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Crystal structure analyses of uncomplexed ecotin in two
crystal forms: Implications for its function and stability
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Abstract

Ecotin, a homodimeric protein composed of 142 residue subunits, is a novel serine protease inhibitor present in
Escherichia coli. Its thermostability and acid stability, as well as broad specificity toward proteases, make it an
interesting protein for structural characterization. Its structure in the uncomplexed state, determined for two different
crystalline environments, allows a structural comparison of the free inhibitor with that in complex with trypsin. Although
there is no gross structural rearrangement of ecotin when binding trypsin, the loops involved in binding trypsin show
relatively large shifts in atomic positions. The inherent flexibility of the loops and the highly nonglobular shape are the
two features essential for its inhibitory function. An insight into the understanding of the structural basis of thermo-
stability and acid stability of ecotin is also provided by the present structure.
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Serine protease inhibitors can be classified into various families on
the basis of sequence similarity, topological similarity, and mech-
anism by which they bind their target proteases (Bode & Huber,
1991). For example, the substrate-like inhibitors, the serpin family
inhibitors, and the hirudin-like inhibitors exhibit different modes
of binding to and inhibiting serine proteases. Among them, the
substrate-like inhibitors comprise relatively small proteins of 29—
190 amino acid residues (Bode & Huber, 1992). They all possess
an exposed binding loop of a characteristic canonical conforma-
tion. Most of the substrate-like inhibitors show rather narrow spec-
ificity toward the proteases. In contrast, ecotin inhibits a broad
range of serine proteases with different substrate specificities (Chung
et al., 1983).

Ecotin, a periplasmic serine protease inhibitor in Escherichia
coli, consists of two identical subunits of 142 amino acid residues.
Its molecular mass is 32,198 Da and its pI is 6.1. One dimeric
inhibitor binds two protease molecules to form a tetrameric com-
plex. Ecotin is an interesting inhibitor to study for several reasons.
First, it is capable of inhibiting a broad range of serine proteases,
including trypsin, chymotrypsin, elastase, rat mast cell chymase,
and human plasma urokinase, as well as enzymes in the blood

Reprint requests to: Se Won Suh, Department of Chemistry, College of
Natural Sciences, Seoul National University, Seoul 151-742, Korea; e-mail:
sewonsuh @plaza.snu.ac.kr.

Abbreviations: AOR, aldehyde ferredoxin oxidoreductase; BPTI, bovine
pancreatic trypsin inhibitor; SSI, Streptomyces subtilisin inhibitor; SsIGPS,
indole-3-glycerol phosphate synthase from Sulfolobus solfataricus.

coagulation cascade and other enzymes, such as kallikrein, fiddler
crab collagenase, and granzyme B (Chung et al., 1983; Seymour
et al., 1994; Tsu et al., 1994; McGrath et al., 1995). The reactive
site of ecotin was determined to be Met 84 for its complexes with
chymotrypsin, trypsin, porcine pancreatic elastase, factor Xa, fac-
tor XIla, and plasma kallikrein (McGrath et al., 1991b; Seymour
et al., 1994; Ulmer et al., 1995). Although the specificity of substrate-
like canonical serine protease inhibitors is determined mostly by
their P1 residue that fits into the binding pocket of the cognate
protease, the P1 reactive site methionine residue of ecotin was
proved not to be crucial for its specificity toward target proteases.
The replacement of Met 84 with Ile, Arg, Glu, or Tyr showed little
or no effect on the ability of ecotin to inhibit trypsin (Seong et al.,
1994). Other interesting properties of ecotin are its exceptional
thermostability and acid stability. Ecotin retained 94% of its in-
hibitory activity after heating for at least 30 min at 100 °C (Seong
et al., 1994). Moreover, its activity was stable when exposed to pH
1.0 at 4 °C for 2 h (Chung et al., 1983).

Ecotin may play an important role in protecting the E. coli cells
against exogenous proteases (Chung et al., 1983). In the mamma-
lian gastrointestinal tract, which is the natural environment for
E. coli, serine proteases such as trypsin, chymotrypsin, and elas-
tase are present at high level. Therefore, one or more powerful
inhibitors against these proteases would be essential for the sur-
vival of E. coli and ecotin is very well suited for this purpose.

