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Summary

Aggregation of platelets is an essential step in the formation
of a stable blood clot during vascular injury. The trypsin-like
protease thrombin acts as the dominant agonist of platelet acti-
vation on engagement of protease-activated receptors (PARs).
Important details on the molecular aspects of thrombin–PAR
interactions have been revealed recently by structural biology.
In the case of human platelets, PAR1 engages thrombin via an
extended surface of recognition encompassing the active site
and exosite I. In the case of murine platelets, PAR4 binds to the
active site in a conformation that leaves exosite I free for inter-
action with cofactors like PAR3. Human PAR4 mimics the
murine receptor binding mechanism for residues upstream of
the scissile bond. This information is consistent with existing
functional data and provides a solid background for future
structural and mutagenesis studies of PAR interaction with
thrombin and related proteases. � 2011 IUBMB
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INTRODUCTION

Platelets play important roles in hemostasis, thrombosis,

immunity, inflammation, angiogenesis, and cancer metastasis

(1–3). In the event of vascular injury, platelet accumulation,

activation, and aggregation at the site of injury become essential

steps in the formation of the hemostatic plug that prevents

blood loss (4). Platelets are essential for primary hemostasis

and repair of the endothelium, but excessive or uncontrolled

platelet activation may lead to formation of pathogenic thrombi/

plaques in patients with atherothrombotic disorders such as

acute coronary syndrome, ischemic stroke, and peripheral artery

disease (5, 6). There are at least five distinct platelet activation

pathways mediated by adenosine diphosphate (ADP), thrombox-

ane A2 (TXA2), serotonin, collagen, and trypsin-like proteases

(7–13). Two ADP receptors, P2Y1 and P2Y12, are responsible

for change in platelet shape, transient aggregation, and the sig-

naling cascade that altogether culminate in platelet aggregation

and thrombus growth and stabilization. P2Y12 plays a critical

role in the amplification of platelet aggregation induced by

other agents, including TXA2, serotonin, and thrombin. Once

activated, platelets release TXA2 that promotes amplification of

platelet adhesion by binding to the receptors TPa and TPb.
Binding to these receptors results in change of shape and

enhancement of recruitment and aggregation of platelets to the

primary platelet plug, as well as in contraction of microvessels

downstream to perturb blood flow. Serotonin is a vasoconstric-

tor that binds to its receptors and amplifies the platelet response

by stimulating shape change and aiding platelet recruitment to

sites of injury. It may also play a procoagulant role by promot-

ing retention of procoagulant proteins such as fibrinogen and

thrombospondin on the platelet surface. Collagen is a strong

thrombogenic substrate. Under high shear conditions, collagen

interacts with GpIba via von Willebrand factor (vWF) and acti-

vates GPIIb/IIIa eventually leading to stable vWF-mediated pla-

telet aggregates. Under low shear conditions, collagen serves as

an adhesive substrate for platelets via the GPIa/IIa and GPVI

collagen receptors. GPVI is the major collagen receptor that

mediates platelet activation necessary for adhesion, aggregation,

degranulation, and coagulation activity on the matrix. Binding

of collagen to GPVI triggers intracellular signals that shift pla-

telet integrins to a high-affinity state and induces release of

ADP and TXA2.

Trypsin-like proteases such as thrombin, trypsin, tryptase,

factors VIIa, and Xa activate platelets through protease-acti-

vated receptor (PARs). Thrombin is the most potent agonist and

activates platelets at extremely low (nM) concentrations thereby

influencing processes as diverse as blood coagulation, vascular

homeostasis, inflammation, cancer, and embryogenesis (14, 15).
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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-ter-

minal tethered ligand domain, which binds and activates the

cleaved receptor (9). Thrombin activates PAR1 (16), PAR3 (15,

17), and PAR4 (18–20) in this manner. Human platelets express

PAR1 and PAR4 that mediate signaling and aggregation at low

and high thrombin concentrations, respectively, and with dis-

tinct temporal characteristics (21). By contrast, murine platelets

express PAR3 and PAR4. On 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 (18, 19). Hence, activation of pla-

telets differs substantially between humans and mice, although

it is mediated by the same family of receptors.

