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Mechanism of Na" binding to thrombin resolved by ultra-rapid kinetics
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Abstract

The interaction of Na“ and K" with proteins is at the basis of numerous processes of biological importance. However, measurement of the
kinetic components of the interaction has eluded experimentalists for decades because the rate constants are too fast to resolve with conventional
stopped-flow methods. Using a continuous-flow apparatus with a dead time of 50 us we have been able to resolve the kinetic rate constants and
entire mechanism of Na* binding to thrombin, an interaction that is at the basis of the procoagulant and prothrombotic roles of the enzyme in the

blood.
© 2007 Elsevier B.V. All rights reserved.
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Enzymes activated by monovalent cations (M's) [1] require
Na' or K" for optimal activity and utilize M" as a cofactor or
allosteric effector [2,3]. The allosteric effect of Na* on thrombin
activity and specificity carries significant physiological rele-
vance [4-6], is at the basis of the procoagulant and pro-
thrombotic roles of the enzyme in the blood and has been
studied in great detail both functionally and structurally [7,8].
However, aspects of this physiologically important interaction
remain unresolved because Na" binding and dissociation occur
on a time scale too fast to measure with conventional stopped-
flow techniques [5]. A similar limitation applies to the study of
other well characterized M"-activated enzymes like Trp
synthase [9,10], pyruvate kinase [11,12], Hsc70 [13], 3-galac-
tosidase [14,15] and inosine monophosphate dehydrogenase
[16]. Indeed, no protein system characterized to date has offered
direct information on the kinetic rate constants for Na* or K"
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binding/dissociation, therefore leaving a gap in our understand-
ing of how Ms in general regulate protein function [3].

To circumvent the limitations of standard stopped-flow sys-
tems, we used a continuous-flow instrument equipped with an
ultra-rapid mixing device and extended our recent charac-
terization of Na' interaction with thrombin [8] into the us
time scale. To avoid autoproteolysis at the high concentrations
(40 uM) needed for the measurements, we inactivated thrombin
with the S195A mutation, prepared as described [6,7,17], to
selectively knock out the catalytic Ser-195 with minimal
structural perturbation [18,19]. As for wild-type thrombin, the
fluorescence increase observed upon Na* binding to S195A has
an initial rapid phase that cannot be resolved within the dead
time (<0.5 ms) of the stopped-flow apparatus, followed by a
single exponential slow phase (Fig. 1) with a ks that decreases
as [Na'] increases (Fig. 2). The decrease of ks is conducive to
the existence of a conformational change that precedes Na”
binding [8]. Of crucial importance is to establish whether
the fast phase reports just the binding/dissociation of Na"
with thrombin or also depends on additional conformational
changes. In the former case, ks should change linearly with
[Na]. In the latter, a hyperbolic dependence of ko on [Na']
should be observed.

The rapid phase was resolved with the continuous-flow
apparatus (Fig. 1) and yielded a single exponential time course
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Fig. 1. A, B (A) Kinetic traces of Na" binding to human thrombin in the 0—250 ms time scale. Shown are the traces obtained at 50 and 100 mM Na" with the stopped-
flow method using an Applied Photophysics SX20 spectrometer, with an excitation of 280 nm and a cutoff filter at 305 nm [8]. Traces are averages of three
determinations. 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 kqps for the slow phase decreases with increasing [Na'] (Fig. 2A). (B) Kinetic traces of Na* binding to human thrombin in the 0-700 ps
time scale. Shown are the traces obtained at 36 and 91 mM Na" with the continuous-flow method as single determinations with an exposure time of 3 s. We built an
ultra-rapid mixer [23] of similar design and methodology to that described by Shastry and Roder [24,25]. The flow cell was purchased from Hellma (Germany). The
mixed sample was illuminated with an A1010B Mercury-Xenon lamp (PTI, UK) at 280 nm, using a Model 101 Monochromator (PTI, UK). Fluorescence was
recorded with a Micromax CCD camera (Princeton Instrument, USA), with a typical exposure time of 1-3 s and employing different emission glass filters. An
original, pneumatically driven, loading syringes unit was designed. Data were recorded at 3 bars, leading to a linear velocity in the flow cell of about 16 m/s.
Experimental conditions were identical to those used in the stopped-flow experiments. The dead time of the instrument was determined by fluorescence using the
quenching of N-acetyl-tryptophanamide (NATA) by N-bromo-succinamide (NBS) [26]. The pseudo-first-order quenching reaction of NATA by NBS was measured
at NBS concentrations from 3.5 to 33 mM. The observed fluorescence traces obtained at different NBS concentrations yielded single exponential time courses
extrapolating to a common point near fl;=1, the expected initial fluorescence of NATA in the absence of quencher. The time delay from this point to the first data
point that falls on the fitted exponential provided an estimate of the dead time, 40—50 ps, of the instrument. Binding of Na" in the 0~700 ps time scale obeys a single-
exponential phase with a kg, increasing linearly with [Na'] (Fig. 2B). This resolves the fast phase detected with the stopped-flow method and shown in (A).
Experimental conditions for the two methods are: 5 mM Tris, 0.1% PEG8000, pH 8.0 at 25 °C. The thrombin concentration was 50 nM for the stopped-flow
measurements and 40 uM for the continuous-flow measurements. The [Na'], as indicated, was changed by keeping the ionic strength constant at 400 mM with
choline chloride. Continuous lines were drawn using the expression a+bexp(—kopsf) With best-fit parameter values: (A) a=8.944+0.001 V, b=—-0.10+£0.01 V,
kops=111£9 5! ([Na']=50 mM); a=9.427+0.001 V, b=—0.290.01 V, kops=96+6 s ' ([Na']=100 mM). (B) a=0.417+0.002, b=—0.07240.02, kops=7 =+
2 ms ' ([Na']=36 mM); a=0.477+0.002, h=—0.10£0.03, kops=10=2 ms ' ([Na"]=91 mM). All data were collected at least in duplicate.

with a kg that increases linearly with [Na'] (Fig. 2). The two-
step mechanism of Na" binding to thrombin solved by com-
bination of the stopped-slow and continuous-flow measure-
ments is found in Scheme 1.

