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ABSTRACT: The protease inhibitor ecotin fails to inhibit thrombin despite its broad specificity against serine
proteases. A point mutation (M84R) in ecotin results in a 1.5 nM affinity for thrombin, 104 times stronger
than that of wild-type ecotin. The crystal structure of bovine thrombin is determined in complex with
ecotin M84R mutant at 2.5 Å resolution. Surface loops surrounding the active site cleft of thrombin have
undergone significant structural changes to permit inhibitor binding. Particularly, the insertion loops at
residues 60 and 148 in thrombin, which likely mediate the interactions with macromolecules, are displaced
when the complex forms. Thrombin and ecotin M84R interact in two distinct surfaces. The loop at residue
99 and the C-terminus of thrombin contact ecotin through mixed polar and nonpolar interactions. The
active site of thrombin is filled with eight consecutive amino acids of ecotin and demonstrates thrombin’s
preference for specific features that are compatible with the thrombin cleavage site: negatively charged-
Pro-Val-X-Pro-Arg -hydrophobic-positively charged (P1 Arg is in bold letters). The preference for a Val
at P4 is clearly defined. The insertion at residue 60 may further affect substrate binding by moving its
adjacent loops that are part of the substrate recognition sites.

The serine proteaseR-thrombin is a key enzyme in the
processes of thrombosis and haemostasis (1). It exhibits both
pro- and anticoagulant activities, through converting fibrino-
gen to clot-forming fibrin (2, 3) or through the thrombo-
modulin-mediated activation of protein C (4, 5). Physiologi-
cally, the activities of thrombin are regulated by endogenous
inhibitors including antithrombin III (6), R2-macroglobulin
(7), heparin cofactor II (8), protein C inhibitor (9), and
protease nexins (10). Alternatively, thrombin levels can be
regulated by natural and synthetic protease inhibitors such
as hirudin, triabin, and rhodniin (7, 11). Inhibitors, especially
macromolecular inhibitors, have been essential in elucidating
the mechanisms of actions of various proteases. The interac-
tions between thrombin and different inhibitors have been
studied extensively due to thrombin’s biomedical signifi-
cance.

Ecotin, a 142-amino acid protein discovered in the
periplasmic space ofEscherichia coli(12), has the unique
property of inhibiting most serine proteases of the chymo-
trypsin fold, including trypsin, chymotrypsin, and elastase

(12, 13). The inhibitory profiles of ecotin against various
serine proteases share three common features (14, 15): (i)
Ecotin dimerizes and inhibits cognate proteases at 1:1
stoichiometry. Crystal structures of ecotin-trypsin, ecotin-
collagenase, and ecotin-chymotrypsin all show the formation
of a tetramer containing two ecotin and two protease
molecules. (ii) Ecotin inhibits proteases via binding at two
different protease contact sites: the primary and secondary
binding sites. Primary site loops of ecotin bind to the active
site of target proteases in a substrate-like manner as observed
in canonical protease inhibitors such as BPTI1 (16). The P12

residue in ecotin (Met84) mimics the interactions of a
canonical P1 substrate residue. Unique secondary site loops
of ecotin bind to a relatively flat surface of the protease that
is distant from the active site. (iii) The protein-protein
interaction surfaces are extremely large in ecotin-protease
complexes; the sum of the buried surface area is around 6000
Å2 (15, 18).

