
Crystal structures of prethrombin-2 reveal alternative
conformations under identical solution conditions and the
mechanism of zymogen activation†

Nicola Pozzi, Zhiwei Chen, Fatima Zapata, Leslie A. Pelc, Sergio Barranco-Medina, and
Enrico Di Cera
Department of Biochemistry and Molecular Biology, Saint Louis University School of Medicine, St.
Louis, MO 63104

Abstract
Prethrombin-2 is the immediate zymogen precursor of the clotting enzyme thrombin, which is
generated upon cleavage at R15 and separation of the A chain and catalytic B chain. The X-ray
structure of prethrombin-2 solved in the free form at 1.9 Å resolution shows the 215–217 segment
collapsed into the active site. Remarkably, some of the crystals harvested from the same
crystallization well diffract to 2.2 Å resolution in the same space group but produce a structure
where the 215–217 segment does not hinder access to the active site. The two alternative
conformations of prethrombin-2, open and collapsed, echo the active E and inactive E* forms of
the mature enzyme. These findings validate the emerging paradigm that the allosteric E*-E
equilibrium is a key property of the trypsin fold and demonstrate that the E and E* forms coexist
under the same solution conditions and can be trapped by harvesting different crystals in the same
crystallization well. Another unanticipated feature of prethrombin-2 is that R15 is buried within
the protein in ionic interactions with E14e, D14l and E18 and its exposure is necessary for
proteolytic attack and conversion to thrombin. Based on this structural observation, we
constructed the E14eA/D14lA/E18A triple mutant to reduce electrostatic coupling with R15 and
promote zymogen activation. The mutation causes prethrombin-2 to spontaneously convert to
thrombin, without the need for the snake venom ecarin or the physiological prothrombinase
complex.

Four protease families account for over 40% of all proteolytic enzymes in humans. These
are the ubiquitin-specific proteases (1), the adamalysins (2), prolyl oligopeptidases (3) and
the trypsin-like proteases responsible for digestion, blood coagulation, fibrinolysis,
development, fertilization, apoptosis and immunity (4). Trypsin-like proteases utilize a
canonical catalytic triad for activity, composed of the highly conserved residues H57, D102
and S195 (chymotrypsinogen numbering). Catalysis is assisted by the oxyanion hole,
defined by the backbone N atoms of G193 and S195, the 215–217 segment shaping the
western wall of the primary specificity pocket and residue D189 at the bottom of this pocket
that engages the Arg residue at the P1 position of substrate (4–6). Nearly all members of the
family are expressed as inactive zymogens that are irreversibly converted to the mature
protease by proteolytic cleavage at R15, leading to generation of a new N-terminus that ion-
pairs with the highly conserved D194 next to the catalytic S195 and organizes both the
oxyanion hole and primary specificity pocket for substrate binding and catalysis. Few
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exceptions to this rule exist and involve mechanisms that mimic the important ionic
interaction with D194 either via alternative residues within the protein, as seen in tissue-type
plasminogen activator (7), or with the assistance of external activators, as seen in the
interaction of streptokinase with plasminogen (8) or staphylocoagulase with prothrombin
(9).

The paradigm based on the zymogen→protease conversion has been very useful to
rationalize the onset of catalytic activity and its regulation, particularly for enzyme cascades
(10–12). However, recent structural findings suggest that the paradigm is an
oversimplification that overlooks the conformational plasticity of the trypsin fold (13). One
of the most compelling cases supporting the emerging view of trypsin-like proteases as
allosteric enzymes is provided by the clotting protease thrombin (14). In the absence of
ligands, thrombin undergoes an equilibrium between two conformations: the active E form
with the active site open and the inactive E* form where the active site is blocked by the
side chain of W215 and collapse of the entire 215–217 segment (15). Both forms have
recently been trapped crystallographically for the same thrombin construct (16). Whether the
allosteric E*-E equilibrium is a prerogative of the mature enzyme, or is already present in
the inactive zymogen has not been established conclusively and represents an unsolved issue
of general relevance to the entire family of trypsin-like proteases.

