1SG8 (9). All parameters were derived as shown in Table I.
Note how the values of Kapp and KA obtained independently obey Equation 5 under “Materials and Methods.”

previous study (41), we did observe
significant photobleaching that
affected base-line stability, reproducibility, and extent of fluorescence change (see supplemental
data). When we further reduced the
thrombin concentration down to 5
nM, the results lacked the optimal
reproducibility observed at 50 nM.
Significant photobleaching was
acknowledged in the previous study
(41), but not resolved. The previous
study was carried out at 5 °C, where
condensation in the cell is very significant and must be eliminated
ⴙ
FIGURE 6. Ribbon plot of thrombin in the Na -bound form, portraying the structure 1SG8 (9) with the
active site in the front (A) or rotated 180° along the y-axis (B). Shown are the side chains of the catalytic with constant N2 flushing. We
residues His-57, Asp-102, and Ser-195 and the side chain of Asp-189. Na⫹ is rendered as a green ball. The nine found that the temperature range of
Trp residues of the enzyme are shown with their side chains in orange. The contribution of these residues to the 15–25 °C is optimal to resolve the
fluorescence change induced by Na⫹ binding is shown in Fig. 5 and Table 2. The A chain was removed for
range of kobs linked to Na⫹ binding.
clarity.
Last, but not least, the pKa of Tris
the spectral change, whereas Trp-29, Trp-51, Trp60d, and buffer at 5 °C is 8.60 (45), which makes it problematic to buffer
Trp-96 produce changes that oppose those of the other fluoro- a solution at pH 7.4 as used in the previous study (41).
phores because their replacement to Phe actually enhances the
Our results add mechanistic significance to previous studies
fluorescence change due to Na⫹ binding.
of Na⫹ binding because of the use of Phe mutations of all nine
Trp residues of thrombin. The fast phase of fluorescence
DISCUSSION
increase directly linked to the transition from E to E:Na⫹ in
The results presented here expand and clarify the scenario Scheme 1 is affected in all Phe mutants, vouching for a global
offered by the only previous investigation of Na⫹ binding to effect of Na⫹ binding on thrombin structure. The contributions
thrombin using rapid kinetics (41). The earlier study was carof single Trp residues are not additive, lending support to the
ried out at 5 °C and ionic strength values of 0.3 and 2.0 M, using
hypothesis that some of the environments in which they reside
500 nM thrombin. Two phases were identified, as shown in Fig.
may be coupled allosterically. The coupling may ensure propa⫹
1A, but no dependence of kobs on [Na ] could be detected
gation of long-range effects originating at the Na⫹ site via a
⫹
below 500 mM [Na ]. This made interpretation of the results
particularly cumbersome and did not support the use of simple limited number of structural conduits. Trp-141 and Trp-215
a large contribution to the fluorescence change induced
mechanisms like Scheme 1 or Scheme 2. The study, however, make ⫹
by
Na
binding, and their mutation to Phe abrogates the fast
uncovered the pre-existing equilibrium between E and E* as
phase
completely.
This implies that the environments of Trpdepicted in Scheme 1. There are several reasons why our
⫹
141
and
Trp-215
change
in the E* to E conversion, and more
results, and especially the dependence of kobs on [Na ], differ in
drastically
in
the
conversion
of E to E:Na⫹. The important role
part from those reported previously. The SX20 spectrometer is
a much improved version of the SX17 model used previously of Trp-215 has been reported before (48). This is the closest Trp
⫹
(41) and features a shorter dead time and higher signal resolu- residue to the bound Na (13 Å) and defines most of the aryl
tion and stability. The thrombin concentration used in our binding site involved in substrate recognition (5, 9, 52). The
measurements (50 nM) did not result in any photobleaching, importance of Trp-141 is unanticipated. However, recent
thereby eliminating the need to correct for the effect when fit- structures of thrombin document a flip in the indole ring of
ting experimental data. When using 500 nM thrombin, as in the Trp-141 in the absence of Na⫹ similar to that observed for
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unraveled under the constrained environment of a crystal lattice or available structures of the slow and/or fast forms are not
representative of the full landscape of conformational transitions induced by Na⫹ binding. Indeed, functional mapping of
the slow 3 fast transition suggests a more global involvement
of thrombin residues (51).
Structural assignments for the E* form are equally problematic. In a previous study on the kinetics of Na⫹ binding to
thrombin, E* was interpreted as an “inactive” slow form unable
to bind Na⫹ and substrate or inhibitors at the active site (41).
The conclusion was drawn from data showing that the binding
of inhibitors to thrombin was also linked to increases in intrinsic fluorescence and obeyed a mechanism similar to that of Na⫹
binding (41). The hypothesis of E* being an inactive conformation of the slow form, as originally suggested by Lai et al. (41),
has gained prominence recently in the context of several structures of inactive forms of thrombin in the Na⫹-free form that
have appeared in the literature. These structures differ drastically from the active slow form E (9, 57) and share disorder or
collapse of the Na⫹ site and steric blockage of the active site (49,
58 – 61). We have recently shown (62) that these inactive structures are likely the result of mutations introduced in the
enzyme (58, 59) and/or artifacts of crystal packing (49, 60, 61). A
recent structure of thrombin obtained in the absence of inhibitors and salts appears to be a genuine inactive slow form,
devoid of artifactual effects due to mutations in the Na⫹ site or
crystal packing (62). The structure has the Na⫹ site obliterated
by the side chain of Arg-187 and the active site occluded by the
repositioning of the side chains of Trp-215 and Arg-221a. The
drastic movement of Trp-215 would do justice to the dominant
role played by this residue in the fluorescence changes reported
in our study. However, even this structure lacks significant
changes around all other Trp residues. Hence, evidence that
thrombin can assume an inactive slow form under crystallographic conditions is strong (62), but the connection with
the functional properties of the enzyme in solution remains
weak. The kinetic signatures of Na⫹ activation do not
require inactive conformations of thrombin and indeed
refute (4, 49) simplistic “alternative” models based on the
equilibrium of active and inactive forms (61).