Despite its apparent pan-specificity against chymotrypsin
family serine proteases, ecotin fails to inhibit thrombin (13).
Thrombin contains nine extra amino acid residues inserted
at residue 60 in comparison to the sequence of chymotrypsin
(2). This insertion loop contains bulky residues such as Pro,
Trp, and Tyr, and appears relatively rigid forming a lip above
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the active site (19). Modeling analysis shows that Trp60D

(thrombin residue numbers are labeled as superscripts to
distinguish them from ecotin residues) clashes with residues
Cys50 and Asn51 in the e50’s binding loop of ecotin (residue
numbers specifying the binding loops in ecotin follow the
letter e to differ from thrombin). Previous studies showed
that the insertion loop at thrombin residue 60 blocked
inhibition by BPTI (20). In that study, a thrombin desPPW
mutant, created by removing three bulky rigid residues
Pro60B-Pro60C-Trp60D, permitted BPTI inhibition with a nano-
molarKi (20). While a single mutation of Met84 to Arg only
improved ecotin binding to trypsin by 3-fold (21), the same
mutation increased ecotin’s inhibition against thrombin by
2 × 104 times (13). The inhibition constant (Ki) changed
from approximately 30µM for wild-type ecotin to 1.5 nM
for the M84R mutant (data not shown). Deleting the residues
that cause steric hindrance in wild-type thrombin explains
BPTI’s inhibition against the desPPW thrombin mutant (20).
Even though thrombin clearly prefers an Arg at the P1 site,
this crucial residue is only effective when bound to the active
site (22). Since ecotin access to the active site appears to be
blocked by Trp60D, it is difficult to explain why the Met84
to Arg mutation helps ecotin to inhibit thrombin.

Like other regulatory proteases, the substrate specificity
of thrombin extends beyond the P1 residue: other amino
acids flanking the cleaved scissile bond are also important
for the substrate recognition of thrombin (23, 24). In
comparison to digestive proteases, regulatory proteases often
contain insertions of amino acids in the surface-located loops
surrounding the active site. The characteristics of these loops
are believed to be important for substrate recognition by the
regulatory proteases (25). Details of the extended specificity
of thrombin have been studied in vitro using synthetic
substrates (26-29). These data define the cleavage site to
be L/I/V/F-X-P-R-nonpolar/hydrophobic-hydrophobic/charged,
from P4 to P2′ (X stands for any amino acid, P1 residue
Arg is bold). Fibrinogen peptides are cleaved at GGVR-GP
and FSAR-GH. Interactions at P4-P2′ sites can also be
visualized by combining information from X-ray structures
of many thrombin complexes with inhibitors or peptides (19,
30-32). Among existing exogenous inhibitors, ecotin binds
proteases over the largest interface, which may extend
beyond the known interaction site for thrombin.

To elucidate how ecotin M84R and thrombin form a
complex, we have determined the structure of the ecotin
M84R-thrombin complex to 2.5 Å resolution.

MATERIAL AND METHODS

Purified bovine thrombin and ecotin M84R were prepared
as described previously (33, 34). Thrombin-ecotin M84R
was formed by incubating 1:1 molar ratio of each component
and subsequently purified on a superdex-200 size exclusion
column (Pharmacia, Germany) in 50 mM potassium phos-
phate, pH 8.0, and 0.15 M NaCl.

The thrombin-ecotin complex isolated by gel filtration
was used in the crystallization experiments. Orthorhombic
crystals were grown at room temperature by hanging drops
using the vapor diffusion technique, from 15% polyethylene
glycol 6K, 0.1 M citric acid, pH 5.0, with 0.01 M spermine-
tetrahydrochloride. Three diffraction data sets were collected
at Advanced Light Source (ALS) beam line 5-2 with a CCD

camera and at Stanford Synchrotron Radiation Laboratory
(SSRL) beam line 9-1 with a MAR image plate system. The
data sets were evaluated and integrated using SCALEPACK/
DENZO (35). The crystal has a space group ofC2221. One
asymmetric unit contains one thrombin and one ecotin. A
heterodimer model of bovine thrombin (1UVT.pdb) bound
to ecotin at the protease active site was generated using
InsightII (Accelrys, San Diego, CA), based on the trypsin-
ecotin structure (14). The 60’s and 148’s insertion loops were
deleted from thrombin. The resulting structure was used as
the search model to solve the structure of thrombin-ecotin
M84R, using molecular replacement with rotational and
translational functions from CNS 1.0 (36). Data to 3.5 Å
were used in the rotational search. Translational search and
rigid body fitting for the top solutions using data to 2.5 Å
gave a final solution with an initialR value of 43.5%.
Refinement was performed using programs from CNS 1.0
(36). Detailed data and refinement statistics are listed in Table
1 (PDB entry ID: 1ID5). Visualization and rebuilding of
the model was done with Quanta98 (Molecular Simulations
Inc., San Diego, CA).

