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The thrombin mutant W215A/E217A (WE) is a potent anti-
coagulant both in vitro and in vivo. Previous x-ray structural
studies have shown that WE assumes a partially collapsed con-
formation that is similar to the inactive E* form, which explains
its drastically reduced activity toward substrate. Whether this
collapsed conformation is genuine, rather than the result of
crystal packing or the mutation introduced in the critical 215-
217 B-strand, and whether binding of thrombomodulin to
exosite I can allosterically shift the E* form to the active E form
to restore activity toward protein C are issues of considerable
mechanistic importance to improve the design of an anticoagu-
lant thrombin mutant for therapeutic applications. Here we
present four crystal structures of WE in the human and murine
forms that confirm the collapsed conformation reported previ-
ously under different experimental conditions and crystal pack-
ing. We also present structures of human and murine WE bound
to exosite I with a fragment of the platelet receptor PAR1, which
is unable to shift WE to the E form. These structural findings,
along with kinetic and calorimetry data, indicate that WE is
strongly stabilized in the E* form and explain why binding of
ligands to exosite I has only a modest effect on the E*-E equilib-
rium for this mutant. The E* — E transition requires the com-
bined binding of thrombomodulin and protein C and restores
activity of the mutant WE in the anticoagulant pathway.

Thrombin is the pivotal protease of blood coagulation and is
endowed with both procoagulant and anticoagulant roles in
vivo (1). Thrombin acts as a procoagulant when it converts
fibrinogen into an insoluble fibrin clot, activates clotting factors
V, VIII, XI, and XIII, and cleaves PAR1? and PAR4 on the sur-
face of human platelets thereby promoting platelet aggregation
(2). Upon binding to thrombomodulin, a receptor present on
the membrane of endothelial cells, thrombin becomes unable
to interact with fibrinogen and PAR1 but increases >1,000-fold
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its activity toward the zymogen protein C (3). Activated protein
C generated from the thrombin-thrombomodulin complex
down-regulates both the amplification and progression of the
coagulation cascade (3) and acts as a potent cytoprotective
agent upon engagement of EPCR and PAR1 (4).

The dual nature of thrombin has long motivated interest in
dissociating its procoagulant and anticoagulant activities
(5-12). Thrombin mutants with anticoagulant activity help
rationalize the bleeding phenotypes of several naturally occur-
ring mutations and could eventually provide new tools for
pharmacological intervention (13) by exploiting the natural
protein C pathway (3, 14, 15). Previous mutagenesis studies
have led to the identification of the E217A and E217K muta-
tions that significantly shift thrombin specificity from fibrino-
gen toward protein C relative to the wild type (10-12). Both
constructs were found to display anticoagulant activity in vivo
(10, 12). The subsequent discovery of the role of Trp-215 in
controlling the balance between pro- and anti-coagulant activ-
ities of thrombin (16) made it possible to construct the double
mutant W215A/E217A (WE) featuring >19,000-fold reduced
activity toward fibrinogen but only 7-fold loss of activity toward
protein C (7). These properties make WE the most potent anti-
coagulant thrombin mutant engineered to date and a prototype
for a new class of anticoagulants (13). In vivo studies have
revealed an extraordinary potency, efficacy, and safety profile of
WE when compared with direct administration of activated
protein C or heparin (17-19). Importantly, WE elicits cytopro-
tective effects (20) and acts as an antithrombotic by antagoniz-
ing the platelet receptor Gplb in its interaction with von Will-
ebrand factor (21).