This is the mechanism recently proposed by Bah et al. [8], but
validated for the binding/dissociation components of Na* by
direct resolution of the rapid phase. Thrombin exists in equi-
librium between two forms, E* and E, that interconvert with
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kinetic rate constants k; and k_;. Of these forms, only E can
interact with Na" with a rate constant k to populate E:Na", that
may dissociate into the parent components with a rate constant
k_ 4. The fast phase is due to the E—E:Na" interconversion
involving Na" binding/dissociation, and the slow phase is due to
the E—-E* interconversion that precedes Na* binding.

The exact analytical solution of Scheme 1 calls for two
eigenvalues that give the &, for the two exponential transitions

20 T T T T

15

10

k,. (ms")

o L L L L
0.00 0.05 0.10 0.15 0.20 0.25

[Na*] (M)

Fig. 2. A, B Values of ks vs [Na'] for the slow and fast phases of fluorescence change due to Na' binding to thrombin shown in Fig. 1. Shown are the results
pertaining to the stopped-flow (A) and continuous-flow (B) measurements. Note the different time scale between the two panels. Experimental conditions are given in
the legend to Fig. 1. Continuous lines were drawn according to eqs 1 and 2 in the text, with best-fit parameter values: k1 =67+7 s~ Uk 1=69+6 s !, k;=56,000+
200 M s, ko 4=4,800+200 5.
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reported in Fig. 1. Separation of time scales for the E-E* (slow)
and E-E:Na" (fast) interconversions simplifies the eigenvalues to

1

ow =Ky kg
Aslo 1+ 11_"_[(/4 [Na*]

(1)

;Lfast =k_y+ky [Na+] (2)

where K,=k,/k_ 4. The best-fit parameter values derived from
simultaneous analysis of both experimental data sets in Fig. 2
are: ky=67+7 s ', k_1=69+6 s ', k;,=56,000+200 M s,
k_,=4800+200 s '. These values differ somewhat from
ki=224+4 7', k. 1=34=4 s~ and K =kyk =574 M
reported for wild-type under identical experimental conditions
[8], indicating that the S195A mutant has a 5-fold reduced Na*
affinity and is more stabilized into the E* form compared to
wild-type. These properties do not invalidate the basic
mechanism of Na* binding uncovered for wild-type and may
have actually facilitated measurement of the fast phase.
Furthermore, they document an energetic perturbation caused
by disruption of the linkage between the side chain of Ser-195
and the water network reaching out into the Na' site doc-
umented by structural studies [7].

The important conclusion emerged from measurements of
the fast phase of Na' binding to thrombin is that its kgps
increases linearly with [Na']. We can therefore rule out ad-
ditional conformational transitions following Na* binding that
would have produced curvature in the dependence of ks Vs
[Na']. The interconversion of E and E* that precedes Na”
binding is the only conformational transition in Scheme 1.

It is of interest to comment on the magnitude of the kinetic
rate constants for Na' binding and dissociation determined here
for the first time for a protein-M " interaction. The value of k4 is
four orders of magnitude slower than the diffusion controlled
limit [20]. Although we lack data on other protein systems for
comparison, we can assume that several factors contribute to
slow down the kinetics of Na' association. Without these
factors, Na' binding to thrombin would likely be too fast to
measure even with the continuous-flow method. Na" binds to its
site after penetrating a pore defined by the 186- and 220-loops
[3,17] whose size would not admit a fully hydrated M". In this
regard, the interaction of Na® with thrombin has features in
common with the permeation and selectivity of ion channels
[2,3,21]. Dehydration of Na' required to enter the pore is
expected to slow down the kinetics of association significantly
[21,22]. Once inside the pore, Na" is re-hydrated into its
coordination shell that involves four water molecules and the
backbone oxygen atoms of Lys-224 and Arg-221a [7]. That in
turn organizes a network of water molecules that spans the

interior of the enzyme for over 15 A up to the catalytic Ser-195
[7]. Ordering of this network of water molecules may require a
longer time scale than the simple process of penetrating the
pore, thereby contributing to the drastic reduction in the rate of
binding &, measured experimentally. The role of dehydration/
re-hydration postulated here for the kinetics of Na' binding to
thrombin can be tested experimentally by studying the kinetics
of interaction with other M s that differ in hydration energy and
ionic radius. Unfortunately, measurements carried out with K,
that binds to thrombin with lower affinity compared to Na* [17],
have so far failed to yield large enough spectral changes with
the continuous-flow method. Combination of dehydration, pen-
etration of the pore, and re-hydration with organization of the
water network around the Na' site could account for the sig-
nificant slow down in the kinetics of Na" association.

The results presented in this study offer valuable new in-
formation on the physico-chemical components linked to Na"
binding to thrombin. Future work on this and other M'-
activated enzymes will establish if general features indeed exist
for the interaction of M's with proteins.
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