RESULTS

Analysis of Thrombin-Ecotin M84R Complex.Following
incubation on ice, a mixture of bovine thrombin and ecotin
M84R at 1:1 stoichiometry yields a complex that can be
isolated by gel filtration. The observed molecular mass of
the isolated complex is around 100 kDa, which corresponds
to the sum of the molecular masses of two ecotin and two
thrombin molecules. Denaturing gel electrophoresis confirms
that the sample contains both thrombin and ecotin M84R.
Native gel electrophoresis reveals a single band that is not
found in either thrombin or ecotin M84R sample, indicating
the formation of a stable complex between thrombin and
ecotin M84R (data not shown). Under the same conditions,

Table 1: Data and Refinement Statistics for Ecotin
M84R-Thrombin Complex

structure M84R-thrombin

space group C2221

unit cell constants (Å)
a 88.5
b 165.4
c 83.3
R ) â ) γ 90°

highest resolution (Å) 2.5
total reflections 239 796
unique reflections 20 967
completeness 97.7%

highest resolution shell 88.7% (2.59 to 2.50 Å)
〈I/Iσ〉 13.3
Rmerge

a

highest resolution shell 29.8% (2.59 to 2.50 Å)
solvent content 55%
Rb after molecular replacement 43.5%
refinement resolution range 6-2.5 (Å)
R 19.5%
freeRc 25.3%
water molecules 158
rmsd in bond length (Å) 0.006
rmsd in bond angle (o) 1.3

a Rmerge) ∑|(I - 〈I〉)|/∑(I). b R) ∑h,k,l(|Fobs(h,k,l)| - k|Fcalc(h,k,l)|)2/
∑h,k,l|Fobs(h,k,l)|. c FreeR: cross-validationR calculated by omitting
10% of the reflections (47).
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no complex is observed from a mixture of wild-type ecotin
and thrombin.

X-ray Structure of Thrombin-Ecotin M84R Complex.
Ecotin M84R-thrombin complex is crystallized in theC2221

space group. Two ecotin and two thrombin molecules form
a tetramer as shown in Figure 1a. One asymmetric unit of
the crystal contains only one thrombin and one ecotin; the
other half of the tetramer is generated through crystal-
lographic symmetry. The ecotin M84R-thrombin complex
exhibits the same overall features as other ecotin-serine
protease complexes, such as ecotin-trypsin and ecotin-
collagenase (14, 15). The ecotin M84R dimer binds to
thrombin in the similar orientation as wild-type ecotin does
in the ecotin-trypsin structure, contacting thrombin with two
binding sites.

The primary binding site of ecotin M84R includes the
e50’s and e80’s loops (14). The e80’s loop binds to the active
site of thrombin in a substrate-like manner with characteristic
main chain interactions of canonical protease inhibitors (37).
A total of eight residues from ecotin e80’s loop, on both

sides of the scissile bond, directly contact thrombin. The
e50’s loop functions by supporting and stabilizing the e80’s
loop through a disulfide bond between Cys50 and Cys87.
The buried surface area at the primary contact area between
thrombin and ecotin is 2290 Å2, which is larger than any
other known protease-ecotin interaction site (14, 15). The
secondary binding site, mainly consisting of the e60’s and
e110’s loops, binds to the 99’s loop and the C-terminal helix
of thrombin that are about 27 Å away from the active site.
The total buried surface area at the secondary binding site
is 1250 Å2, also larger than any other secondary site in known
ecotin-protease complexes (14, 15).

