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Abstract
Thrombin is a Na+-activated, allosteric serine protease that plays opposing functional roles in blood
coagulation. Binding of Na+ is the major driving force behind the procoagulant, prothrombotic and
signaling functions of the enzyme, but is dispensable for cleavage of the anticoagulant protein C.
The anticoagulant function of thrombin is under the allosteric control of the cofactor
thrombomodulin. Much has been learned on the mechanism of Na+ binding and recognition of natural
substrates by thrombin. Recent structural advances have shed light on the remarkable molecular
plasticity of this enzyme and the molecular underpinnings of thrombin allostery mediated by binding
to exosite I and the Na+ site. This review summarized our current understanding of the molecular
basis of thrombin function and allosteric regulation. The basic information emerging from recent
structural, mutagenesis and kinetic investigation of this important enzyme is that thrombin exists in
three forms, E*, E and E:Na+, that interconvert under the influence of ligand binding to distinct
domains. The transition between the Na+-free slow from E and the Na+-bound fast form E:Na+

involves the structure of the enzyme as a whole, and so does the interconversion between the two
Na+-free forms E* and E. E* is most likely an inactive form of thrombin, unable to interact with
Na+ and substrate. The complexity of thrombin function and regulation has gained this enzyme pre-
eminence as the prototypic allosteric serine protease. Thrombin is now looked upon as a model system
for the quantitative analysis of biologically important enzymes.

1. Introduction
Blood coagulation evolved as a specialization of the complement system and immune response
(Krem and Di Cera 2001), that in turn bear close evolutionary ties with developmental enzyme
cascades (Krem and Di Cera 2002). Thrombin, the key enzyme of blood coagulation, is a
Na+-activated allosteric serine protease (Wells and Di Cera 1992; Di Cera 2003; Di Cera et al.
2007) that diverged from the complement factors C1r, C1s or MASP2, heralding the onset of
further specialization of defense mechanisms in the deuterostome lineage (Krem and Di Cera
2001; 2002). The ancestral link between clotting and immunity is reinforced by the observation
that sequence homologues of fibrinogen, the terminal substrate in blood clotting and a specific
substrate of thrombin, originally served in immunologic roles (Adema et al. 1997). Thrombin
predated and most likely gave rise to all other vitamin K-dependent proteases (Krem and Di
Cera 2001), namely factors VIIa, IXa, and Xa that define the convergence between the intrinsic
and extrinsic pathways of the coagulation cascade (Gailani and Broze 1991), and activated
protein C that adds negative regulation to the cascade (Esmon 2003b) and a link to the
inflammatory response (Cohen 2002). Because complement evolved from developmental
proteases (Krem and Di Cera 2001; 2002), as also documented by the dual role played by the
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Toll signaling pathway in development and host defense (Tauszig et al. 2000), it is not
surprising that thrombin itself retains signatures of its descent from a growth factor. In the
mouse, knock-out of the prothrombin gene results in embryonic and neonatal lethality (Sun et
al. 1998; Xue et al. 1998), a wastage not seen with mouse models deficient for thrombin
receptors on platelets (Coughlin 2000) or fibrinogen (Suh et al. 1995). Furthermore, thrombin
is expressed in the liver, the major site of clotting factor synthesis, but also in the developing
and adult rat brains (Dihanich et al. 1991). Thrombin cleaves osteopontin, a multifunctional
molecule regulating chronic inflammation and vascular disease (Scatena et al. 2007). Thrombin
acts nonproteolytically to induce monocyte chemotaxis (Bar-Shavit et al. 1983), has adhesive
properties dependent on its RGD sequence (Bar-Shavit et al. 1991; Papaconstantinou et al.
2005) and can promote the migration of cells through the extracellular matrix, a basic activity
required for embryonic development and tumor metastasis. The complexity of thrombin
function and regulation, as well as the intriguing aspects of its evolutionary origin have captured
the interest of many investigators over the years and earned this enzyme a most deserved pre-
eminence among all clotting factors. Relevant reviews have been published recently on the
structure and interactions of thrombin (Bode 2006; Davie and Kulman 2006; Di Cera et al.
2007). The present review addresses the molecular basis of thrombin procoagulant and
anticoagulant activities, and especially how Na+ influences them, as well as recent structural
advances on the molecular basis of thrombin allostery. We also discuss how our basic
knowledge on thrombin interactions translated into the rational engineering of thrombin
mutants that offer a revolutionary approach to the treatment of thrombotic emergencies.

Blood coagulation is initiated by exposure of tissue factor that forms a complex with factor
VIIa and results in the generation of small quantities of factors IXa and Xa (Girard et al.
1990; Gailani and Broze 1991). The 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, Ca2+ and phospholipids, which leads to the explosive
generation of thrombin from prothrombin (Mann et al. 2003). Thrombin is a serine protease
of the chymotrypsin family (Rawlings et al. 2004), which includes enzymes involved in
digestion and degradative processes, blood coagulation, cell-mediated immunity and cell death,
complement, fibrinolysis, fertilization and embryonic development (Perona and Craik 1995;
1997; Page and Di Cera 2008). Once generated in the blood from its inactive precursor
prothrombin, thrombin plays two important and paradoxically opposing functions (Figure 1)
(Griffin 1995). It acts as a procoagulant factor when it converts fibrinogen into an insoluble
fibrin clot that anchors platelets to the site of lesion and initiates processes of wound repair.
This action is reinforced and amplified by activation of the transglutaminase factor XIII that
covalently stabilizes the fibrin clot (Lorand et al. 1968), the inhibition of fibrinolysis via
activation of TAFI (Bajzar et al. 1996), and the proteolytic activation of factors V, VIII and
XI (Mann 2003; Davie and Kulman 2006). In contrast, thrombin acts as an anticoagulant
through activation of protein C (Esmon 2003b). This function unfolds in vivo upon binding to
thrombomodulin, a receptor on the membrane of endothelial cells. Binding of thrombomodulin
suppresses the ability of thrombin to cleave fibrinogen and PAR1, but enhances >1,000-fold
the specificity of the enzyme toward the zymogen protein C. The reaction is further enhanced
by the presence of a specific endothelial cell protein C receptor (Esmon et al. 1999; Taylor et
al. 2001). Activated protein C cleaves and inactivates factors Va and VIIIa, two essential
cofactors of coagulation factors Xa and IXa that are required for thrombin generation, thereby
down regulating both the amplification and progression of the coagulation cascade (Esmon
2003b). Hijacking of thrombin by thrombomodulin and activation of protein C in the
microcirculation constitute the natural anticoagulant pathway that prevents massive
intravascular conversion of fibrinogen into an insoluble clot upon thrombin generation (Esmon
2003b; Mann 2003). In addition, thrombin is irreversibly inhibited at the active site by the
serine protease inhibitor antithrombin with the assistance of heparin (Gettins 2002; Olson and
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Chuang 2002) and by the thrombin-specific heparin cofactor II (Tollefsen 2006). Important
cellular effects are triggered by thrombin cleavage of protease-activated receptors (PARs)
(Coughlin 2000), which are members of the G-protein-coupled receptor superfamily (Brass
2003). Four PARs have been identified and share the same basic mechanism of activation:
thrombin and other proteases cleave at a specific site within the extracellular N-terminus
exposing a new N-terminal tethered ligand domain that binds and activates the cleaved receptor
(Coughlin 2000). Thrombin activation of PAR1 (Vu et al. 1991), PAR3 (Ishihara et al. 1997;
Sambrano et al. 2001) and PAR4 (Kahn et al. 1998; Xu et al. 1998; Nakanishi-Matsui et al.
2000) obeys this mechanism. PAR1 is responsible for platelet activation in humans at low
thrombin concentrations and its action is reinforced by PAR4 at high enzyme concentrations
(Coughlin 2000). Activation of PAR1 and PAR4 triggers platelet activation and aggregation
and mediates the prothrombotic role of thrombin in the blood. PAR3 is not present on human
platelets, but is widely and abundantly expressed in other cell types (O'Brien et al. 2001). In
the mouse, signaling in platelets is mediated entirely by PAR4, with PAR3 facilitating PAR4
cleavage at low thrombin concentrations (Kahn et al. 1998; Nakanishi-Matsui et al. 2000). The
efficiency of the coagulation cascade depends on the balance between the procoagulant and
anticoagulant pathways. Thrombin is the key arbiter of this balance by virtue of its dual role
and has therefore received utmost attention in structure-function studies and as a target of
anticoagulant therapy (Bates and Weitz 2006).

2. Thrombin and Na+

The most striking feature of thrombin is its ability to interact with Na+ and the ensuing effects
on recognition of procoagulant (fibronogen), prothrombotic (PARs) and anticoagulant (protein
C) substrates (Dang et al. 1995; Dang et al. 1997a; Di Cera et al. 2007). The Na+ effect on
thrombin is best understood if cast in the larger context of enzyme activation by monovalent
cations (M+s) (Di Cera 2006; Page and Di Cera 2006). Regulation of activity through metal
ion complexation plays a key role in many enzyme catalyzed reactions (Di Cera 2006; Page
and Di Cera 2006). Over one third of known proteins are metalloproteins (Ibers and Holm
1980; Tainer et al. 1992; Castagnetto et al. 2002). Conceptual associations with protein-metal
complexes tend to favor divalent metals. Examples are Fe2+ involvement in redox cycles,
Ca2+ in structural stability, or Zn2+ as electrophile in an enzyme catalyzed reaction.
Significance of divalent metals in protein structure and function has been reviewed in detail
(Armstrong 2000; Finney and O'Halloran 2003; Rizzuto and Pozzan 2006). Indeed, many
bioinorganic chemistry textbooks are devoted to the description of divalent and polyvalent ions
with monovalent cations (M+s) discussed only in the context of membrane potentials. However,
Na+ is the most abundant metal in human plasma, the backbone of biological fluids, and its
occurrence mirrors that found in environmental liquids (Table 1) (Page and Di Cera 2006).
Human health is negatively influenced by excess sodium intake that may result in hypertension
and other health problems (de Wardener 2001; Frohlich and Varagic 2004; Meneton et al.
2005), but other organisms have adapted to concentrations of Na+ far exceeding that of human
tolerance. Sodium chloride lies at the heart of human biology and the roots of human
civilization. Abundance or absence of this simple compound has had profound effects on
human health and has provided a casus belli in many important milestones in the history of
man (for an excellent historical account see (Kurlansky 2002)). Several initial forms of
economics were based on salt rather than metal coinage and the words “salary” and “soldier”
are derived from the Latin sal for salt, as is salus, the Latin word for “health”.

Earliest evidence for M+ activation of enzymes was provided by Boyer (Boyer et al. 1942)
with the discovery of the absolute requirement of K+ by pyruvate kinase (Kachmar and Boyer
1953). Monod demonstrated Na+-dependent catalytic rate enhancement in β-galactosidase
(Cohn and Monod 1951). Following these discoveries, many enzymes were observed to display
increased activity in the presence of M+ (Suelter 1970). A recent classification of M+-activated
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enzymes groups them based on the selectivity of the effect, as established by kinetic studies,
and the mechanism of activation, as shown from structural analysis (Di Cera 2006). The effect
has exquisite specificity, with Na+ or K+ being the preferred M+ (Figure 2). In general, enzymes
requiring K+ such as kinases and molecular chaperones are also activated by NH4

+ and Rb+,
but are not activated as well or at all by the larger cation Cs+ or the smaller cations Na+ and
Li+. Enzymes requiring Na+ such as β-galactosidase and clotting proteases are not activated
as well by Li+, or the larger cations K+, Rb+ and Cs+. Because the concentration of Na+ and
K+ is tightly controlled in vivo, M+s do not function as regulators of enzyme activity. Rather,
they provide a driving force for substrate binding and catalysis by lowering energy barriers in
the ground and/or transition states. Enzymes activated by M+s evolved to take advantage of
the large availability of Na+ outside the cell and K+ inside the cell (Table 1) to optimize their
catalytic function. Indeed, a strong correlation exists between the preference for K+ or Na+ and
the intracellular or extracellular localization of such enzymes. The mechanism of M+-activation
can be established from crystal structures as cofactor-like or allosteric. In the former case, the
M+ anchors the substrate to the active site of the enzyme, often acting in tandem with a divalent
cation like Mg2+. In such mechanism of activation, Type I, the M+ is absolutely required for
catalysis. In the latter, Type II, the M+ enhances enzyme activity through conformational
transitions triggered upon binding to a site where the M+ makes no direct contact with substrate.
In this case, that is most relevant to our discussion on thrombin, the M+ acts as an allosteric
effector and is not absolutely required for catalysis.

Earlier kinetic studies on the hydrolysis of chromogenic substrates by Kosow revealed that
thrombin is optimally active in the presence of Na+ (Orthner and Kosow 1980), an effect
originally observed in factor Xa by the same group (Orthner and Kosow 1978) and in activated
protein C by Castellino (Steiner et al. 1980; Steiner and Castellino 1982; 1985a; b). Curiously,
the original observation on thrombin was at odds with the accepted view at the time that salts,
and Na+ in particular, actually acted as inhibitors of thrombin hydrolysis of synthetic substrates
(Curragh and Elmore 1964; Workman and Lundblad 1978). In fact, the inhibitory effect of
Na+ was rationalized as a direct perturbation of the catalytic H57 that would reduce
nucleophilicity and effectiveness of the charge relay system (Workman and Lundblad 1978).
Wells and Di Cera demonstrated that the Na+ activation of thrombin is specific and allosteric
(Wells and Di Cera 1992), as expected for a Na+-activated Type II enzyme (Di Cera 2006).
The property is shared with other clotting factors and proteases involved in immune response
(Dang and Di Cera 1996; Krem and Di Cera 2001; Di Cera 2006). Na+ binding converts
thrombin from a low activity slow (Na+-free) to a high activity fast (Na+-bound) form (Wells
and Di Cera 1992). The slow and fast forms are significantly (2:3 ratio) populated under
physiologic conditions because the Kd for Na+ binding is 110 mM at 37 °C (Wells and Di Cera
1992; Guinto and Di Cera 1996; Griffon and Di Stasio 2001; Prasad et al. 2003; Bah et al.
2006) and the physiologic [NaCl] (140 mM) is not sufficient for saturation. Hence, the slow-
fast equilibrium in vivo is optimally poised for allosteric regulation and this is all the more
significant in view of the fact that the procoagulant and anticoagulant activities of thrombin
are partitioned between the fast and slow form, respectively (Figure 1) (Dang et al. 1995).
Na+ binding is required for optimal cleavage of fibrinogen (Dang et al. 1995; Dang et al.
1997a; Di Cera et al. 2007) and activation of factors V (Myles et al. 2001b), VIII (Nogami et
al. 2005) and XI (Yun et al. 2003) necessary for the explosive generation of thrombin in the
coagulation cascade (Mann 2003; Mann et al. 2003), but is dispensable for cleavage of protein
C (Figure 3) (Dang et al. 1995; Dang et al. 1997a). This proves that Na+ is the major driving
force behind the procoagulant role of thrombin in the blood (Di Cera et al. 2007). Na+ binding
also promotes the prothrombotic and signaling functions of the enzyme by enhancing cleavage
of PAR1, PAR3 and PAR4 (Di Cera et al. 1997; Ayala et al. 2001).

Due to the allosteric nature of thrombin, any effect that destabilizes Na+ binding stabilizes the
slow form and produces an anticoagulant effect by prolonging the clotting time (reduced
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fibrinogen cleavage) and reducing platelet activation (reduced PAR1 cleavage). Several
naturally occurring mutations of the prothrombin gene, like prothrombin Frankfurt (Degen et
al. 1995), Salakta (Miyata et al. 1992), Greenville (Henriksen et al. 1998), Scranton (Sun et al.
2001), Copenhagen (Stanchev et al. 2006) and Saint Denis (Rouy et al. 2006) affect residues
linked to Na+ binding (Pineda et al. 2004a) and are often associated with bleeding. Na+ itself
can become the arbiter of the procoagulant/anticoagulant fate of thrombin. Although the Na+

concentration in the blood is tightly controlled in healthy individuals, hyponatremia (Na+<135
meq/L) (Adrogue and Madias 2000b) and hypernatremia (Na+>145 meq/L) (Adrogue and
Madias 2000a) are among the most common electrolyte disorders encountered by primary care
providers, nephrologists and pediatricians. Hypernatremia is often associated with venous
thrombosis, especially of the cerebral vasculature (Goldman and Eckerling 1972) or of the
lower extremities if secondary to diabetes (Adrogue and Madias 2000a). Infusion of hypertonic
saline in healthy volunteers results in increased levels of fibrinopeptide A, a product of
fibrinogen cleavage by hrombin, and a significant reduction in its generation time (Grant et al.
1985). The association of bleeding due to reduced clotting secondary to hyponatremia is more
difficult to document, because one of the major causes of hyponatremia is subarachnoid
emhorrage (Adrogue and Madias 2000b). However, some independent evidence of increased
bleeding secondary to hyponatremia has been reported in infants (Rubin and Christian 2001).
The differential effect of Na+ on fibrinogen and protein C cleavage has been the major driving
force behind the rational design of anticoagulant thrombin mutants (Gibbs et al. 1995; Tsiang
et al. 1996; Dang et al. 1997a; Cantwell and Di Cera 2000; Gruber et al. 2002).

3. Thrombin structure
Activated forms of blood coagulation proteases bear the chymotrypsin-like protein fold where
two six-stranded β-barrels come together asymmetrically to host at their interface the residues
of the catalytic triad, H57, D102 and S195 (Page and Di Cera 2008). Two residues of the triad
are donated from the N-terminal β-barrel with the nucleophilic Ser and oxyanion hole generated
from the C-terminal β-barrel. Thrombin is composed of two polypeptide chains of 36 (A chain)
and 259 (B chain) residues that are covalently linked through a disulfide bond between residues
C1 and C122 (Figure 4) (Bode et al. 1992; Bode 2006). The standard “Bode” orientation (Bode
et al. 1992) puts the A chain in the back of the molecule, opposite to the front hemisphere of
the B chain that hosts the entrance to the active site and all known functional epitopes of the
enzyme (Pineda et al. 2004a). The A chain has received little attention in thrombin studies and
is considered an appendage of the activation process from prothrombin. Previous studies have
suggested that the A chain may be dispensable for function (Hageman et al. 1975; DiBella et
al. 1995). However, several naturally occurring mutations of prothrombin involve residues of
the A chain (Akhavan et al. 1999; Akhavan et al. 2000; Lefkowitz et al. 2000; Sun et al.
2000) and are associated with severe bleeding (Figure 5). The functional defects in
prothrombins Denver (E8K and E14cK) (Lefkowitz et al. 2000), Segovia (G14mR) (Akhavan
et al. 1999) and San Antonio (R15H) (Sun et al. 2000) have been attributed to perturbation of
the zymogen→enzyme conversion and processing by factor Xa, resulting in severe bleeding.
Such explanation is obvious for the G14mR and R15H mutations that affect the P1 (R15) and
P2 (G14m) sites of recognition by factor Xa, but not for the E8K and E14cK mutations of
prothrombins Denver. Other naturally mutations, like deletion of K9 or K10 (Akhavan et al.
2000), are also associated with severe bleeding. Interestingly, the defect causes impaired
fibrinogen and PAR1 cleavage, reduced response to Na+ activation (De Cristofaro et al.
2004; De Cristofaro et al. 2006), and long-range perturbation of active site residues (De
Cristofaro et al. 2006). The A chain is rich in charged residues that make polar interactions
with partners of the B chain. Importantly, a significant number of negatively charged residues
cluster toward the C-terminus, in close proximity to the Na+ site (Figure 4 and Figure 5). These
charged residues may influence Na+ binding and/or allosteric transduction. The A chain is also
optimally shaped to provide communication between the Na+ site and the back of the active
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site region (Figure 4) and could therefore influence substrate recognition and catalysis. The A
chain is stabilized by the D1a-K9 and R14d-E13 ion-pairs and the R4-E8-D14-E14c ion cluster
(Figure 5). Disruption of any such interactions may produce effects that ultimately influence
the interaction with the B chain and its properties. The natural mutation of thrombin where K9
is deleted results in significant loss of clotting activity and Na+ effect (De Cristofaro et al.
2004). Perturbation of any residue in the ion cluster R4-E8-D14-E14c is expected to impact
significantly thrombin function, also in view of the involvement of residues from the B chain.
Prothrombin Denver carries two charge reversal substitutions for E8 and E14c and results in
severe bleeding (Lefkowitz et al. 2000). The A chain contributes to stabilization of the B chain
through numerous ionic interactions (Figure 5). There is a conspicuous polarity in the interface,
with the A chain contributing several acidic residues that neutralize basic residues from the B
chain. Surface interactions D1a-R206 and K14a-E23 may be energetically dispensable. On the
other hand, interactions of the ion cluster with R137 and K202 are less exposed to solvent and
may be quite relevant. Disruption of these interchain interactions may affect the conformation
of the B chain and active site residues. Particularly interesting is the interaction of E14e with
K186d and the hydroxyl group of Y184a, which could have significant consequences on
Na+ binding. The van der Waals contacts of R4 with W29 and W207 are also noteworthy in
view of the long-range communication existing between these Trp residues and the Na+ site,
as recently documented by stopped-flow fluorescence measurements (Bah et al. 2006). A close
inspection of the crystal structure reveals that W29 and W207 are members of a hydrophobic
cluster stretching ~12 Å within the core of the enzyme. The two Trp residues are in van der
Waals interaction with each other and R4 on one side and with V200 and P198 on the opposite
side (Figure 6). P198 likely controls the backbone conformation of the entire sequence from
the catalytic S195 to F199, via the highly flexible G196–G197 linker. Hence, changes
originating at R4, can propagate to P198 via the W29-W207-V200-P198 hydrophobic cluster
and then influence the orientation of S195 in the active site. P198 can also influence the
orientation of F199, which is in van der Waals interaction with F181 near the Na+ site and
Y228 near the primary specificity site around D189. Hence, mutations of R4 or other residues
of the ion cluster R4-E8-D14-E14c may result in long-range effects on the active site, the
primary specificity pocket and the Na+ site. The contribution of W207 and W29 to the
fluorescence change induced by Na+ binding discovered recently (Bah et al. 2006) directly
support the importance of this long-range communication. The hydrophobic W29-W207-
V200-P198 cluster is in all likelihood a critical determinant of thrombin allostery and holds
precious information on how the enzyme functions at the molecular level.