Identification of alternative conformations for a trypsin-like protease or its zymogen requires
crystallization of the free form. In the case of thrombin precursors, such crystals have so far
been obtained only for prethrombin-1, that assumes a collapsed conformation similar to the
E* form of the mature enzyme (17). There are currently no crystals of prothrombin and the
other inactive precursor, prethrombin-2, has been crystallized only in the bound form (9,
18). Prethrombin-2 differs from thrombin only in the intact R15-I16 peptide bond (19).
Recent findings indicate that prethrombin-2 may be the dominant intermediate along the
thrombin generation pathway when prothrombin is proteolytically processed on the
activated platelet surface (20). This provides additional motivation to solve the structure of
prethrombin-2 in the physiologically relevant free form. Here we report X-ray crystal
structures of prethrombin-2 in the free form that document two conformations of the 215–
217 segment consistent with the E*-E equilibrium observed in the mature enzyme.
Remarkably, the two conformations are trapped from crystals harvested from the same
crystallization well under identical solution conditions. Furthermore, the side chain of R15
at the site of activation is not accessible to solvent and is buried into an anionic pocket
defined by E14e, D14l and E18. When these three negatively charged residues are replaced
by Ala, the resulting triple mutant E14eA/D14lA/E18A auto-activates to thrombin, which is
a feature not present in the wild-type or any thrombin mutant reported to-date.

Materials and Methods
Prethrombin-2 wild-type and mutants S195A, E14eA/D14lA/E18A, E14eA/D14lA/E18A/
S195A, W215A/E217A and E14eA/D14lA/E18A/W215A/E217A were expressed in E. coli,
refolded and purified to homogeneity as previously described (21) with minor modifications.
Inclusion bodies form 1 L of cells were solubilized by adding 7 M Gnd-HCl and 30 mM L-
cysteine to a final concentration of 30–40 mg/ml. After 2–3 hr at room temperature, the
unfolded protein was first diluted into 6 M Gnd-HCl, 0.6 M L-arginine HCl, 50 mM Tris,
pH 8.3, 0.5 M NaCl, 1 mM EDTA, 10% glycerol, 0.2% Brij 58, 1 mM L-cysteine and then
refolded by reverse dilution to a final concentration of 0.15–0.2 mg/ml. The refolded protein
in 0.6 M L-arginine HCl, 50 mM Tris, pH 8.3, 0.5 M NaCl, 1 mM EDTA, 10% glycerol,
0.2% Brij 58, 1 mM L-cysteine was extensively dialyzed against 10 mM Tris, pH 7.4, 0.2 M
NaCl, 2 mM EDTA, 0.1% PEG6000 for 24–30 h at room temperature and then, after
centrifugation and filtration, loaded overnight onto a 5 ml Heparin-sepharose column.
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Finally, the correctly folded prethrombin-2 was eluted with a linear gradient of 0.2–0.95 M
NaCl. When required, benzamidine was added to the refolding, dialysis and purification
buffers at a final concentration of 10 mM. For crystallization purposes, the N-terminal T7-
tag belonging to the pET21a vector (Novagen) was removed by incubating prethrombin-2
S195A with thrombin using a ratio 1:100 (w/w) for 24–30 h at room temperature.
Proteolysis was monitored either by Coomassie-stained SDS-PAGE and by western blot
analysis using anti-T7-tag antibodies. Prethrombin-2 S195A without T7-tag was further
purified by heparin-affinity chromatography, dialyzed overnight against 0.05 M Na2HPO4,
0.35 M NaCl, pH 7.3, and concentrated up to 10 mg/ml. The homogeneity and chemical
identity of the final preparations were verified by SDS-PAGE and by RP-HPLC-MS
analysis, giving a purity grade > 98%. Activity of the auto-activated constructs was tested
against chromogenic and physiological substrates as detailed elsewhere (21, 22).