An important feature of thrombin, also present in other clot-

ting proteases, is to use extended exosites for recognition of

physiologic substrates and cofactors (22). Exosites are spatially

separated from the active site region, but linked to it by alloste-

ric communication (23–25). Exosite I occupies a position ho-

mologous to the Ca21 binding loop of trypsin and chymotryp-

sin, 20–25 Å away from the active site moiety and is a binding

epitope for fibrinogen (26, 27), thrombomodulin (27–29), and

the thrombin receptors PAR1 (16, 26, 30, 31) and PAR3 (17,

32). The potent natural inhibitor hirudin also targets exosite I

via its extended, acidic C-terminal domain (33). 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

(16, 18). Recognition of PAR4 is less dependent on exosite

binding and relies almost entirely on the active site moiety (34),

especially through a pair of Pro residues at the P2 and P4 posi-

tions (35, 36). In addition, PAR4 constructs carrying an hirudin-

like acidic domain fail to produce enhanced binding or catalytic

processing (36), suggesting that PAR4 folds into a conformation

unable to bind to exosite I.

Substantial progress has been made recently in the structural

characterization of thrombin–PAR interactions. Specifically,

human thrombin has been crystallized with fragments of human

PAR1 (30, 31) and PAR4 (hPAR1 and hPAR4), and murine

thrombin has been crystallized in complex with fragments of

murine PAR3 and PAR4 (mPAR3 and mPAR4) (32). The struc-

tures of these complexes are discussed below and the relevant

contacts are summarized in Table 1.

HUMAN THROMBIN–hPAR1 COMPLEX (30)

PAR1 is a premiere prothrombotic and signaling factor

(10), the most specific physiological substrate of thrombin in

terms of kcat/Km values (26, 34) and a most relevant target

for crystallization studies. The crystal structure of thrombin

mutant S195A in complex with the extracellular fragment of

hPAR1 33ATNATLDPR;SFLLRNPNDKYEPFWEDEEKN62 (;

5 site of cleavage between R41 and S42) shows hPAR1

bound to the active site and exosite I (Fig. 1) through a num-

ber of polar and hydrophobic interactions (Table 1). This is

the first structure of a thrombin complex documenting how

the enzyme recognizes substrate over an extended surface

encompassing the active site and exosite I. The structure

reveals two unexpected features of the thrombin–PAR1 inter-

action. The acidic P3 residue of hPAR1, D39, does not hinder

binding to the active site and actually makes favorable inter-

actions with G219 of thrombin. The tethered ligand domain

shows a considerable degree of disorder even when bound to

thrombin.

The aryl binding site of thrombin formed by W215, I174

and L99 cages L38 at the P4 position of hPAR1. The backbone

N and O of the P3 residue D39 engage the backbone O and N

of G216 in the canonical antiparallel b-strand conformation

expected for a bound substrate. The side chain of D39 points

away from the thrombin surface, but Od2 forms a H-bond with

the backbone N of G219 with the assistance of two strategically

positioned water molecules (Fig. 2). The P2 residue of hPAR1,

P40, fits snugly into a hydrophobic pocket formed by the benzyl

ring of Y60a, indole of W60d, imidazole of catalytic H57, and

the side chain of L99. These interactions are analogous to those

observed for Pro residues at the P2 positions of PAR4 (32), fac-

tor XIII (37), or PPACK (38). The P1 residue of hPAR1, R41,

is involved in extensive H-bonding interactions that are

observed in practically all trypsin-like proteases bound to sub-

strate (39). The guanidinium group of R41 engages the side

chain of D189 in a strong bidentate H-bonding interaction and

also the backbone O atoms of A190 and G219. Backbone N of

R41 interacts with the backbone O of S214 while backbone O

of R41 occupies the oxyanion hole by engaging the backbone N

atoms of the mutated A195 and G193. The network of H-bonds

is completed by two water molecules. These interactions are of

extreme relevance to understand the molecular basis of substrate

recognition by thrombin. The P1–P4 sequence 38LDPR41 of

hPAR1 is similar to the P1–P4 sequence 166VDPR169 of the

anticoagulant substrate protein C. Because no structure of the

thrombin–protein C complex is currently available, the confor-

mation of D39 of hPAR1 becomes relevant to recognition of

protein C. It was originally believed that the presence of an

acidic residue at the P3 position of protein C would account for

the poor specificity of thrombin toward this anticoagulant sub-

strate in the absence of the cofactor thrombomodulin (40). It

was argued that Asp at this position would clash with the side

chain of E192 lining the thrombin active site (41). Indeed, the

thrombin mutants E192Q and E192A show slightly enhanced

activity toward protein C (29, 40) and the protein C mutant

where the P3 residue D167 is mutated to Phe is activated more

rapidly by thrombin (42). These observations support the idea

that Asp at the P3 position of protein C hinders binding to the

enzyme by electrostatically clashing with the side chain of

E192. Whether removal of this clash enables thrombomodulin

to produce a 1,000-fold enhancement of protein C activation
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remains to be demonstrated by structural biology. PAR1 carries