Trypsin-like specificity for Arg residues at P1 (Schechter and Berger 1967) is conferred to
thrombin by the presence of D189 in the S1 site occupying the bottom of the catalytic pocket.
Unlike trypsin, however, thrombin can efficiently cleave chymotrypsin specific substrates
carrying Phe at the P1 position (Bush et al. 2006), as documented more than 40 years ago from
studies on ester substrates (Martin et al. 1959; Lorand et al. 1962; Kezdy et al. 1965). This
peculiar property of thrombin has obviously been overlooked when devising “general” rules
for the conversion of specificity in serine proteases (Hedstrom et al. 1992; Perona and Craik
1995; Hedstrom 2002). Thrombin has a preference for small and hydrophobic side chains at
P2 that pack tightly against the hydrophobic wall of the S2 site defined by residues Y60a-P60b-
P60c-W60d of the 60-loop. Residues at P3 point away from the thrombin surface, whereas
aromatic and hydrophobic residues at P4 tend to fold back on the thrombin surface (Cleary et
al. 2002) and engage the aryl binding site defined by L99, I174 and W215 (Bode et al. 1992).
The autolysis loop shapes the lower rim of access to the active site and contributes to
recognition of fibrinogen (Dang et al. 1997b). The loop centered on K70 defines exosite I and
is homologous to the Ca2+ binding loop of trypsin and chymotrypsin (Bartunik et al. 1989). In
these proteases, Ca2+ stabilizes the fold and confers increased resistance to proteolytic
digestion. In thrombin, the need for Ca2+ is eliminated by insertion of K70 in the cavity
available for binding this cation. Thrombin does not bind Ca2+ up to mM concentrations (Dang
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et al. 1995; Yang et al. 2004). Exosite I contains several positively charged residues that give
rise to an intense electrostatic field. The field provides steering and optimal pre-orientation for
fibrinogen, thrombomodulin, the natural inhibitor hirudin and PAR1 to facilitate formation of
a productive complex upon binding. Structural and site-directed mutagenesis data support
exosite I as a binding epitope for fibrinogen (Tsiang et al. 1995; Ayala et al. 2001; Pechik et
al. 2004), fibrin (Ayala et al. 2001; Pechik et al. 2006), thrombomodulin (Tsiang et al. 1995;
Hall et al. 1999; Fuentes-Prior et al. 2000; Pineda et al. 2002a; Xu et al. 2005), and the thrombin
receptors PAR1 (Vu et al. 1991; Ayala et al. 2001; Myles et al. 2001a) and PAR3 (Ishihara et
al. 1997; Ayala et al. 2001). On the side of the enzyme opposite to exosite I, a C-terminal helix
and its neighbor domains host a number of positively charged residues and define exosite II.
This site is the locale for interaction with polyanionic ligands like heparin and
glucosaminoglycans (Gan et al. 1994; Sheehan and Sadler 1994; Tsiang et al. 1997; Li et al.
2004; Carter et al. 2005). Heparin enhances inhibition of thrombin by antithrombin via a
template mechanism in which a high affinity heparin-antithrombin complex is first formed and
then docked into exosite II and the thrombin active site by electrostatic coupling (Gettins
2002; Olson and Chuang 2002; Dementiev et al. 2004; Li et al. 2004). Exosite II is also the
locale for thrombin interaction with the platelet receptor GpIb (De Cristofaro et al. 2000;
Ramakrishnan et al. 2001; Celikel et al. 2003; Dumas et al. 2003), the acidic moiety of the
fibrinogen γ’ chain (Pineda et al. 2007) and has been involved in the binding of autoantibodies
(Colwell et al. 1998).

The first X-ray structure of thrombin was solved in 1992 and revealed relevant information on
the overall fold of the enzyme and especially on the arrangement of loops involved in
macromolecular substrate recognition (Bode et al. 1992). However, this and many subsequent
structures of thrombin completely overlooked the bound Na+, although crystals were solved
at high resolution and in the presence of high concentrations of Na+. The Na+ binding site of
thrombin was first identified crystallographically in 1995 from Rb+ replacement (Di Cera et
al. 1995). Notably, this was also the first Na+ binding site identified in the large family of
M+-activated enzymes to which thrombin belongs (Di Cera 2006). Na+ binds 16–20 Å away
from residues of the catalytic triad and within 5 Å from D189 in the S1 site (Figure 7), nestled
between the 220- and 186- loops and coordinated octahedrally by two carbonyl O atoms from
the protein (residues R221a and K224) and four buried water molecules anchored to the side
chains of D189, D221 and the backbone atoms of G223 and Y184a. The site is highly specific
for Na+ that binds with significantly (>10-fold) higher affinity compared with Li+, K+ or
Rb+ (Prasad et al. 2003). A Na+ binding site analogous to that of thrombin has been identified
in factor Xa (Zhang and Tulinsky 1997; Scharer et al. 2005), factor VIIa (Bajaj et al. 2006)
and activated protein C (Schmidt et al. 2002) and has been postulated for factor IXa by
homology modeling (Schmidt et al. 2005). These enzymes are Na+-activated like thrombin
based on the nature of residue 225 (Dang and Di Cera 1996). Several groups have shown that
Na+ has a significant influence on the activity of factors VIIa (Dang and Di Cera 1996; Petrovan
and Ruf 2000), IXa (Schmidt et al. 2005), Xa (Orthner and Kosow 1978; Monnaie et al.
2000; Rezaie and He 2000; Underwood et al. 2000; Camire 2002; Rezaie and Kittur 2004;
Levigne et al. 2007) and activated protein C (Steiner et al. 1980; Steiner and Castellino
1982; 1985a; b; He and Rezaie 1999). Also, in factors IXa (Schmidt et al. 2005), Xa (Monnaie
et al. 2000; Rezaie and He 2000; Underwood et al. 2000; Camire 2002; Rezaie and Kittur
2004; Levigne et al. 2007) and activated protein C (He and Rezaie 1999) the binding of Na+

influences the primary specificity pocket and is linked to the binding of Ca2+ to the 70-loop.
The physiologic role of Na+ in these enzymes, however, remains unclear. Na+ affects only
slightly the activity of the prothrombinase complex (Rezaie and He 2000), has a small (Schmidt
et al. 2005) or negligible (Gopalakrishna and Rezaie 2006) effect on the intrinsic Xase complex
and no effect on the extrinsic Xase complex (Gopalakrishna and Rezaie 2006).
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Structural biology has revealed important information on how thrombin utilizes both the active
site and exosites for interaction with substrates, inhibitors and effectors. Information on how
thrombin recognizes substrate at the active site has come from the structure of the enzyme in
complex with the irreversible active site inhibitor H-D-Phe-Pro-Arg-CH2Cl (PPACK) (Bode
et al. 1992). Arg at P1 ion-pairs to D189 in the S1 site, Pro at P2 fits snugly against P60b, P60c
and W60d in the S2 site and Phe at P3, in the D-enantiomer, makes an edge-to-face interaction
with W215 in the aryl binding site. The PPACK-inhibited structure reveals interactions that
are relevant to recognition of natural substrates and confirms the key role played by the H-
bonding network found within the active site of all trypsin-like enzymes bound to substrate
(Perona and Craik 1995; 1997; Hedstrom 2002). Crucial components of this network are the
bidentate ion-pair between D189 and the guanidinium group of Arg at P1, the H-bonds of the
carbonyl O atom of the P1 residue with the N atoms of G193 and S195 forming the oxyanion
hole, the H-bond between the N atom of the P1 residue and the carbonyl O atom of S214, and
the H-bonds between the backbone O and N atoms of the P3 residue with the N and O atoms
of G216. This important arrangement of H-bonds has been documented in the structures of
thrombin bound to fragments of the natural substrates fibrinogen (Stubbs et al. 1992), PAR4
(Bah et al. 2007) and factor XIII (Sadasivan and Yee 2000). The structure of thrombin in
complex with the potent natural inhibitor hirudin has revealed how thrombin recognizes ligands
at exosite I (Rydel et al. 1991). Hirudin blocks access to the active site of thrombin using its
compact N-terminal domain and binds to exosite I via its extended, acidic C-terminal domain.
The mode of interaction of the C-terminal domain of hirudin has later been documented in the
structures of thrombin bound to hirugen (Vijayalakshmi et al. 1994), fibrinogen (Rose and Di
Cera 2002; Pechik et al. 2004; Pechik et al. 2006), PAR1 (Mathews et al. 1994), PAR3 (Bah
et al. 2007), thrombomodulin (Fuentes-Prior et al. 2000) and heparin cofactor II (Baglin et al.
2002). Finally, the role of exosite II has been documented eloquently in the structures of
thrombin bound to heparin (Dementiev et al. 2004; Li et al. 2004; Carter et al. 2005), the
fibrinogen γ’ peptide (Pineda et al. 2007) and GpIb (Celikel et al. 2003; Dumas et al. 2003).

4. Kinetics of Na+ activation
The discovery of the Na+ effect on thrombin has provided a coherent framework to understand
structure and function of the enzyme, rationalized the molecular origin of the defects associated
with several naturally occurring mutations of the prothrombin gene and offered an effective
strategy to engineer thrombin for optimal anticoagulant activity in vivo which may one day
translate into new therapeutic tools. In view of the importance of the thrombin-Na+ interaction,
below we will devote much attention to its kinetic and energetic aspects. In the study of enzyme
activation by M+s, attention is often focused on the effect of M+ on the velocity of substrate
hydrolysis. The activating effect of M+ binding is readily observed as an increase in reaction
velocity as a function of [M+]. Specificity is detected in this assay by comparing the velocity
among different M+s at the same concentration (Figure 2). Quantitative information about the
energetics and mechanism of M+ requires measurements of the independent Michaelis-Menten
parameters kcat and s=kcat/Km. These parameters can be derived from a plot of the velocity of
product generation expressed in units of active enzyme, υ /etot, vs the substrate concentration,
[S]. In this plot, the value of kcat is the asymptotic value of υ /etot as [S]→∞, and the value of
s is the initial slope as [S]→0. It should be noted that Km, the concentration of substrate giving
half of the maximal velocity, is not an independent parameter because its definition requires
knowledge of the value of kcat. The values of s and kcat, on the other hand, can be defined
independently of each other.

Scheme 1 describes Na+ activation in thrombin and is the familiar Botts-Morales scheme for
the action of a modifier on substrate hydrolysis (Botts and Morales 1953;Di Cera et al. 2007).
The Scheme also applies to other allosteric effectors of thrombin, like thrombomodulin (Di
Cera et al. 1996) or PAR3 (Bah et al. 2007). The enzyme is assumed to exist in two forms, one
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free (E) and the other bound to Na+ (EM), featuring different values of kinetic rate constants
for binding (k1,0, k1,1), dissociation (k−1,0, k−1,1) and hydrolysis (k2,0, k2,1) of substrate S into
product P. The parameters KA=kA/k−A and  are the equilibrium association constants
for Na+ binding to E and ES, respectively. Detailed balance imposes a constraint among the
rate constants in Scheme 1, i.e., . The analytical solution for the velocity
of product formation at steady state can be found with the Hill diagram method (Hill 1977).
Scheme 1 contains four species, of which only three are independent because of mass
conservation. Hence, each trajectory toward a species must contain the product of three rate
constants as shown in Figure 8. The sum of the trajectories toward each species defines the
contribution of that species at steady state. The expression for the velocity of product formation
at steady state is therefore (Page and Di Cera 2006;Di Cera et al. 2007)

(1)

where etot is the total concentration of active enzyme and ΣEX is the sum of the trajectories
toward species EX (EX=any of the four enzyme species in scheme 1) in Figure 8. An important
and often overlooked property of eq 1 is that the velocity of product formation for Scheme 1
is quadratic in [S], although the enzyme contains only a single site for S. This is a consequence
of the difference in which terms are calculated for equilibrium and steady state systems (Botts
and Morales 1953;Hill 1977;Di Cera 1995;Di Cera et al. 1996). The non-trivial consequence
of the form of eq 1 is that, under the influence of Na+ or any allosteric effector, an enzyme like
thrombin containing a single active site could in principle display an apparent cooperativity in
substrate binding and hydrolysis reflected in the sigmoidal shape of the velocity of product
formation as a function of [S]. Glucokinase is a relevant example of such behavior (Kamata et
al. 2004). Physically, this effect can be understood as a slow isomerization of the enzyme forms
E and EM that takes place after a significant amount of substrate is added to the system. By
“slow” we mean an E-EM interconversion that takes place on a time scale slower than that
observed in the conversion between free and substrate bound forms of the enzyme. At low
substrate concentration, the EM form is low populated and the enzyme binds and hydrolyzes
substrate in the low activity E form. As substrate is added, the enzyme slowly converts to the
high activity EM form. When E and EM interconvert rapidly, cooperativity is not seen in the
velocity curve because the ensemble of enzyme forms acts as a mixture in equilibrium. The
coefficients in eq 1 can be found by application of the Hill diagram method (Hill 1977) in
Figure 8 as follows (Page and Di Cera 2006)

(2a)

(2b)

(2c)

(2d)

(2e)
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where . As with eq 1, the coefficients contain terms quadratic in [Na+]
=x although the enzyme has a single binding site for Na+. The independent parameters kcat and
s can be derived readily from eq 1 as

(3a)

(3b)

Three independent parameters k2,0, k2,1 and K’A are resolved from measurements of kcat as a
function of x, from which the binding affinity of Na+ for the ES complex can be measured
directly. On the other hand, measurements of s as a function of x only resolve two parameters

because of the form of eq 3b. These parameters are ,
obtained respectively as the values of s in the absence or presence of saturating concentrations
of Na+. Resolution of KA, the important parameter measuring the binding affinity of Na+ for
the free enzyme, is complicated by the additional term (ω−1)Λ that contains the independent

parameters . When (ω−1)Λ makes only a small
contribution to the value of s, KA can be estimated from the value of x at the midpoint of the
transition of s from s0 to s1.

The velocity of product formation, eq 1, can be written in a form where its connection with the
classical Michaelis-Menten equation is more readily appreciated

(4a)

or,

(4b)

The additional term, (ω−1)Θ, vanishes when ω=1 or Θ=0. The former condition was already
identified by Botts and Morales and corresponds to the cases where substrate binds and
dissociate rapidly from the enzyme, i.e., k−1,1>>k2,1 and k−1,0>>k2,0, or in the interesting but

rather peculiar circumstance where . The expression for Θ is

(5)

and is a cumbersome function of [S] and rate constants of little practical utility. The value of
Θ=0 is obtained when binding and dissociation of Na+ are fast compared to all other rates. In
this case, the red trajectories in Figure 8 dominate the definitions of the coefficients 2a–e and
eq 1 reduces to the familiar Michaelis-Menten form

(6)
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with

(7a)

(7b)

The expression for kcat is not affected by the drastic change in the form of υ because it depends
solely on the properties of the ES and EMS species. On the other hand, the form of s simplifies
slightly but leaves resolution of KA difficult even in the presence of Michaelis-Menten kinetics.
Measurements of this important parameter must be carried out by means of other techniques.
Alternatively, the value of ω and k1,1/k1,0 must be resolved from independent measurements
of the individual kinetic rate constants (Krem et al. 2002; Bobofchak et al. 2005).

Scheme 1 in its general form applies to Type II activation, i.e., when M+ acts as an allosteric
effector that promotes substrate binding and catalysis by changing the conformation of the
enzyme (Di Cera 2006). In this case, the steady state velocity of substrate hydrolysis should
be measured accurately to confirm Michaelis-Menten kinetics. Departure from such behavior
is indicative of binding and dissociation of M+ that take place on the same or slower time scale
as substrate binding and dissociation. That could well be the case for other allosteric effectors
of thrombin, like thrombomodulin and heparin, for which rapid equilibrium is always assumed
for simplicity but remains to be proved experimentally. If the enzyme obeys Michaelis-Menten
kinetics over a wide range of solution conditions, then the likely explanation is that binding
and dissociation of M+ are fast compared to all other rates. This is indeed the case for Na+

binding to thrombin (Bah et al. 2006;Gianni et al. 2007). Measurements of kcat and s as a
function of [Na+] reveal a significant hyperbolic increase in both parameters from finite low
values, k2,0 and s0, to higher values, k2,1 and s1 (Figure 9). The midpoint of the transition in
the kcat vs [Na+] plot yields K’A, the equilibrium association constant for Na+ binding to the
enzyme-substrate complex. The midpoint of the transition in the s vs [Na+] plot yields an
approximate measure of KA, the equilibrium association constant for Na+ binding to the free
enzyme. The dependence of kcat on [Na+] unequivocally proves the existence of two alternative
conformations in equilibrium, both displaying finite catalytic activity (Carrell et al. 2006).
However, resolution of the important parameter KA is complicated even when the enzyme
obeys Michaelis-Menten kinetics and must rely on other approaches (see below).