The data presented in this study vouch for E* being a form
of thrombin unable to bind Na⫹ and not necessarily inactive
toward substrates or inhibitors. In fact, a conformation of
thrombin with the pore of entry to the Na⫹ binding site (4, 39)
occluded would fit the description of E* and would still retain
activity toward substrates and inhibitors. Whether inactive
conformations of thrombin in the slow form exist in solution
remains to be demonstrated by future studies of rapid kinetics
involving the library of Trp mutants presented here in order to
structurally assign the observed spectral changes and confirm
that they have the same origin as those linked to Na⫹ binding.
However, even if future studies in solution prove that E* is
indeed an inactive slow form, then its possible physiologic role
should be clarified. Based on the data in Fig. 5, E* represents
⬍1% of the population of thrombin molecules at 37 °C, which
raises questions about its possible functional role in vivo. This
conundrum does not apply to the active slow form, which contributes 40% of the thrombin molecules in vivo and whose antiJOURNAL OF BIOLOGICAL CHEMISTRY
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Trp-215 (49). Trp-141 is buried in a strategic location between
the autolysis loop and exosite I, and its linkage with the bound
Na⫹, situated 23 Å away, vouches for a pivotal role in communicating changes from the Na⫹ site to exosite I (Fig. 6). Among
the other residues that contribute to the fluorescence change
and the fast phase, Trp-148 is located in the middle of the highly
flexible autolysis loop, 21 Å away from the bound Na⫹, and is
62% exposed to solvent (52), whereas Trp-207 is completely
buried in the back of the catalytic chain, 23 Å away from the
bound Na⫹, and in hydrophobic contact with Trp-29 and residues of the A chain (Fig. 6). Because of their proximity, Trp-207
and Trp-29 may function as a single fluorophore and/or quench
each other. It is interesting that the Phe mutation of Trp-29
enhances the amplitude of the fast phase, as though changes
affecting Trp-207 are better reported in the absence of Trp-29.
A similar scenario can be envisioned for Trp-51 and Trp-237
(Fig. 6), whose hydrophobic coupling may result in overlapping
spectral effects with Trp-51 actually hindering the full response
of Trp-237 to Na⫹ binding. Finally, the effects seen with the
highly solvent-exposed Trp-60d and Trp-96 (Fig. 6) suggest
that these residues may be quite flexible and capable of probing
different environments that reduce the fluorescence response
to Na⫹ binding.
It is of interest to correlate the new information arising from
stopped-flow measurements of the mechanism of Na⫹ binding
to thrombin with existing structural data. The three species in
Scheme 1 portray thrombin in the Na⫹-free (E and E*) and
Na⫹-bound (E:Na⫹) forms, and the data presented here demonstrate that Na⫹ binds to thrombin in a two-step mechanism
consistent with Scheme 1. The activation effect of Na⫹ on
thrombin has very clear kinetic signatures and specifically
involves an increase in kcat and a decrease in Km (35–37, 49, 53,
54). Such a “modifier” effect on kcat has long been known to be
of diagnostic value (55) and unequivocally proves the existence
of two active forms in equilibrium, one Na⫹ free with low kcat
and one Na⫹ bound with high kcat (4, 49). E and E:Na⫹ in
Scheme 1 are the two active forms of thrombin that account for
the dependence of kcat on [Na⫹] and correspond to the slow (E)
and fast (E:Na⫹) forms originally defined by Wells and Di Cera
(35). The structures of these two forms have been solved
recently (9). Basic differences between them involve the orientation of Asp-189 in the primary specificity pocket, Ser-195 in
the active site, and the reorganization of a water network that
connects the Na⫹ site to the active site Ser-195 located 16 Å
away. The orientation of Asp-189 in the fast form optimizes
docking of the guanidinium group of Arg at the P1 position of
substrate. The O␥ atom of Ser-195 in the fast form is within
H-bonding distance of the catalytic His-57. The H-bond is
required for efficient catalysis (56) and is broken in the slow
form. The network of water molecules ensures the long-range
communication between the bound Na⫹ and the active site that
is at the basis of thrombin allostery. The increase in the number
and ordering of water molecules linked to Na⫹ binding also
explains the large entropy loss and negative heat capacity
change associated with this process. Unfortunately, the differences between the slow and fast forms reported recently (9) do
not involve Trp residues that contribute to the spectral changes
linked to Na⫹ binding. Either such changes are too subtle to be

Naⴙ Binding to Thrombin
coagulant role is well established (7, 10, 15). Nonetheless, E*
carries considerable mechanistic significance for Na⫹ binding
to thrombin and may become populated under the effect of
mutations or conditions that involve allosteric effectors to be
identified. In addition, E* is an intriguing new variable to be
taken into consideration when studying Na⫹ binding to other
clotting factors and M⫹-activated enzymes.
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