What is the molecular mechanism underscoring the remark-
able functional properties of WE? The mutant features very low
activity toward synthetic and physiological substrates, includ-
ing protein C. However, in the presence of thrombomodulin,
protein C is activated efficiently (7). A possible explanation is
that WE assumes an inactive conformation when free but is
converted into an active form in the presence of thrombo-
modulin. The ability of WE to switch from inactive to active
forms is consistent with recent kinetic (22) and structural (23,
24) evidence of the significant plasticity of the trypsin fold. The
active form of the protease, E, coexists with an inactive form, E*,
that is distinct from the zymogen conformation (25). Biological
activity of the protease depends on the equilibrium distribution
of E* and E, which is obviously different for different proteases
depending on their physiological role and environmental con-
ditions (25). The E* form features a collapse of the 215-217
B-strand into the active site and a flip of the peptide bond
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between residues Glu-192 and Gly-193, which disrupts the
oxyanion hole. These changes have been documented crystal-
lographically in thrombin and other trypsin-like proteases such
as al-tryptase (26), the high temperature requirement-like pro-
tease (27), complement factor D (28), granzyme K (29), hepato-
cyte growth factor activator (30), prostate kallikrein (31), pros-
tasin (32, 33), complement factor B (34), and the arterivirus
protease nsp4 (35). Hence, the questions that arise about the
molecular mechanism of WE function are whether the mutant
isindeed stabilized in the inactive E* form and whether it can be
converted to the active E form upon thrombomodulin binding.

Structural studies of the anticoagulant mutants E217K (36)
and WE (37) show a partial collapse of the 215-217 B-strand
into the active site that abrogates substrate binding. The col-
lapse is similar to, but less pronounced than, that observed in
the structure of the inactive E* form of thrombin where Trp-
215 relinquishes its hydrophobic interaction with Phe-227 to
engage the catalytic His-57 and residues of the 60-loop after a
10 A shift in its position (24). These more substantial changes
have been observed recently in the structure of the anticoagu-
lant mutant A146 —149¢ (38), which has proved that stabiliza-
tion of E* is indeed a molecular mechanism capable of switch-
ing thrombin into an anticoagulant. It would be simple to
assume that both E217K and WE, like A146 —149e, are stabi-
lized in the E* form. However, unlike A146 —149e, both E217K
and WE carry substitutions in the critical 215-217 B-strand
that could result into additional functional effects overlapping
with or mimicking a perturbation of the E*-E equilibrium. A
significant concern is that both structures suffer from crystal
packing interactions that may have biased the conformation of
side chains and loops near the active site (24). The collapsed
structures of E217K and WE may be artifactual unless validated
by additional structural studies where crystal packing is sub-
stantially different.

To address the second question, kinetic measurements of
chromogenic substrate hydrolysis by WE in the presence of
saturating amounts of thrombomodulin have been carried out
(37), but these show only a modest improvement of the k_,,/K,,
as opposed to >57,000-fold increase observed when protein C
is used as a substrate (7, 37). The modest effect of thrombo-
modulin on the hydrolysis of chromogenic substrates is practi-
cally identical to that seen upon binding of hirugen to exosite I
(37) and echoes the results obtained with the wild type (39) and
other anticoagulant thrombin mutants (7, 9, 10, 12, 38). That
argues against the ability of thrombomodulin alone to signifi-
cantly shift the E*-E equilibrium in favor of the E form. Binding
of a fragment of the platelet receptor PAR1 to exosite I in the
D102N mutant stabilized in the E* form (24) does trigger the
transition to the E form (23), but evidence that a similar long-
range effect exists for the E217K or WE mutants has not been
presented.

In this study we have addressed the two unresolved questions
about the mechanism of action of the anticoagulant thrombin
mutant WE. Here we present new structures of the mutant in
its human and murine versions, free and bound to a fragment of
the thrombin receptor PAR1 at exosite I. The structures are
complemented by direct energetic assessment of the binding of
ligands to exosite I and its effect on the E*-E equilibrium.
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MATERIALS AND METHODS