It should be pointed out that the effect of Na+ depends entirely on the nature of the substrate
used. Most parameters defining s and kcat pertain to properties of the enzyme-substrate complex
and therefore their dependence on [Na+] is expected to change with different substrates. We
have already shown the basic and physiologically important differences of the Na+ effect on
the cleavage of fibrinogen and protein C (Figure 3). The origin of Na+ activation must be
understood in terms of two components: the binding of Na+ to its site and the transduction of
this event into changes of the catalytic properties of the enzyme. The first component is a
property of the free enzyme, independent of any substrate. The second component, on the other
hand, depends specifically on the particular enzyme-substrate complex under consideration.
Structural changes produced by Na+ binding that result into enhanced binding and/or catalysis
of fibrinogen may not be as beneficial for the binding and/or catalysis of protein C. These
observations provides important clues on how Na+ binding to thrombin was fine tuned during
evolution to optimize cleavage of substrates along the procoagulant/prothrombotic/signaling
pathways, with no effect on the cleavage and activation of the anticoagulant protein C. We
analyse the two components of Na+ activation in greater detail below.
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5. Kinetic mechanism of Na+ binding: the E*, E and E:Na+ forms
Stopped-flow fluorescence measurements yield direct determinations of the parameter KA that
is difficult to resolve from kinetic investigation of substrate hydrolysis at steady state and reveal
the precise mechanism of binding. Na+ binding to thrombin is linked to a significant increase
in intrinsic fluorescence (Wells and Di Cera 1992; Ayala and Di Cera 1994; Griffon and Di
Stasio 2001; Prasad et al. 2003; De Filippis et al. 2005). The fluorescence increase has an initial
rapid phase that cannot be resolved within the dead time (<0.5 ms) of the spectrometer, followed
by a single exponential slow phase with a kobs that decreases as [Na+] increases (Bah et al.
2006) (Figure 10 and Figure 11). The rapid phase, resolved with a continuous-flow apparatus,
yields a single exponential time course with a kobs that increases linearly with [Na+] (Figure
10 and Figure 11) (Gianni et al. 2007). The two-step mechanism of Na+ binding to thrombin
solved by combination of the stopped-slow and continuous-flow measurements is then

This is the mechanism recently proposed by Bah et al. (Bah et al. 2006), but validated for the
binding/dissociation components of Na+ by direct resolution of the rapid phase. Thrombin
exists in equilibrium between two forms, E* and E, that interconvert with kinetic rate constants
k1 and k−1. Of these forms, only E can interact with Na+ with a rate constant kA to populate
E:Na+, that may dissociate into the parent components with a rate constant k−A. The fast phase
is due to the E-E:Na+ interconversion involving Na+ binding/dissociation, and the slow phase
is due to the E-E* interconversion that precedes Na+ binding. The exact analytical solution of
scheme 2 calls for two eigenvalues that give the kobs for the two exponential transitions reported
in Figure 10. Separation of time scales for the E-E* (slow) and E-E:Na+ (fast) interconversions
simplifies the eigenvalues to (Gianni et al. 2007)

(8)

(9)

where KA=kA/k−A. The three species in scheme 2 portray thrombin in the Na+-free (E and E*)
and Na+-bound (E:Na+) forms. The activation effect of Na+ on thrombin has very clear kinetic
signatures (Figure 9) and specifically involves an increase in kcat and a decrease in Km (Orthner
and Kosow 1980; Wells and Di Cera 1992; Vindigni and Di Cera 1996; Ayala and Di Cera
2000; Krem et al. 2002; Carrell et al. 2006). Such a “modifier” effect on kcat has long been
known to be of diagnostic value (Botts and Morales 1953) and unequivocally proves the
existence of two active forms in equilibrium, one Na+-free with low kcat and one Na+-bound
with high kcat (Carrell et al. 2006; Page and Di Cera 2006). E and E:Na+ in scheme 2 are the
two active forms of thrombin that account for the dependence of Kcat on [Na+] and correspond
to the slow (E) and fast (E:Na+) forms originally defined by Wells and Di Cera (Wells and Di
Cera 1992).

Precise determinations of the value of KA as a function of temperature enable dissection of the
thermodynamic components of Na+ binding (Bah et al. 2006). Binding of Na+ is characterized
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by a large enthalpy change of −22 kcal/mol that is compensated by a large entropy loss of −64
cal/mol/K. The enthalpy change is due to formation of the six ligating interactions in the
coordination shell, that also involve four buried water molecules (Figure 7) (Pineda et al.
2004a; Di Cera 2006; Page and Di Cera 2006). The entropy change reflects the uptake and
ordering of water molecules within the channel embedding the primary specificity pocket and
the active site linked to the occupancy of the Na+ site (Pineda et al. 2004a). As a result of the
enthalpy-entropy energetic compensation, the binding affinity of Na+ is relatively weak (Kd in
the mM range), as seen for many other M+-activated enzymes (Di Cera 2006; Page and Di
Cera 2006). An important consequence of the large enthalpy change is that the value of KA
becomes only about 10 M−1 at 37 °C, which implies that under physiologic conditions of
temperature and [NaCl]=140 mM thrombin is only 60% bound to Na+. The fraction of thrombin
in the procoagulant E:Na+ form is about 60%, and the anticoagulant form E accounts for about
40%. The temperature dependence also demonstrates that, of the two Na+ free forms, E*
represents <1% of the population of thrombin molecules at 37 °C, which raises questions about
its possible functional role in vivo. The paucity of E* forms makes scheme 1 valid under
conditions of physiologic relevance. Inclusion of E* in scheme 1 is straightforward and does
not affect the properties of Kcat, that depends by definition only on the properties of the enzyme
forms that interact with substrate. The effect of E* on s can be determined easily under a number
of conditions of interest (Carrell et al. 2006). The mechanistic significance of E* should be
appreciated in the context of the effect of mutations, as recently shown for the D102N mutant
(Pineda et al. 2006), or conditions that involve allosteric effectors in vivo to be identified.

6. Global effect of Na+ binding
Thrombin has a total of nine Trp residues located in the B chain (Figure 12) anywhere from
13 to 35 Å from the bound Na+ (Pineda et al. 2004a). Single-site Phe mutants of each of the
nine Trp residues were used to identify fluorophores responsible for the spectral changes
associated with Na+ binding (Bah et al. 2006). The 10% total increase in fluorescence observed
for wild-type is retained by five Trp mutants, namely, W29F, W51F, W60dF, W96F and
W237F (Figure 13). Two mutants of thrombin, W148F and W207F, experience >30% loss in
total fluorescence change upon Na+ binding. On the other hand, W141F and W215F lose >70%
of the total fluorescence change. The fast phase of fluorescence increase directly linked to the
transition from E to E:Na+ in scheme 2 is affected in all Phe mutants, vouching for a global
effect of Na+ binding on thrombin structure. The contributions of single Trp residues are not
additive, lending support to the hypothesis that some of the environments in which they reside
may be coupled allosterically. The coupling may ensure propagation of long-range effects
originating at the Na+ site via a limited number of structural conduits. W141 and W215 make
a large contribution to the fluorescence change induced by Na+ binding, and their mutation to
Phe abrogates the fast phase completely (Figure 13). This implies that the environments of
W141 and W215 change in the E* to E conversion, and more drastically in the conversion of
E to E:Na+. The important role of W215 has been reported before (Arosio et al. 2000). This is
the closest Trp residue to the bound Na+ (13 Å) and defines most of the aryl binding site
involved in substrate recognition (Bode et al. 1992; Pineda et al. 2004a; Bode 2006). W141 is
buried in a strategic location between the autolysis loop and exosite I and its linkage with the
bound Na+, situated 23 Å away, vouches for a pivotal role in communicating changes from the
Na+ site to exosite I (Figure 12). The importance of W141 is supported by recent structures of
thrombin that document a flip in the indole ring in the absence of Na+ (Carrell et al. 2006) and
a major involvement in the allosteric communication between exosite I and the active site in
the E* to E transition (Gandhi et al. 2008). Among the other residues that contribute to the
fluorescence change and the fast phase, W148 is located in the middle of the highly flexible
autolysis loop, 21 Å away from the bound Na+, and is 62% exposed to solvent (Bode et al.
1992), whereas W207 is completely buried in the back of the catalytic chain, 23 Å away from
the bound Na+, and in hydrophobic contact with W29 (Figure 12). The effects seen upon
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mutation of W207 are particularly interesting as this Trp makes numerous contacts with
residues of the A chain around E8 and R4. This argues in favor of an important unanticipated
role for the A chain in a linkage with the Na+ site and in channeling information from this site
to other regions of the protein. Due to their proximity, W207 and W29 may function as a single
fluorophore and/or quench each other. It is interesting that the Phe mutation of W29 enhances
the amplitude of the fast phase, as though changes affecting W207 are better reported in the
absence of W29. A similar scenario can be envisioned for W51 and W237, whose hydrophobic
coupling may result in overlapping spectral effects with W51 actually hindering the full
response of W237 to Na+ binding. The effects seen with the highly solvent exposed W60d and
W96 suggest that these residues may be quite flexible and capable of probing different
environments that reduce the fluorescence response to Na+ binding.

7. Mapping the domains energetically linked to Na+ binding
What are the domains of thrombin important for Na+ binding? Are they limited to residues in
direct contact with the cation, or do they encompass more distant residues? Kinetics and site-
directed mutagenesis studies of the nine Trp residues of thrombin vouch for very extensive
perturbation of the enzyme structure upon Na+ binding. The extent of structural involvement
is best gauged experimentally from the effect of site-specific mutations (Clackson and Wells
1995; Schreiber and Fersht 1995; Greenspan and Di Cera 1999) and the technique has been
applied with enormous success in allosteric proteins like ATCase (Stevens et al. 1991) and
hemoglobin (Turner et al. 1992). In the case of thrombin, much structural information can be
obtained by measuring how Ala substitutions affect ligand recognition in the slow and fast
forms. Different ligands have the ability to probe different domains of thrombin and can
therefore report on structural changes due to Na+ binding that translate into perturbed
energetics. This approach complements and expands direct measurements of Na+ binding and
the effect of mutations on the thrombin-Na+ interaction.

Extensive Ala-scanning mutagenesis of thrombin has revealed an allosteric core of residues
energetically linked to Na+ binding (Pineda et al. 2004a) that cluster around the Na+ site.
Na+ binding is severely compromised (>30-fold decrease in affinity) upon mutation of D189,
E217, D222 and Y225 that reside within 5 Å from the bound Na+. D189 assists the orientation
of one of the four water molecules ligating Na+ and provides an important link between the
Na+ site and the P1 residue of substrate (Prasad et al. 2004). E217 makes polar contacts with
K224 and T172 that help stabilize the intervening 220-loop in the Na+ site. Mutation of K224
and T172 also affect Na+ binding, although to a lesser extent compared to E217A. Notably,
the naturally occurring mutant prothrombin Scranton carries the K224T substitution and is
associated with a bleeding phenotype due to reduced Na+ binding (Sun et al. 2001). The ion-
pair between R187 and D222 latches the 186-loop onto the 220-loop to stabilize the Na+ site
and the pore of entry of the cation to its binding site (Prasad et al. 2003). Mutation of R187
also affects Na+ binding, although to a lesser extent compared to D222A. The naturally
occurring mutant prothrombin Greenville carries the R187Q substitution and is associated with
a bleeding phenotype, again due to reduced Na+ binding (Henriksen et al. 1998). Y225 plays
a crucial role in determining the Na+-dependent allosteric nature of serine proteases (Dang and
Di Cera 1996) by allowing the correct orientation of the backbone O atom of residue 224 in
the Na+ coordination shell (Guinto et al. 1999). The side chain of Y225 also secures the integrity
of the water channel surrounding the primary specificity pocket required for correct substrate
recognition (Guinto et al. 1999). Remarkably, the backbone of the KYG sequence around Y225
is oriented like the GYG sequence in the selectivity filter of the K+ channel (Doyle et al.
1998; Di Cera 2006; Page and Di Cera 2006).

Important information on how the active site participates in the allosteric transition has come
from studies of chromogenic substrate hydrolysis (Pineda et al. 2004a). Effects of the bound
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Na+ are seen most dramatically on residues D189 and D221, as mutation of these residues to
Ala nearly abrogates the difference between the slow and fast forms. These residues are crucial
for the allosteric transduction of Na+ binding into enhanced catalytic activity. On the other
hand, S214 and G223 promote substrate recognition in the slow form. Mutation of these
residues produces a larger difference between the slow and fast forms compared to wild-type.
The higher activity of the fast form toward FPR is due to the net balance between the favorable
contribution to substrate binding and hydrolysis from D189 and D221 in the presence of Na+

and the favorable contributions from S214 and G223 in the absence of Na+. The important
conclusion is that functional epitopes for substrate recognition change when Na+ binds to
thrombin. In turn, this explains how the allosteric nature of thrombin can control the extent of
Na+ activation in a substrate specific manner. The same approach has been used in the analysis
of thrombin interaction with macromolecular ligands that probe a larger surface of the enzyme
upon binding. The potent natural inhibitor hirudin (Mengwasser et al. 2005) covers 20% of the
thrombin surface area (Rydel et al. 1991) and is an exceptionally sensitive probe of the
conformational state of the enzyme. Hirudin also mimics the binding strategy of fibrinogen
(Stubbs et al. 1992; Rose and Di Cera 2002), PAR1 (Ayala et al. 2001; Gandhi et al. 2008) and
PAR3 (Bah et al. 2007). The analysis has revealed D221 and D222 in the Na+ site, along with
K36, L65, T74 and R75 in exosite I and G193 in the active site as critical determinants of
recognition in the fast form. The use of a more extended probe of the conformational state of
the enzyme reveals long range perturbation that extends from the Na+ binding site to exosite
I, in line with the results of stopped-flow measurements of Na+ binding (Bah et al. 2006). As
for the interaction with FPR, preferential binding of hirudin to the fast form is contrasted by
residues like E192 and S214 that stabilize binding to the slow form. Again, the functional
epitopes controlling hirudin binding change upon Na+ binding. Systematic investigation of
functional epitopes in the two forms of thrombin toward FPR hydrolysis and hirudin inhibition
provides a paradigm that also applies to physiologic substrate recognition. Preferential
cleavage of fibrinogen by the fast form is due to the balance of residues T172 and I174 that
promote recognition in the fast form and K224 that promotes recognition in the slow form (Di
Cera 2007; Di Cera et al. 2007). A summary of the contributions of thrombin residues to ligand
recognition (FPR, hirudin and fibrinogen) in the two allosteric forms is shown in Figure 14,
along with the residues energetically linked to Na+ binding. The extent of perturbation
originating at the Na+ site is indeed extensive and approximates the scenario envisioned by
stopped-flow fluorescence measurements. Interestingly, many Trp residues responsible for the
fluorescence change due to Na+ binding are sandwiched in between the Na+ site and exosite I
on the opposite poles of the enzyme defined by the two interacting β-barrels. These residues
are linked to the structural conduits for allosteric communication between the two domains.

8. Structures of E*, E and E:Na+

Information gleaned from mutagenesis data and recent stopped flow analysis of Na+ binding
points out a number of structural determinants that are likely involved in the transition of
thrombin from the E form to the E:Na+ form. Current structural information on the molecular
basis of Na+-dependent allostery accounts for many important functional differences between
the E and E:Na+ forms. However, the documented structural changes are limited and do not
explain the full complexity of the allosteric transition captured by functional studies (Figure
14) that vouch for a remarkable conformational transition that transduces Na+ binding into a
global, long-range perturbation of the enzyme. With this caveat in mind, we will now analyze
the results of recent crystallographic studies of the three forms of thrombin, E*, E and
E:Na+.

An obviously important component of any informed discussion of Na+ binding to thrombin is
based on the nature of the Na+-free slow form E (see scheme 2). Structural investigation of
this form turned out to be even more challenging than that of the Na+-bound fast form
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E:Na+, because it was strictly dependent on the elimination of Na+ and active site or exosite
inhibitors of the enzyme from the crystallization conditions. In fact, most of the inhibitors used
in thrombin crystallization to prevent autoproteolysis bind preferentially to the Na+-bound fast
form. In 2002, the thrombin mutant R77aA devoid of the autoproteolytic site in exosite I was
crystallized free of Na+ and inhibitors and yielded the first structure of thrombin in the Na+-
free slow form E (Pineda et al. 2002b). This structure was followed in 2004 by higher resolution
structures in the Na+-free and Na+-bound forms, free or bound to the active site inhibitor
PPACK (Pineda et al. 2004a) that have revealed some of the changes caused by Na+ binding.
Structures of E and E:Na+ are highly similar, with r.m.s. deviations of the Cα traces of only
0.38 Å. PPACK-bound forms of thrombin are practically identical to each other (r.m.s.=0.19
Å), except for the obvious absence of Na+ in the PPACK-inhibited slow form. A small (1 Å)
upward shift is observed in the 60-loop in the structure of the slow form relative to the fast
form that could explain the involvement of W60d in the fluorescence change linked to E to
E:Na+ transition. There are five main structural differences between the slow and fast forms
of thrombin (Figure 15): 1. the R187-D222 ion-pair; 2. orientation of D189 in the primary
specificity pocket; 3. conformation of E192 at the entrance of the active site; 4. position of the
catalytic S195; and 5. architecture of the water network spanning >20 Å from the Na+ site to
the active site. The R187-D222 ion-pair connects the 220- and 186- loops that define the
Na+ site. D222 belongs to the allosteric core and the mutant D222A has drastically impaired
Na+ binding, a property mirrored by the R187A mutant. In the fast form, the guanidinium N
atoms of R187 are 2.7 Å and 3.1 Å from the carboxylate O atoms of D222. In the slow form,
these distances become 3.3 Å and 4.8 Å respectively. Breakage of the ion-pair was observed
in the low resolution structure of the slow form (Pineda et al. 2002b) and is consistent with
mutagenesis data supporting a slow form type of behavior for the R187A and D222A mutants.
Notably, the broken ion-pair shifts the backbone O atom of R221a that directly coordinates
Na+ in the fast form and moves it into an orientation that is incompatible with Na+ binding.
The structure of the thrombin mutant D221A/D222K also assumes signatures characteristic of
the slow form (Pineda et al. 2004c).

Perturbation of the primary substrate pocket is evidenced in the E→E:Na+ transition of
thrombin. D189 in the fast form is optimally oriented for electrostatic coupling with the P1
Arg residue of substrate. In the slow form, the carboxylate of D189 experiences a 30° rotation
that moves the Oδ1 atom up to 1.1 Å away from its optimal coupling with the guanidinium
group of Arg at the P1 position of substrate. Rearrangement of D189 upon Na+ binding
enhances substrate specificity by improving the Km. The structure of the slow form supports
a key role for D189 in both Na+ coordination and allosteric transduction of Na+ binding into
enhanced catalytic activity (Prasad et al. 2004) consistent with results from mutagenesis data.
Further conformational changes are observed near the top of the primary specificity pocket
where the side chain of residue E192 moves in the slow form relative to the fast form and is
positioned away from the active site region. Such movement could minimize the potential
electrostatic clash with the P3 and P3’ acidic residues of protein C and could explain why the
slow form of thrombin retains high activity toward this anticoagulant substrate (Dang et al.
1995; Berg et al. 1996; Rezaie and Olson 1997; Yang et al. 2004). Subtle changes at the enzyme
active site also include conformational alteration of the catalytic triad. In the slow form of
thrombin, the nucleophilic S195 side chain is altered. Rotation of the S195 side chain about
35° in the slow form relative to the fast form breaks the critical H-bond with the catalytic H57,
which itself also shifts slightly away from S195. Integrity of the H-bond is important for
catalysis (Fuhrmann et al. 2006) and the unfavorable position of S195 in the slow form may
explain the lower Kcat observed in the absence of Na+. Much of the activating effect of Na+

can be explained in terms of the more favorable orientation of D189 in the S1 site, that improves
Km, and of S195 in the active site, that improves kcat. It should be pointed out that the
conformation of S195 in the fast form is also not optimal for substrate recognition and is
intermediate to that of the slow form and the PPACK-bound forms. These changes lend support
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to the idea that the nucleophile of S195 can be repositioned within the active site and that
Na+, and possibly other allosteric effectors of thrombin like thrombomodulin, may take
advantage of this flexibility to modulate enzyme activity.