Crystals of ecotin—trypsin complex (McGrath et al., 1991a), eco-
tin alone (Shin et al., 1993), and ecotin—crab collagenase complex
(Tsu et al., 1994) have been reported. Also, the three-dimensional
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structure of the ecotin—trypsin complex has been reported (McGrath
et al., 1994). It reveals that Met 84 of ecotin is located on an ex-
tended surface loop, similar to the reactive site residue of other small
seine protease inhibitors such as BPTI. However, the most striking
feature is the presence of a second discrete and distal binding site
for trypsin. This provides a model for a novel protein—protein in-
teraction and for protease inhibition, because the protein dimeriza-
tion is used to augment the binding energy and to allow chelation
of the target protease.

In order to delineate the structural differences between uncom-
plexed and complexed ecotins, we report here the structure deter-
mination of the free inhibitor in two different crystal forms: the
previously reported orthorhombic crystal (type I) (Shin et al., 1993)
and a new, tetragonal crystal (type II), which diffracts to higher
resolution than the former.

Results and discussion

Quality of the model

All residues are well defined by the electron density for the refined
models of uncomplexed ecotin in both crystal forms (Fig. 1). This
compares with the starting model of McGrath et al. (1994), in
which six residues, 14 and 90-91, are missing. We have also
modeled the correct side chains of eight residues (5, 9, 58, 65, 89,
92, 93, 103) that were built as alanines in the starting model of
McGrath et al. (1994). B-factor plots against sequence number
(subunit 1, residues 1-142; subunit 2, residues 501-642) are given
in Figure 2. In both models of the uncomplexed ecotin, the loop
around the P1 residue Met 84 and the N-terminal loop show B-factors
higher than other regions. Table | summarizes the refinement sta-
tistics as well as model quality parameters. The mean positional
error in atomic coordinates for both models is estimated to be
within 0.3 A by the Luzzati plot (Luzzati, 1952). Either B-octyl
glucoside or trehalose was included in the crystallization condi-
tions and many molecules of these additives could be located.
Among 21 B-octyl glucoside molecules found in the asymmetric
unit of type I crystal, one molecule lacks its octyl chain due to no
electron density and six have only weak density for their octyl
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chains. In addition, two have weak electron density for the glucose
rings. All 18 trehalose (a-D-glucopyranosyl a-D-glucopyranoside)
molecules in the asymmetric unit of type I crystal are well-defined
by the electron density, except for five glucose rings, the discon-
tinuous density of which was modeled as waters.

Overall structure

The overall fold of uncomplexed ecotin is equivalent to the pre-
viously reported structure of the inhibitor in complex with trypsin
(McGrath et al., 1994). The most striking feature of ecotin is its
nonglobular shape. In order to facilitate the following discussion
on structural comparisons, some important features of the ecotin
structure are reiterated briefly here. The ecotin dimer resembles a
butterfly, with approximate dimensions of 70 A X 50 Ax204A.
The monomer is a single domain composed of a mostly antiparallel
seven-stranded B-barre] and loops connecting the secondary struc-
ture elements (Fig. 3; Kinemage 1). Ecotin lacks a-helices, but two
30-helices, formed by residues 6-10 and 101-106, are present in
both complexed and uncomplexed inhibitor structures. One of these
amphipathic 3;¢-helices (G2) contributes to the formation of a
hydrophobic core.

Three parts of ecotin are important for the inhibitory function:
(1) the primary binding site, (2) the secondary binding site, and (3)
the dimerization region. The P1 residue, Met 84, resides on a
protruding loop, which is part of the primary binding site. For the
residues P2-P1’, the ecotin—trypsin structure and BPTI-trypsin struc-
ture (Perona et al., 1993a) were found to be essentially isostruc-
tural (McGrath et al., 1994). The primary binding site also contains
a four-residue stretch (residues 51-54), through which ecotin makes
additional contacts with trypsin. The two protruding loops con-
taining these two interaction sites are linked by a disulfide bond
between Cys 50 and Cys 87. The dimeric arrangement of ecotin
allows it not only to bind trypsin at the active site through the
above-mentioned primary binding region, but also to contact the
protease using the secondary binding site provided by the other
subunit. The secondary binding site comprises a loop containing
residues 566-570 and neighboring residues 534, 608, and 610 of
the other subunit. The long C-terminal tails from the two subunits
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Fig. 1. Stereo diagram of final 2F, — F. map
e around the five N-terminal residues and one tre-

halose molecule in the tetragonal, type II crystal.