Crystallization of prethrombin-2 S195A was achieved at 22 °C by the vapor diffusion
technique using an Art Robbins Instruments Phoenix™ liquid handling robot and mixing
equal volumes (0.3 µL) of protein and reservoir solution. Optimization of crystal growth was
achieved by hanging drop vapor diffusion method mixing 3 µL of protein (11 mg/ml) with
equal volumes of reservoir solution (Table 1). Crystals were grown in 0.1 M Tris, pH 8.5
and 11% PEG8000 after optimization. A total of eight diffraction quality crystals were
harvested from the same crystallization well and were cryoprotected in the solution similar
to mother liquid but containing 25% glycerol prior to flash freezing. X-ray diffraction data
were collected with a home source (Rigaku 1.2 kW MMX007 generator with VHF optics)
Rigaku Raxis IV++ detector and were indexed, integrated and scaled with the HKL2000
software package (23). Structures for the open and collapsed crystal forms were solved by
molecular replacement using MOLREP from the CCP4 suite (24) and Protein Data Bank
accession code 1HAG for wild type prethrombin-2 (18) as a search model. Refinement and
electron density generation were performed with REFMAC5 from the CCP4 suite and 5% of
the reflections were randomly selected as a test set for cross-validation. Model building and
analysis of the structures were carried out using COOT (25). In the final stages of
refinement for both structures, TLS tensors modeling rigid-body anisotropic temperature
factors were calculated and applied to the model. Ramachandran plots were calculated using
PROCHECK (26). 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 3SQH for the open form and 3SQE for the collapsed form).

Results and Discussion
Prethrombin-2 was crystallized previously bound to hirugen and the active site inhibitor
PPACK (18) or staphylocoagulase (9). The hirugen-bound structure is particularly relevant
because the inhibitor engages exosite I and leaves the active site free. In this structure, the
active site assumes an open conformation and R15 in the activation domain is fully exposed
to solvent for proteolytic attack. Because exosite I and the active site are energetically linked
in both the enzyme (27, 28) and zymogen (29, 30), the conformation of the active site in the
prethrombin-2 structure bound to hirugen may be influenced by the liganded state of exosite
I, as recently observed for the mature enzyme (31). Hence, the architecture of the active site
of a zymogen such as prethrombin-2 must be established from a structure obtained in the
absence of any ligands. The structure of the prethrombin-2 mutant S195A was solved in the
free form at 1.9 Å resolution with a final Rfree=0.206 (Table 1). Overall, the structure differs
(rmsd=0.362 Å) from that of prethrombin-2 bound to hirugen at exosite I (18) in the region
defining access to the active site and the activation domain. Because of the intact R15-I16
bond, no new N-terminus is present in the B chain ready to engage the carboxylate of D194.
Yet residues of the catalytic triad assume a correct orientation (Figure 1) with the Cβ atom
of the mutated A195 in the same position as the Cβ atom of S195 in the mature enzyme and
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within 3.7 Å of the Nε2 atom of H57, and the Oδ2 atom of D102 within 2.7 Å of the Nδ1
atom of H57, as seen in the structures of other zymogens in the free form (13, 32). The side
chain of D194 repositions and finds new H-bonding partners in the backbone N atoms of
W141, G142 and N143. The entire 141–144 segment shifts upward toward the adjacent
segment carrying E192 and G193, the highly conserved H-bonding interaction between the
backbone N atom of N143 and the backbone O atom of E192 is disrupted and a new H-bond
forms between the backbone O atom of G193 and the backbone N atom of L144. As a result,
the 191–193 segment changes direction relative to the mature enzyme, the oxyanion hole
defined by the backbone N atoms of residues is disrupted and the backbone N atom of G193
engages the Oδ atom of N143 in a H-bonding interaction. These are features recently
documented in prethrombin-1 (17).

