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Abstract. Meizothrombin is the physiologically active
intermediate generated by a single cleavage of pro-
thrombin at R320 to separate the A and B chains.
Recent evidence has suggested that meizothrombin,
like thrombin, is a Na*-activated enzyme. In this study
we present the first X-ray crystal structure of human
meizothrombin desF1 solved in the presence of the
active site inhibitor PPACK at 2.1 A resolution. The
structure reveals a Na* binding site whose architec-
ture is practically identical to that of human thrombin.

Stopped-flow measurements of Na* binding to mei-
zothrombin desF1 document a slow phase of fluores-
cence change with a kg, decreasing hyperbolically
with increasing [Na*], consistent with the existence of
three conformations in equilibrium, E*, E and E:Na™,
as for human thrombin. Evidence that meizothrombin
exists in multiple conformations provides valuable
new information for studies of the mechanism of
prothrombin activation.
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Introduction

Blood coagulation is initiated by exposure of tissue
factor that forms a complex with factor VIla and
results in the generation of small quantities of factors
IXa and Xa [1, 2]. Small quantities of Xa generate
minute concentrations of thrombin that result in the
activation of factor XI and the cofactors VIII and V.
At this point, the VIIIa-IXa complex generates
sufficient quantities of Xa to form the prothrombinase
complex, composed of factors Va, Xa, Ca’* and
phospholipids, which leads to the generation of
thrombin from prothrombin by cleavage at R320
and R271 [3, 4]. The presence of factor Va directs
cleavage first at R320 to generate the active inter-
mediate meizothrombin [5], followed by cleavage at
R271 to produce thrombin through a kinetic mecha-

* Corresponding author.

nism that remains controversial and presumably
involves a conformational transition of prothrombi-
nase [6] and/or a conformational rearrangement of
meizothrombin [7].

A remarkable property of thrombin is its allosteric
nature linked to Na* binding [8-11]. In the absence of
Na*, thrombin exists in equilibrium between an
inactive form E* and a low activity form E that is
converted to a high activity conformation E:Na™ upon
binding of the cation [9-11]. Na* binding is required
for optimal cleavage of fibrinogen, but is dispensable
for cleavage of protein C [12, 13]. Na* promotes
cleavage of PAR1, PAR3 and PAR4 [14, 15], and
promotes activation of factors V [16], VIII [17] and XI
[18]. Na* binds 16-20 A away from residues of the
catalytic triad and within 5 A from D189 in the S1 site,
nestled between the 220- and 186-loops [19-21]. The
long-range effect of Na® on the catalytic S195
producing the transition from E to E:Na™ is mediated
by a network of water molecules [20], but the
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Table 1. Properties of human meizollzzAF1 compared to thrombin.

Fibrinogen® PART1® Protein C*® FPR® FPR? Na'® "
Thrombin 17+1 39+1 0.22+0.01 88+3 3.240.2 160420 0.724+0.07
MeizollzzAF1 0.2340.04 0.7540.08 0.044+0.02 91+2 7.44+0.1 91+9 0.8340.07

All values are k,/K,,in pM's™, except Na* and r. *5 mM Tris, 145 mM NaCl, 0.1 % PEG, pH 7.4,37 °C. °In the presence of 5 mM CaCl, and
100 nM thrombomodulin. °5 mM Tris, 200 mM NaCl, 0.1 % PEG, pH 8.0, 25 °C. S mM Tris, 200 mM ChCl, 0.1% PEG, pH 8.0, 25 °C.
“Values refer to the intrinsic equilibrium association constant, K, in M or the ratio r = [E*]/[E] (see eq. 1) determined by stopped-flow
measurements under conditions of 5 mM Tris, 0.1 % PEG, pH 8.0, 15 °C.