The map is calculated with 20-2.19-A data and

contoured at 1.00. Figure was drawn using the
S program CHAIN (Sack, 1988).
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Fig. 2. B-factor plot of uncomplexed ecotin. (A) Type I and (B) type II crystals. Average B-factors for the main-chain atoms (solid
lines) and side-chain atoms (dotted lines) are 37.6 AZ and 38.4 A2 (subunit 1 of type [ crystal), 39.3 A? and 39.3 A? (subunit 2 of type
I crystal), and 35.6 A? and 35.8 A? (type II crystal), respectively. Average values are indicated by horizontal lines. Assignment of
secondary structural elements of uncomplexed ecotin is also given (8-strands: BC, residues 20-25; 8D, 36-48; BE, 54-63; BF, 70-81;

BG, 93-98; BH, 115-120; Bla, 124-132; BIb, 137-142; 3 ¢-helices: G1, 6-10; G2, 101-106).

form a two-stranded B-sheet. This association is mostly responsi-
ble for holding the monomers together in the dimer. Recently,
domain swapping has been proposed as a possible mechanism for
the evolution of multimeric proteins from monomers (Bennett
et al., 1995). It is plausible that the present dimeric ecotin may
have evolved from a monomeric inhibitor by domain swapping.

The additives, B-octyl glucoside or trehalose, play a role in the
packing of ecotin molecules in two crystal lattices by weakly bind-
ing to the protein surface. The polar hydroxyl groups of B-octyl
glucoside and trehalose interact with surface polar or charged res-
idues of ecotin. Octyl chains of some B-octyl glucosides make van
der Waals interactions with exposed hydrocarbon chains of argi-
nine, lysine, or threonine residues. After it was shown by McPher-
son and his coworkers that the nonionic detergent B-octyl glucoside
plays a beneficial role in crystallizing water-soluble proteins
(McPherson et al., 1986), its inclusion as an additive in protein
crystallization has become a routine practice. However, there have
not been many reports of the bound detergent molecules in the
refined structure. This study confirms the expectation that the bound
detergent molecules shield the hydrophobic patches of atoms on
the protein surface and thus reduce nonspecific interactions be-
tween protein molecules.

Structural comparisons among uncomplexed ecotins

Our present analyses of the structure of uncomplexed ecotin in two
different crystal forms allow an evaluation of the flexibility of the
inhibitor. Figure 4A shows the plot of RMS difference (RMSD) in
atomic positions as a function of residue number for comparing
ecotins in type I and II crystals. The RMSDs are 1.09 A for 1,136
main-chain atoms in the dimer and 1.63 A for 1,124 side-chain
atoms, respectively. In contrast, those between the two indepen-
dent monomers in type I crystal are 0.24 A for 568 main-chain
atoms and 0.34 A for 562 side-chain atoms, respectively (Fig. 4B).

Large RMSD:s in Figure 4A correspond to the loop around Met 84
(part of the primary binding site) and the N-terminal loop region,
as well as the loop around residues 66-70 (part of the secondary
binding site). This, along with high B-factors for the first two
regions, indicates that these regions are the most flexible parts of
the ecotin structure. Due to the inherent flexibility, their confor-
mations are likely to be influenced by their interactions with the
protease as well as the crystal packing environment, including the
interactions with the bound additives such as B-octyl glucoside or
trehalose.

Structural comparisons between uncomplexed
and complexed ecotins

When the structure of ecotin in complex with trypsin is compared
with those of the uncomplexed ecotins, the RMSD is either similar
or slightly larger than when uncomplexed ecotins in two different
crystal forms are compared. The RMSDs for comparing the struc-
tures of the complexed inhibitor and the free inhibitor in type I
crystal are 1.04 A for 1,088 main-chain atoms in the dimer and
1.44 A for 1,032 side-chain atoms, respectively (Fig. 4C). Those
for comparing the structures of the complexed inhibitor and the
free inhibitor in type II crystal are 1.43 A and 1.92 A, respectively
(Fig. 4D). Therefore, the complexed ecotin appears to be some-
what more similar to the uncomplexed ecotin in the orthorhombic,
type 1, crystal. Between type I and complexed, the loop around
Met 84 (part of the primary binding site) shows the largest devi-
ation, whereas between type II and complexed, not only this loop,
but also the loop around residues 66-70 (part of the secondary
binding site), show large deviations. This may be due partly to the
involvement of the secondary binding loop in the crystal packing
in type I crystal. A Ca superposition of the free and complexed
ecotins is given in Figure 5 (Kinemage 2). It shows a concerted
shift of backbone atoms in the primary binding region of the in-
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Table 1. Statistics for data collection and refinement for ecotin crystals