The human and murine thrombin versions of the mutant WE
(hWE and mWE, respectively) were expressed, purified, and
validated as described previously (7, 40). The soluble fragment
of human PAR1, **SFLLRNPNDKYEPFWEDEEKN®?, corre-
sponding to the sequence downstream from the cleavage site at
Arg-41 and containing the hirudin-like motif >**YEPFWE®” for
binding exosite I, was synthesized by solid phase, purified to
homogeneity by high pressure liquid chromatography (HPLC),
and tested for purity by mass spectrometry. hWE was concen-
trated to 8.0 mg/ml in 50 muM choline chloride, 20 mm Tris, pH
7.4. mWE was concentrated to 9.8 mg/ml in 50 mm choline
chloride, 20 mm Tris, pH 7.4. Crystallization was achieved at
22 °Cby the vapor diffusion technique, with each crystallization
reservoir containing 500 ul of solution. Equal volumes of the
protein sample and reservoir solution (1 ul each) were mixed to
prepare the hanging drops. The reservoir solutions are pro-
vided in Table 1. Diffraction quality crystals grew in 1-3 weeks
and were cryoprotected in a solution similar to the reservoir
solution but containing 15% glycerol prior to flash freezing.
X-ray diffraction data for mWE-3, mWE-PAR1, hWE, and
hWE-PARI (Table 1) were collected at the Advanced Photon
Source (Beamline Biocars 14-BMC, Argonne National Labora-
tory), and those for mWE-1 and mWE-2 were collected with a
home source RAXIS IV detector (Rigaku/MSC, The Wood-
lands, TX). The data were indexed, integrated, and scaled with
the HKL2000 software package (41). The structures were
solved by molecular replacement using MOLREP from the
CCP4 suite (42) and Protein Data Bank accession code 1TQO
(37) as a search model. Refinement and electron density gener-
ation were performed with the Crystallography and NMR Sys-
tem (43) for mWE-3, mWE-PARI1, hWE, and hWE-PAR1 or
with REFMAC (44) for mWE-1 and mWE-2; 5% of the reflec-
tions were randomly selected as a test set for cross-validation.
Ramachandran plots were calculated using PROCHECK (45).
Statistics for data collection and refinement are summarized in
Table 1. Atomic coordinates and structure factors have been
deposited in the Protein Data Bank (accession codes: 3HK3 for
mWE-1, 3HK6 for mWE-2, 3EDX for mWE-3, 3HKI for mWE-
PAR1, 3EEO for hWE, and 3HK]J for hWE-PAR1).

Binding of the exosite I ligand hirugen was studied directly by
isothermal titration calorimetry under experimental condi-
tions of 5 mm Tris, 0.1% polyethylene glycol 8000, and 200 mm
NaCl, pH 8.0 at 25 °C using an iTC200 calorimeter (MicroCal
Inc.,, Northampton, MA) with the sample cell containing
thrombin and the syringe injecting hirugen. Details of the
experimental procedures have been presented elsewhere (38).
Thermodynamic parameters were extracted from a curve fit to
the data using software (Origin 7.0) provided by MicroCal that
was consistent with a one-site binding model. Experiments
were performed in triplicate with excellent reproducibility
(<10% variation in thermodynamic parameters). The effect of
ligand binding to exosite I on the E*-E equilibrium can be
understood in terms of the properties of the linkage scheme
(Scheme 1).

The scheme involves the four possible intermediates for an
enzyme existing in two states, £* and E, binding an allosteric
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effector, L, such as hirugen or thrombomodulin with an equi-
librium association constant, K* or K. The equilibrium distri-
bution of E* and E is reflected by the constant r = [E*]/[E] in the
absence of L and r; = [E*L]/[EL] in the presence of L. Conser-
vation of energy in Scheme 1 requires (46, 47)

r K

Lk (Eq. 1)

which implies that the original distribution of E* and E forms
quantified by the equilibrium constant » can only be affected to
an extent r/r; equal to the ratio K/K*. If L binds to E with an
affinity x-fold higher than that of E*, then the relative popula-
tion of E* relative to E will decrease x-fold in the presence of L.
In other words, the transition of E* to E is never complete upon
binding of an allosteric effector (unless K/K* — <o) but obeys in
magnitude the constraints imposed by Equation 1.

RESULTS

Six crystal structures of hWE and mWE were obtained, four
in the absence of any ligands and two bound to the extracellular
fragment of human PARI. The six models vary in number of
molecules per asymmetric unit, space group, and crystallization
conditions including pH (Table 1), as well as in a number of
critical residues that confer murine thrombin high catalytic
activity in the absence of Na™ activation (40). Yet the structures
present a common active site architecture differing signifi-
cantly from the wild type in the E form (48). Each of the 11 hWE
or mWE protein monomers shows collapse of the 215-217
B-strand into the active site, and the majority show disruption
of the oxyanion hole (Fig. 1). Binding of PAR1 to exosite I does
not correct the collapsed conformation.