an Asp residue at the P3 position but, unlike protein C, is the

physiological substrate cleaved by thrombin with the highest

kcat/Km value (34). Therefore, the presence of D39 in hPAR1 is

not expected to provide much hindrance to binding to the active

site of thrombin. Indeed, mutation of D39 to Ala compromises

hPAR1 cleavage by thrombin to an extent comparable to that

seen with the L38A and P40A mutations (43), supporting the

conclusion that the side chain of D39 interacts with the throm-

bin active site in a way that is energetically significant. Further-

more, the thrombin mutant E192Q has normal activity toward

hPAR1 (34). Hence, an acidic residue at the P3 position of sub-

strate can be accommodated favorably within the active site of

the enzyme, thereby explaining the very high specificity of

thrombin toward hPAR1. Furthermore, D167 at the P3 position

of protein C cannot contact thrombin as seen for D39 of

hPAR1. Mutagenesis data have shown that the recognition sur-

face between thrombin and protein C changes on thrombomodu-

lin binding (29) and is reduced to only a few residues within

the active site in the presence of cofactor. Indeed, removing the

H-bonding interaction between Od2 of D39 and backbone N of

G219 with the G219P mutation, as recently done for the N143P

Table 1

Thrombin–PAR contacts

PAR Thrombin Distance (Å) PAR Thrombin Distance (Å)

hPAR1 mPAR3

T34 N R173 O 3.5 F47 F34 vdW

T37 Oc1 E217 Oe2 2.6 E48 N T74 O 2.9

D39 Od2 G219 N 2.8 E48 Oe1 R75 Ne 3.02

D39 N G216 O 2.9 E48 Oe1 Y76 N 2.65

D39 O G216 N 3.1 F50 F34, L65,Y76, I82 vdW

R41 NH1, NH2 D189 Od1, Od2 2.9, 2.9 D54 Od1 R77a Ne 3.1

R41 NH2 A190 O 3.4 D54 Od2 R77a NH2 3.47

R41 NH2 G219 O 3 E56 N I82 O 2.82

R41 N S214 C 2.9 E56 OT K110 Nf 3.19

R41 O A195 N 3 mPAR4

R41 O D194 N 3.4 D54 Od1 R173 NH1 3.66

R41 O G193 N 2.7 P56 L99, I174, W215 vdW

S42 OH L41 O 2.3 N57 N G216 O 3.37

R46 Ne, NH2 Q38 O 3.1, 4.4 N57 O G216 N 3.22

N47 Nd2 K149e O 3.2 P58 H57, Y60a, W60d vdW

N47 Od1 K149e Nf 2.9 R59 NH1 D189 Od1 3.63

Y52 OH R73 NH1 3.2 R59 NH1 A190 O 2.27

Y52 O Q38 Ne2 3 R59 NH2 G216 O 3.77

E53 Oe1, Oe2 R75 NH1 3.3, 3.2 R59 NH2 G219 O 2.84

E53 Oe1 Y76 N 3.1 R59 NH2 D189 Od2 3.66

E53 N T74 O 2.9 R59 N S214 O 3.29

F55 benzene ring R67 NH1, NH2, Ne Cation-p R59 O G193 N 2.22

hPAR4 Y61 OH Q151 Ne2 3.52

S41 O R221a NH1 3.4 K64 Nf W60d O 3.96

P44 I174 vdW

A45 N G216 O 3.2

A45 O G216 N 3.1

P46 H57, Y60a, W60d, L99, W215 vdW

R47 NH1 D189 Od1 3.4

R47 NH2 D189 Od2 3.1

R47 NH2 G219 O 3.1

R47 N S214 O 3.4

R47 OT1 S195 N 3.2

R47 OT1 G193 N 2.9
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mutant of thrombin (44), compromises hPAR1 cleavage

[5,000-fold (kcat/Km50.0050 lM21 s21 vs. 26 lM21 s21 in

the wild type), but protein C activation is affected considerably

less (kcat/Km50.0016 lM21 s21 vs. 0.22 lM21 s21 in the wild

type).