Structural changes in the slow→fast transition of thrombin do not involve E217 and Y225 in
the allosteric core identified by mutagenesis. These residues appear in the same conformation
in the four intermediates of thrombin free/bound to Na+ and/or PPACK. Likewise, there are
no significant changes around D221, which plays a dominant role in the allosteric enhancement
of catalytic activity, or around T172 and S214 (Pineda et al. 2004a). Finally, none of the Trp
residues involved in the spectral changes linked to Na+ binding (Bah et al. 2006) show
significant movement in the structures. It is likely that the changes undergone by these residues
may be too small to detect crystallographically, or are hindered by crystal packing. The most
significant structural change between the slow and fast forms, however, provides evidence of
long-range communication between the Na+ site and the active site. Previous studies of
thrombin in the fast form have pointed out a network of water molecules that embeds the
Na+ site, the primary specificity site and the active site (Zhang and Tulinsky 1997; Krem and
Di Cera 1998). This network was first discovered in the structure of thrombin inhibited at
exosite I with hirugen and with the active site free (Vijayalakshmi et al. 1994). In the fast form,
there is a network of eleven water molecules that connect through H-bonds the bound Na+ to
the Oγ atom of S195, located >15 Å away (Figure 15). These solvent molecules act as links
between the strands 215–219, 225–227 and 191–193, that define the Na+ site and the walls of
the primary specificity pocket, and fine tune the function of these strands in controlling
substrate docking into the active site. The network provides the long range connectivity needed
to allosterically communicate information from the Na+ site to the active site S195 and to
residues involved in substrate recognition, such as D189 and E192. In the slow form, only
seven water molecules occupy positions in the network equivalent to those seen in the fast form
and the connectivity is radically altered. Change in the number and long range ordering of
water molecules linked to Na+ binding offers an explanation for the thermodynamic signatures
detected experimentally. The enthalpy change is due to formation of the six ligating interactions
in the Na+ coordination shell, that involve four buried water molecules (Pineda et al. 2004a;
Di Cera 2006; Page and Di Cera 2006). The entropy change reflects the uptake and ordering
of water molecules within the channel embedding the primary specificity pocket and the active
site linked to the occupancy of the Na+ site (Pineda et al. 2004a; Bone 2006). These changes
could also explain the large and negative heat capacity change measured upon Na+ binding to
thrombin (Guinto and Di Cera 1996; Griffon and Di Stasio 2001; Prasad et al. 2003).

The network of water molecules embedding the primary specificity pocket and the Na+ site
has a bearing on the kinetic mechanism of Na+ binding. The value of kA (scheme 2, Figure 11)
is four orders of magnitude slower than the diffusion controlled limit (van Holde 2002).
Although we lack data on other protein systems for comparison, we can assume that several
factors contribute to slow down the kinetics of Na+ association. Without these factors, Na+

binding to thrombin would likely be too fast to measure even with the continuous-flow method.
Na+ binds to its site after penetrating a pore defined by the 186- and 220- loops (Prasad et al.
2003; Page and Di Cera 2006) whose size would not admit a fully hydrated Na+. In this regard,
the interaction of Na+ with thrombin has features in common with the permeation and
selectivity of ion channels (Roux and MacKinnon 1999; Di Cera 2006; Page and Di Cera
2006). Dehydration of Na+ required to enter the pore is expected to slow down the kinetics of
association significantly (Eisenman and Dani 1987; Roux and MacKinnon 1999). Once inside
the pore, Na+ is re-hydrated into its coordination shell that involves four water molecules and
the backbone oxygen atoms of K224 and R221a (Figure 7) (Pineda et al. 2004a). That in turn
organizes a network of water molecules that spans the interior of the enzyme for over 15 Å up
to the catalytic S195 (Pineda et al. 2004a). Ordering of this network of water molecules may
require a longer time scale than the simple process of penetrating the pore, thereby contributing
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to the drastic reduction in the rate of binding kA measured experimentally. Combination of
dehydration, penetration of the pore, and re-hydration with organization of the water network
around the Na+ site could account for the significant slow down in the kinetics of Na+

association.

The available structures of the slow form E and fast form E:Na+ account for some basic
functional properties of the two allosteric conformations of thrombin and explain most of the
kinetic features linked to Na+ binding and allosteric activation. However, rapid kinetic
measurements of Na+ binding clearly demonstrate that E is in equilibrium with a third thrombin
form, E*, that is unable to interact with Na+ (scheme 2) (Bah et al. 2006; Gianni et al. 2007).
The structural nature of E* is of considerable interest. E* has been suggested to portray an
“inactive” slow form, unable to bind Na+ and substrate or inhibitors at the active site (Lai et
al. 1997). That hypothesis has gained prominence recently in the context of several structures
of inactive forms of thrombin in the Na+-free state that have appeared in the literature. These
structures differ drastically from the active slow form E (Pineda et al. 2002b; Pineda et al.
2004a) and share disorder or collapse of the Na+ site and steric blockage of the active site
(Carter et al. 2004; Pineda et al. 2004b; Johnson et al. 2005; Papaconstantinou et al. 2005;
Carrell et al. 2006). Potential issues of concern with these structures are the presence of
mutations in close proximity to the Na+ site (Carter et al. 2004; Pineda et al. 2004b) and/or
substantial crystal packing interactions that bias the conformations of the active site and the
Na+ site (Johnson et al. 2005; Papaconstantinou et al. 2005; Carrell et al. 2006). All existing
structures portraying thrombin in inactive conformations in the absence of inhibitors and
Na+ (Carter et al. 2004; Pineda et al. 2004b; Johnson et al. 2005; Papaconstantinou et al.
2005; Carrell et al. 2006) contain two molecules in the asymmetric unit, related by non-
crystallographic 2-fold symmetry, that pack together through extensive contacts. The packing
involves the active site and the Na+ site and calls into question the structural assignments
attributed to the absence of Na+ (Pineda et al. 2006). The recently solved structure of free wild-
type thrombin in an inactive conformation attributed to the lack of Na+ (Johnson et al. 2005)
has two molecules in the asymmetric unit defining an intermolecular surface of interaction of
~900 Å2. The surface involves residues of the 60-, 99-, 170-, 186- and 220- loops and is the
size of the interface of the complex between thrombin and the N-terminal domain of hirudin
(Ayala et al. 1995). Practically, this structure of “free” thrombin is in fact bound to the second
thrombin molecule in the asymmetric unit so tightly that the entire Na+ site and active site
regions come under the influence of significant crystal packing. Much importance was
attributed to a 3.0 Å shift in the position of E192, that occludes access to the active site (Johnson
et al. 2005). However, E192 is at the interface of the two thrombin molecules in the asymmetric
unit, with the Cγ atom 3.5 Å away from the Nε atom of R221a of the second molecule. The
contact pushes the side chain of E192 into the active site, where it is further stabilized by two
water-mediated H-bonds with a glycerol molecule at the interface. The artifactual conformation
of E192 may have facilitated a flip of the N atom of G193 defining the oxyanion hole together
with the N atom of the catalytic S195. Interestingly, the flip is also observed in the structure
of thrombin bound to K+ (Carrell et al. 2006). Other significant packing interactions across the
interface involve D221 with R221a, D222 with K60f, and K224 with D60e, all residues claimed
to be involved in the allosteric transition from the inactive slow form to the active fast form
(Johnson et al. 2005). There is reason to believe that the inactive conformation reported in this
structure may just be an artifact of crystal packing. Similar considerations apply to the structure
of the thrombin mutant E217K (Carter et al. 2004), also claimed to portray thrombin in the
inactive slow form. In this case, packing interactions are even more substantial and cover a
surface area >1,000 Å in the Na+ site and active site regions. The 3.4 Å contact between the
Oε1 atom of E192 and the NH1 atom of R221a of the second molecule in the asymmetric unit
positions E192 toward the active site. Importantly, the Nζ atom of the mutated residue K217
forms a 2.9 Å salt bridge with the Oδ2 atom of D222 in the second molecule of the asymmetric
unit, contrary to the claim that this Lys side chain did not make a significant stabilizing contact
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in the structure (Carter et al. 2004). The inactive conformation reported in this structure may
well be the result of the drastic charge reversal E217K introduced near the Na+ site and
significant crystal packing. The recent structure of the thrombin mutant R77aA in the presence
of KCl contains two molecules in the asymmetric unit, one with K+ bound to the Na+ site
(molecule 1) and the other (molecule 2) in an inactive conformation with the Na+ site free
(Papaconstantinou et al. 2005; Carrell et al. 2006). This structure contains substantial packing
interactions in the asymmetric unit that affect a surface area >600 Å. The 220-loop region of
molecule 2 is at the interface, and its partial disorder increasese exposure of the RGD sequence
to solvent. The autolysis loop of molecule 2 is repositioned toward exosite I by its contacts
with molecule 1 at the interface. C220 is in contact with R221a of molecule 1, which could
explain perturbation of the 190-strand through the C191:C220 disulfide bond and closure of
the access to the primary specificity pocket. Perturbation of C220 could have also caused the
collapse of the 215–219 β-strand into the primary specificity pocket, as seen in the structure
of the inactive W215A/E217A mutant (Pineda et al. 2004b), as well as the 190° flip in the side
chain of W215 that is also observed in the structure of inactive wild-type thrombin (Johnson
et al. 2005). As in the case of other structures claimed to portray thrombin in the inactive slow
form (Carter et al. 2004; Johnson et al. 2005), the inactive conformation of molecule 2 in the
R77aA structure in the presence of KCl (Carrell et al. 2006) may be the result of crystal packing.

A major advance in our understanding of thrombin allostery and its structural underpinnings
has come from the structure of the thrombin mutant D102N in the free form (Pineda et al.
2006). This mutant was constructed, expressed and purified to inactivate thrombin with the
most conservative replacement of the catalytic triad H57/D102/S195, and to produce a useful
reagent for crystallization in the absence of inhibitors or in complex with physiological
substrates. The available X-ray crystal structure of the rat trypsin mutant D102N in the presence
of benzamidine (Sprang et al. 1987) is practically identical to that of wild-type although the
mutant shows >10,000-fold reduction in catalytic activity. A very different result was observed
in the case of thrombin. The structure of the thrombin mutant D102N contains a single molecule
in the asymmetric unit, with minimal contacts with symmetry related molecules in the lattice
(Pineda et al. 2006). The overall fold of D102N is similar to wild-type, with a backbone rms
deviation of 0.77 Å compared to the Na+-bound fast form (Pineda et al. 2004a). There are no
significant changes at the site of mutation that can be attributed to the D102N substitution. For
example, the Nδ1 atom of N102 remains within H-bonding distance of the Nδ1 atom of the
catalytic H57 (2.91 Å) and the Oγ atom of S214 (3.06 Å), as seen in the wild-type (Pineda et
al. 2004a). On the other hand, the structure shows changes in the primary specificity pocket
and in the Na+ binding site that are unprecedented in thrombin and the entire realm of serine
proteases. These changes provide a plausible interpretation of the peculiar properties of the E*
form. The 215–219 β-strand collapses into the primary specificity pocket (Figure 16). W215,
whose Cα atom is 5.26 Å away from the mutated Nδ1 atom of N102, shifts 130° at the Cβ atom
and causes the indole ring to pack against the hydrophobic pocket in the active site formed by
W60d, Y60a, H57 and L99. In this conformation, the indole of W215 occupies the same
position as the Pro ring of the active site inhibitor PPACK in the PPACK-inhibited structure
of thrombin, suggesting that the collapse of W215 into the active site is driven by the favorable
hydrophobic environment of the S2 site near the catalytic H57 (Bode et al. 1992). Downstream
from the 215–219 β-strand, the twist in the backbone caused by the collapse of W215 moves
the entire 220-loop upward and changes the orientation of several residues. The side chain of
R221a, located >10 Å away from the site of mutation, rotates 95° and brings the guanidinium
group in contact with D189 in the primary specificity pocket. In this conformation, the
guanidinium group of R221a occupies a position analogous to that of the guanidinium group
of the Arg of PPACK, or of an incoming substrate molecule. Altogether, the drastic shifts of
W215 and R221a produce a conformation of thrombin that is self-inhibited by the hydrophobic
engagement of the 60-loop and active site H57 by W215, and of the acidic moiety of D189 in
the primary specificity pocket by R221a. Residues D221 and D222 flanking R221a shift
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upward, together with the entire 220-loop, and free the side chain of R187 which is ion-paired
to them in the Na+-bound fast form. The acquired mobility of R187 and the upward shift of
the 220-loop cause the side chain of R187 to penetrate the protein core and the Na+ site, with
the guanidinium group positioned within 1 Å from where Na+ would bind. The structure of
D102N portrays a conformation of thrombin that is unable to bind Na+ and ligands to the active
site, in agreement with the properties of the inactive slow form E* documented by earlier kinetic
studies (Lai et al. 1997).

Because the structure of D102N contains a single molecule in the asymmetric unit, it only
contains contacts with symmetry-related molecules in the lattice. These contacts do not affect
the self-inhibited conformation. Minor H-bonding interactions engage K224 with E127, R77a
with P204, and R126 with E97a, that are inconsequential on the burial of R221a and R187
inside the protein core. Minor van der Waals interactions involve the 60-loop from Y60a to
D60e, but do not extend to W215. The structure does not feature the active site-occusion by
E192 reported in recent structures of inactive thrombin (Carter et al. 2004; Johnson et al.
2005; Carrell et al. 2006), nor does it exhibit perturbation of the 60-loop (Huntington and
Esmon 2003; Johnson et al. 2005) or significant exposure of the RGD sequence
(Papaconstantinou et al. 2005). The N atom of G193 is flipped as in other structures of inactive
thrombin (Carter et al. 2004; Johnson et al. 2005; Papaconstantinou et al. 2005; Carrell et al.
2006) and in the K+-bound form (Carrell et al. 2006), lending support to the conclusion that
flexibility of the backbone in this region is an intrinsic property of thrombin. Finally, the
collapse of the 215–219 β-strand into the active site is reminiscent of that observed in the
structures of the mutants W215A/E217A (Pineda et al. 2004b), E217K (Carter et al. 2004) and
R77aA (Carrell et al. 2006). The collapse is likely due to the intrinsic flexibility of W215 whose
rearrangement causes a shift in the 216–219 backbone to avoid steric clash (Carrell et al.
2006). Moreover, the collapse of W215 into the active site observed in the structure of D102N
would not be possible without an initial flip of the indole side chain as first reported in the
inactive structure of the R77aA mutant (Papaconstantinou et al. 2005). Movement of W215
and its structural consequences on the 215–219 β-strand likely represent genuine properties of
the E* form, together with the rearrangement of R221a and R187 never before documented in
structures of thrombin or cognate serine proteases. The structural features of the D102N mutant
pertain to the inactive slow form E* and are not consequences of the mutation. Stopped-flow
measurements of Na+ binding to the D102N mutant yield a direct assessment of the
contributions of E and E* in the equilibrium that precedes Na+ binding. These measurements
demonstrate that D102N is more stabilized in the E* form compared to wild-type, therefore
accounting for the higher probability of capturing the elusive E* form by X-ray crystallography
using this mutant. It should be pointed out, however, that although this structure reveals drastic
changes at the level of W215 and perturbation of W141, it fails to account for changes at other
Trp residues that are detected by fluorescence measurements (Figure 13). The true extent of
conformational perturbation accompanying Na+ binding to thrombin may ultimately defy
resolution by X-ray structural biology.

9. Murine thrombin
A new twist on the role of Na+ in thrombin function has come from the recent observation that
murine thrombin lacks Na+ activation, but retains high catalytic activity toward physiologic
substrates because it is locked in a Na+-bound E:Na+ form (Bush et al. 2006; Marino et al.
2007). We have already pointed out how Na+ binding to human thrombin is controlled
energetically by a number of residues (Pineda et al. 2004a; Mengwasser et al. 2005). Na+

binding is severely compromised (>30-fold decrease in binding affinity) upon mutation of
D189, E217, D222 and Y225. The importance of these residues has been discussed. Of these
four residues, E217 and Y225 are conserved in thrombin from all species sequenced to-date.
D189 is Ser in the sturgeon, and the D189S mutant of human thrombin has impaired Na+
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binding and substrate recognition (Prasad et al. 2004). D222 is the least conserved residue
among the four. It is Ser in the sturgeon, Lys in the mouse and Asn in the rat (Banfield and
MacGillivray 1992). Because of the D222K substitution, murine thrombin lacks Na+

activation, which is partially restored by the reverse K222D mutation (Bush et al. 2006).

The lack of Na+ activation in human thrombin would produce an enzyme with little catalytic
activity toward fibrinogen and PAR1, incompatible with biological function (Di Cera 2003).
Murine thrombin has solved this conundrum by mimicking functionally the Na+-bound fast
form of the human enzyme, thereby retaining high activity toward fibrinogen, PAR1 and PAR4,
and without compromising activation of protein C (Bush et al. 2006). Such molecular mimicry
of Na+ activation may have turned beneficial during evolution to counter the effect of numerous
mutations that in humans destabilize Na+ binding and cause bleeding (Miyata et al. 1992;
Degen et al. 1995; Henriksen et al. 1998; Sun et al. 2001; Rouy et al. 2006; Stanchev et al.
2006). There are thirty-two total replacements between human and murine thrombin (Table
2), five in the A chain and twenty-seven in the catalytic B chain. The net result of the
replacements is very significant: murine thrombin has a net charge difference relative to human
thrombin of +6. This comes from the introduction of two positively charged residues (I24K,
Q131R), the loss of one positively charged residue (K14aT) and three negatively charged
residues (E127Q, D170A, D186aN), and three charge reversal substitutions (E13K, K149eE,
D222K). The drastic charge difference explains some of the distinct properties of the two
enzymes, most notably: the different ability to stick to ion exchange columns, the different
procedures needed for activation from zymogen and especially the difficulty for murine
thrombin to crystallize under solution conditions containing even minimal amounts of salts.
Among the non-conservative substitutions, D186aN and D222K affect residues around the
pore of entry of Na+ to its binding site (Figure 17) and account for half of the +6 charge
difference between the two enzymes. The electrostatic perturbation caused by these two
substitutions alone could be substantial enough to compromise or alter the response to Na+

binding in the murine enzyme. The composition and length of the 186- and 220- loops defining
the pore are in fact critical for Na+ binding and selectivity over K+ (Prasad et al. 2003). There
are few, but biologically relevant examples of monovalent cation activation mimicry (Di Cera
2006; Page and Di Cera 2006). Actin folds similarly to the K+-activated enzyme Hsc70
(Wilbanks and McKay 1995), but the requirement for K+ to bridge the Pα and Pβ of ADP is
fulfilled by the Nζ atom of K18 (Kabsch et al. 1990). K222 in murine thrombin plays an
important structural role in securing functional mimicry of Na+ activation.

The structure of murine thrombin was solved at 2.2 Å resolution, free of inhibitors and salts,
after many unsuccessful attempts involving the active site inhibitor PPACK and different
concentrations of Na+, K+ or Li+ in the crystallization conditions (Marino et al. 2007). The
conformation of murine thrombin in its free form has the active site and primary specificity
pocket readily accessible to substrate. The rms deviation at the Cα atoms is only 0.42 Å relative
to the fast form of the human enzyme (Pineda et al. 2004a). Because the enzyme used was free
of inhibitors and in its wild-type form, autoproteolytic digestion at exosite I caused the entire
segment 74–78 to be missed in the electron density map. Autoproteolytic attack of R77a
followed by a second cleavage at R73 produce β-thrombin from α-thrombin in the human
enzyme (Hofsteenge et al. 1988). The substantial perturbation of exosite I shifts the backbone
around H71 and makes room for a flip of the indole ring of W141, as observed in the inactive
monomer of the human thrombin structure solved in the presence of KCl (Papaconstantinou
et al. 2005; Carrell et al. 2006). The flipped conformation is also stabilized by a rearrangement
of the side chain of M32. Whether the flipped conformation of W141 is constitutive in murine
thrombin remains to be established. Interest in this residue stems from its involvement in the
fluorescence change linked to Na+ binding to human thrombin (Bah et al. 2006) and its key
role in the alloseric communication between exosite I and the active site (Gandhi et al. 2008).
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The autolysis loop spanning residues 144–150 (Bode et al. 1992) is disordered, as typically
seen in human thrombin even at high resolution (Pineda et al. 2004a).