Only one molecule is present in the asymmetric unit of the
new structure of hWE, unlike the previous structure, 1TQO
(37). The P2,2,2, space group differs from the previous P2,3

7 lattice and has smaller cell dimensions. In the new hWE
E* S E structure, the 215-217 B-strand collapses into the S1 pocket
= (Fig. 1) and is accompanied by complete disorder of the 186-
and 220-loops responsible for Na™ binding. Although the elec-
K* 1 1 K tron density does not enable definition of the autolysis loop and
the 220-loop in hWE, the conformational state of what can be
observed suggests solvent exposure of the Na™ binding site
E*L S EL and increased solvent accessibility of the normally buried
157RGD'® sequence. Such a conformation bears similarity to
ry the K*-bound form of thrombin (49, 50) as well as to the struc-
SCHEME 1 ture of the thrombin mutant E217K (36). The new structure
TABLE 1
Crystallographic data for the thrombin mutant W215A/E217A (human and murine) free and bound to a fragment of PAR1
mWE-1 mWE-2 mWE-3 mWE-PAR1 hWE hWE-PAR1
Buffer/salt 0.2 M NH,CI 0.2 M NH,H,PO, 0.2 M Na,SO, 100 mm Tris 100 mm MES 100 mm HEPES
pH 6.3 4.6 6.6 8.5 6.5 7.5
Polyethylene glycol 3,350 (20%) 3,350 (14%) 3,350 (20%) 10,000 (20%) 400 (30%) 10,000 (20%)
PDB“ ID 3HK3 3HK6 3EDX 3HKI 3EEOQ 3HK]J
Data collection _
Wavelength (A) 1.54 1.54 0.9 0.9 0.9 0.9
Space group . P2,2,2, P4,2,2 P2,2,2, P2,2,2 P2,2,2, P1
Unit cell dimensions (A) a=48.6 a =704 a=977 a=231.4 a = 40.1 a =531, a=98.9
b =639 b =704 b= 1058 b=51.0 b =60.0 b =618 =110.3
¢ =950 ¢=293.1 c=17638 c =805 ¢=120.0 c=67.8,y=929
Molecules/asymmetric unit 1 2 3 2 1 2
Resolution range (A) 40-1.94 40-3.2 40-2.4 40-2.2 40-2.75 40-2.6
Observations 124,234 80,314 380,536 311,467 43,454 69,365
Unique observations 21,296 12,201 67,622 45,052 7,810 22,864
Completeness (%) 94.9 (87.0) 93.3 (72.8) 94.5 (79.9) 90.9 (80.9) 97.5 (85.3) 93.4.(79.3)
Ry, (%) 8.1 (28.0) 105 (37.8) 5.9 (46.1) 5.1 (36.5) 9.0 (32.3) 5.2 (19.9)
1a(l) 17.2 (3.3) 14.6 (3.5) 21.2 (2.5) 28.6 (4.9) 154 (2.9) 185 (4.2)
Refinement
Resolution (A) 40-1.94 40-3.2 40-2.4 40-2.2 40-2.75 40-2.6
|Fla(F) >0 >0 >0 >0 >0 >0
erystr Riee 0.181, 0.235 0.222, 0.314 0.214, 0.244 0.227,0.261 0.239, 0.323 0.195, 0.234
Reflections (working/test) 20,160/1,098 11,572/583 62,795/3,371 40,411/3,592 7,683/418 21,050/1,079
Protein atoms 2,289 4,882 7,353 5,041 2,218 4,714
Solvent molecules ) 240 0 227 217 0 154
r.m.s.d. bond lengths” (A) 0.013 0.019 0.007 0.011 0.008 0.007
r.m.s.d. angles® () 14 19 13 1.8 13 15
rms.d. AB (A% (mm/ms/ss)°  0.76/0.55/2.17  0.74/0.37/1.72 3.45/4.18/5.55  2.32/2.63/3.22  157/1.76/2.01  1.24/1.19/1.60
(B) protein (A%) 25.6 44.9 54.6 41.2 38.4 40.6
(B) solvent (A% 34.8 489 40.4 37.7
Ramachandran plot
Most favored (%) 98.8 97.1 97.4 98.5 99.2 99.0
Generously allowed (%) 1.2 2.4 1.8 1.3 0.9 0.2
Disallowed (%) 0.0 0.5 0.8 0.2 0.0 0.8

“ PDB, Protein Data Bank.