The tethered ligand connecting the domains of PAR1 inter-

acting with the active site and exosite I is for the most part dis-

ordered. Electron density is strong for R41 and S42 at the

cleavage site, vouching for an intact hPAR1 peptide, but

becomes weaker for the sequence 44LLRNP48 immediately

downstream (Fig. 1). A solution structure of the cleaved frag-

ment of human PAR1 captured the entire tethered ligand
42SFLLRNPND50 in a stable S-like conformation predicted to

fold away from the thrombin surface (45). The tethered ligand

may be ‘‘under tension’’ in the noncleaved form of PAR1, ready

to snap back onto the receptor surface and away from the

enzyme as soon as cleavage at R41 takes place.

All of the interactions downstream of the scissile bond are

consistent with mutagenesis data (16, 23, 26, 43). L41 of throm-

bin engages the side chain of S42 at the P10 position of hPAR1.

K60f in the 60-loop of the enzyme bridges the backbone O and

OH of S42 via water molecules. At the P20 position, the benzyl

ring of F43 is in van der Waals interaction with the Cb and Cc
of E192. L44 at P30 stacks against L41, Ne of R46 at P50 inter-
acts with the backbone O of E38 in the 30-loop of thrombin,

and N47 at P60 makes a polar contact with K149e in the autoly-

sis loop of the enzyme. P48 induces a b-turn in the extracellualr

fragment of PAR1 that exposes the entire segment 48PNDK51 to

solvent. The rest of the interactions are identical to those docu-

mented in previous structures (31, 46). The OH and backbone

O of Y52 interact with NH1 of R73 and Ne2 of N38, respec-

tively. The side chain of E53 is engaged by the side chain of

R75 and the backbone N of Y76 in exosite I. Backbone N of

E53 interacts with the backbone O of T74. F55 is involved in a

Figure 1. Structures of human thrombin in complex with fragments of hPAR1 (A and C) and hPAR4 (B and D). (A and B) Throm-

bin is rendered in surface representation (wheat) with residues \4 Å from the bound fragment of hPAR1 or hPAR4 (stick model)

colored in light blue. The orientation is centered on the active site. Electron density maps (green mesh) are contoured at 1.0 (B) or

0.7 (D) r. (C and 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 con-

tacts\4 Å are listed in Table 1 and are labeled in black for thrombin and red for PAR. The crystal structure of thrombin bound to

the extracellular fragment of hPAR4 was solved at 2.8 Å and refined to final Rcryst 5 0.304 and Rfree 5 0.364. The space group is

C2221, and the unit cell dimensions are a 5 91.4 Å, b 5 102.9 Å, c 5 146.4 Å, a 5 b 5 c 5 908. Coordinates and structure fac-

tors have been deposited to the Protein Data Bank (PDB ID 3QDZ). The PDB ID for the thrombin–hPAR1 complex is 3LU9.

Although the mutant D102N crystallizes in the collapsed E* form when free (49), binding of hPAR4 to the active site induces a

conformational shift to the active E form, as seen on binding of a fragment of hPAR1 to exosite I (31).
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weak cation–p interaction with the side chain of R67. The rest

of hPAR1 fragment is solvent exposed.

MURINE THROMBIN–mPAR3 COMPLEX (32)

The crystal structure of murine thrombin mutant S195A in

complex with the cleaved extracellular fragment of mPAR3,
38SFNGGPQNTFEEFPLSDIE56, corresponding to the sequence

downstream of the cleavage site at K37, reveals the molecular

basis of PAR3 recognition by exosite I. Electron density for the

tethered ligand segment 38SFNGGP43 could not be detected,

consistent with the disorder reported for the tethered ligand of

hPAR1, but the remainder of the mPAR3 fragment was

assigned unequivocally (Fig. 3). The hirudin-like motif
47FEEFP51 docks onto exosite I as predicted using a number of

polar and hydrophobic interactions. Specifically, the F47 and

F50 of mPAR3 sandwich the aromatic ring of F34 of thrombin.