transition from E* to E is more substantial from a
structural standpoint and involves rearrangement of
the B-strands shaping access to the active site [22, 23].
The activating effect of Na* is not limited to thrombin
[8, 10, 11, 24, 25] and specific sequence markers have
been identified to predict its occurrence in the entire
family of trypsin-like proteases to which thrombin
belongs [24-26]. Several groups have shown that Na*
has a significant influence on the activity of other
vitamin K-dependent clotting factors such as factors
VIla [24, 27], IXa [28], Xa [29-35] and activated
protein C [36-40]. A Na" binding site analogous to
that of thrombin [19, 20] has been identified structur-
ally in factor Xa [41,42], factor VIla [43] and activated
protein C [44]. Surprisingly, however, the effect of Na*
on the activation of prothrombin to thrombin along
the meizothrombin pathway has remained unex-
plored, although Na® is likely to play an important
role in the activity of the prothrombinase complex, its
assembly and its ability to direct cleavage of pro-
thrombin to generate physiological intermediates.
Indeed, a recent study has documented that meizo-
thrombin and meizothrombin desF1 are Na*-activat-
ed enzymes and express functional linkage between
exosite I, the active site and the Na* site much like the
mature enzyme thrombin [45]. Interestingly, the study
also estimated a Na™ affinity for meizothrombin desF1
comparable to that of thrombin, but significantly
higher than that of meizothrombin [45]. These find-
ings raise a number of important questions about the
architecture of the Na* binding site of meizothrombin
and the kinetic signatures of Na* binding that would
enable a quantitative comparison with the wealth of
information available for thrombin [9-11, 20, 23]. In
this study we address these timely and important
issues directly with X-ray crystallography and stop-
ped-flow kinetics.

Materials and Methods

Meizothrombin is the physiological intermediate
generated by a single cleavage of prothrombin at
R320 to separate the A and B chains yielding an active
enzyme [5]. The enzyme is unstable due to autopro-

teolytic cleavage at R155, R271 and R284 [46, 47] that
generates first meizothrombin desF1, devoid of pro-
thrombin fragment 1 (residues 1-155) and then
thrombin with and without the additional residues
272-284 in the A chain. Because meizothrombin and
meizothrombin desF1 are functionally equivalent [5],
we used our expression system with BHK cells for
prethrombin-1 (residues 156-579 of prothrombin) to
produce a recombinant form of meizothrombin desF1
resistant to autoproteolysis by virtue of the double
substitution R271A/R284A. Activation of the con-
struct with ecarin produced an active form of meizo-
thrombin desF1 R271A/R284A (meizollzzxAF1) in
high yields. MeizolIzz AF1 is stable for both functional
and X-ray crystallization studies and has kinetic
properties (Table 1) consistent with published data
[5, 46, 47]. Active site concentrations were deter-
mined by titration with the active site inhibitor H-D-
Phe-Pro-Arg-CH,Cl (PPACK) and found to be >
95%.

Values of s = k,/K, for the hydrolysis of the
chromogenic substrate H-D-Phe-Pro-Arg-p-nitroani-
lide (FPR) were determined as reported [20] under
experimental conditions of 5 mM Tris, 0.1%
PEGRS8000, pH 8.0 at 25 °C in the presence of 200
mM NaCl or choline chloride (ChCl) to study the
properties of the E:Na* and E forms, respectively [10].
The interaction with fibrinogen leading to release of
fibrinopeptides A (FpA) and B (FpB), cleavage of the
protease activated receptor 1 (PAR1) and activation
of protein C in the presence of saturating amounts of
thrombomodulin were studied as reported [13, 15, 48]
under experimental conditions of 5 mM Tiis, 0.1 %
PEGRS8000, 145 mM NaCl, pH 7.4 at 37 °C. Activity
toward the chromogenic substrate FPR is slightly
higher than that of thrombin and is influenced by the
presence of Na*. Cleavage of fibrinogen and PAR1 is
compromised about 50-fold, but activity toward
protein C is reduced only seven-fold in the presence
of saturating amounts of thrombomodulin (Table 1).
Stopped-flow fluorescence measurements were car-
ried out with an Applied Photophysics SX20 spec-
trometer, with excitation at 280 nm and a cutoff filter
at 305 nm [9]. Samples of meizollzxzgAF1 at a final
concentration of 50 nM in 5 mM Tris, 0.1 % PEG8000,
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pH 8.0 at 15 °C were mixed 1:1 with 60 pl 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 measured with 400
mM ChCl in the mixing syringe. Each trace was
determined in quadruplicate. Na* binding to human
thrombin causes a significant increase in intrinsic
fluorescence of the enzyme with an initial rapid phase
too fast to measure within the dead time (0.5 ms) of the
instrument, followed by a slow phase with a k, in the
ms time scale that decreases hyperbolically as [Na*]
increases [9, 10]. The fast phase resolved by contin-
uous flow measurements reveals a linear dependence
of k., on [Na*] in the ps time scale [49]. These are
signatures of a two-step mechanism for Na* binding as
shown in scheme 1 below