The 215–217 segment of prethrombin-2 in the free form is collapsed into the active site
(Figure 1) and W215 forms a cluster of hydrophobic residues together with W60d in the
adjacent 60-loop and the indole of W148 from the autolysis loop that assumes a helical
conformation (Figure 2), as observed in the structure of prethrombin-1 (17). Remarkably,
some of the crystals harvested from the same crystallization well diffracted to 2.2 Å
resolution in the same space group P21 but with slightly different cell parameters and
produced a structure with a conformation of the 215–217 segment similar to that observed in
the hirugen-bound form (18). In this open conformation, the 215–217 segment moves 6.1 Å
away from the active site and W215 comes into van der Waals interaction with F227 after
relinquishing the hydrophobic interaction with W60d and W148 (Figure 1). The autolysis
loop, however, retains its unusual helical conformation and enables W148 to partially screen
the active site. The two conformations of prethrombin-2 differing in the collapsed and open
arrangement of the 215–217 segment have an overall rmsd=0.307 Å. They differ in
accessibility of the active site and are significantly populated under the same solution
conditions: both forms can be trapped crystallographically in a 3:5 ratio (open:collapsed) by
harvesting crystals grown in the same crystallization well. The conformational plasticity of
prethrombin-2 is consistent with the results from a recent analysis of the entire Protein Data
Bank database (13). Trypsin-like enzymes exist in equilibrium between two forms, E* and
E, that differ in the position of the 215–217 segment. In the E form, the segment assumes an
open conformation and poses no steric hindrance to substrate binding. In the E* form, the
segment is collapsed into the active site and precludes substrate binding. The same
equilibrium is present in the zymogen form. The collapsed conformation of prethrombin-1
(17) has already been mentioned. Chymotrypsinogen (33, 34) adopts a collapsed form for
the 215–217 segment, but in a high resolution structure an alternative open conformation of
the 215–217 segment was documented in the second molecule in the asymmetric unit (32).
However, the alternative conformations are not associated with the drastic relocation of the
side chain of W215 within the active site observed in the structure of prethrombin-2.
Plasminogen features W215 in a “foot-in-mouth” conformation that occludes access to the
primary specificity pocket (35, 36). The steric hindrance is partially relieved upon binding of
streptokinase (8), as observed for prethrombin-2 when hirugen binds to exosite I (18). In
complement profactor D the active site is screened by a collapse of the 215–217 segment
(37) and a similar collapse is observed in prokallikrein 6 (38) and complement profactor C1r
(39). Collapse of residue 215 against the catalytic H57 is observed in progranzyme K (40).
The inactive α-subunit of the 7S nerve growth factor is a zymogen with a collapsed W215
(41). Several zymogens assume an open conformation of the 215–217 segment. They are
trypsinogen (42, 43), complement profactors B (44) and MASP-2 (45), and coagulation
factor XI (46). The E* and E forms have been trapped crystallographically in the same
protein construct only recently and for a mature enzyme (16). The structures of
prethrombin-2 reported here now document the two alternative conformations for the 215–
217 segment in the same zymogen and under identical solution conditions, thereby
validating the recent proposal that the E*-E equilibrium is a basic property of the trypsin
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fold for both the enzyme and zymogen forms (13). This emphasizes the need and importance
to crystallize other members of the trypsin family in the free form to capture directly their
allosteric properties. Crystallographers should be aware that the E and E* forms coexist
under the same solution conditions and can be trapped by harvesting different crystals in the
same crystallization well.