F50, L52, and I55 of mPAR3 form a hydrophobic cluster that

docks on an extended hydrophobic patch of exosite I compris-

ing thrombin residues F34, L65, Y76, and I82. Important elec-

trostatic interactions include E48, D54, and E56 of mPAR3 that

engage T70, R75, Y76, R77a, I82, and K110 of exosite I. Fur-

thermore, the sequence 52LSDIE56 internally stabilizes the fold

of the bound mPAR3 and provides additional polar contacts

with the thrombin surface. The overall architecture of murine

thrombin bound to mPAR3 is similar to that of the free form of

the enzyme except for a notable feature. The 60-loop defines

the upper rim of the active site and is partially occluded in the

free enzyme by the indole ring of W60d. Binding of mPAR3 to

exosite I moves the 60-loop 3.8 Å upward and causes a 1808
flip of W60d that opens up the active site fully. The structure

of murine thrombin bound to mPAR3 reveals details of the allo-

steric communication between exosite I and the active site cleft

that has long been documented by functional studies (23, 24,

47) but has been difficult to detect crystallographically. This ob-

servation refutes a long held assumption on the rigidity of the

60-loop (41), which was first called into question by the struc-

ture of the thrombin mutant E192Q bound to the Kunitz inhibi-

tor BPTI (48). Additional details of how binding to exosite I

affects the conformation of thrombin have emerged from the

crystal structure of the thrombin mutant D102N bound to a

fragment of hPAR1 at exosite I (31).

MURINE THROMBIN–mPAR4 COMPLEX (32)

Another significant advance in our understanding of the mo-

lecular basis of thrombin–PAR interactions has come from the

crystal structure of murine thrombin mutant S195A bound to

the uncleaved extracellular fragment of mPAR4,

(51KSSDKPNPR;GYPGKFCANDSDTLELPASSQA81, ; 5 site

of cleavage). Although the structure was solved at 3.5 Å, the

electron density for 26 residues of the mPAR4 fragment from

K51 to P76 could be traced with confidence. The overall con-

formation of the enzyme is similar to that seen in the thrombin–

mPAR3 complex, but W60d assumes its typical arrangement

pointing down over the active site and in contact with residues

of mPAR4 (Fig. 3). R59 at the P1 position of mPAR4 interacts

with several residues of thrombin within the primary specificity

pocket including D189, A190, G216, G219, S214, and G193.

P58 at the P2 position of mPAR4 makes numerous van der

Waals contacts with the catalytic H57, Y60a, and W60d in the

60-loop. N57 at the P3 position of mPAR4 interacts with G216

of thrombin, and P56 at the P4 position makes numerous hydro-

phobic contacts with the aryl-binding site of thrombin com-

posed of residues L99, I174, and W215. Together, P56 and P58

produce a clamp that latches mPAR4 onto the active site of

thrombin by using a large hydrophobic surface spanning 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 mPAR4 is practically identical to that predicted by

NMR studies of hPAR4 sequence 44PAPR47 and supports the

critical role of this Pro pair in thrombin recognition uncovered

by functional studies (35). The P5 residue of mPAR4, K55,

leaves the active-site moiety, although a slight conformational

change could put it in electrostatic coupling with E97a of

thrombin. Upstream from K55, D54 at P6 of mPAR4 makes a

Figure 2. Molecular contacts at the active site for the human

thrombin–hPAR1 complex. Thrombin is rendered in surface

representation color-coded according to atom type (C, white; N,

blue; O, red; S, yellow), and hPAR1 (yellow) is rendered in

stick representation. Residues of thrombin within 4 Å of hPAR1

are labeled in black. hPAR1 residues are labeled in red. Note

the H-bond between the side chain of D39 of hPAR1 and back-

bone N of G219 of thrombin.
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long H bond with the guanidinium group of R173 of thrombin

before the rest of the mPAR4 peptide leaves the thrombin sur-

face and becomes exposed to solvent. Downstream of the scis-

sile bond, the P1’ residue of mPAR4, G60, initiates a turn fol-

lowed by a short helical segment stabilized by an H bond

between the O atom of P62 and the N atom of C66. The helix

turn stabilizes and redirects mPAR4 toward the autolysis loop

right below the entrance to the active site with which mPAR4

residues make few interactions involving Y61 and K64. The im-

portant conclusion drawn from the structures of murine throm-

bin bound to mPAR3 and mPAR4 is that the cleaved form of

mPAR3 bound to exosite I does not interfere with binding of

intact mPAR4 to thrombin. Hence, cleaved mPAR3 and intact

mPAR4 bind to thrombin without overlap and can generate a

ternary complex with mPAR3 acting as a cofactor that opti-

mizes mPAR4 cleavage (Fig. 4), in agreement with functional

data (18, 19).