The most important features of the murine thrombin structure involve the pore of entry to the
Na+ binding site (Figure 17). The ion-pair between D222 and R187 is a hallmark of the Na+

bound fast form in the human enzyme (Pineda et al. 2004a; Pineda et al. 2004c) and contributes
to the architecture of the pore. In murine thrombin, the presence of K222 pushes the
guanidinium group of R187 away. The side chain of K222 occupies the interior of the pore
and completely occludes its access from the solvent (Figure 17). The Nζ atom of K222
penetrates the pore and sits ~5 Å away from where Na+ binds in the fast form (Pineda et al.
2004a), within H-bonding distance of the backbone O atoms of K185 (2.85 Å), D186b (3.34
Å) and K186d (2.71 Å). The backbone O atom of residue 186b, recruited by the Nζ atom of
K222, is flipped relative to the position assumed in the fast form of the human enzyme. Other
changes of interest around the pore region include glycosylation of N186a, which is never
observed in the human enzyme. W20, which is Ser in the human enzyme, is identified
unequivocally from the density map and offers a unique fingerprint of the murine structure
(Figure 17). The aromatic residue sits only 4.7 Å away from K186d in the pore region and 14
Å away from where Na+ binds in the human enzyme. That is about the same distance as W215
in the aryl binding site, which is a major fluorophore reporting Na+ binding to human thrombin
(Arosio et al. 2000). W20 in murine thrombin could therefore interfere with the fluorescence
change linked to Na+ binding that is difficult to detect even after Na+ activation is partially
restored with the K222D mutation (Bush et al. 2006).

Occlusion of the Na+ pore by the side chain of K222 is linked to a conformation similar to the
Na+-bound fast form of the human enzyme. That is revealed by inspection of three markers of
the allosteric slow→fast transition of thrombin (Pineda et al. 2004a; Di Cera et al. 2007). E192
at the entrance of the active site, S195 in the active site and D189 in the primary specificity
pocket are oriented as in the fast form (Figure 18). S195 is within H-bonding distance (3.05
Å) of the catalytic H57 to ensure efficient catalysis (Fuhrmann et al. 2006). The H-bond is not
present in the slow form (Pineda et al. 2004a). D189 is optimally oriented to engage the
guanidinium group of the Arg of an incoming substrate. These structural signatures of the fast
form are observed in murine thrombin in the absence of bound Na+ and provide a molecular
explanation for the high catalytic activity of the enzyme independent of Na+ activation. The
conformations of D189 and S195 are maintained by H-bonding interactions mediated by water
molecules, as in the fast form of the human enzyme (Figure 18). However, only seven water
molecules are involved in these interactions, as opposed to Na+ and eleven water molecules in
the fast form of human thrombin (Pineda et al. 2004a). The presence of K222 pushes R187
away and closer to D221, whose Oδ2 atom engages the guanidinium NH2 atom of R187 in a
2.55 Å ion-pair. The ion-pair positions the Oδ1 atom of D221 within 2.51 Å of water w153,
which sits 3.96 Å away from the Nζ atom of K222. Water w153 is within 2.79 Å of water w51
that occupies a position equivalent (<1 Å away) to the bound Na+ in the fast form and is likewise
coordinated by the backbone O atoms of R221a (2.77 Å) and K224 (2.61 Å). The H-bonding
network around water w51 mimics that found around the bound Na+ in the human enzyme and
establishes a connection to the Oδ2 atom of D189 via an intervening water w97. This and water
w55 ensure the optimal orientation of the carboxylate of D189. S195 is fixed in its orientation
by a water mediated contact with the Oε1 atom of E192, with water w63 positioned 3.19 Å
away from the Oγ atom of S195 and 2.82 Å away from the the Oε1 atom of E192. Unlike the
fast form of human thrombin, there is no obvious water mediated linkage between D189 and
E192 that would provide connectivity from the bound Na+ to the catalytic S195 (Pineda et al.
2004a). The only two water molecules, w141 and w142, in the active site between D189 and
S195 are too far away from either residue. Therefore, the conformations of the critical residues
D189 and S195 in murine thrombin have been optimized independently of each other, with
K222 sealing the Na+ pore and contributing indirectly to stabilization of the Na+ binding site
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via waters w153 and w51. The structure of murine thrombin was validated by that of a thrombin
chimera where the human enzyme carries all residues around the Na+ pore of murine thrombin.
The chimera lacks Na+ activation, and its crystal structure was solved at 1.75 Å resolution in
the presence of PPACK and in the absence of Na+. The pore region in the chimera looks
practically identical to that of the murine enzyme (Figure 17), with the side chain of K222
occupying the interior of the pore.

Murine thrombin has been the subject of detailed genetic analysis in the context of models of
human disease (Suh et al. 1995; Sun et al. 1998; Coughlin 2000; Zhang and Ginsburg 2004).
However, important differences exist in the functional interactions and regulation of thrombin
between mice and humans. In addition to the basic differences uncovered in the role of PARs
in platelet activation between mice and humans (Coughlin 2000; Brass 2003), thrombin in the
mouse lacks Na+ activation (Bush et al. 2006), which is a hallmark feature of the human enzyme
(Di Cera et al. 2007). The lack of Na+ activation in human thrombin would be inconsequential
on the ability to cleave the anticoagulant protein C (Dang et al. 1995; Dang et al. 1997a; Di
Cera et al. 2007), but would drastically compromise activity toward fibrinogen and the PARs
(Dang et al. 1995; Dang et al. 1997a; Ayala et al. 2001; Di Cera et al. 2007) and make the
enzyme unable to carry out its procoagulant, prothrombotic and signaling roles in the blood
(Di Cera 2003). Murine thrombin compensates for the lack of Na+ activation by mimicking
functionally the Na+-bound form of the human enzyme (Bush et al. 2006). That ensures high
efficiency in the catalytic activity toward fibrinogen, PAR1 and PAR4, and does not
compromise protein C activation. Previous attempts to mimic functionally the activating effect
of Na+ in thrombin by replacing G184 with Lys have produced a poorly active enzyme (Roy
et al. 2001). Similarly, mimicry of K+ activation in rabbit muscle pyruvate kinase (Laughlin
and Reed 1997) and the ATPase domain of Hsc70 (Wilbanks and McKay 1998) have utilized
Lys substitutions near the monovalent cation binding site, but in no case did the mutation result
in high catalytic activity. The strategy used by murine thrombin is obviously very effective,
because the enzyme shows high catalytic activity toward physiologic substrates in the absence
of Na+ activation. The side chain of K222 replaces Asp in the human enzyme and occludes the
pore of entry to the Na+ binding site. The same architecture is observed in the thrombin chimera
where the human enzyme carries all residues of the pore in murine thrombin. The Nζ atom of
K222 in murine thrombin is held in place by a H-bonding network involving three residues in
the 186-loop, and is ~5 Å away from where Na+ binds in the human enzyme. It is unclear
whether the Nζ atom in this position could provide effective electrostatic mimicry of the bound
Na+. It is reasonable to assume, however, that the side chain of K222 could penetrate the
Na+ pore further to position the Nζ atom closer to the site occupied by Na+. Nonetheless, the
presence of K222 seals the entrance to the Na+ site, abrogates sensitivity to monovalent cations
(Bush et al. 2006) and generates an environment within the primary specificity pocket that is
optimized for substrate binding. That is accomplished through a network of water molecules
that mimics the Na+ bound architecture in the proximity of D189. A water mediated contact,
similar to that documented in the fast form of the human enzyme, fixes the orientation of the
catalytic S195 with the assistance of the side chain of E192. As a result, both S195 and D189
assume conformations like those in the fast form of human thrombin, thereby accounting for
the high catalytic activity of the murine enzyme.

Why is murine thrombin devoid of Na+ activation? The reason is most likely an evolutionary
advantage to counter the effects of mutations that produce anticoagulant effects by destabilizing
Na+ binding. It is known that the C-terminal domain of serine proteases dictated functional
diversity during evolution (Krem et al. 1999) and is the locale preferentially targeted by
naturally occurring mutations. All residues linked energetically to Na+ binding to thrombin
reside in the C-terminal domain of the enzyme (Pineda et al. 2004a) and so do most of the
known naturally occurring mutations of the prothrombin gene in humans (Miyata et al. 1992;
Degen et al. 1995; Henriksen et al. 1998; Sun et al. 2001; Rouy et al. 2006; Stanchev et al.
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2006). It would be important to establish if mutations that cause anticoagulant effects in the
human enzyme behave differently in murine thrombin. The Y225P mutation selectively
abolishes Na+ binding to human thrombin and compromises fibrinogen and PAR1 recognition
indirectly by switching the enzyme to the anticoagulant slow form (Dang and Di Cera 1996;
Dang et al. 1997a). Such mutation in murine thrombin should be inconsequential on fibrinogen
and PAR1 recognition and preliminary results indicate that this is indeed the case. The W215A/
E217A mutant of human thrombin features remarkable anticoagulant and antithrombotic
properties in vitro and in vivo (Cantwell and Di Cera 2000; Gruber et al. 2002; Feistritzer et
al. 2006; Gruber et al. 2006). The anticoagulant effect of the mutation has been explained
structurally in terms of the total collapse of the locale for fibrinogen and PAR1 recognition
(Pineda et al. 2004b). The murine W215A/E217A mutant has largely (>1,000-fold)
compromised fibrinogen cleavage, but the reduction is almost 20-fold less pronounced than in
the human variant (Bush et al. 2006). Cleavage of PAR4 is compromised 600-fold. Notably,
cleavage of PAR1 is reduced only 60-fold as opposed to >1,000-fold in the human enzyme.
On the other hand, cleavage of protein C is reduced <7-fold, just as for the human variant.
Mutation of W215 and E217 affects the activity of murine thrombin toward fibrinogen, PAR1
and PAR4 because these residues make direct contacts with substrate (Dang et al. 1997a;
Arosio et al. 2000; Ayala et al. 2001). However, unlike the human enzyme, murine thrombin
is spared an additional ~20-fold drop in activity caused by stabilization of the Na+-free slow
form upon the Ala replacement of W215 and E217 (Pineda et al. 2004a). Because of the
constitutive Na+ activation in murine thrombin, the W215A/E217A mutation is significantly
less anticoagulant in the mouse than in humans.

10. Thrombin interaction with protein C
Two well documented pathways of allosteric regulation exist in thrombin: one involves the
Na+ site and the other involves exosite I. As we have seen, binding of Na+ to thrombin enhances
activity toward procoagulant and prothrombotic substrates like fibrinogen and PARs (Di Cera
2003; Di Cera et al. 2007), whereas binding of thrombomodulin to exosite I enhances activity
toward the anticoagulant protein C (Esmon and Mather 1998; Esmon 2003b). A significant
linkage also exists between the two allosteric sites (Ayala and Di Cera 1994; Lai et al. 1997;
Kroh et al. 2007). Thrombin is the only enzyme in the blood capable of activating protein C
(Di Cera 2003). Activated protein C is a natural anticoagulant that inactivates factors Va and
VIIIa with the assistance of protein S, thereby promoting the down-regulation of the
coagulation cascade (Esmon 2003b). In addition to its anticoagulant role, protein C has recently
emerged as a regulator of inflammatory response and as an anti-apoptotic agent (Griffin et al.
2002; Esmon 2003a; Feistritzer et al. 2006). This has in turn expanded the roles of thrombin
in blood coagulation and established an intriguing link between thrombosis and inflammation
via the protein C pathway.

The interaction of thrombin with protein C has been studied in considerable detail. Under
physiologic concentrations of Ca2+ thrombin has only marginal affinity for protein C in the
absence of thrombomodulin (Esmon et al. 1983; Wu et al. 1991; Rezaie and Esmon 1992;
Dang et al. 1995; Yang et al. 2004). The presence of thrombomodulin increases the Kcat/Km
of thrombin for protein C >1,000-fold (Esmon et al. 1983; Wu et al. 1991; Rezaie and Esmon
1992; Dang et al. 1995; Yang et al. 2004). In the absence of Ca2+, thrombomodulin has only
a modest effect on protein C activation by thrombin and the reaction proceeds with a Kcat/
Km comparable to that observed under physiologic conditions of Ca2+ and thrombomodulin
(Esmon et al. 1983; Wu et al. 1991; Rezaie and Esmon 1992; Dang et al. 1995; Yang et al.
2004). Because Ca2+ has no effect on thrombin structure and function (Dang et al. 1995), but
changes drastically the conformation of the activation peptide of protein C (Yang et al.
2004), it is reasonable to assume that an important component of thrombomodulin action is to
allosterically affect protein C to relieve the inhibitory effect of Ca2+ binding on the
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conformation of the domain containing the scissile bond. It is unlikely, however, that such an
allosteric effect would explain >1,000-fold change in kcat/Km. Recent work from the group of
Rezaie has shown that engineering a disulfide bond in the Ca2+ binding loop of the protease
domain of protein C removes the Ca2+ effect and produces a protein C derivative that is
activated 50-fold better by thrombin in the absence of thrombomodulin (Yang et al. 2006). The
thrombin mutant R35E activates this mutant protein C without thrombomodulin with a Kcat/
Km comparable to that measured using wild-type thrombin in the presence of wild-type protein
C and thrombomodulin (Yang et al. 2006). This shows that the mechanism of thrombomodulin
enhancement of protein C activation encompasses at least two components: a change in the
conformation of thrombin around R35, and a change in the Ca2+ binding loop of protein C.

A key observation on the kinetic effect of thrombomodulin on protein C activation by thrombin
reveals that the 1,000-fold increase in Kcat/Km arises from a 10-fold decrease in Km and a 100-
fold increase in Kcat (Esmon et al. 1983). Let us consider the basic kinetic scheme for substrate
hydrolysis by serine proteases

The substrate S interacts with the enzyme E to form a complex with a rate constant k1. The
complex can dissociate back into the parent species with a rate constant k−1, or turn over the
substrate to give the product P and regenerate the free enzyme E. The rate of product formation
is given by k2. The Michaelis-Menten parameters associated with the kinetic scheme 3 are

(10)

(11)

From the definition of Km in eq 10, it follows that in order for this parameter to decrease 10-
fold when the value of Kcat increases 100-fold, the value of k1 must increase at least 1,000-fold
when thrombomodulin binds to thrombin. In other words, the most striking effect of
thrombomodulin is expected to influence the rate at which substrate and enzyme come together
to form a productive complex. How is this remarkable feat accomplished? Several hypotheses
on the action of thrombomodulin have been presented in the literature. Some groups favor the
idea that thrombomodulin changes the conformation of thrombin to enable efficient protein C
activation. Support to this proposal comes from the observation that binding of
thrombomodulin to thrombin alters the spectral properties of probes tethered to the active site
of the enzyme (Ye et al. 1991). Furthermore, several mutations of thrombin have been found
to enhance protein C activation in the absence, but not in the presence of thrombomodulin (Le
Bonniec and Esmon 1991; Rezaie and Yang 2003). These findings suggest that
thrombomodulin changes thrombin structure in a way that can be mimicked by ad hoc amino
acid substitutions. However, changes in spectral probes are qualitative in nature and may bear
little on the mechanism of protein C activation by thrombin. As to the thrombin mutations that
increase protein C activation in the absence of thrombomodulin, the effects are small and
nowhere close to the large (>1,000-fold) enhancement induced by thrombomodulin.
Furthermore, these effects are reproduced entirely by mutations of protein C affecting domains
interacting with thrombin (Richardson et al. 1992; Grinnell et al. 1994), thereby raising the
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alternative possibility that thrombomodulin may affect the structure of protein C rather than
thrombin. In contrast to previous claims of a significant effect of thrombomodulin on the active
site of thrombin (Ye et al. 1991), analysis of the hydrolysis of several chromogenic substrates
by thrombin shows little dependence on thrombomodulin binding (Vindigni et al. 1997). More
importantly, the effect is reproduced both qualitatively and quantitatively by hirugen binding
to exosite I, the major determinant of thrombomodulin recognition by thrombin (Pineda et al.
2002a), even though hirugen has no effect on the activation of protein C.

Critical to the understanding of the molecular mechanism of protein C activation is information
on the value of k1 in the kinetic scheme 3. That value can be obtained from the temperature
dependence of the parameter s=Kcat/Km (Vindigni and Di Cera 1996; Ayala and Di Cera
2000; Krem et al. 2002; Pineda et al. 2004a; Pineda et al. 2004c; Bobofchak et al. 2005; Xu et
al. 2005), i.e.,

(12)

where R is the gas constant, T the absolute temperature, and α=k2/k−1 defines the “stickiness”
of substrate as the ratio between k2 (the rate of acylation) and k−1 (the rate of dissociation of
the enzyme-substrate complex into the parent species). The Arrhenius terms E1 and Eα=E−1–
E2 define respectively the activation energy for substrate binding to the active site of the enzyme
and the difference between the activation energies for substrate dissociation and acylation. The
values of k1 and α refer to the reference temperature T0=298.15 K. Measurements of s as a
function of temperature resolve k1, α, E1 and Eαin eq 12, provided the plot shows curvature.
The curvature is indicative of a change in the rate-limiting step for substrate hydrolysis due to
the shift from k2>>k−1 at low temperatures, to k−1>>k2 at high temperatures. The shift is caused
by the drastic difference in activation energies for substrate acylation and dissociation, when
E−1>>E2 or Eα>>0. The rate constant k1 is limited by diffusion (van Holde 2002) or
conformational rearrangements that facilitate docking. Its energetic balance is determined by
the Arrhenius energy of activation E1. Typically, diffusion-limited enzyme-substrate
encounters feature k1 values in excess of 107 M−1s−1 linked to small activation energies (E1 <
10 kcal/mol) (van Holde 2002). Values of E1 that exceed 20 kcal/mol are conducive to structural
rearrangements of the enzyme-substrate complex to facilitate productive complex formation
and are usually linked to slower (<107 M−1s−1) values of k1. Information on k1 and E1 is
therefore quite valuable in establishing mechanisms of enzyme-substrate interaction. In the
case of thrombin interacting with protein C, these values can be used to establish the effect of
thrombomodulin on how protein C docks on the thrombin active site to enable productive
binding and activation. Measurements of k1 confirm that thrombomodulin enhances diffusion
of protein C into the active site of thrombin >1,000-fold with a small but significant (4 kcal/
mol) decrease in the energy of activation E1 (Xu et al. 2005). The larger value of E1 in the
absence of thrombomodulin indicates substantial structural strains linked to formation of the
thrombin-protein C complex. The strains are partially relieved by the presence of cofactor. The
main function of thrombomodulin is to facilitate diffusion of protein C into the thrombin active
site. An ancillary function is to induce changes in the molecular surface of recognition between
thrombin and protein C.

Extensive Ala-scanning mutagenesis of thrombin has revealed the functional epitopes for
protein C recognition in the absence or presence of thrombomodulin (Figure 19) (Xu et al.
2005). There are significant differences in the structure of the epitopes that underscore
molecular changes in the thrombin-protein C interface due to cofactor binding. In the absence
of thrombomodulin, there are several residues of thrombin critically involved in protein C
recognition. These residues cluster around the Na+ site (T172, T184a, K224, Y225, G226),
and define the primary specificity pocket (D189), the oxyanion hole (G193) and portions of
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the aryl binding site in the 60-loop (Y60a). A striking property of the epitope is that it contains
residues that once mutated to Ala produce a small but significant enhancement of protein C
activation. These residues are R35 and P37 in the 30-loop and F60h at the distal end of the 60-
loop. Interestingly, these residues lie close to each other (blue in Figure 19) and define a patch
on the surface of thrombin next to the active site where docking of protein C is unfavorable in
the wild-type. The important role of R35 has been emphasized (Hall et al. 1999; Rezaie and
Yang 2003; Yang et al. 2006), together with the unfavorable contribution of other residues in
the 30-loop like S36a, Q38 and E39 (Hall et al. 1999). The spatial contiguity of F60h, R35 and
P37 suggests that a domain of protein C experiences unfavorable contacts with this region upon
binding to thrombin. Indeed, Grinnell et al. (Grinnell et al. 1994) have identified a cluster of
positively charged residues in the primed sites of protein C (K174, R177 and R178) that once
mutated to Glu produces a mutant that is activated 16-fold faster by thrombin in the absence
but not in the presence of thrombomodulin. They suggested that the cluster experiences
electrostatic repulsion with the positively charged region of exosite I of thrombin. Given that
exosite I makes no contribution to protein C recognition (Figure 19), it is likely that some of
these positively charged residues of protein C clash with R35 and the 30-loop of thrombin.
The scenario changes significantly when thrombomodulin binds to thrombin. Recognition of
protein C by thrombin involves a smaller set of residues compared to the absence of cofactor.
Practically only D189 in the primary specificity pocket and Y60a in the aryl binding site make
a dominant contribution to binding. The critical role played by the oxyanion hole (G193) and
the Na+ site (T172, Y184a, K224, Y225, G226) is diminished when thrombomodulin binds.
The unfavorable contribution from residues in the 30-loop and the distal portion of the 60-loop
disappears in the presence of thrombomodulin. Because binding of thrombomodulin depends
little on residues located in the 30-loop, the 60-loop, the oxyanion hole and the Na+ site (Pineda
et al. 2002a; Xu et al. 2005), the change in the epitope is not due to hijacking of these domains
by the cofactor. The drastic difference in the epitopes is due to the mode of interaction of protein
C with thrombin and proves that the thrombin-protein C interface changes when
thrombomodulin is bound: the interface is reduced to the primary specificity pocket and the
aryl binding site around Tyr-60a in the presence of cofactor.