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

¢ mm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.
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Collapse of 215- ¥
217 strand

FIGURE 1. Ca traces of engineered proteases hWE and mWE compared with native thrombin. Left, new
hWE structure with only one molecule in the asymmetric unit (wheat) is nearly identical to the previous struc-
ture, 1TQO (light green), and differs from the active E form (1SGT (red)) (48) for the collapse of the 215-217
B-strand (arrow) into the active site. Right, mWE-1 (light blue), mWE-2 (wheat), and mWE-3 (light green) differ
from wild-type murine thrombin (20CV (red)) (51) at both the 215-217 B-strand (arrow) and the oxyanion hole.

FIGURE 2. Surface representation of the nine free monomers of hWE and
mWE (wheat). The wide variety of crystal contacts <4 A (light blue) docu-
mented in the data sets proves that the collapse of the 215-217 B-strand
(arrow) is not an artifact of crystal packing. Top row, hWE, 1TQ0 molecule A,
1TQO0 molecule B. Middle row, mWE-1, mMWE-2 molecule A, mMWE-2 molecule B.
Bottom row, mWE-3 molecules A, B, and C.

FIGURE 3. Comparison of the oxyanion hole in hWE and mWE in the pres-
ence and absence of PAR1. Left, PAR1 binding in hWE (light green) induces rota-
tion of the Glu-192—Gly-193 peptide bond such that the backbone O atomis in
H-bonding distance of both the OH and backbone N atom of the catalytic Ser-
195. Right, in all mWE structures the Glu-192—Gly-193 peptide bond is flipped
whether free (wheat) or bound to the PAR1 peptide (light green).

“BSEMEN
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confirms the collapsed conforma-
tion under different crystallization
conditions, space groups, and crys-
tal packing (Fig. 2) lending support
to the validity of the three-dimen-
sional architecture of the mutant
WE first observed in the structure
1TQO (37).

Crystals of mWE in the free form
were obtained with one, two, and
three molecules in the asymmetric
unit (mWE-1, mWE-2, and mWE-
3). As in the hWE, the 215-217
B-strand collapses into the active
site (Fig. 1) although the structures
were solved under different crystal-
lization conditions, space groups,
and crystal packing (Fig. 2). The
oxyanion hole is disrupted in all monomers because of a flip of
the Glu-192—Gly-193 peptide bond (Fig. 3). The ¢ angle of
Glu-192 decreases by 75°, and the ¢ angle of Gly-193 decreases
by 180°. In this altered conformation, the carbonyl O atom of
Glu-192 is placed within H-bonding distance to both the OH
and backbone N atoms of the catalytic Ser-195, resulting in an
architecture of the triad and oxyanion hole that is incompatible
with stabilization of the catalytic transition state (Fig. 3). In
turn, the stretch of residues from Glu-192 to Asp-194 assumes
a short helical geometry. Overall, the conformational change is
less drastic than that observed in the E* form documented in
the D102N (24) and A146 —149e (38) mutants of human throm-
bin, although it goes in the same direction.

All six monomers of mWE are highly similar to one another
throughout their entire structures with the exception of the
surface exposed 145-, 186-, and 220-loops. All monomers show
the 186-loop flipped toward the active site with only slight vari-
ations, which exposes the Na™ binding site to solvent. Molecule
B of hWE-3 is unique in presenting a more extended 145-loop
because of packing between adjacent molecules (Fig. 2). Unlike
the hWE crystal structure and 1TQO, the Na™-binding loops
are well defined due in part to the recruitment of Arg-187 as an
intramolecular cation mimic and favorable electrostatics due to
the presence of the critical Lys-222 in the murine enzyme. In
wild-type murine thrombin, and unlike human thrombin, Lys-
222 buries into the Na* binding site and effectively mimics the
Na™ activation mechanism (40, 51). In all mWE structures, Lys-
222 is dislodged from its position between the 186- and 220-
loops and rotates upward to become stabilized by Glu-146 from
the autolysis loop, albeit in slightly different orientations in
each monomer. In all three monomers of mWE-3, Arg-187 sub-
stitutes into the Na™ site and recruits polar contacts from the
backbone O atoms of Phe-184a, Lys-185, and Lys-224. Arg-187
assumes a similar buried conformation in the D102N mutant of
thrombin (23, 24). In molecule B of mWE-3, the backbone O
atom of Lys-222 is also recruited into the ligand shell of Arg-
187. In contrast, the other three monomers from mWE-1 and
mWE-2 present Arg-187 in an orientation more similar to wild-
type murine thrombin, leaving the Na™ binding site exposed to
solvent. All three structures of mWE support the conclusion
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FIGURE 4. PAR1 binding to hWE and mWE does not restore active site architecture. Left, hWE free (wheat)
and hWE bound (light green) to the PAR1 peptide (gold) are nearly identical with the exception of the oxyanion
hole (see legend for Fig. 3). Right, mWE free (wheat) is nearly identical to the PAR1 (gold) bound state (light