HUMAN THROMBIN–hPAR4 COMPLEX

We have recently solved the crystal structure of human

thrombin mutant D102N in complex with the extracellular frag-

ment of hPAR4, (39TPSILPAPR;GYPGQVCANDSDT-
LELPDSSRA69, ; 5 site of cleavage). Electron density could

only be detected for the portion 39TPSILPAPR47 of the frag-

ment, encompassing R47 at the P1 position (Fig. 1). The guani-

Figure 3. Structures of murine thrombin in complex with fragments of mPAR3 (A and C) and mPAR4 (B and D). (A and B)

Thrombin is rendered in surface representation (wheat) with residues \4 Å from the bound fragment of mPAR3 or mPAR4 (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 �908 rotation along the y axis. Electron density maps (green mesh) are contoured at 1.0 (B) or 0.7 (D) r. (C and D).

Details of the molecular contacts at the thrombin–PAR interface, with hydrophobic regions of the thrombin epitope colored in or-

ange 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 mPAR3 engages exosite I through

polar and hydrophobic interactions. (D) The fragment of mPAR4 comprising the scissile bond makes extensive interactions with

the active-site moiety of the enzyme by using 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. The PDB IDs for the thrombin–mPAR3 and thrombin–mPAR4 complexes are 2PUX and 2PV9, respectively.
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dinium group of R47 of hPAR4 interacts with the side chain of

D189 and the backbone O of G219 of thrombin, as expected.

The carboxyl terminal of R47 is engaged by the backbone N

atoms of G193 and S195 in the oxyanion hole, and the back-

bone N of R47 interacts with the side chain of S214. P46 at the

P2 position of hPAR4 makes numerous van der Waals contacts

with the catalytic H57, Y60a and W60d in the 60-loop, as well

as with L99 and W215 in the aryl binding site. The backbone N

and O of A45 at the P3 position of hPAR4 interact with the

backbone O and N of G216 of thrombin. P44 at the P4 position

of hPAR4 makes van der Waals contacts with I174 of thrombin.

The conformation of the 44PAPR47 sequence of hPAR4, as

detected by the crystal structure, is practically identical to that

predicted by NMR studies and that observed for the correspond-

ing sequence in the mPAR4 peptide, 56PNPR59, again confirm-

ing the critical role of the Pro pair in thrombin recognition

uncovered by functional studies (35). Further upstream, the

backbone O of S41 at the P7 position of hPAR4 interacts with

the side chain of R221a of thrombin. Because no electron den-

sity was detected for residues downstream of the cleavage site

at R47, it is likely that the fragment was cleaved during crystal-

lization. This prevents us to draw a comparison with mPAR4 in

the regions of the primed residues of hPAR4 that presumably

assume a helical conformation and confine binding of this sub-

strate to the active site region. Yet, the details revealed by the

current structure confirm the binding mode of mPAR4 to the

primary specificity pocket and adjacent unprimed recognition

sites, like the 60-loop and the aryl binding site. This binding

mode is practically identical between human and murine pro-

teins.

CONCLUSIONS

The mechanism of thrombin-mediated platelet activation via

PARs has been worked out in great detail in landmark studies

(9, 10). Structural biology has recently regaled us with impor-

tant details on the molecular aspects of thrombin–PAR interac-

tions (30–32). New information relevant to thrombin–substrate

interactions in general have emerged from the crystal structures

of thrombin bound to PAR1, PAR3, and PAR4. Particularly

noteworthy are the important role of G219 of thrombin in the

recognition of D39 at the P3 position of PAR1 (30), the disor-

der in the tethered ligand (30, 32), the peculiar conformation

assumed by PAR4 bound to the active site of the enzyme that

leaves exosite I free for the cofactor activity of cleaved PAR3

(32) and the long-range communication between exosite I and

the active site of thrombin linked to binding of PAR1 and

PAR3 (31, 32). The new information emerged from structural

biology is consistent with published mutagenesis and NMR

studies (16, 23, 26, 35, 36, 43, 45) and is validated by the

mutants G219P. Much remains to be uncovered by future struc-

tural studies, especially about how other proteases such as fac-

tor Xa and activated protein C recognize PARs. Mutagenesis

studies also need to produce mutants of thrombin and other pro-

teases that selectively target specific PARs and dissociate their

contributions to the universe of biological effects they mediate.
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