An unanticipated feature of the structure of prethrombin-2 is revealed by inspection of the
activation domain around the site of cleavage at R15 that is engaged in specific interactions
with the side chains of E14e, D14l and E18 (Figure 3). This region of the protein is either
highly disordered or fully exposed to solvent in all existing structures of free zymogens
deposited in the Protein Data Bank. Disorder of R15 is not linked to the conformation of the
215–217 segment in the active site and is observed in the structures of chymotrypsinogen
(33), complement profactor D (37), complement profactor C1r (39) and the inactive α-
subunit of the 7S nerve growth factor (41) where the 215–217 segment is collapsed, but also
in trypsinogen (42, 43) and complement profactors B (44) where the 215–217 segment is in
the open form. Likewise, exposure of R15 to solvent does not correlate with the
conformation of the 215–217 segment and is documented in chymotrypsinogen (32, 34),
plasminogen (35, 36), prokallikrein 6 (38), progranzyme K (40) and prethrombin-1 (17)
where the 215–217 segment is collapsed, but also in the zymogen of MASP-2 (45) and
chymotrypsinogen (32) where the 215–217 segment is in the open form. Coagulation factor
XI deserves attention because it shows the guanidinium group of R369, equivalent to R15,
partially exposed to solvent and also in polar interactions with the backbone O atoms of
R378 and K367 (46). The buried position of R15 in prethrombin-2 in electrostatic
interaction with three negatively charged residues is unprecedented for the zymogen of a
trypsin-like protease and implies that activation of prethrombin-2 to thrombin would require
a conformational change exposing R15 to solvent. A number of steps in the coagulation and
complement cascades involve cofactor-assisted proteolytic activation of a zymogen (10–12)
and the cofactor is assumed to cause conformational changes in the enzyme that facilitate
substrate cleavage. Complement factors B and C2 are mostly inactive until binding of
complement factors C3b and C4b (11, 47, 48). Complement factor D assumes an inactive
conformation (37, 49) until binding to C3b and factor B promote substrate binding and
catalysis (50, 51). Coagulation factor VIIa acquires full catalytic upon binding to tissue
factor (52, 53). However, in the case of prethrombin-2, it is difficult to envision how factor
Va within the prothrombinase complex may promote conversion to thrombin by acting
exclusively on the enzyme factor Xa (19) and without causing exposure of R15 in the
substrate to enable proteolytic attack. An alternative scenario should be considered where
the cofactor Va acts directly on the substrate prethrombin-2 rather than, or in addition to the
enzyme factor Xa. The enzyme itself can partake in this mechanism by promoting a
conformational transition of the substrate mediated by binding to specific exosites (30).
Whether R15 is also buried in prothrombin, for which no crystal structure is available,
remains to be demonstrated. Prethrombin-1 differs from prothrombin for the lack of the Gla
domain and kringle 1 and from prethrombin-2 for the presence of kringle 2. The structure of
prethrombin-1 has been solved recently (17) and shows R15 fully exposed to solvent,
suggesting that the presence of kringles may influence the conformation of the activation
domain long-range.