k-l k-A
E* +— E — E:Na+*
k]_ kA[Na+]

Scheme 1.

Thrombin exists in equilibrium between two forms, E*
and E, that interconvert with Kinetic rate constants k;
and k_; in the ms time scale. E* is inactive and cannot
bind Na* or substrate. E interacts with Na™ with a rate
constant k, to populate E:Na", that may dissociate
into the parent components with a rate constant k_,.
The fast phase of fluorescence increase is due to the E-
E:Na" interconversion involving Na* binding/disso-
ciation, and the slow phase is due to the E-E*
interconversion that precedes Na* binding. The kg,
for the fast phase increases linearly with [Na™] [49],
and the k,, for the slow phase decreases hyperboli-
cally with increasing [Na*] according to the expression

9]

1 r
s =+ e ey = (U ) O

where the rates for the E*—E transition (k,) and
backward (k_;) define r = k_,/k, as the ratio [E*]/[E],
and K, is the intrinsic equilibrium association con-
stant for Na* binding. Scheme 1 explains the mech-
anism of Na* activation of thrombin. E and E:Na* are
the two active forms that account for the dependence
of k., on [Na'] [8, 10, 11, 50, 51] and are responsible
for the anticoagulant and procoagulant functions of
the enzyme, respectively [10-13]. E* is an inactive
form of thrombin in equilibrium with the active E

Na™ binding to meizothrombin desF1

form, which in turn interconverts with the more active
E:Na* form. E* is a third thrombin form and the E*-E
equilibrium exists in solution (1:1.4 ratio at 15 °C)
regardless of Na* or any other allosteric effector.
Rapid kinetic measurements of the binding of Na™ [9,
23, 52], or of binding of ligands to the active site and
exosite I [53] detect the presence of E* and its
conversion to the active form E directly. Stopped-flow
measurements of Na* binding to meizollgzAF1 gave
rise to an increase in fluorescence of 6 %, which is
about half the size as that of thrombin. Importantly,
the amplitude of the fast phase of fluorescence
increase was too small to detect at low [Na*], which
prevented further analysis with continuous flow
methods [49], but the slow phase was well resolved
and evolved with a k,, decreasing hyperbolically with
increasing [Na*] according to eq 1. These signatures
corroborated the use of Scheme 1 as capturing the
kinetic mechanism of Na* binding to meizolIzz AF1 as
in the case of thrombin.