20

residues in length, whereas in the
peptide bound to molecule B only 9
residues are visible in the electron
density (Fig. 4). In both structures
the PAR1 fragment engages exosite
I of thrombin through a number of
polar and hydrophobic interactions.
Residue Tyr-52 and Phe-55 of PAR1
interlock with Phe-34 of thrombin,
and this complementary hydropho-
bic packing is assisted by a cation-7
interaction between Arg-67 in
thrombin and the aromatic ring of
Phe-55 of PAR1. Additional H-bond
contacts link Asp-50, Tyr-52, and
Thr-54 of PAR1 to Leu-40, Arg-73,
and Tyr-76 of thrombin. Lack of dis-
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portion of PAR1 is unlike that found

s

: in hirudin (52) or PAR3 (53) bind-
ing, which present additional C-ter-
minal acidic moieties to extend the
reach of these peptides farther back
into exosite I. The paucity of con-
4 tacts by the C-terminal residues of
PAR1 forces the peptide to adopt
1 two different binding poses to

Vv

pack Trp-56 against the surface of
thrombin. These peptide conforma-
tions are similar to that observed in
the previously determined complex
with the D102N mutant of throm-
bin (23). However, PAR1 binding to
1 hWE or mWE restores neither the
collapse of the 215-217 B-strand
. (Fig. 4) nor the disruption of the
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FIGURE 5. Hirugen binding to thrombin wild type (left) and WE (right) measured by isothermal titration
calorimetry. The top panel shows the heat exchanged in each individual titration for the thrombin sample
(lower trace) and the hirugen buffer control (upper trace, left). 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 are: 5
mm Tris, 0.1% polyethylene glycol 8000, 200 mm NaCl, pH 8.0, 25 °C. The enzyme and hirugen concentrations
are: 10 and 105 um (thrombin wild type); 12 and 220 um (WE). Titration curves were fit using the Origin software
of the iTC200, with best-fit parameter values: thrombin wild type, K = 7.4 = 0.1 10° v~ ', AG = —9.4 *+ 0.1
kcal/mol, AH= —14.5 = 0.1 kcal/mol, TAS = —5.1 += 0.1 kcal/mol; WE, K= 2.1 +0.510°m™ ', AG = —8.6 = 0.1
kcal/mol, AH = —14.0 = 0.1 kcal/mol, TAS = —5.4 = 0.1 kcal/mol. The value of the stoichiometric constant, N,

was 0.97 = 0.01 for thrombin wild type and 1.02 =+ 0.01 for the WE mutant.

that the disrupted active site architecture is the dominant con-
formation in solution that is generated by the double Ala sub-
stitution at residues 215 and 217.

To test whether the structural defects of the WE conforma-
tion are corrected upon ligand binding to exosite I, as docu-
mented recently for the E* form (23), both hWE and mWE were
crystallized in complex with an extracellular fragment of PAR1.
In the hWE-PAR1 complex, eight residues of the peptide are
visible bound to molecule A, whereas seven residues are visible
bound to molecule B (Fig. 4). In the mWE-PAR1 complex, the
peptide bound to molecule A is defined as being over 15
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oxyanion hole (Fig. 3). The PAR1-
bound structures are nearly identi-
cal to those in the free state.