The unusual conformation of R15 and its specific interactions with the side chains of E14e,
D14l and E18 raise important questions on the role of these residues in prethrombin-2
activation. Guided by the crystal structure, we expressed the prethrombin-2 mutant E14eA/
D14lA/E18A with the expectation that it would be activated more efficiently than wild-type
and would crystallize with R15 exposed to solvent. Surprisingly, the prethrombin-2 mutant
E14eA/D14lA/E18A was found to convert spontaneously to thrombin (Figure 4), without
the need of specific activators such as the snake venom ecarin or the physiological
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prothrombinase complex. This property is not present in the wild-type or any prethrombin-2
mutant of thrombin reported to-date. Auto-activation is complete in 90 hr and is specifically
abrogated by the additional mutation S195A (Figure 4). Introduction of the triple mutation
E14eA/D14lA/E18A in the prethrombin-2 mutant W215A/E217A also causes spontaneous
conversion to the mature enzyme, but requires significantly higher concentrations and a
longer time scale (Figure 4), consistent with the impaired catalytic activity of the thrombin
mutant W215A/E217A (54). These observations support the conclusion that the E14eA/
D14lA/E18A substitution promotes activity toward R15 to generate a mature enzyme. The
auto-activation is likely initiated by prethrombin-2 itself, by analogy with the well known
minuscule activity detected in other zymogens such as chymotrypsinogen (32), and then
propagated by the mature enzyme. N-terminal sequencing confirms the presence of a new
N-terminus at I16 for the catalytic B chain, along with the N-terminus of the A chain at T1h,
for both constructs E14eA/D14lA/E18A and E14eA/D14lA/E18A/W215A/E217A (Figure
4). The products of auto-activation, E14eA/D14lA/E18A and E14eA/D14lA/E18A/W215A/
E217A, cleave synthetic and physiological substrates with values of kcat/Km comparable to
those of wild-type and the anticoagulant thrombin mutant W215A/E217A, respectively
(Table 2). This is consistent with the modest perturbation of catalytic activity reported for
single Ala mutants of the A chain (56). The remarkable properties introduced by the E14eA/
D14lA/E18A mutation have substantial practical implications and could simplify production
of recombinant thrombin wild-type and W215A/E215A for clinical use (55).
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Figure 1. Crystal structures of prethrombin-2 in the open (yellow) and collapsed (orange)
conformations
The two structures have a similar overall fold (rmsd=0.307 Å) and arrangement of the
catalytic triad, but differ in the position of the 215–217 segment. In the open form, this
segment is positioned away from the active site with W215 in contact with F227. In the
collapsed form, the 215–217 collapses and occludes the active site with W215 clustering
with the catalytic H57, W60d from the 60-loop and W148 from the autolysis loop, as
observed in the recent structure of prethrombin-1 (17). The two conformations of
prethrombin-2, open and collapsed, resemble the E and E* forms of the mature enzyme (16).
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Note the position of R15 in both structures pointing away from the solvent and into a cavity
lined up by negatively charged residues (see also Figure 3).
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Figure 2. Active site accessibility in prethrombin-2
The collapsed form of prethrombin-2 (orange) features a cluster of hydrophobic/aromatic
residues that completely occludes access to the active site, as observed in the recent structure
of prethrombin-1 (17). The cluster is formed by the collapse of W215 and W148 into the
active site against W60d, with the indole ring of W215 moving >10 Å relative to its position
in the open form (yellow). The electron density 2F0-Fc map (green mesh) outlines the
alternative positions of W215 and is contoured at 1 σ.
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Figure 3. Activation domain of prethrombin-2
The segment around the cleavage site at R15 defines the activation domain and shows an
intact R15-I16 peptide bond. R15 is buried inside the protein in electrostatic interaction with
the side chains of E14e, D14l and E18. These interactions are shown for the open
conformation, but are equivalent to those observed in the collapsed form. The orientation of
R15 in the free form of prethrombin-2 is unprecedented among existing crystal structures of
zymogens of trypsin-like proteases, including structures of prethrombin-2 bound to hirugen,
PPACK or staphylocoagulase (9, 18). The electron density 2F0-Fc map (green mesh) is
contoured at 1 σ.
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Figure 4. Auto-activation of prethrombin-2
(A) The prethrombin-2 mutant E14eA/D14lA/E18A (EDE) shows evidence of auto-
activation, which is not seen in the wild-type (WT) and is selectively abrogated by the
additional mutation S195A (EDES). After heparin-sepharose purification, the concentration
of each protein was adjusted to 0.27 mg/ml and auto-activation was followed at room
temperature for 0 (lanes 1, 2), 4 (lanes 3, 4) and 90 (lanes 5, 6) hr. (B) Auto-activation is
also observed when the E14eA/D14lA/E18A mutation is introduced in the prethrombin-2
mutant W215A/E217A (WE) to yield the construct E14eA/D14lA/E18A/W215A/E217A
(EDEWE). In this case, the concentration was adjusted to 3 mg/ml and the reaction was
followed at room temperature for 0 (lanes 1, 2), 3 (lanes 3, 4) and 7 (lanes 5, 6) days. No
evidence of auto-activation is detected for WE over the same time scale. Samples were
analyzed under non-reducing (lanes 1, 3, 5) and reducing (lanes 2, 4, 6) conditions. In the
case of EDE and EDEWE, the two bands pertaining to the A and B chains of the mature
enzyme are easily detected under reducing conditions and conversion to thrombin is
complete after 90 h or 7 days, respectively. The chemical identity of the A and B chains was
confirmed by N-terminal sequencing. Bands in the gel are labeled as follows: A and E
mapped to N-terminal sequence GRGSE and refer to prethrombin-2 constructs with the
T7tag from the expression vector partially cleaved and then processed during E. coli
expression as reported (57, 58); B and F mapped to N-terminal sequence TFGSG and refer
to prethrombin-2 with a single N-terminus starting at T1h; C and G mapped to N-terminal
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sequence IVAGS and refer to the B chain of thrombin with the N-terminus I16 and the
mutation E18A introduced in the EDE and EDEWE constructs; D and H mapped to N-
terminal sequence TFGSG and refer to the A chain of thrombin with the N-terminus T1h.
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Table 1