As compared with the structure of uncomplexed ecotin
dimer (38), the two ecotin molecules adjust their relative
position slightly upon binding to thrombin. However, they
do not change their conformations on inhibiting thrombin
as they do on inhibiting collagenase (15). The structure of
ecotin M84R mutant exhibits few significant differences from
the structure of wild-type ecotin when bound to trypsin (14)
or in its unbound form (38), with rmsd of 0.39 and 0.48 Å

FIGURE 1: (A) Structure of bovine thrombin complexed to ecotin M84R in secondary structures. Light chain (L) and heavy chain (H) of
thrombin are shown in green, with catalytic triad in red. Ecotin is shown in purple; disulfide bonds and calcium ion are highlighted in
yellow and orange. The symmetry mate that helps to construct a full tetrameric complex is shown in gray. The figure was generated by
Raster3D (48), with secondary structures rendered by Rasmol (49). (B) A close-up of the interface between thrombin and ecotin M84R at
the active site of the protease denotes all surrounding surface loops in thrombin (the 37’s, 60’s, 99’s, and 148’s loops) and the two primary
site loops in ecotin (the e50’s and e80’s loops).
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for superimposing the conserved core structure that includes
residues 12-43, 59-63, 70-76, and 103-131 (15).

The Thrombin Structure.The overall thrombin structure
in the complex maintains the classic morphology of serine
proteases of the chymotrypsin fold (19). The globular
structure of thrombin consists mainly ofâ strands, with only
a few helical segments and various surface-located loops.
The catalytic residues: His57, Asp102, and Ser195 are located
in the junction cleft formed by the two beta barrel domains
of thrombin. The conformations of the catalytic triad and
surrounding regions are well preserved (19). Our thrombin
core structure, excluding the light chain and surface loops
(Figure 1b) that include the 60’s (Leu60 to Thr60I), the 148’s
(Trp148 to Glu149E), the 37’s (Arg35 to Glu39), and the 99’s
insertion loops (Arg93 to Leu99), compares with published
coordinates with rmsd smaller than 0.4 Å for over 160
equivalent CR atoms. The four surface loops, however, have
undergone significant movements to permit the binding to
ecotin M84R.

The 60’s insertion loop contains a fragment of nine amino
acids with the sequence of Y60APPWDKNFT60I (according
to chymotrypsin nomenclature) (7). This loop is unique to
thrombin with its amino acid sequence highly conserved
across different species (39), indicating its significance in
thrombin substrate recognition. Previous structural analyses
have shown that the 60’s insertion forms a rigid loop above
the active site, and it exhibits little conformational change
upon inhibitor binding (19, 30). This loop’s clashing into
the e50’s loop from ecotin has been hypothesized to account
for wild-type ecotin’s failure to bind thrombin. In our
structure, the 60’s loop moves significantly away from the
substrate-binding cleft. The side chains of Trp60D and Asn60G

become disordered upon ecotin binding (Figure 2). Moreover,
the CR of Trp60D moves nearly 7 Å as compared to the
position of the same atom when thrombin is bound with small
peptide inhibitors (Figure 3a). The apparent rigidity of the
60’s loop suggests that there may be a significant energy
cost to promote movements of this loop.

The 148’s loop also moves significantly upon ecotin
binding (Figure 3b), as compared to the conformations when
bound to small inhibitors. This loop contains a shorter
insertion of T149ASVAE149E(7) and is located on the opposite
side of the active site from the 60’s loop. The sequence of
the 148’s insertion is not as conserved as that of the 60’s
loop (39), neither is its conformation (19, 30, 40). In our
structure, the 148’s loop adopts an extended conformation
(Figure 3b) and is slightly disordered. No direct contacts are

formed between the 148’s loop and ecotin. This loop seems
intrinsically flexible, suggesting a small energy cost for its
conformational change.