The integrity of exosite I in the
WE mutant is supported by calori-
metric measurements of the bind-
ing of hirugen (Fig. 5). Hirugen
binding to exosite I in the wild type
elicits changes in activity toward
chromogenic substrates that are
practically identical to those elicited
by thrombomodulin (39). Calorimetry provides a direct and
highly informative method of studying binding interactions
that, in the case of ligands like hirugen, have thus far relied on
indirect kinetic assays (37, 39, 54) or fluorescence probes added
to the ligand or the enzyme (55). The binding of hirugen to the
wild type is characterized by an equilibrium association con-
stant of K = 7.4 10° M~ ' and an enthalpy of —14.5 kcal/mol,
underscoring a significant entropy loss in the interaction. The
binding of hirugen to the mutant WE features an equilibrium
association constant K = 2.1 10° M ', which is <4-fold lower
than that of the wild type. The enthalpy change associated with

Molar Ratio
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binding is —14.0 kcal/mol, practically identical to that of the
wild type. These results support the conclusion that exosite I is
affected modestly by the WE mutation or the collapse in the
215-217 B-strand. It follows from linkage Scheme 1 that bind-
ing of ligands to exosite I of the mutant WE should have only a
modest effect on the E*-E equilibrium. If the mutant WE is
stabilized in the E* form, binding of ligands such as thrombo-
modulin and hirugen to exosite I are expected to have only a
modest effect on the catalytic activity of the enzyme toward
small chromogenic substrates, as indeed was found when meas-
ured experimentally (37).

DISCUSSION

The anticoagulant thrombin mutant WE has little activity
toward substrate but features significant activity toward the
anticoagulant protein C in the presence of the cofactor throm-
bomodulin (7). Because of its remarkable success in preclinical
studies (17-19, 21), elucidation of the molecular mechanism
underlying the function of WE is necessary to eventually
remove any residual activity toward fibrinogen and PAR1 in
future thrombin variants. A new paradigm, which emerged
from the analysis of recent crystal structures of trypsin-like pro-
teases (23, 24, 26 —35), offers a context in which to interpret the
peculiar properties of WE and other anticoagulant thrombin
mutants (9, 10, 12, 38). Trypsin-like proteases such as thrombin
exists in equilibrium between two forms, E* (inactive) and E
(active) (25). The biological activity of the protease is deter-
mined by the exact partitioning between the inactive E* and
active E forms. The allosteric equilibrium may be shifted using
ad hoc cofactors or small molecules as well as site-directed
mutations. The mutant A146 —149e carrying a deletion of nine
residues in the autolysis loop of thrombin has been shown
recently to adopt the E* conformation (38), and its anticoagu-
lant profile has been explained in terms of stabilization of E*
until binding of protein C and thrombomodulin restore activity
by triggering the conversion to the E form. The mutant WE
features a collapse of the 215-217 B-strand and disruption of
the oxyanion hole, which resembles the conformation of E*
(24). This collapse is not artifactual, as it is observed in struc-
tures of the human and murine enzymes obtained under differ-
ent experimental conditions, space groups, and crystal packing
(Fig. 2) lending support to the validity of the conformation first
observed in the structure 1TQO (37). It is likely that the col-
lapsed conformation of WE is indeed the E* form biased by the
effect of removing the indole of Trp-215. The side chain of
Trp-215 is critical in maintaining the open conformation of the
active site in the E form through a strong hydrophobic interac-
tion with Phe-227 (48). Likewise, in the E* form, the hydropho-
bic interaction of Trp-215 with His-57 and Tyr-60a in the
60-loop produces the collapsed conformation that obliterates
substrate access to the active site (24). When the side chain of
Trp-215 is eliminated with the W215A substitution, the 215—
217 B-strand loses a key structural element to stabilize either E
or E*. Hence, it is not surprising that the conformation of the
215-217 B-strand in the WE mutant occupies a position that is
intermediate to the two limiting positions in the E and E* forms.
The collapse is sufficient to compromise substrate binding to
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the active site even though it does not move the 215-217
B-strand fully to the position seen in the E* form.