Crystals of human meizollzzgkAF1 bound to PPACK
were obtained using the hanging drop vapor-diffu-
sion method. MeizolIzzxkAF1 and PPACK were mixed
in 1:11 molar ratio at 4 °C for 2 h before crystalliza-
tion. A 2 pl solution of 5 mg/ml meizollzzxAF1 in 50
mM ChCl, 20 mM MES, pH 6.0 was mixed with a 2 ul
reservoir solution containing 23 % PEG3350, 200
mM Na,SO, and left to equilibrate at 23° C. Single
crystals grew to an approximate size of 0.6 x 0.3 x
0.2 mm® in one—two weeks. Crystals were tetragonal,
space group P4,2,2, with unit cell parametersa =b =
121.3 A, ¢ = 100.2 A, and contained one molecule in
the asymmetric unit. Crystals were cryo-protected in
a solution containing 15 % glycerol, 200 mM Na,SO,,
27% PEG3350 for 3 min and frozen in liquid nitro-
gen to 100 K. X-ray data were collected to 2.1 A
resolution on an ADSC Quantum-315 CCD detector
at the Biocars Beamline 14-BM-C of the Advanced
Photon Source, Argonne National Laboratories
(Argonne, IL). Data processing, indexing, integra-
tion and scaling were performed using the HKL.2000
package [54]. The crystal structure of meizollzzAF1
bound to PPACK was solved by molecular replace-
ment with MOLREP from the CCP4 package [55]
using the coordinates of the PPACK-inhibited form
of human thrombin (Protein Data Bank ID code
1SHH) [20] with all inhibitors, sugars and solvent
molecules omitted as the starting model. Fragment 2
was solved using bovine meizothrombin (Protein
Data Bank ID code 1AOH). Refinement and electron
density map generation were performed with the
CCP4 package package [55] and 5% of the reflec-
tions were randomly selected as a test set for cross
validation. Model building and analysis of the
structure were carried with Coot [56]. Ramachan-
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Table 2. Crystallographic data for human meizollzzAF1 bound to PPACK (PDB ID 3E6P).

Data collection:

Wavelength (A)
Space Group
Unit cell dimension (A)

Molecules/asymmetric unit

0.9
P4.2,2
a=b=1213,¢=1002
1

Resolution range (A) 40.0-2.1
Observations 479436
Unique observations 40469
Completeness (%) 92.4 (79.0)
Rsym (%) 11.2 (43.8)
I/o(T) 17.7 (2.0)
Refinement:

Resolution (A) 40.0-2.1
|El/o(|ET) >0

Reryst> Riree 0.211, 0.249
Reflections (working/test) 38428/2026
Protein atoms 2928
Solvent molecules 208
PPACK/Na* 11

Rmsd bond lengths® (A) 0.012
Rmsd angles® (°) 1.4

Rmsd AB (A%) (mm/ms/ss)" 0.86/0.47/2.06
<B> protein (A?) 44.4

<B> solvent (A?) 49.9

<B> PPACK/Na+ (A?) 32.0/36.0
Ramachandran plot:

Most favored (%) 99.2
Generously allowed (%) 0.4
Disallowed (%) 0.4

* Root-mean-squared deviation (Rmsd) from ideal bond lengths and angles and Rmsd in B-factors of bonded atoms.
® mm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.

dran plots were calculated using PROCHECK [57].
Results of data collection, processing and refinement
are listed in Table 2. Coordinates of the structure of
the meizollzxgAF1-PPACK complex have been de-
posited to the Protein Data Bank (ID code 3E6P).

Results and Discussion

The effect of Na* on thrombin structure and function
has been studied in considerable detail [9, 10, 20, 23],
but the effect of Na* on the physiological intermediate
leading to mature thrombin has remained unexplored
until the recent seminal observation that meizothrom-
bin and meizothrombin desF1 are Na'-activated
enzymes like thrombin [45]. These recent findings
make a direct analysis of the structural and kinetic

underpinnings of Na* binding to meizollxzAF1 both
timely and important.