The 37’s and the 99’s loops, two surface loops adjacent
to the 60’s insertion loop, also show minor conformational
change upon ecotin binding (Figure 3c,d), when compared
to the conformations of these two loops when bound to other
inhibitors (19, 24, 25, 30, 41). In particular, Trp96, a residue
important for the catalytic activity of thrombin (42), forms
a hydrogen bond with Tyr100 from ecotin. Moreover, the
side chain of this residue clearly differs from its conventional
position in other structures (Figure 3c). Previous studies
showed that the 37’s and the 99’s loops are involved in
substrate binding at P2 and P1′ sites (26, 43). The small
changes in the positions of these loops may result in size
changes of the S2 and S1 substrate binding pockets, therefore
allowing different amino acid recognition.

Interactions between Ecotin Primary Binding Loop and
Thrombin ActiVe Site.The primary site e80’s loop of ecotin
M84R interacts extensively with the active site of thrombin.
Although not optimized for recognition (except for the Met
to Arg mutation), residues Ser79 (P6) to Ala86 (P2′) from
ecotin span across the active site cleft of thrombin, providing
a platform for predicting amino acid preference at each
substrate recognition site of thrombin.

Arg84, the only mutated residue in ecotin, fits exception-
ally well into the S1 binding pocket of thrombin. Arg84 is
the ecotin residue that forms most interactions with throm-
bin: it makes five direct hydrogen bonds and a salt bridge
with five residues in thrombin in addition to two water-
mediated hydrogen bonds and various hydrophobic interac-
tions (Figure 4a). Gly193, Asp194, and Ser195 coordinate with
the main chain -N and the carboxyl -O of Arg84. Asp189,
which lies at the bottom of the S1 pocket, contributes to
Arg side chain recognition by forming a salt-bridge. Gly219

makes an additional hydrogen bond with the terminal -Nη2

of Arg84. Gly216 and Phe227 form two water-mediated
hydrogen bonds with Arg84 side chain. Furthermore, Ala190

and Val213 coordinate the aliphatic side chain of Arg84
through hydrophobic interactions. Most interactions estab-
lished between the side chain of Arg84 and thrombin could
not be formed if this residue were a Met. Additional energy
from these interactions may be essential for the change in
inhibition profile.

It is not obvious whether Thr83 is the optimized residue
at the P2 position for a thrombin inhibitor. The S2 pocket
appears to have a predominately hydrophobic character. Leu99

FIGURE 2: Electron density (2Fobs-Fcalc) of the 60’s insertion loop from the bovine thrombin-ecotin M84R complex contoured at 1σ.
Density for the side chains of Trp60D and Asn60G and the peptide bond between residues Asp60E and Lys60F is missing. Both are confirmed
by a composite omit map, which possibly results from the high B-factors of most residues in this insertion loop. The figure was produced
using Raster3D (48).

Thrombin-Ecotin M84R Complex Structure Biochemistry, Vol. 40, No. 34, 200110041



and Tyr94 set the boundary in one direction; Trp215 and Tyr60A

further define this volume in the other direction. Trp96 forms
a lid to close the binding pocket. As shown in Figure 4a,b,
the S2 pocket seems small enough to exclude large residues
such as Phe, Trp, Arg, and Lys. In vitro studies with
positional scanning libraries of fluorogenic peptides have
shown that the S2 site of thrombin exhibits a strong
preference for Pro (29). The preference for a Pro at the P2
position is well supported by the structure of human
R-thrombin with PPACK (19). In this structure, the 60’s
insertion loop is right above the active site and creates a
small rigid pocket that seems to be selective for a Pro.
Furthermore, Pro is found as the P2 residue in many natural
substrates or inhibitors of thrombin (Figure 4c). Although
the thrombin-ecotin M84R structure indicates that the
restriction by the 60’s loop no longer exists upon the binding
of certain macromolecules, Pro may still be favored as the
P2 residue for having the additional role of providing rigidity
to the substrate backbone to enhance extended binding.