Thrombomodulin promotes diffusion of protein C into the thrombin active site, which is
indicated eloquently by the drastic change in the value of k1 when thrombomodulin binds.
Additional contributions come from conformational rearrangements of either thrombin or
protein C as evidenced by the small, but significant decrease in the value of E1. The effect of
thrombomodulin on the molecular surface of recognition between thrombin and protein C are
felt mainly at the Na+ site region and at the 30-loop. Are these predictions consistent with
structural investigation of the thrombin-protein C interaction? The structure of thrombin bound
to a fragment of thrombomodulin at exosite I failed to reveal significant conformational
changes in the active site or other regions (Fuentes-Prior et al. 2000). Such changes might have
been obliterated by the presence of the active site inhibitor used in the crystallization. A number
of peptides targeting exosite I influence allosterically the active site of thrombin, bring about
significant changes in activity and even substrate specificity (Liu et al. 1991; Parry et al.
1993; Ayala and Di Cera 1994; Lai et al. 1997; Vindigni et al. 1997). One of these peptides,
hirugen, is derived from the C-terminal fragment of hirudin. The structure of thrombin bound
to hirugen was solved with the active site free (Vijayalakshmi et al. 1994), but again failed to
reveal any significant conformational changes as for the thrombomodulin-bound structure
(Fuentes-Prior et al. 2000). We are therefore faced with a conundrum. Although a plethora of
functional data vouch for extensive alterations of thrombin upon thrombomodulin or hirugen
binding to exosite I, structural investigation fails to document any significant conformational
change when thrombin is bound to exosite I. Solution to this puzzle has come unexpectedly
from studies of how thrombin recognizes the receptors PAR1, PAR3 and PAR4.
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11. Thrombin interaction with the PARs
The prothrombotic role of thrombin depends mainly on cleavage of protease-activated
receptors (PARs), that are members of the G-protein-coupled receptor superfamily (Coughlin
2000; Brass 2003). Four PARs have been cloned and they all share the same basic mechanism
of activation: thrombin, and other proteases derived from the circulation and inflammatory
cells, cleave at a specific site within the extracellular N-terminus to expose a new N-terminal
tethered ligand domain, which binds intramolecularly and activates the cleaved receptor
(Coughlin 2000). Thrombin activates PAR1 (Vu et al. 1991), PAR3 (Ishihara et al. 1997;
Sambrano et al. 2001) and PAR4 (Kahn et al. 1998; Xu et al. 1998; Nakanishi-Matsui et al.
2000) in this manner. Human platelets express PAR1 and PAR4 that mediate signaling and
aggregation at low and high thrombin concentrations, respectively, and with distinct temporal
characteristics (Shapiro et al. 2000). By contrast, murine platelets express PAR3 and PAR4.
Upon cleavage by thrombin, PAR3, rather than itself mediating transmembrane signaling,
functions as a cofactor that supports cleavage and activation of PAR4 at low thrombin
concentrations (Kahn et al. 1998; Nakanishi-Matsui et al. 2000). On endothelial cells, PAR3
assists activation of PAR1 by promoting receptor heterodimerization (McLaughlin et al.
2007).

We have already illustrated the role of exosite I, located 20–25 Å away from the active site
moiety, as a binding epitope for fibrinogen (Tsiang et al. 1995; Ayala et al. 2001; Pechik et al.
2004; Pechik et al. 2006), thrombomodulin (Tsiang et al. 1995; Hall et al. 1999; Fuentes-Prior
et al. 2000; Pineda et al. 2002a; Xu et al. 2005), and the thrombin receptors PAR1 (Vu et al.
1991; Mathews et al. 1994; Ayala et al. 2001; Myles et al. 2001a) and PAR3 (Ishihara et al.
1997; Ayala et al. 2001). The potent natural inhibitor hirudin also targets exosite I via its
extended, acidic C-terminal domain (Rydel et al. 1991). An hirudin-like acidic domain is
present in PAR1 and PAR3 immediately downstream of the tethered ligand domain and has
been invoked in the ability of these receptors to engage exosite I of thrombin (Vu et al. 1991;
Kahn et al. 1998). Recognition of PAR4 is less dependent on exosite binding and relies almost
entirely on the active site moiety (Ayala et al. 2001), especially through a pair of Pro residues
at the P2 and P4 positions (Cleary et al. 2002; Jacques and Kuliopulos 2003). In addition, PAR4
constructs carrying an hirudin-like acidic domain fail to produce enhanced binding or catalytic
processing (Jacques and Kuliopulos 2003), suggesting that PAR4 folds into a conformation
unable to bind to exosite I. The cofactor function of PAR3 on PAR4 cleavage and activation
by thrombin in murine platelets (Kahn et al. 1998; Nakanishi-Matsui et al. 2000) implies
binding of both PAR4 and the cleaved form of PAR3 to thrombin to form a ternary complex.
After cleavage of PAR3, thrombin would remain bound to the receptor via exosite I. This
complex would then engage PAR4 for proteolytic activation optimized by an allosteric effect
of PAR3 bound to exosite I on the active site moiety. A similar mechanism likely exists in
human platelets where PAR4 can be co-factored by other receptors (Kahn et al. 1998). The
cofactor function of PAR3 on PAR4 cleavage and activation has many features in common
with the interaction of thrombin with protein C that is cofactored by thrombomodulin.
Structural studies of thrombin-PAR interactions were therefore undertaken with the
expectation that they might reveal important details on the allosteric mechanism underlying
binding to exosite I.

Murine thrombin inactivated with the single site mutation S195A was crystallized in complex
with the extracellular fragment of murine PAR3 (Bah et al.
2007), 38SFNGGPQNTFEEFPLSDIE56, corresponding to the sequence downstream of the
cleavage site at K37 and containing the hirudin-like motif 47FEEFP51 predicted to bind to
exosite I (Nakanishi-Matsui et al. 2000; Jacques and Kuliopulos 2003). Although the structure
was solved at relatively high resolution (2.0 Å), only the sequence 44QNTFEEFPLSDIE56 of
the extracellular fragment of PAR3 could be detected in the electron density map. The PAR3
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fragment engages exosite I of murine thrombin in a number of well-defined interactions starting
with F47 (Figure 20). The three residues 44QNT46 fold away from the thrombin surface, as
seen in the NMR structure of a cleaved fragment of PAR1 (Seeley et al. 2003). The aromatic
ring of F47 is edge-to-face with the aromatic ring of F34 of thrombin. On the opposite side of
F34 lies the side chain of F50, also oriented perpendicular to the benzene ring of the thrombin
residue. F50 is at the center of a hydrophobic cluster that includes L52 and I55 of PAR3 in van
der Waals interactions. The cluster docks on an extended hydrophobic patch of exosite I
comprising F34, L65, Y76 and I82. In addition to the substantial hydrophobic contacts at the
thrombin-PAR3 interface, the complex is stabilized by electrostatic and polar interactions. The
backbone N atom of G48 engages the backbone O atom of T74 of thrombin and the Oε1 atom
forms an ion-pair with the Nε atom of R75 and an H-bond with the backbone N atom of Y76
of thrombin. D54 uses its carboxylate oxygens to contact R77a of thrombin via the NH2 and
Nε atoms. Finally, E56 engages the Nζ atom of K110 of thrombin via its C-terminal carboxylate
atoms and H-bonds to the O atom of I82 via its N atom. Overall, the surface of interaction
between thrombin and PAR3 is composed of a hydrophobic patch surrounded by a periphery
of polar/electrostatic contacts. The interactions involve the hirudin-like motif 47FEEFP51

predicted to bind to exosite I (Nakanishi-Matsui et al. 2000; Jacques and Kuliopulos 2003),
but also the sequence 52LSDIE56 that internally stabilizes the fold of the bound PAR3 and
provides additional polar contacts with the thrombin surface.

Comparison with the structure of the murine thrombin-PAR3 complex (Bah et al. 2007) with
that of murine thrombin in the free form (Marino et al. 2007) reveals an enzyme conformation
that is largely unmodified except for one notable feature. The presence of PAR3 bound to
exosite I causes a rearrangement of the 60-loop lining the upper rim of the active site entrance
(Figure 21). In the free enzyme, and in human thrombin (Bode et al. 1992; Pineda et al.
2004a), the indole ring of W60d partially occludes access to the active site and restricts
specificity toward physiologic substrates and inhibitors (Bode 2006). When PAR3 binds to
exosite I, the 60-loop shifts 3.8 Å upward and causes a 180° flip of W60d that projects the
indole ring into the solvent and opens up the active site fully. Interestingly, cleaved PAR3
binds to exosite I of murine thrombin in a conformation almost identical to that determined for
hirugen bound to exosite I of the human enzyme (Vijayalakshmi et al. 1994). The conformation
and molecular contacts of the hirudin-like motif 47FEEFP51 are practically identical to those
of the sequence 56FEEIP60 of hirugen. Yet, binding of hirugen has minimal effects on the
position of the 60-loop of thrombin and W60d retains an orientation that partially occludes the
active site cleft and screens the catalytic H57 from solvent (Vijayalakshmi et al. 1994). On the
other hand, the structure of murine thrombin bound to cleaved PAR3 at exosite I reveals the
basis of the allosteric communication between exosite I and the active site cleft. Key to this
allosteric effect is the ability of W60d to move like a flap and regulate substrate diffusion into
the active site. The structural flexibility documented for this and other Trp residues of thrombin
is in agreement with recent spectroscopic measurements (Bah et al. 2006).

The murine thrombin mutant S195A was also crystallized in complex with the extracellular
fragment of murine PAR4 (Bah et al.
2007), 51KSSDKPNPR↓GYPGKFCANDSDTLELPASSQA81 (↓=site of cleavage),
containing the cleavage site at R59. Although the structure was solved at low resolution (3.5
Å), twenty-six residues of the fragment from K51 to P76 could be traced in the electron density
map. Overall, the thrombin conformation is similar to that seen in the thrombin-PAR3 complex
(rmsd 0.52 Å), but W60d retains its canonical orientation with the indole ring pointing down
over the active site (Figure 20) in contact with PAR4. Of great importance are the contacts
made by PAR4 with the active site of thrombin. R59 penetrates the primary specificity pocket
and engages several residues. The guanidinium group makes a strong bidentate ion-pair with
the carboxylate oxygens of D189 and three H-bonds with the backbone O atoms of G216, E219
and A190. The backbone O atom of R59 makes a short H-bond with the N atom of G193 in
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the oxyanion hole and the backbone N atom H-bonds to the backbone O atom of S214. These
are the canonical interactions expected for Arg of substrate in the specificity pocket of a trypsin-
like protease (Perona and Craik 1995; Hedstrom 2002; Page et al. 2005). Extensive interactions
are also present away from the primary specificity pocket. P58 at the P2 position of substrate
makes numerous van der Waals contacts with the catalytic H57, Y60a and W60d in the 60-
loop. Its backbone O atom could experience electrostatic repulsion from the Oε2 atom of E192
that is 3.4 Å away. The P3 residue N57 points away from the thrombin surface with its side
chain, as expected for an amino acid in the L-enantiomer at this position (Bode et al. 1992),
but its backbone N and O atoms H-bond to the O and N atoms of G216 again in compliance
with the canonical antiparallel mode of interaction of substrate with the active site of serine
proteases (Perona and Craik 1995; Hedstrom 2002; Page et al. 2005). The P4 residue P56 makes
numerous van der Waals interactions with the aryl binding site composed of L99, I174 and
W215 with which it makes a strong edge-to-face interaction similar to that seen for the H-D-
Phe residue of the inhibitor PPACK (Bode et al. 1992; Pineda et al. 2004a). Together, P56 and
P58 produce a clamp that latches PAR4 onto the active site of thrombin utilizing a large
hydrophobic surface from the aryl binding site on one side and the 60-loop on the opposite
side of the catalytic H57. The conformation of the 56PNPR59 sequence of PAR4 is practically
identical to that predicted by NMR studies of the human PAR4 sequence 44PAPR47 (Cleary
et al. 2002) and supports the critical role of this Pro pair in thrombin recognition uncovered by
functional studies (Jacques and Kuliopulos 2003). The P5 residue K55 leaves the active site
moiety, although a slight conformational change could put it in electrostatic coupling with
E97a of thrombin. Upstream of K55, D54 at P6 makes a long H-bond with the guanidinium
group of R173 before the rest of the PAR4 peptide leaves the thrombin surface.

Downstream from the scissile bond, the P1’ residue G60 initiates a turn followed by a short
helical segment stabilized by a H-bond between the O atom of P62 and the N atom of C66.
The helix turn is an intrinsic property of PAR4 because the conformation of the fragment in
this region is not influenced by any packing interactions with symmetry related molecules.
Without P62, the fragment of PAR4 would likely pursue the 30-loop and exosite I of thrombin.
This suggests obvious future experiments of mutagenesis with PAR4. The helix turn stabilizes
and redirects PAR4 toward the autolysis loop right below the entrance to the active site. The
mode of interaction of PAR4 with thrombin calls for numerous interactions with the active site
and the aryl binding site, leaving exosite I and the 30-loop free. Cleavage of PAR4 does not
require binding to exosite I of thrombin, in agreement with earlier mutagenesis studies
(Nakanishi-Matsui et al. 2000; Jacques and Kuliopulos 2003). The structured helix of PAR4
makes it difficult to predict whether introduction of an hirudin-like sequence downstream of
the scissile bond would confer affinity toward exosite I. Contrasting results have been reported
in this connection (Nakanishi-Matsui et al. 2000; Jacques and Kuliopulos 2003). If the helix
remains rigid, the backbone downstream from C66 should be directed toward the autolysis
loop and not exosite I. However, insertion of a properly spaced hirudin-like sequence could
endow PAR4 with exosite I binding by unraveling the helix turn. Finally, the presence of the
short helical turn includes residues of the tethered ligand domain 60GYPGKF65 (Kahn et al.
1998; Xu et al. 1998; Nakanishi-Matsui et al. 2000) and suggests that the activation peptide
may bind to the receptor utilizing a structured conformation rather than an extended sheet. The
strategy used by PAR4 to contact the active site of thrombin in a way that avoids interaction
with exosite I is highly relevant to the interaction of thrombin with protein C, for which no
structural information is currently available. The obvious conclusion to be drawn from the
structures of murine thrombin bound to PAR3 and PAR4 is that the cleaved form of PAR3
bound to exosite I does not interfere with binding of the intact PAR4 to thrombin. The cleaved
PAR3 and intact PAR4 fragments bind to thrombin without overlap and can generate a ternary
complex where PAR3 functions as a cofactor that allosterically optimizes PAR4 cleavage
(Figure 22).
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The role of exosite I as a locale for cofactor binding to thrombin is well documented. A number
of peptides targeting exosite I influence allosterically the active site of thrombin, bring about
significant changes in activity and even substrate specificity (Liu et al. 1991; Parry et al.
1993; Ayala and Di Cera 1994; Lai et al. 1997; Vindigni et al. 1997). On the surface of platelets,
the cofactor role of PAR3 may exploit the allosteric communication between exosite I and the
active site, or simply manifest itself as a favorable anchoring of thrombin that reduces the cost
of diffusion when PAR4 is targeted for cleavage. The structure of thrombin bound to PAR3
reveals a snapshot of the mechanism for the allosteric communication in terms of a shift in the
indole ring of W60d and upward movement of the entire 60-loop that open up the active site
cleft. That facilitates substrate diffusion into the active site and enhances Kcat/Km values for
hydrolysis (Ayala and Di Cera 1994). A similar mechanism may exist upon thrombomodulin
binding to thrombin, because the large change in specificity elicited toward protein C is due,
as we have seen, to enhanced substrate diffusion into the active site (Xu et al. 2005). The
structure of murine thrombin bound to cleaved PAR3 refutes a long held assumption on the
rigidity of the 60-loop (Bode et al. 1992), which was first called into question by the structure
of the thrombin mutant E192Q bound to the Kunitz inhibitor BPTI that forced its way into the
active site of the enzyme (van de Locht et al. 1997). This documented a significant departure
from the modest mobililty seen in previous structures (Vijayalakshmi et al. 1994; Malkowski
et al. 1997). The structure of the thrombin-PAR3 complex offers convincing evidence that the
position of W60d and the 60-loop can be modified allosterically by binding to exosite I when
the active site of thrombin is free. A recent structure of thrombin bound to PAR1 provides
crystallographic evidence of a much larger conformational change experienced by thrombin
when exosite I is bound to a ligand (Gandhi et al. 2008). The findings reveal the full extent of
structural flexibility accessible to this important allosteric enzyme and a precise pathway of
long-range communication.

Human thrombin inactivated with the single site mutation D102N was crystallized in complex
with the extracellular fragment of human PAR1 (Gandhi et al.
2008), 42SFLLRNPNDKYEPFWEDEEKN62, corresponding to the sequence downstream
from the cleavage site at R41 (Vu et al. 1991) and containing the hirudin-like
motif 52YEPFWE57 predicted to bind to exosite I (Vu et al. 1991; Coughlin 2000). Although
the structure was solved at a resolution of 2.2 Å, only the sequence 49NDKYEPFWE57 of the
extracellular fragment of PAR1 could be traced in the electron density map, leaving the tethered
ligand domain 42SFLLRN47 and the acidic tail of the fragment unresolved. A similar problem
was discussed for the cleaved fragment of murine PAR3 bound to exosite I of murine thrombin
(Bah et al. 2007). The tethered ligand domain presumably folds away from the thrombin surface
after cleavage at R41 and its conformation becomes disordered, as documented by NMR studies
(Seeley et al. 2003). As seen for the binding epitope of PAR3 (Bah et al. 2007), the PAR1
fragment engages exosite I of thrombin in a number of polar and hydrophobic interactions
starting with D50 whose Oδ1 atom H-bonds to the NH1 and NH2 atoms of R73 and the Nζ
atom of K149e of thrombin (Figure 23). Other polar interactions involve the O and OH atoms
of Y52 of PAR1 with the Nε2 atom of N38, the NH1 atom of R73 and the N atom of L40 of
thrombin. The Oε1 and N atoms of E53 H-bond to the N atom of Y76 and the O atom of T74
of thrombin, respectively. Finally, a weak H-bond couples the N atom of W56 to the OH atom
of Y76 of thrombin. The hydrophobic interactions are substantial and involve F34, L65 and
I82 that accommodate in a cluster Y52, F55 and W56 of PAR1. F34 is edge-to-face with respect
to Y52 on one side and F55 on the other side. F55 is in van der Waals contact with the entire
hydrophobic cluster in exosite I and is also engaged in a cation-π interaction by R67 of
thrombin. W56 interacts with I82 of thrombin at the boundary of the binding epitope. The
contacts documented by the crystal structure are in agreement with the results of Ala scanning
mutagenesis of thrombin (Ayala et al. 2001). In particular, mutagenesis studies have pointed
out the peculiar contribution of R67 to PAR1 recognition. The guanidinium group of R67 is
within 4.2 Å from the benzene ring of F55 of PAR1, in optimal cation-π interaction, but not
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so relative to F50 of PAR3 (Bah et al. 2007). That could explain why the R67A mutation is
far more deleterious for PAR1 binding relative to PAR3 (Ayala et al. 2001). Ala scanning
mutagenesis of PAR1 have singled out Y52, E53 and F55 as important determinants of
recognition by exosite I (Vu et al. 1991), in agreement with the results of the crystal structure.
However, the important role of D50 of PAR1 in the interaction with thrombin has been missed
by previous mutagenesis studies (Vu et al. 1991; Ayala et al. 2001).