Crystal type

Orthorhombic (type I)

Tetragonal (type II)

Data collection
Number of crystals

1

1

Maximum resolution (A) 2.68 2.19
Space group P2,2,2, P452,2
Number of measured reflections 27,207 67,215
Number of unique reflections 7,810 8,537
Ryperge” (%) 7.6 73
Completeness of data Resolution Completeness Resolution Completeness
range (A) (%) range (A) (%)
30.7-2.68 80.0 84.0-2.19 91.6
2.80-2.68 25.2 2.29-2.19 73.2
Refinement
Resolution range (A) 6.0~2.68 6.0-2.19
No. of reflections (F > 2a) 6,885 8,017
Completeness (%) 78.1 92.3
R-factor (%) 18.0 21.3
No. of non-hydrogen atoms
Total 2,767 1,569
Protein (no. of residues) 2,260 (2 X 142) 1,130 (142)
Additive (no. of molecules) 412 (21 BOgs) 359 (18 trehaloses)
Water 95 80
Average B-factors (AZ) M1 (1-142) M2 (501-642)
Main-chain 37.6 39.3 35.6
Side-chain 384 393 35.8
Additive 54.2 58.7
Water 45.1 54.6
RMSD of geometry from ideal values
Bond lengths (A) 0.009 0.011
Bond angles (degrees) 1.552 1.819
Ramanchandran outliers 0 0

*Ruerge = 2on il I(); — UMW/ 22 1(h);, where I(h) is the intensity of reflection h, 3, is the sum over all reflections, and 3, is
the sum over the i measurements of reflection h. R-factor = 3||Feqc|l — |Fopsl|/Z|Fobsl, Where Foy and F, are the calculated and

observed structure factor amplitudes, respectively.

hibitor and its vicinity when in complex with trypsin. The nature of
this structural change may be monitored by comparing the dis-
tances between Ca atom of Met 84 in the primary binding site and
those of nearby residues (534, 566-570, 608, and 610) in the
secondary binding site. The average of these distances is 21.5 A,
23.6 A, and 227 A in complexed, type I, and type II crystals,
respectively. Roughly speaking, therefore, the primary and second-
ary binding sites get closer to each other by 1-2 A when trypsin
binds to ecotin. Moreover, the distance between Ca atoms of
Met 84 and Gly 102 is shortened by 2.5 A in the complex with
trypsin (Fig. 5).

Many of the side chains showing an RMSD exceeding the av-
erage value in a structural comparison between complexed and
uncomplexed ecotins (Fig. 4C,D) are involved in trypsin binding
and/or the crystal packing. The side-chain conformations worth
mentioning are depicted in Figure 6. The side chain of P1 residue,
Met 84, is more extended toward the cleft between the primary and
secondary binding sites in the complexed structure than in the
uncomplexed structure (Fig. 6A, Kinemage 3). The residues 51—
54, forming the second contact region of the primary binding site,
show similar side-chain conformations, except Leu 52 and Arg 54
(Fig. 6B). The side chains of residues 66-70 in the secondary
binding site show similar conformations for both complexed ecotin

and uncomplexed inhibitor in type I crystal (Fig. 6C). However,
those for the inhibitor in type II crystal show some differences, due
to the close contact with neighboring molecules. The residues around
99-105, which contain part of the 3p-helix (G2), also show large
conformational differences on complexation (Fig. 6D).