Ser82 occupies the P3 position in ecotin. Two hydrogen
bonds with Gly216 well coordinate the main chain -N and

carboxyl -O in Ser82. Two water-mediated hydrogen bonds
are formed between its side chain and main chain -N of
Glu192 and carboxyl -O of Gly219. There is no obvious
preference for a Ser residue. As the S3 pocket is partially
solvent exposed, a variety of residues can be docked in the
S3 pocket such as Asp, Lys, and Arg. Conversely, the P4
position is much more selective with Val81 well recognized
by thrombin. A local hydrophobic environment, which is
limited in size, explains the preference for a Val at this
position. As depicted in Figure 4b, Trp215 paves the base of
the pocket and Ile174 makes significant hydrophobic contact
with Val83. Met180and Leu99, not shown in the figure, also
fortify a well-formed hydrophobic binding pocket suitable
for a Val, Ile, or Leu. Our observations at S3 and S4 substrate
binding sites are consistent with in vitro studies with
combinatorial substrate libraries (29) and with the sequences
of some physiological substrates of thrombin (Figure 4c).

The role of Pro80 at the P5 position appears to be to create
a rigid turn so that Ser79 at the P6 position can form a
favorable hydrogen bond interaction with the side chain of
Arg221A from thrombin (Figure 4a,b). Lys224 is also in the

FIGURE 3: Comparisons of conformations of (a) the 60’s, (b) the 148’s, and (c) the 99’s (d) the 37’s loops bound with different inhibitors.
Bovine thrombin structures, 1ETR.pdb (green, bound to small inhibitor 2MQPA), 1BBR.pdb (blue, bound to fibrinopeptideR2 7-16),
1TBR.pdb (yellow, bound to rhodniin), 1TOC.pdb (purple, bound to ornithodorin), 1UVT.pdb (gold, bound to small inhibitor MB14.1248)
and the ecotin bound thrombin molecule (red), are superimposed based on core residues. Trp60D in all structures in (a) are shown in
full stick model. The conformations of all loops are shown in ribbon diagram. All figures were generated with InsightII (Accelrys,
San Diego, CA).
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FIGURE 4: Details of the primary binding site interaction between bovine thrombin and ecotin M84R mutant are shown in (A) a two-
dimensional plot and (B) a three-dimensional surface representation of thrombin surface. In (A), residues 79 through 86 in ecotin are laid
out vertically as the P6 to P2′ site. Residues from thrombin that make hydrogen bonds (linked by green dash line with distance labeled in
red) or hydrophobic contacts (in brown with residues labeled in black) are drawn in each side of ecotin ligand. In (B), the same fragment
from ecotin is shown in stick model horizontally from P6 to P2′, with main chain atoms in navy and side chain atoms in blue. Thrombin
is shown as a transparent surface with its CR trace shown as green ribbon. Side chains of the residues directly contributing in ecotin binding
are shown in stick mode in yellow. The catalytic triad is in red. Panels A and B are generated using Ligplot (50) and InsightII (Accelrys,
San Diego, CA), respectively. Panel C lists the cleavage sites of some physiological substrates of thrombin.
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vicinity of Ser79. Ser79 is the furthest residue N-terminal
to the scissile bond that directly contacts thrombin; its side
chain -OH is solvent exposed.