A previous structure of thrombin bound to a fragment of PAR1 revealed a non-productive
binding mode bridging two thrombin molecules in the crystal lattice without any significant
conformational change in the enzyme (Mathews et al. 1994). The structure of the D102N-PAR1
complex shows the fragment of PAR1 recognizing exosite I basically in the same conformation
as reported previously (Mathews et al. 1994). However, the structure documents a large
conformational change that propagates from F34 and R73 in exosite I, to W215 in the aryl
binding site and R221a in the 220-loop located up to 28 Å away on the opposite side of the
active site relative to exosite I. The conformational change is revealed by comparison of the
structure of D102N bound to the fragment of PAR1 at exosite I with that of the free mutant
solved recently (Pineda et al. 2006). The free mutant D102N folds in a self-inhibited
conformation with the active site occluded (Figure 16 and Figure 24). Binding of PAR1 to
exosite I restores an active conformation utilizing a long-range allosteric communication
between exosite I and the active site.

The allosteric communication is triggered by a change in the conformation of F34 and R73 in
exosite I. The Cε2 atom of F34 is 4.3 Å away from the S atom of M32 in the free form of
D102N. Upon binding of PAR1 to exosite I, the phenyl ring of F34 rotates to optimize its
interaction with F55 and Y52 of PAR1 and pulls the Cε atom of M32 along causing a 5.6 Å
shift (Figure 25). The indole ring of W141 switches places with M32 and causes a >1 Å
concerted translation of the entire 141–146 β-strand. Contributing to this shift is the
repositioning of R73 for engagement of D50 and Y52 of PAR1 that pushes Q151 toward N143
causing electrostatic clash between the side chain O atoms coming within 2.96 Å. P152 pushes
G142 back contributing to the realignment of the 141–146 and 191–193 β-strands that become
stabilized by H-bonds between the backbone N atom of N143 with the Oε1 atom of Q151 on
one side and the backbone O atom of E192 on the other side (Figure 25). The latter H-bond
flips back the peptide bond with G193 into the position seen in the wild-type and reconstitutes
the oxyanion hole with the correct orientation of the backbone N atom. As the 141–146 β-
strand is pushed back, the backbone O atom of N143 collides with the S atom of C220. As a
result, the C191:C220 disulfide bond twists and relocates 4.29 Å deeper inside the protein
causing a major rearrangement in the backbone of the 215–219 β-strand and the 220-loop. The
shift in the 141–146 β-strand initiated at W141 and amplified by R73 propagates to the hinge
region of the flexible autolysis loop and orders the side chain of E146 for a strong ion-pair with
R221a in the 220-loop, whose guanidinium group moves >9 Å from the interior of the primary
specificity pocket to the surface of the protein. The entire 215–219 β-strand moves back >6 Å
and W215 re-establishes its stacking interaction with F227 moving >10 Å away from the
catalytic H57, thereby restoring access to the active site. D221 restores its important ion-pair
interaction with R187 whose guanidinium group moves away from the Na+ binding pocket.

The peculiar self-inhibited conformation documented originally for D102N (Pineda et al.
2006) and pertaining to the E* form can therefore convert into a catalytically active
conformation through a structural transition that can be traced to a set of residues organized in
four layers (Figure 25). A first layer directly in contact with ligands recognizing exosite I (F34
and R73), a second layer of “transducing” residues connecting to the 141–146 β-strand (M32
and Q151), a third layer comprising the interactions between the 141–146 and 191–193 β-
strands (W141, N143 and E192) and a final layer where such interactions are transmitted to
the 215–219 β-strand and the 220-loop via the C191:C220 disulfide bond and E146. The
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conformational change documented in the structure of the thrombin mutant D102N bound to
a fragment of PAR1 at exosite I differs markedly from that uncovered for PAR3 binding, which
opens the question as to the true extent of conformational perturbation induced by binding to
exosite I. Consideration of the distinct conformational states that thrombin assumes when free
and bound to Na+ rationalizes the differences. The structural changes in the 60-loop
documented upon PAR3 binding to exosite I of murine thrombin (Bah et al. 2007) pertain to
a conformation of the enzyme that is stabilized in the highly active E:Na+ form (Bush et al.
2006; Marino et al. 2007). As we have seen, murine thrombin is constitutively stabilized in the
E:Na+ form by the D222K replacement in the Na+ site, where K222 provides molecular
mimicry of the bound Na+ (Marino et al. 2007). On the other hand, the larger structural effects
caused by binding of PAR1 to exosite I in the D102N mutant of human thrombin pertain to
the E* conformation of the enzyme that is severely compromised for both substrate and Na+

binding. Binding to exosite I in the E:Na+ form would cause a shift in the 60-loop to open the
active site fully. Binding to exosite I in the E* form would cause a larger conformational
transition with a long-range communication that can be traced from exosite I to the opposite
side of the molecule almost 30 Å away. As a result of this drastic conformational change
induced allosterically by binding to exosite I, access to the active site is fully restored and the
self-inhibited E* conformation of D102N is converted into the active form E.

12. Dissociating procoagulant and anticoagulant activities
The multifunctional nature of thrombin has long motivated interest in dissociating its
procoagulant and anticoagulant activities (Griffin 1995). Thrombin mutants with anticoagulant
activity help rationalize the phenotypes of several naturally occurring mutations and could
eventually provide new tools for pharmacological intervention (Bates and Weitz 2006). The
group of Sadler first reported that mutation of R75 to Glu in exosite I had normal fibrinogen
clotting activity but only 7% activity toward protein C in the presence of thrombomodulin,
whereas mutation of K60f to Glu in the 60-loop had 2.5-fold increased protein C activation
and 17% activity toward fibrinogen (Wu et al. 1991). More pronounced anticoagulant effects
were reported by the group of Leung with the E217A and E217K mutations, that significantly
shifted thrombin specificity toward protein C relative to wild type (Gibbs et al. 1995; Tsiang
et al. 1996). This group also provided the first proof of principle on the efficacy of such
anticoagulant thrombin mutants in vivo (Gibbs et al. 1995; Tsiang et al. 1996) and pioneered
systematic Ala scanning mutagenesis of the epitopes recognizing fibrinogen and protein C.

A comprehensive library of Ala mutants was recently utilized to map the epitopes recognizing
fibrinogen (Di Cera et al. 2007), protein C (Xu et al. 2005) and thrombomodulin (Xu et al.
2005) in order to identify residues that contribute differentially to the procoagulant and
anticoagulant functions of thrombin. Residues important for fibrinogen recognition are
distributed over the entire surface of contact between enzyme and substrate (Rose and Di Cera
2002), and involve the 60-loop, exosite I, the primary specificity pocket, the aryl binding site,
and the Na+ binding site (Di Cera et al. 2007). The surface of recognition between thrombin
and protein C changes significantly upon thrombomodulin binding and is reduced mainly to
the primary specificity pocket and portions of the 60-loop in the presence of cofactor (Xu et
al. 2005). This makes it possible to identify residues that are significantly more important for
fibrinogen recognition than protein C activation and to engineer thrombin mutants with
enhanced anticoagulant activity in three steps: 1. identify residues that contribute differentially
to fibrinogen and protein C recognition; 2. select among these residues those that make
independent contributions to substrate recognition; 3. construct multiple mutations involving
these residues to achieve additivity. Targets can be set for optimal anticoagulant activity in
vivo by demanding safety and potency of the constructs. For a mutant to be safe, activity toward
fibrinogen should be <0.1% of that of wild type. Potency demands activity toward protein C
to be >10% of that of wild type. These targets define a region in Figure 26 where “ideal”
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anticoagulant thrombin mutants should map for selection. None of the 80 Ala mutants reported
in Figure 26 map in that region, but W215A and E217A stand out. Because W215 and E217
participate in fibrinogen recognition via distinct interactions (Stubbs et al. 1992), the double
mutant W215A/E217A (WE) was constructed (Cantwell and Di Cera 2000) hoping for
additivity of mutational effects (Wells 1990) that would boost the anticoagulant activity relative
to the single mutations. Additivity was indeed found and WE mapped in the desired section in
Figure 26 (Cantwell and Di Cera 2000). The crystal structure of WE in the absence of inhibitors
shows a conformation with the active site occluded by a collapse of the 215–217 strand,
whereas the PPACK-bound form is similar to that of wild-type (Pineda et al. 2004b). The
mutant is practically inactive toward synthetic and natural substrates, and only recovers activity
in the presence of thrombomodulin and protein C (Pineda et al. 2004b). Hence, W215A/E217A
is presumably stabilized in the E* form and converts to the E form upon binding of
thrombomodulin following a molecular transition similar to that documented for the interaction
of the D102N mutant with PAR1. These are most desirable properties for a recombinant
thrombin to be used in vivo as an anticoagulant.

13. WE: a prototypic anticoagulant/antithrombotic thrombin
Systemic administration of activated protein C (APC) has antithrombotic and antiinflammatory
effects (Taylor et al. 1987; Gruber et al. 1989; Gruber et al. 1990) that are now utilized in the
treatment of severe sepsis (Bernard et al. 2001). Since infused thrombin activates protein C
and activated protein C is antithrombotic, thrombin infusion could act, in theory, as an
antithrombotic agent. The thrombin analog WE was tested in a wide dose range for safety and
efficacy in a baboon model of acute vascular graft thrombosis (Gruber et al. 2002; Gruber et
al. 2007). In this model, a permanent surgically implanted arteriovenous shunt is temporarily
extended with a thrombogenic vascular graft segment. Acute thrombus formation is visualized
and quantified in real time using gamma camera imaging the deposition of radiolabeled
platelets in the graft. WE was initially administered as an intravenous bolus in order to evaluate
pharmacokinetics. The lowest bolus dose of WE tested, 11 µg/kg, reduced platelet
accumulation by 80% one hour after the beginning of thrombosis, and was at least as effective
as the direct administration of 40-fold more (0.45 mg/kg bolus) APC. Baboons treated with
WE at doses as high as 200 µg/kg showed no clinical or laboratory signs of thrombosis,
hemorrhage, or organ failure. No procoagulant activity could be detected for up to one week
in baboon plasma obtained following bolus WE administration. Meanwhile, rapid systemic
anticoagulation was observed which dissipated with the biological half life of circulating APC
as determined in previous experiments in baboons. Higher doses of WE (>20 µg/kg) had
pronounced anticoagulant effect, triggered by a burst in the levels of circulating endogenous
APC following injection of WE (Gruber et al. 2006). High dose WE infusion exhausted the
cofactors of protein C activation before consumption of the substrate reserve and the process
was rapidly down regulated >90% following a WE overdose. The exact molecular or cellular
mechanism of this self-limiting pharmacological process is not yet known, but failure of protein
C activation upon WE overdose can be overcome by cofactor supplementation using soluble
recombinant thrombomodulin (Gruber et al. 2006). These results suggest that the thrombin-
thrombomodulin complex is efficiently and rapidly inhibited in vivo and that thrombomodulin
does not recycle rapidly once WE (and possibly thrombin) is bound to it. The true significance
of this surprising finding is that pharmacological protein C activation by WE appears to be
intrinsically safe compared to all other accepted methods of anticoagulation, that are ultimately
fatal when overdosed. Studies with low dose WE infusions revealed that pharmacological
levels of APC and marginal systemic anticoagulation could be maintained by continuous WE
infusion for at least 5 hr without substantial decrease in protein C levels. Since WE has potent
antithrombotic effects even at very low doses that do not induce systemic anticoagulation
(Gruber et al. 2007), natural protein C reserves and production could keep up with the
consumption of protein C during sustained antithrombotic WE treatment.
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The hemostatic safety of continuous WE infusion in comparison to equi-efficacious doses of
low molecular weight heparin infusion for the prevention of acute vascular graft thrombus
propagation in the baboon model were also evaluated. Based on previously established
anticoagulant effect and antithrombotic efficacy of circulating APC in the baboon model
(Gruber et al. 1989; Gruber et al. 1990) we originally predicted that, in systemic blood samples,
an APTT prolongation of at least 1.5-fold over baseline, and APC levels at least 20-fold over
baseline, sustained for at least 40 min, would result in a significant antithrombotic benefit. The
results exceeded our expectations and we found that WE had potent antithrombotic effect even
at a dose (2.1 µg/kg/70 min) when the APTT was not demonstrably affected (Gruber et al.
2007). This indicated that WE was a very potent antithrombotic agent in primates (Gruber et
al. 2007). Low doses of WE (2.1, 4.2, or 8.3 µg/kg/70 min) outperformed higher doses of
exogenous APC (28 and 222 µg/kg/70 min) and were as efficient as interventional doses of
intravenous enoxaparin (325 to 2600 µg/kg/70 min) in preventing the propagation of thrombi.
The lowest dose of WE tested still increased circulating APC levels by approximately 5-fold
(to about 20 ng/mL), and we do not yet know whether even lower doses of WE that may not
detectably increase APC levels would also be efficacious. The comparably effective plasma
concentration of exogenous (recombinant) APC exceeded the endogenous APC level following
low dose WE infusion by several-fold. The fact that WE is very effective at such small doses
strongly argues for limited receptor-mediated mechanism. The considerably higher
antithrombotic efficacy of WE compared to exogenous APC suggests that APC generated by
WE on the surface of endothelial cells may remain transiently bound to the receptor (Esmon
et al. 1999; Taylor et al. 2001) and elicit additional effects by signaling via PAR1 (Feistritzer
et al. 2006; Gruber et al. 2007). Although ex vivo data suggest that the signaling effect is
dependent on generation of APC on the cell surface, one may speculate that WE could exhibit
direct (PAR1-mediated) cytoprotective signaling in the presence of EPCR-bound protein C
(Bae et al. 2007a; Bae et al. 2007b). WE may be retained on the cell surface in the vicinity of
PAR1 by receptors other than thrombomodulin, similar to the case of its interaction with
platelet GpIb which appears to be active only under shear flow conditions (Berny et al.
2008).

The molar ratio of the equi-efficacious doses of WE and enoxaparin exceeded 1:1000.
However, this extraordinary potency would be ultimately and clinically irrelevant if the safety
profile of WE were not substantially different from other anticoagulants. The striking finding
was that these potent antithrombotic doses of WE infusion did not impair primary hemostasis,
an outcome never before seen in baboons that received comparably effective doses of
commercially available antithrombotic agents (Gruber et al. 2007). Interestingly, the
comparably antithrombotic, and reasonably low doses of WT thrombin, 40 µg/kg/hr (Hanson
et al. 1993) and WE, about 2 µg/kg/hr (Gruber et al. 2007) appear to be at least one order of
magnitude apart to the advantage of WE, despite the 90% reduced activity of WE towards
protein C. One of the possible explanations for this discrepancy could be the propensity of
wild-type thrombin to bind to and activate abundant prothrombotic substrates (e.g., fibrinogen,
PAR1) in the blood flow, leaving only a fraction of the dose to diffuse across the boundary
layer of flow to surfaces. Meanwhile, binding and interaction of WE with fibrinogen in blood
is dramatically reduced, the rate of such interactions as fibrinogen cleavage and inhibition by
antithrombin are delayed by several orders of magnitude. The delay leaves more time for the
administered enzyme to reach surfaces and become available for interaction with or
consumption by transmembrane cofactors and receptors, such as thrombomodulin and PAR1.
This can thus lead to effective activation of the protein C-dependent pathways on solid surfaces
such as the endothelium. Altogether, this makes WE thrombin an agent that targets thrombosis
and help explain the very high antithrombotic efficacy of this enzyme.
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Figure 1.
Schematic representation of the multiple roles of thrombin in the blood and how Na+ binding
influences them. Upon generation from the inactive zymogen prothrombin, thrombin partitions
itself between a Na+-free slow form (40% of the population of molecules in vivo) and a Na+-
bound fast form (60% of the population of molecules in vivo). The fast form is responsible for
the efficient cleavage of fibrinogen leading to clot formation, and activation of factors V, VIII
and XI that promote the progression of the coagulation response to vascular injury. The fast
form is also responsible for the activation of PAR1, PAR3 and PAR4 leading to platelet
activation and cell signaling. The slow form, on the other hand, activates efficiently the
anticoagulant protein C with the assistance of the cofactor thrombomodulin. Na+ binding to
thrombin is the major driving force behind the procoagulant, prothrombotic and signaling roles
of the enzyme in the blood, but is not required for its anticoagulant role triggered by protein C
activation. The anticoagulant function of thrombin depends on the interaction with
thrombomodulin.
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Figure 2.
Enzyme activity in the presence of LiCl (gray), NaCl (white), KCl (black) or RbCl (hatched)
for Hsc70 (O'Brien and McKay 1995) and thrombin (Prasad et al. 2004). Values refer to
s=Kcat/Km of ATP hydrolysis for Hsc70 in the presence of 150 mM salt, relative to CsCl, or
the hydrolysis of H-D-Phe-Pro-Arg-p-nitroanilide by thrombin in the presence of 200 mM salt,
relative to choline chloride. The preference for K+ (Hsc70) or Na+ (thrombin) is evident from
the plot.
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Figure 3.
Effect of Na+ on the cleavage of fibrinogen (black circles) and protein C (gray circles) by
thrombin, under experimental conditions of 5 mM Tris, 0.1% PEG, pH 7.4 at 37 °C. Values
of Kcat/Km were measured as a function of [Na+] by keeping the ionic strength constant at 145
mM with choline chloride. The data for protein C were obtained in the presence of 5 mM
CaCl2 and 100 nM human thrombomodulin. Note the difference in Na+ effect between the
hydrolysis of the two physiologic substrates. Continuous lines were drawn according to eq 7b
in the text with parameter values: s0=1.1±0.1 µM−1s−1, s1=29±3 µM−1s−1, KA=9.2±0.6 M−1