There is currently only one structure of meizothrom-
bin desF1 deposited in the PDB and pertains to the
bovine enzyme [58]. The structure was solved at 3.2 A
resolution and shows no evidence of bound Na™. The
first structure of human meizothrombin desF1 in what
is likely the E:Na* form bound to PPACK is shown in
Figures 1-3. The structure, solved at 2.1 A resolution,
reveals a low B-factor, high-occupancy, strong electron
density peak in the Na® site that can be assigned
unambiguously to Na* (Fig. 1). The cation is coordi-
nated octahedrally by two carbonyl O atoms from the
protein contributed by R221a and K224, and four buried
water molecules. The coordination shell is essentially
identical to that of thrombin [20] and ensures commu-
nication between Na' and the 082 atom of D189 to
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Figure 1. The Na* binding site of meizollzzAF1. Shown is the
221a-224 segment of the 220-loop, along with the side chain of
D189. Na' (yellow ball) is coordinated octahedrally by the
backbone O atoms of R221a (2.4 A) and K224 (2.5 A) and four
buried water molecules (red balls, 2.5-2.6 A). One of these water
molecules connects to the 092 atom of D189. The Na* coordina-
tion shell of meizollzzkAF1 is practically identical to that of
thrombin [20], underscoring the similarity of Na* affinity and
kinetic activation between the two enzymes (Table 1). The electron
density 2F,-F, map (green mesh) is contoured at 2 o.

afford higher catalytic activity and substrate binding in
the E:Na* form. The presence of PPACK obliterates
much of the water network present in the free form
between the primary specificity pocket and the active
site [20], so no conclusion can be drawn on the long-
range effect that the bound Na™ has on the orientation
of the side chain of the catalytic S195. The architecture
of the Na' coordination shell explains the basic
similarity of Na™ affinity and kinetic activation between
meizollzzxAF1 and thrombin (Table 1). Although it is
intrinsically difficult to predict cation binding ener-

Na™ binding to meizothrombin desF1

getics from protein structural information [59-62], a
basic structural similarity among Na* binding sites
observed in vitamin K-dependent clotting factors
[19-21, 41-44] accounts for a relatively small (< 3-
fold) variability in their apparent binding affinities
[24, 2740, 63, 64]. The structure resolves fragment 2
in almost its entirety and reveals the expected fold for
the kringle domain making extensive interactions with
exosite II (especially R93 and R101) and the region
above the 60-loop of the enzyme (Figs. 2 and 3). Three
disulfide bonds involving the Cys pairs 170-248,
219-243 and 191-231 (prothrombin numbering) are
fully resolved in fragment 2, and so are the Trp residues
W194 and W230 that are stacked, with W230 engaging
the guanidinium group of R93 of the B chain in a cation-
7 interaction (Fig. 3). Slight differences exist with the
conformation reported previously for the bovine
enzyme [58], with fragment 2 in our structure making
more pronounced contacts with R93 and R101 of the
B chain and folding as seen in the structure of human
fragment 2 noncovalently bound to PPACK-inhibited
human thrombin [65]. A patch of negatively charged
residues of fragment 2 composed of D223, D225, E226
and E227 is analogous to the Lys-binding kringle
present in plasminogen and tissue-type plasminogen
activator [65]. This anionic patch and Y242 nearby
engage the side chains of R93, R101 and R175 in
strong ionic interactions and make polar contacts with
the backbone of D178. It should be pointed out that
R93 and R101 are major components of the epitope of
thrombin recognizing heparin [66] and the y’-peptide of
fibrinogen [67]. Other ionic interactions involve D239
and the side chain of R97 that also engages the

Figure 2. Crystal structure of meizolIxxAF1 at 2.1 A resolution. Shown is the arrangement of the B chain (light green) relative to the A
chain (green) and fragment 2 (gold). The linker region connecting the A chain to the kringle domain of fragment 2 (red) had poor electron
density and was modeled in the final refinement assigning zero occupancy to residues 252-286. Also shown (left) is the active site inhibitor
PPACK (CPK in yellow). The portion 168-251 of fragment 2 (spanning residues 156-271 of prothrombin in its entirety) folds in the
expected kringle configuration (three disulfide bonds connecting 170-248, 219-243, 191-231) docked on exosite II and above the 60-loop
(left, see also Fig. 3). The A chain is fully visible in the electron density map only from G1f to D14l (residues 287-318 of prothrombin). The
autolysis loop is fully resolved, with the exception of the T149-G149d segment. The orientation at right shows the back of the molecule and
corresponds to a 180° rotation along the y-axis relative to the standard orientation at left.
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Fragment 2