Our structure also reveals ecotin and protein interactions
C-terminal to the P1 residue because ecotin stops the catalysis
of serine protease prior to the cleavage of the scissile bond
(14). Figure 4b shows that the P1′ residue Met85 takes an
extended conformation in binding the substrate binding
pocket, underneath the insertion loop at residue 60 of
thrombin. The side chain of Met85 is sandwiched between
two disulfide bonds: Cys42-Cys58 from thrombin and
Cys50-Cys87 from ecotin. Tyr60A defines the bottom of the
S1′ pocket. Pro60B, Phe60H, and the aliphatic side chain of
the buried Lys60F are all within 6 Å to Met85. Leu41 and
His57 further enhance the hydrophobicity of the S1′ pocket.
The P2′ site is occupied by Ala86, the last ecotin residue in
the e80’s loop that directly contacts thrombin. Its main chain
-N forms a hydrogen bond with the carboxyl -O in Leu41.
Its methyl side chain interacts extensively with the aliphatic
side chain of Leu40. A Val, Leu, or Ile may also be well
accommodated because of the local hydrophobicity at the
S2′ site. However, the S2′ pocket is only partially hydro-
phobic. In the direction toward the exposing surface of the
protease, Arg73, Asn143, Gln151, and Glu192 are within 8 Å of
Ala86. Therefore, a charged residue with long side chain,
such as an Arg or a Lys can possibly go through the local
hydrophobic area and establish interactions with these polar
residues.

The geometric vicinity of the S1′ and S2′ sites creates a
combined specificity, i.e., residue bound in S1′ affects the
choice of residues at S2′ site. When the S1′ site is bound
with a small noncharged residue, the S2′ site can accom-
modate either a large hydrophobic residue such as a Phe to
fill the large hydrophobic space, or a small hydrophobic or
noncharged residue followed by a similar residue at the S3′
site. In the presence of a large hydrophobic P1′ residue such
as a Phe, the S2′ pocket will be limited to a large charged
residue like a Lys, as found in uPA (Figure 4c). An Arg
may also fit; other alternatives include small noncharged
residues such as Cys, Ser, Ala, or Gly.

DISCUSSION

A simple docking and fitting model does not explain the
differences in interactions of thrombin with wild type or
ecotin M84R mutant. The conformations of thrombin likely
shift between a “closed” state and an “open” state; only in
the “open” state, the active-site-restricting surface loops move
away to permit ligand binding to thrombin. It is possible
that a transient complex between thrombin and ecotin M84R
exists prior to the stable final complex we observe in the
static X-ray structure. The major energetic contribution for
the formation of the final ecotin M84R-thrombin complex
comes from the numerous interactions the Arg side chain
establishes with thrombin (Figure 4b). A similar transient
complex also likely exists between thrombin and wild-type
ecotin, but it lacks the interaction affinity for the transition
to a more stable complex that can then be isolated by gel
filtration. Conformational changes, especially those in the
surface loops surrounding thrombin active site, are required
for the formation of the transient complexes. Such confor-
mational changes often require high energetic costs, which

suggests the metastable nature of the transient complexes.
A survey of existing structures of thrombin-inhibitor
complexes indicates that the main energy cost probably
comes from the conformational change of the 60’s loop
because of its apparent rigidity in most thrombin structures.
The 148’s insertion loop seems to have a more flexible nature
and likely a small energy cost for conformational changes.

Two approaches can be taken to permit stable thrombin-
inhibitor complex formation, to reduce the cost in confor-
mational change by deleting or mutating residues in the 60’s
loop such as the desPPW mutant (20), or to increase the
energy of interactions as found in ecotin M84R-thrombin.
Ecotin M84R-thrombin complex is not the only example
where positive binding energy inputs overcomes the energy
cost due to conformational changes, particularly in the 60’s
loop. The interactions between thrombin and ecotin M84R
showed similar characteristics to those observed in the
BPTI-thrombin E192Q complex (25). BPTI weakly inhibits
wild-type thrombin with aµM level Ki. A point mutation in
thrombin: E192Q increased the inhibition of BPTI against
thrombin by 500-fold (44). The E192Q mutation in thrombin
eliminates a negative repulsion between the terminal -O in
Glu192 side chain and BPTI Cys14 and adds a hydrogen bond
between Gln192-Nε2 and Cys14-O of BPTI. The “extra”
interactions from both point mutations are critical for the
final stabilization of the thrombin-M84R or E192Q-BPTI
complex.