Crystallographic data for prethrombin-2

Open form Collapsed form

Buffer/salt 100 mM Tris, pH 8.5 100 mM Tris, pH 8.5

PEG 8000 (11%) 8000 (11%)

PDB ID 3SQH 3SQE

Data collection:

Wavelength (Å) 1.54 1.54

Space group P21 P21

Unit cell dimensions (Å) a=44.4, b=60.0, c=49.7 a=44.4, b=58.0, c=52.9

β=96.5° β=98.2°

Molecules/asymmetric unit 1 1

Resolution range (Å) 40–2.2 40–1.9

Observations 60302 132860

Unique observations 13204 20289

Completeness (%) 98.8 (97.9) 95.7 (93.5)

Rsym (%) 8.0 (32.0) 7.9 (21.5)

I/σ(I) 15.7 (3.5) 21.3 (8.5)

Refinement:

Resolution (Å) 40–2.2 40–1.9

Rcryst, Rfree 0.189, 0.244 0.171, 0.206

Reflections (working/test) 11782/661 18147/1046

Protein atoms 2304 2361

Solvent molecules 82 210

Rmsd bond lengthsa (Å) 0.012 0.011

Rmsd anglesa (°) 1.4 1.3

Rmsd ΔB (Å2) (mm/ms/ss)b 3.32/1.38/2.43 1.32/1.01/2.38

<B> protein (Å2) 43.8 31.0

<B> solvent (Å2) 47.8 42.8

Ramachandran plot:

Most favored (%) 99.6 99.6

Generously allowed (%) 0.4 0.4

Disallowed (%) 0.0 0.0

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

b
mm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.
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Table 2

Values of kcat/Km (µM−1s−1) for thrombin wild-type and mutants toward synthetic and physiological
substrates

Enzyme FPR FpA PAR1 Protein Ca

Wt 37±1 17±1 27±1 0.22±0.01

EDE 19±1 7.2±0.5 9.1±0.6 0.11±0.01

WE 0.0014±0.0001 0.00027±0.00001 0.0099±0.0003 0.027±0.001

EDEWE 0.0015±0.0001 0.00026±0.00001 0.016±0.001 0.031±0.001

EDE: E14eA/D14lA/E18A; EDEWE: E14eA/D14lA/E18A/W215A/E217A; FpA: fibrinopeptide A; FPR: H-D-Phe-Pro-Arg-p-nitroanilide; WE:
W215A/E217A; Experimental conditions are: 5 mM Tris, 0.1% PEG 8K, pH 7.4, 37 °C, 145 mM NaCl.

a
In the presence of 100 nM thrombomodulin and 5 mM CaCl2.
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