Figure 3. Crystal structure of meizollzzAF1 at 2.1 A resolution
showing the architecture of fragment 2 (ribbon and sticks in yellow)
and its docking on the surface of the B chain (green). Three
disulfide bonds stabilizing the kringle domain of fragment 2 are
indicated with letters a (C170-C248), b (C219-C243) and ¢
(C191-C231). Shown are the residues of fragment 2 that make
direct interactions with the B chain. The anionic cluster DGDEE
(residues 223-227), corresponding to the Lys-binding center of
other kringles in plasminogen and tissue-type plasminogen activa-
tor, makes extensive ionic interactions (cyan) with R93, R101 and
R175.R93 and R101 are critical residues for the binding of heparin
[66] and the y’-peptide of fibrinogen [67]. Other ionic interactions
involve D239 with R97 of the B chain, K236 with the GAG moiety
linked to N60g of the 60-loop and Q206 with K240. The only
relevant hydrophobic interactions (orange) of fragment 2 with the
B chain involve the environment of P92 and W96 with P237 and
G238. W194 and W230 are in stacking interaction with each other
and presumably function as a single fluorophore. Perturbation of
W96 and the presence of W194 and W230 may be responsible for
the different fluorescence response to Na* binding observed in
meizollggAF1 compared to thrombin (see Fig. 4).

backbone O atom of G238. The backbone N atom of
G238, on the other hand, H-bonds to the backbone O
atom of P92 and P237 makes a significant interaction
with W96 right next to the 60-loop of the B chain.
K236 makes a strong interaction with the sugar moiety
attached to N60g in the 60-loop. Finally, on the other
side of the surface of interaction between fragment 2
and the B chain, K204, H205 and Q206 make polar
contacts with K240 and Q244 (Fig. 3).

Not all residues connecting fragment 2 to the A chain,
the so-called linker domain, are traceable in the
electron density map. The first residue resolved in the
A chain is G1f (residue 287 of prothrombin) and the
last residue resolved in fragment 2 is A251 located
almost 40 A away (Figs.2 and 3). That leaves 36
residues missing in the electron density map, including
R271 and R284 mutated to Ala in meizollzzAF1.

Research Article 3693

Inspection of crystal packing revealed no significant
contacts in the region presumably occupied by the
linker in a disordered conformation. We therefore
modeled the linker region and assigned an occupancy
of zero to the 36 residues missing in the electron
density map in the final structure (residues in red in
Fig. 3). The linker assumes a twisted conformation,
similar to that found in the structure of bovine
meizothrombin desF1 [58]. Of interest is the position
of R271 and R284, mutated to Ala in our construct.
The Co atoms of these two residues are 20.8 A away
from each other. The position of R155, whose cleavage
generates meizothrombin desF1 from meizothrombin,
can only be inferred from that of the first residue
detected in the structure of meizollzxAF1, Q169. The
distance between the Ca atoms of R284 and Q169 is
45.7 A and R271 is even further away. This implies that
cleavage at R155 would require a substantial translation
of prothrombinase to access R284 or R271 for further
processing of substrate leading to thrombin. We hope
that crystallization of human meizollzzAF1 under
different conditions will provide more detailed in-
formation of the architecture of the linker region. The
limiting factor seems to be the intrinsic disorder of this
region, rather than poor resolution of the structure.
Paradoxically, the linker was resolved in its entirety
for the bovine enzyme at much lower resolution [58],
presumably because of the sequence differences and
lower intrinsic disorder. The B chain of meizollzzgAF1
shows no significant differences compared to PPACK-
inhibited thrombin in the E:Na* form [20] (rmsd 0.30
A).