The structures of thrombin-ecotin M84R and thrombin
E192Q-BPTI are the only two existing examples where
“rigid” insertion loop at thrombin residue 60 moves signifi-
cantly upon inhibitor binding. Figure 5 shows that the 60’s
and the 148’s loops in thrombin adopt different conformation
when bound to different inhibitors since BPTI (58 amino
acids) and ecotin (142 amino acids) differ much in their sizes
and three-dimensional structures. Except for the conformation

FIGURE 5: Thrombin from E192Q-BPTI complex (BPTI and the
60’s and 148’s loop shown in yellow) is superimposed with the
ecotin M84R bound thrombin (the 60’s, 148’s loops and bound
ecotin M84R in red). The conserved thrombin structures are in light
gray. The 40’s loop from BPTI and the e80’s loop from ecotin are
labeled. Figure was generated with Raster3D (48).
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of the P1 residue, the reactive site loop of BPTI differs
considerably from that of ecotin. When the CR atoms of seven
residues from each reactive site loop are superimposed, the
rmsd value is greater than 1.5 Å. The 40’s loop in BPTI
creates a bulkier surface than the corresponding surface in
ecotin M84R. As a result, the 60’s loop moves further away
from the active site in the BPTI bound state than in the ecotin
M84R bound state. On the opposite side, the residues at the
end of the e80’s loop in ecotin M84R protrude more than
the corresponding side of BPTI. Consequently, the insertion
loop at thrombin residue 148 in ecotin bound state moves
further away from the active site than its BPTI bound state.
It appears that the extent of the loop movement is determined
by the conformations of the incoming inhibitors.

Further analyses suggest that the 60’s insertion loop in
thrombin may be involved in functions more than accom-
modating an incoming ligand. Analyses of the packing of
this loop by the Naccess program (45) on the current structure
and over 10 published thrombin coordinates show that little
change has occurred in the side-chain solvent accessibility
for almost all residues in the insertion loop at thrombin
residue 60. The same analysis reveals variations in side-chain
solvent accessibility for residues in the insertion loop at
thrombin residue 148. This observation and the highly
conserved sequence suggest that the 60’s insertion loop may
also participate in substrate recognition. However, most
residues in the 60’s insertion loop of thrombin are too far
above the active site cleft to make contacts with bound
substrates. Anchoring residues for the loop, Tyr60A and
Phe60H, are exceptions that contribute to the hydrophobicity
of the S2 and S1 sites. Distance difference matrix plots (data
not shown) show that the movement of the 60’s insertion
loop is always accompanied by movements of the 37’s and
the 99’s loops which are indeed involved in substrate
recognition (19, 43). Because the 60’s insertion loop is
sandwiched between the 37’s and the 99’s loops, it may
influence substrate binding indirectly: by affecting the
position of the adjacent 37’s and 99’s loops. On the other
hand, ligand binding at the 37’s or 99’s loop may also cause
conformational changes in the 60’s insertion loop, although
this possibility has not been seen beyond the observation
reported.

Designing selective inhibitors has been challenging since
thrombin and other blood coagulation factors share consider-
able similarities in primary sequence and three-dimensional
structures. Extended substrate specificity revealed here may
be employed in the quest for more specific inhibitors. For
example, placing a sharp turn followed by a negatively
charged residue at P5, P6 and an extended hydrophobic group
at P1′ may produce a more potent inhibitor of thrombin. A
Val at P4 position is also a good choice. Finally, we showed
that a single point mutation, M84R in a surface interaction
of 6000 Å2, enables strong binding. Our work shows this
occurs because the Arg84 appears to be a “hot spot” for the
interactions between ecotin and thrombin (46). It forms seven
hydrogen bonds, one salt bridge as well as several hydro-
phobic interactions through its aliphatic side chain. Energy
from these interactions is critical for stabilizing conforma-
tional changes required for binding and for the 104 times
increase in affinity.
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