(black circles); s0=0.32±0.02 µM−1s−1, s1=0.20±0.01 µM−1s−1, KA=9.2±0.6 M−1 (gray
circles). In both cases, the value of ω=1.
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Figure 4.
Structure of thrombin bound to the active site inhibitor PPACK (stick model) and Na+ (yellow
ball). The A chain (green) runs in the back of the B chain (cyan). Disulfide bonds are in orange
and are numbered 1 (C1–C122), 2 (C48–C52), 3 (C168–C182), 4 (C191–C220). Relevant
domains are noted. Catalytic residues (H57, D102, S195) are marked by *, and D189 is labeled.
The bound Na+ is nestled between the 220-loop and the 186-loop and is within 5 Å from the
side chain of D189. Numbering refers to chymotrypsin(ogen). Insertions relative to
chymotrypsin are denoted by a letter in lower case following the residue number (e.g., R221a)
to avoid confusion with single-site mutations. Note the position of the C-terminus of the A
chain near the back of the Na+ site and the three disulfide bonds in the B chain connecting
strands of the Na+ site, the primary specificity pocket and the active site.
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Figure 5.
Interactions between the A chain (stick model, residues labeled in black) and B chain (wheat
surface, residues labeled in white and shown in lime) of thrombin. The A chain is stabilized
by the D1a-K9 and R14d-E13 ion-pairs and the R4-E8-D14-E14c ion cluster. The interaction
between the A and B chain depends on the C1–C122 bond (hidden behind R206), the ionic
interactions D1a-R206, E8-E14c-K202, D14-R137, K14a-E23 and E14e-K186d-Y184a, and
the hydrophobic stacking Y14j-P204. Some H-bonds are omitted for clarity. The Na+ site is
located below the surface of K186d and Y184a.
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Figure 6.
Cross section of the thrombin structure showing the communication between R4 and important
regions of the enzyme. The side chain of R4, stabilized by the polar contacts with E8 and E14c,
is in van der Waals interaction with W29 (3.8 Å) and W207 (3.6 Å), which in turn are in
hydrophobic contact with V200 (3.5 and 4.1 Å, respectively). V200 and W29 contact P198
(3.9 and 4.0 Å, respectively), which likely controls the backbone orientation of the entire
sequence from S195 in the active site to F199 through the highly flexible G196–G197 linker.
The benzene ring of F199 is in van der Waals interaction with F181 (4.0 Å) and Y228 (4.0 Å).
This network of hydrophobic interactions enables R4 and the R4-E8-D14-E14c ion cluster to
communicate long-range with the catalytic S195 (via P198), the primary specificity pocket
(via Y228, D189 is right below it) and the Na+ site (via F181, the bound Na+ is in the cavity
at the bottom right corner). The pivotal connections between R4 and the network are W29 and
W207, whose conformation is under the influence of Na+ binding(Bah et al. 2006).
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Figure 7.
The Na+ binding site of thrombin. Shown are substrate (CPK, C in yellow), relevant residues
(CPK, C in cyan), and Na+ (yellow sphere). Na+ binding orients the critical D189 for correct
engagement of the substrate Arg side chain.
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Figure 8.
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Hill diagrams depicting the trajectories toward each of the four species in the kinetic Scheme
1. Each trajectory contains the product of three rate constants in Scheme 1, because of the four
species only three are independent due to mass conservation. Curved lines depict the
irreversible reactions of product formation with rate constants k2,0 and k2,1 (see Scheme 1).
Trajectories in red dominate under conditions where the rates of binding and dissociation of
Na+ are fast compared to all other rates. Combination of all trajectories gives the expressions
for the coefficients in eq 2aeq 2e.
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Figure 9.
Na+ dependence of the kinetic constants s=Kcat/Km (left) and Kcat (right) for the hydrolysis of
H-D-Phe-Pro-Arg-p-nitroanilide (FPR) by thrombin. Experimental conditions are: 50 mM
Tris, 0.1% PEG, pH 8.0 at 25 °C. The [Na+] was changed by keeping the ionic strength constant
at 400 mM with choline chloride. The data illustrate the signatures of Type II activation with
both s and Kcat showing a marked Na+ dependence and changing from low, finite values, to
significantly higher values. Curves were drawn using equation 7a equation 7b, with best-fit
parameter values: (data at left) s0=2.3±0.1 µM−1s−1, s1=99±3 µM−1s−1, KA=38±1 M−1; (data
at right) k2,0=4.7±0.2 s−1, k2,1=78±2 s−1, KA’=45±2 M−1. Also shown is the contribution of
the additional term (ω−1)Λ in eq 7b (gray line, left) calculated from the reported values of
kinetic rate constants (Krem et al. 2002). This term makes at most a 3% correction at low
[Na+].
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Figure 10.
A,B. (A) Kinetic traces of Na+ binding to human thrombin in the 0–250 ms time scale. Shown
are the traces obtained at 50 and 100 mM Na+ with the stopped-flow method using an Applied
Photophysics SX20 spectrometer, with an excitation of 280 nm and a cutoff filter at 305 nm
(Bah et al. 2006). Traces are averages of three determinations. Binding of Na+ obeys a two-
step mechanism, with a fast phase completed within the dead time (<0.5 ms) of the
spectrometer, followed by a single-exponential slow phase. The kobs for the slow phase
decreases with increasing [Na+] (Figure 11A). (B) Kinetic traces of Na+ binding to human
thrombin in the 0–700 µs time scale. Shown are the traces obtained at 36 and 91 mM Na+ with
the continuous-flow method as single determinations with an exposure time of 3 s. Binding of
Na+ in the 0–700 µs time scale obeys a single-exponential phase with a kobs increasing linearly
with [Na+] (Figure 11B). This resolves the fast phase detected with the stopped-flow method
and shown in (A). Experimental conditions for the two methods are: 5 mM Tris, 0.1%
PEG8000, pH 8.0 at 25 °C. The thrombin concentration was 50 nM for the stopped-flow
measurements and 40 µM for the continuous-flow measurements. The [Na+], as indicated, was
changed by keeping the ionic strength constant at 400 mM with choline chloride. Continuous
lines were drawn using the expression a +bexp (−kobst) with best-fit parameter values: (A)
a=8.944±0.001 V, b=−0.10±0.01 V, kobs=111±9 s−1 ([Na+]=50 mM); a=9.427±0.001 V, b=
−0.29±0.01 V, kobs=96±6 s−1 ([Na+]=100 mM). (B) a=0.417±0.002, b=−0.072±0.02, kobs=7
±2 ms−1 ([Na+]=36 mM); a=0.477±0.002, b=−0.10±0.03, kobs=10±2 ms−1 ([Na+]=91 mM).
All data were collected at least in duplicate.
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Figure 11.
A,B. Values of kobs vs [Na+] for the slow and fast phases of fluorescence change due to Na+

binding to thrombin shown in Figure 10. Shown are the results pertaining to the stopped-flow
(A) and continuous-flow (B) measurements. Note the different time scale between the two
panels. Experimental conditions are given in the legend to Figure 1. Continuous lines were
drawn according to eq 8 and eq 9 in the text, with best-fit parameter values: k1=67±7 s−1,
k−1=69±6 s−1, kA=56,000±200 M−1s−1, k−A=4,800±200 s−1.
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Figure 12.
Ribbon plot of thrombin in the Na+-bound form, portraying the structure 1SG8 (Pineda et al.
2004a) with the active site in the front (A) or rotated 180° along the y axis (B). Shown are the
side chains of the catalytic residues H57, D102 and S195, and the side chain of D189. Na+ is
rendered as a green ball. The nine Trp residues of the enzyme are shown with their side chains
in orange. The contribution of these residues to the fluorescence change induced by Na+ binding
is discussed in the text. The A chain was removed for clarity.
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Figure 13.
Fluorescence change induced by Na+ binding to wild-type and the Phe mutants of all nine Trp
residues of human thrombin. Shown are the values of the total change in intrinsic fluorescence
(black bars), or the amplitude of the fast phase (grey bars). All values are expressed as % change
relative to the baseline. Experimental conditions are: 50 nM thrombin, 5 mM Tris, 0.1% PEG,
pH 8.0 at 15 °C.
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Figure 14.
Surface representation depicting the structural organization of the residues promoting ligand
recognition to the fast (red) or slow (green) form of thrombin. The structure refers to 4HTC
(Rydel et al. 1991) with thrombin oriented as in Figure 4. The inhibitor hirudin was removed
for clarity. Shown are the residues whose Ala substitution affects FPR (Pineda et al. 2004a),
hirudin (Mengwasser et al. 2005) or fibrinogen (Di Cera et al. 2007) recognition >10-fold in
either form and concurrently change the difference in specificity between the slow and fast
forms >3-fold. Also shown in red are residues D189, E217, D222 and Y225 in the allosteric
core controlling Na+ binding to thrombin (Pineda et al. 2004a). Trp residues visible in this
orientation are rendered in yellow. Note how the binding of Na+ produces long-range effects
that cross the medial portion of the B chain where most of the Trp residues are located. These
residues are linked to the structural conduits for allosteric communication between the two
domains.
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Figure 15.
Structural changes induced by Na+ binding to thrombin depicted by the structures of the Na+-
free slow (1SGI, yellow) and Na+-bound fast (1SG8, marine) forms. The main changes induced
by Na+ (yellow sphere) binding are: formation of the R187-D222 ion-pair that causes a shift
in the backbone O atom of R221a, reorientation of D189 that accounts for the change in
substrate binding, shift of the side chain of E192, and shift in the position of the Oγatom of
S195 that accounts for the change in Kcat. Also shown are the changes in the water network
connecting the Na+ site to the active site S195. The water molecules in the fast form (red
spheres) are organized in a network that connects Na+ to the side chain of D189 and continues
on to reach the Oγatom of S195. A critical link in the network is provided by a water molecule
that H-bonds to S195 and E192. This water molecule is removed in the slow form, causing a
reorientation of E192. The connectivity of water molecules in the Na+-free form (green spheres)
is further compromised by the lack of Na+ and proper anchoring of the side chain of D189. H-
bonds are shown by broken lines and refer to the fast form.
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Figure 16.
Space filling model of thrombin in the Bode orientation (active site, center; exosite I, right;
exosite II, top left; Na+ site, bottom left; 60-loop, top) depicting the structure of E*. The surface
is color-coded according to the spectrum (N-terminus blue, C-terminus red). Note how the
collapse of the 215–219 β-strand (red) against the 60-loop (cyan) completely occludes access
to the active site. Details of the conformation of E* and its conversion into E are given in Figure
24.
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Figure 17.
(A, B, C). Surface rendering of the pore of entry to the Na+ binding site of human thrombin in
the structure 1SG8 (Pineda et al. 2004a) (A), compared with the same region in murine
thrombin (B) and the thrombin chimera (C). Residues lining the pore are color coded according
to their physical properties (red=positively charged, blue=negatively charged,
orange=hydrophobic, white=all others). In the human enzyme, the pore is defined by residue
D222 in the 220-loop and the sequence PDEGKR from P186 to R187 in the 186-loop (Table
2) (A). In murine thrombin (B), residue 222 is Lys and the corresponding sequence in the 186-
loop is VNDTKR (Table 2). The side chain of K222 completely occludes the pore. The side
chain of N186a is glycosylated (NAG). Occlusion of the pore is also seen in the thrombin
chimera (C), in which the human enzyme carries all residues around the pore as in murine
thrombin. There is no glycosylation of N196a in the chimera. (D, E, F). Architecture of the
pore of entry to the Na+ binding site in the same orientation as shown in the surface rendering
(panels A, B, C), with relevant residues rendered in CPK model (C in yellow) and the 2Fo-Fc
electron density maps contoured at the 0.7 σ level for the structures presented in this study
(panels E, F). The human enzyme (D) shows the pore wide open, whereas K222 in murine
thrombin (E) occludes the pore and positions the Nζ atom within H-bonding distance from
K185, D186b and K186d. The backbone O atom of residue 186b is flipped relative to the
position assumed in the fast form of the human enzyme. Also shown is the indole side chain
of W20, which is Ser in human thrombin, as a structural signature of the murine enzyme. K222
in the thrombin chimera (F) is positioned as in the murine thrombin structure.
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Figure 18.
Overlay of key residues in murine thrombin (CPK, with C in yellow) and in the fast form (CPK,
with C in green) of human thrombin (Pineda et al. 2004a). H-bonds (broken lines) refer to the
murine thrombin structure. The presence of K222 in murine thrombin stabilizes the
conformation in a fast-like form. The Oγ atom of the catalytic S195 is within H-bonding
distance (3.05 Å) from H57. This H-bond is present in the fast form of the human enzyme (3.09
Å), but is broken (3.70 Å) in the Na+-free slow form (Pineda et al. 2004a). The side chain of
D189 in the primary specificity pocket is oriented optimally for coordination of Arg of
substrate, as seen in the fast form. The conformations of D189 and S195 are maintained by H-
bonding interactions mediated by water molecules, as in the fast form of the human enzyme.
However, only seven water moleluces (red balls) are present in this region of the murine
thrombin structure, as opposed to Na+ (green ball) and eleven water molecules (cyan balls)
present in the fast form of the human enzyme (Pineda et al. 2004a). The presence of K222 in
murine thrombin pushes R187 away and closer (2.55 Å) to D221. The Nζ atom of K222 and
the Oδ1 atom of D221 H-bond to water w153, which in turn stabilizes water w51 in a position
equivalent (<1 Å away) to the bound Na+ in the fast form (green ball) and in contact with the
backbone O atoms of R221a (2.77 Å) and K224 (2.61 Å). The H-bonding network around
water w51 mimics that seen around the bound Na+ in the fast form of the human enzyme
(Pineda et al. 2004a) and establishes a connection to the Oδ2 atom of D189 via water w97. The
Oδ1 atom of D189 is held in place by a H-bond with water w55 (2.74 Å). S195 is fixed in its
orientation by a water mediated contact with the Oε1 atom of E192, with water w63 positioned
3.19 Å away from the Oγ atom of S195 and 2.82 Å away from the the Oε1 atom of E192. The
only two waters molecules, w141 and w142, between D189 and S195 are too far away from
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either residue. Hence, murine thrombin lacks the connectivity between the primary specificity
pocket and the catalytic triad seen in the fast form of the human enzyme.
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Figure 19.
Space filling model of thrombin in the Bode orientation (active site, center; exosite I, right;
exosite II, top left; Na+ site, bottom left; 60-loop, top) depicting the structural organization of
the epitopes recognizing protein C in the absence (left) or presence (right) of thrombomodulin.
Residues affected by Ala replacement are color coded based on the log change in the value of
s=Kcat/Km for protein C activation: blue, −1.5/−0.5 units (1/30- to 1/3- fold change in s); cyan,
−0.5/0.5 units (1/3- to 3- fold change in s); green, 0.5/1.5 units (3- to 30- fold change in s);
yellow, 1.5/2.5 units (30- to 300-fold chage in s); red, >2.5 units (>300-fold change in s).
Residues not subject to Ala-scanning mutagenesis are in gray. Crucial residues are labeled.
The epitope in the absence of thrombomodulin is split into one domain providing favorable
interactions (residues in yellow and red: visible are Y60a, T172, D189, G193 and K224) and
a second domain providing steric/electrostatic hindrance (residues in blue: from top to bottom,
F60h, R35 and P37). In the presence of thrombomodulin, the shape of the epitope changes
drastically and only Y60a and D189 make significant contribution to protein C recognition.
The region of unfavorable contributions to recognition (residues in blue at left) disappears.
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Figure 20.
A–D. Structures of murine thrombin in complex with fragments of murine PAR3 (A,C) and
PAR4 (B,D). (A,B) Thrombin is rendered in surface representation (wheat) with the residues
<4 Å from the bound fragment of PAR3 or PAR4 (stick model) colored in light blue. The
orientation is centered on exosite I (A) or the active site (B). The orientation in (A) is obtained
from (B) by ~90° rotation along the y-axis. Electron density maps (green mesh) are contoured
at 1.0 (B) or 0.7 (D) σ. (C,D) Details of the molecular contacts at the thrombin-PAR interface,
with hydrophobic regions of the thrombin epitope colored in orange and polar regions colored
in light blue. H-bonds are depicted as broken lines. Residues involved in contacts <4 Å are
listed in Table 1 and are labeled in black for thrombin and red for PAR. (C) The cleaved
fragment of PAR3 engages exosite I through polar and hydrophobic interactions. (D) The
fragment of PAR4 comprising the scissile bond makes extensive interactions with the active
site moiety of the enzyme utilizing the P56 and P58 clamp at the P2 and P4 positions. After
exiting the active site, the fragment folds into a short helical turn and is deflected away from
exosite I and to the autolysis loop right below the active site region.
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Figure 21.
Allosteric effect induced by binding of the cleaved fragment of murine PAR3 (stick model in
gold) to exosite I of murine thrombin (ribbon model in light green) on the conformation of the
60-loop (blue) and the position of W60d. Comparison with the free structure of murine
thrombin (ribbon model in wheat, with 60-loop and W60d in red) shows a significant upward
shift of the 60aYPPWDK60f region of the 60-loop and a 180° flip of the indole ring of W60d.
The change produces complete aperture of the active site to facilitate substrate diffusion. The
allosteric communication between exosite I and the 60-loop documented in the thrombin-PAR3
structure may be relevant to the interaction of thrombin with other exosite I ligands, like
thrombomodulin.

Di Cera Page 71

Mol Aspects Med. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 22.
Putative ternary complex of thrombin, cleaved PAR3 and PAR4 derived from an overlay of
the crystal structures of the murine thrombin-PAR4 and thrombin-PAR3 complexes. Thrombin
(green) refers to the thrombin-PAR4 complex. Binding of cleaved PAR3 (gold) to exosite I
does not interfere with binding of PAR4 (red) to the active site of the enzyme. Cleaved PAR3
may therefore act as a cofactor of PAR4 cleavage by thrombin.
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Figure 23.
A–B. Structure of the human thrombin mutant D102N in complex with the extracellular
fragment of human PAR1. (A) Thrombin is rendered in surface representation (wheat) with
residues <4 Å from the bound fragment of PAR1 (stick model) colored in light blue. The
orientation is centered on the 30-loop that separates exosite I on the right from the active site
cleft on the left. The 60-loop occupies the upper rim of the active site. The electron density
2F0-Fc map (green mesh) is contoured at 1.0 σ. (B) Details of the molecular contacts at the
thrombin-PAR1 interface, with hydrophobic regions of the thrombin epitope colored in orange
and polar regions colored in light blue. H-bonds are depicted as broken lines. Residues involved
in contacts <4 Å are listed in Table 1 and are labeled in black for thrombin and red for PAR1.
The extracellular fragment of PAR1 engages exosite I through polar and hydrophobic
interactions.
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Figure 24.
Allosteric effect induced by binding of the extracellular fragment of PAR1 (stick model in
gold) to exosite I of thrombin (ribbon model in light green) on the conformation of the 215–
219 β-strand and the 220-loop (blue). The position of W215 and R221a is indicated as a stick
model. Thrombin is shown in the standard Bode orientation (Bode et al. 1992) with the active
site cleft in the middle and exosite I to the right. Comparison with the free structure of thrombin
(ribbon model in wheat, with the 215–219 β-strand and the 220-loop, W215 and R221a in red)
shows a drastic rearrangement that pushes the 215–219 β-strand back >6 Å. W215 and R221a
relocate >9 Å to restore access to the active site and primary specificity pocket that was
obliterated in the free form‥ The allosteric communication between exosite I and the 215–219
β-strand and 220-loop spans almost 30 Å across the thrombin molecule (see also Figure 25)
and reveals a possible mechanism for the conversion of thrombin from its inactive form E*
into the active form E.
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Figure 25.
Molecular basis of the allosteric communication between exosite I and the 215–219 β-strand
and 220-loop spanning almost 30 Å across the thrombin molecule (see also Figure 24). The
extracellular fragment of PAR1 is rendered as a stick model with C atoms in yellow and the
thrombin residues in the PAR1 bound form are rendered as stick models with C atoms in green.
Residues of the free form of thrombin are rendered as stick models uniformly colored in light
green. Relevant H-bonds are indicated as broken lines. The allosteric communication initiates
with a rotation of the benzene ring of F34 and a shift in the side chain of R73 (labeled in black,
as all other thrombin residues) in exosite I due to binding of PAR1 via F55, Y52 and D50
(labeleled in red). The changes propagate to the 141–146 β-strand via M32 and Q151. In turn,
that re-establishes H-bond connections with the 191–193 β-strand, restores the oxyanion hole
and the orientation/location of the C191:C220 disulfide bond, which relocates the entire 215–
219 β-strand and 220-loop in their canonical positions to free access to the active site and the
primary specificity pocket. W215 folds back almost 10 Å into the aryl binding site,
relinquishing its hydrophobic interaction with the catalytic H57 (the catalytic D102 and S195
are also shown for completeness). R221a leaves the interior of the primary specificity pocket
where it binds to D189 (not shown) and moves >9 Å to the surface to engage E146 in a strong
bidentate ion-pair. E146 is disordered in the free structure. Additional changes involving the
186-loop restoring access to the Na+ binding site are omitted for clarity. The allosteric
communication documented in the structure of the thrombin-PAR1 complex relative to the free
form of the enzyme is testimony to the flexibility of the thrombin fold and prove that the various
forms of the enzyme (E*, E and E:Na+) interconvert under the influence of ligand binding to
distinct domains.
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Figure 26.
Specificity constants Kcat/Km for the hydrolysis of fibrinogen and protein C, in the presence
of 10 nM thrombomodulin and 5 mM CaCl2, under experimental conditions of 5 mM Tris,
0.1% PEG, 145 mM NaCl, pH 7.4 at 37 °C. Plotted are the wild-type (gray) and 80 Ala mutants
of thrombin. Safety and potency of an anticoagulant thrombin mutant for in vivo applications
demand <0.1% activity toward fibrinogen and >10% activity toward protein C compared to
wild-type. These boundaries define a target region in the plot where mutations should map.
W215A and E217A are the most promising single Ala mutants. Combination of the two
mutations in the W215A/E217A produces additivity and a construct with the required
anticoagulant profile.
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Scheme 1.
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Table 1
Inorganic ion content (mmol/L) of human plasma, intracellular cytosol, and seawater.

Plasma Cytosol Seawater

Na+ 135–146 25–35 480
Cl− 98–108 50–60 559
HCO3

− 23–31 4–12 2.0
Mg2+ 0.8–1.4 4–20 54.0
K+ 3.5–5.2 130–145 10.4
Ca2+ 2.1–2.7 <0.01 10.6
PO4

2− 0.7–1.4 90–110 <0.1
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