In addition to crystallographic evidence of Na* bind-
ing (Fig. 1), we have collected strong evidence that
meizollzzxAF1 exists in the E*, E and E:Na* forms like
thrombin (Figs. 4 and 5). MeizolIzzAF1 responds to
Na* binding with a 6% change in intrinsic fluores-
cence that is smaller than the 10% change seen for
thrombin [9]. The overall change is biphasic, but the
smaller amplitude makes it difficult to resolve the fast
phase, especially at low [Na*] (Fig.4). The single-
exponential slow phase is well resolved and its k.,
decreases hyperbolically with increasing [Na*]
(Fig.5), thereby demonstrating an equilibrium be-
tween two forms that precedes the binding of Na™ [9].
The values of the apparent and intrinsic equilibrium
association constants for Na' binding to mei-
zolIgrAF1 are only slightly smaller than those of
thrombin (Table 1), as expected from the results of
recent studies [45] and the structural similarity of the
Na” site between the two enzymes (Fig. 1). The rate
constants k; and k_; predict a ratio [E*]/[E] = 0.83,
similar to the value of 0.72 in thrombin. In conclusion,
meizollzzrkAF1 undergoes an equilibrium involving
E*, E and E:Na'. The binding of Na* produces a
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Figure 4. Kinetic traces of Na* binding to human meizollzzgAF1 in
the 0~100 ms time scale. Shown are the traces obtained at 0, 6.25, 25
and 100 mM Na*, as indicated. The binding of Na* obeys a two-step
mechanism, with a fast phase completed within the dead time (<
0.5 ms) of the spectrometer that is evident only at high [Na*] ,
followed by a single-exponential slow phase. The k,, for the slow
phase decreases hyperbolically with increasing [Na*] (see also
Fig. 5). Experimental conditions are: 50 nM meizollzzxAF1, 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 exp (—kq, t) + b with best-fit
parameter values: (0 mM) a = 040V, ko, = 0+£0 s, b = 8.11+0.01
V; (6.25 mM) a = -0.0540.01 V, ko, = 27649 s, b = 8.2040.01 V;
(25 mM) a = -0.18+0.02 V, ko = 24148 s, b = 8.4440.01 V; (100
mM) a = -0.2340.01 V, kg = 19148 57, b = 8.5040.01 V.

smaller fluorescence change compared to thrombin,
with the fast phase being affected the most at low
[Na*].

Dissection of the contribution of all nine Trp residues
of thrombin to the fluorescence change associated
with the binding of Na™ (E to E:Na™ transition) and
the E*-E interconversion has revealed that all Tip
residues distributed on the thrombin surface up to 35
A away from the bound cation contribute to the
fluorescence signal [9]. Hence, the allosteric E*-E and
E-E:Na™ interconversions affect the structure of
thrombin globally. In addition to the nine Trp residues
of the B chain, meizolIzzxAF1 possesses two additional
Trp residues, W194 and W230, both in fragment 2. Our
crystal structure (Fig.3) shows these residues in
stacking interaction, perhaps acting as a single fluo-
rophore. Interestingly, W230 is engaged in a cation-mnt
interaction with R93 of the B chain and the entire
fragment 2 docks on a surface of recognition of the B
chain that involves W96 and W237. The possibility
exists that the interactions involving W194 and W230
in fragment 2, W96 and W237 in the B chain may
dominate the differences in fluorescence response
seen between meizollzxzxkAF1 and thrombin. Future
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Figure 5. (Left) Na* binding curve of human meizolIzzAF1 (black
circles) obtained from the total change in intrinsic fluorescence
determined by stopped flow kinetics (see Fig. 4). Similar results
were obtained from direct fluorescence titration (data not shown)
performed as reported elsewhere [9, 64]. The binding curve of
human thrombin is also shown for comparison (open circles).
Experimental conditions are: 50 nM enzyme, 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 according to the equation F = (F, + F, K, [Na*])/(1 + K,,,,
[Na*]), described in detail elsewhere [9], with best-fit parameter
values: (meizollrgAF1) F, = 8.09£0.01 V,F, =8.584+0.01 V. K,,, =
5949 M™'; (thrombin) F, = 8.19+0.01 V, F, = 9.03£0.01 V, K., =
100+10 M [9]. Note the larger fluorescence change induced by
Na™ binding to thrombin compared to meizolIzgAF1 and also the
slightly higher Na* affinity measured as an apparent binding
constant K,,,. (Right) Values of k. for the slow phase of
fluorescence increase (see Fig.4) due to Na* binding to human
meizollzzxAF1 (black circles) and thrombin (open circles). Exper-
imental conditions are: 50 nM thrombin or meizollzxzgkAF1, 5 mM
Tris, 0.1% PEG, pH 8.0 at 15 °C. Continuous lines were drawn
according to eq.1 in the text, with best-fit parameter values:
(meizollxgAF1) ky = 17949 s, k; = 14848 s, K, = 9149 M,
(thrombin) k; = 11543 s, k; = 83+6 s, K, = 160420 M [9]. The
value of r = k_,/k, is practically identical for the two enzymes (0.83
vs. 0.72), but the intrinsic Na* affinity is about two-fold higher for
thrombin compared to meizollrg AF1. The value of K, (see data
atleft) can be derived from the equation K,,, = K,/(1 +r) [9] and is
in excellent agreement with that determined directly from the
titration data shown at left.