The crystal structures of human and murine thrombin
mutant WE bound to a fragment of PAR1 in exosite I show no
conversion to the E form and no change in the collapsed 215—
217 B-strand as observed in the free form. These observations
seem to contradict recent crystallographic evidence that the
D102N mutant assumes the E* form when free and the E form
when bound to a fragment of PAR1 at exosite I (23). However,
attention to the principles embodied by scheme 1 shows that
the results are not in contradiction. Linkage Scheme 1 estab-
lishes that an allosteric effector can only shift the E*-E equilib-
rium in favor of E by an amount equal to the ratio of affinities of
the two forms. Because exosite I, unlike the active site, is simi-
larly accessible in the E* and E forms (1, 23, 24, 48), binding of
thrombomodulin, hirugen, or fragments of PARI to the two
forms is unlikely to result in extreme perturbations of the E*-E
equilibrium. In fact, binding of hirugen to exosite I in the WE
mutant takes place with an affinity that is <4-fold lower than
that of the wild type, confirming that the collapsed conforma-
tion of the mutant that compromises access to the active site
has little effect on the architecture of exosite I. The available
structures of D102N do not imply an all-or-none distribution of
E* and E in solution. Kinetic studies in which the E*-E equilib-
rium distribution can be measured directly (22) prove that r =
1.1 for D102N free in solution (24). Therefore, it would have
been equally likely for this mutant to crystallize in the E form
when free, but E* predominated under the crystallization con-
ditions explored thus far (23, 24). If binding to exosite I takes
place with 4-fold higher affinity in the E form, as suggested by
the hirugen binding data reported in this study (Fig. 5), then a
value of r, = 0.28 is obtained for the mutant D102N bound to
exosite I (see Equation 1). Under these conditions, the fraction
of D102N in the active E form would be 78% of the total. It is not
surprising, then that the structure of D102N bound to a frag-
ment of PAR1 to exosite I has revealed the active E form (23).
However, future crystallization studies may trap the D102N-
PAR1 complex with the enzyme in the E* form because of the
significant fraction (22%) of this inactive conformation still
present in solution. The value of r for the WE mutant cannot be
estimated directly from kinetic studies because Trp-215 is a
major fluorophore reporting the E*-E interconversion (22).
However, a lower boundary of 7 = 200 can be inferred from the
functional properties of the mutant A146—149e that crystal-
lizes in the E* form when free (38) and is a less potent antico-
agulant compared with WE. Binding of ligands to exosite I of
WE should give a value of r, = 50 (see Equation 1), which
translates into 2% of the enzyme in the E form when bound.
Under these conditions, it would be very difficult to trap the
WE-PAR1 complex with the enzyme in the E form, and the E*
form documented in the present study reflects the conforma-
tion of 98% of the molecules in solution.

The foregoing argument also explains why thrombomodulin
and hirugen have little effect on the hydrolysis of chromogenic
substrates by the mutants WE (37) and A146 —149¢ (38) as well
as why physiological substrates like fibrinogen and PARI are
not cleaved efficiently by the mutants WE and A146 —149e (7,
38). Assuming that these substrates bind to exosite I before
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contacting the active site, the interaction with exosite I would
be insufficient to energetically move the E*-E equilibrium com-
pletely in favor of the active E form. On the other hand, when
protein C and thrombomodulin are present in solution, then
most of the activity of the mutant WE is restored. The throm-
bomodulin-protein C complex acting as a substrate may have a
more profound effect on E*-E equilibrium by accessing addi-
tional regions of the thrombin surface beyond exosite I (56). In
that case, the change in affinity between the E* and E forms
shown in Scheme 1 may be substantial and could ensure signif-
icant repopulation of the E form that is not possible with either
protein C or thrombomodulin alone.

We conclude that the mutant WE is stabilized in the E* form,
but the complete collapse of the 215-217 B-strand is impeded
by the absence of the side chain of Trp-215. Binding to exosite I
fails to shift substantially the E*-E equilibrium in favor of the E
form unless protein C and thrombomodulin act in combina-
tion. The result of this mechanism is a mutant that acts effi-
ciently in the anticoagulant pathway and retains minimal activ-
ity toward the procoagulant substrate fibrinogen and the
prothrombotic substrate, PAR1. The intriguing functional
properties of the mutant WE (20, 21), its well established
potency as an anticoagulant in non-human primates (17, 19),
and the current elucidation of the role of £* in switching throm-
bin into an anticoagulant (38) should make it possible to engi-
neer a thrombin mutant with exclusive activity toward protein
C for therapeutic applications.
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