mutagenesis studies will help address this issue
directly.

The effect of Na* has provided new context for
understanding thrombin allostery at the molecular
level. Na* binding is required for the procoagulant,
prothrombotic and signaling functions of the enzyme
and is dispensable for its anticoagulant function [10,
11]. The physiological significance of this effect is
illustrated directly by the bleeding consequences of
mutations that compromise Na* binding to thrombin
[10, 11]. Studies on the Na* effect of thrombin have
produced significant advances in our understanding of
how trypsin-like proteases work and are regulated
[25]. Perhaps the most notable of these advances has
been the discovery of the E* form from stopped-flow
measurements of Na™ binding [9] followed by X-ray
crystallography [23]. E* is an inactive form of
thrombin that is in equilibrium with the low activity
E form in the absence of Na™. E is then converted to
the high activity E:Na* form upon binding of the
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cation. Because the Na™* affinity is not high enough to
saturate the site under physiological [Na*] [10, 11], all
three conformations of the enzyme, E*, E and E:Na*
contribute to the activity of thrombin in vivo. The
present study demonstrates that meizothrombin, the
most important intermediate along the prothrombin
activation pathway [5, 46, 47], possesses the same
conformational plasticity as the mature enzyme. The
Na*® site of meizothrombin desF1 is structurally
identical to that of thrombin, and the Na* affinity is
comparable. This implies that when meizothrombin
functions as a substrate for the prothrombinase
complex under physiological conditions, its various
forms E*, E and E:Na™ are significantly populated and
may have distinct kinetic properties. Because the
interconversion between E* and E occurs on the ms
time scale (Fig.4), which is comparable to that
required for substrate binding to and dissociation
from the prothrombinase complex, kinetic schemes of
prothrombinase action where the substrate meizo-
thrombin is modeled as a single conformation [6] are
unlikely to be correct. Alternative kinetic schemes
where meizothrombin is assumed to undergo a
zymogen-protease conversion when processed by the
prothrombinase complex [7] correctly account for
conformational plasticity of the substrate. However,
these schemes confound E* for a zymogen form and
do not account for the Na* effect converting E to
E:Na®. E* is not a zymogen form, because its 116-
D194 ion-pair is correctly formed [23]. E and E:Na™*
are both significantly populated and likely to feature
distinct functional behavior as substrates of prothrom-
binase, although their interconversion may be consid-
erably faster than other kinetic steps. The possible
consequences of Na® binding to factor Xa on the
function of the prothrombinase complex should also
be considered in a kinetic scheme of prothrombin
processing, given that the activating effect of Na* on
factor Xa has been known for over 30 years [31].
Significant structural differences exist among E*, E
and E:Na™ in thrombin [10], so it is realistic to expect
similar differences for meizothrombin. The structure
reported in this paper documents the Na™ binding site
of meizothrombin desF1 bound to PPACK and
represents a solid starting point for the future analysis
of the free forms of this important enzyme.
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