The magnitude of structural changes in protease inhibitors when
binding target enzymes ranges from very small to extremely large.
For the best-characterized BPTI, the RMSD between complexed
and uncomplexed inhibitors is 0.26-0.27 A for 58 Ca atoms (Pe-
rona et al.,, 1993a). SSI exists as a dimer, with each monomer
binding a protease molecule independently. The RMSD between
107 Ca atoms of free SSI and the inhibitor in SSI-subtilisin BPN'
complex is 0.63 A (Takeuchi et al., 1991). At the other extreme,
the serine proteinase inhibitor (serpin) family shows the most dra-
matic conformational change. That is, the reactive site loop is
inserted into a large central 3-sheet after cleavage. A superposition
of 54 Cx atoms in the central 3-sheet of the uncleaved and cleaved
«-antitrypsin gave an RMSD of 2.4 A (Song et al., 1995). The
RMSD between cleaved and uncleaved antithrombin III was 1.7 A
for a superposition of 61 Ca atoms (Schreuder et al., 1994). For
ecotin, the RMSD between 136 Ca atoms in the uncomplexed and
complexed inhibitor is 0.99 A (for type I crystal) and 1.34 A (for
type II crystal). Ecotin resembles BPTI and SSI in that the primary



binding loop shows the most pronounced structural change when
binding the target protease. Although the magnitude of the ob-
served change for ecotin is larger than that for BPTI and SSI, the
different resolutions and accuracies of the structures being com-
pared have to be taken into account.

Altering the specificity toward target proteases

Ecotin inhibits many different serine proteases (Chung et al., 1983;
McGrath et al., 1991b; Seymour et al., 1994; Ulmer et al., 1995).
Figure 7 shows the sequence alignment of ten such target prote-
ases: bovine chymotrypsin (BCHY), bovine trypsin (BTRYP), hu-
man plasma kallikrein (HKALL), human urokinase (HURO), factor
XlIa (FXIIA), factor Xa (FXA), fiddler crab collagenase (FCCOL),
granzyme B (GRAB), rat mast cell chymase (RMCC), and human
leukocyte elastase (HLE). In the structure of ecotin-trypsin com-
plex (McGrath et al., 1994), the primary binding site of ecotin
interacts with the regions around the catalytic triad of trypsin
(His 57, Asp 102, and Ser 195, according to the chymotrypsin
sequence numbering scheme). The regions around these catalytic
residues are highly conserved (Fig. 7). In addition, the secondary
binding site of ecotin interacts with two segments of trypsin: one
segment from residues 91 to 96, and the other from 237 to 240
(chymotrypsin numbering scheme will be followed for this dis-
cussion) (McGrath et al., 1994). The sequences around these two
segments show limited homology (Fig. 7). The region of residues
approximately from 160 to 180 is also likely to be important for
binding ecotin, because the corresponding region in trypsin is in-
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Fig. 3. A: Stereo ribbon diagram of ecotin. The
N and C termini are indicated, as are the reactive
P1 residue Met 84 and the disulfide bond be-
tween Cys 50 and Cys 87. Secondary structure
was assigned with PROCHECK (Laskowski
et al., 1993). Each subunit contains two 3,9 he-
lices as well as seven B-strands. B: Stereo draw-
ing of the Ca trace of ecotin. Every tenth residue
is represented by dot and every 20th residue is
labeled. Figures drawn with MOLSCRIPT (Krau-
lis, 1991).

serted into the cleft between the primary and secondary binding
sites of ecotin (McGrath et al., 1994). Three-dimensional struc-
tures of many serine proteases, including trypsin (Bode & Schwa-
ger, 1975), chymotrypsin (Blevins & Tulinsky, 1985), elastase (Bode
et al., 1986), kallikrein (Bode et al., 1983), factor Xa (Padmanab-
han et al., 1993), human factor D (Narayana et al., 1994), rat mast
cell protease II (Remington et al., 1988), Streptomyces griseus
trypsin-like protein (Read & James, 1988), and tonin (Fujinaga &
James, 1987), share a common topology. Other proteases showing
sequence similarity to these are expected to have a similar topol-
ogy of folding. The dimeric ecotin appears to have evolved for an
optimal inhibition of a broad range of serine proteases of similar
topology. It is reasonable to anticipate that mutations of ecotin in
the primary or secondary binding site may alter the specificity
toward target proteases. In fact, mutants of ecotin in which the
reactive Met 84 is replaced by arginine or lysine inhibit thrombin,
factor Xla, activated protein C, and plasmin, which are not inhib-
ited by the wild-type ecotin (Seymour et al., 1994).

Thermostability and acid stability of ecotin

Because no mesophilic homologue of ecotin is known, it is not
possible to draw any firm conclusions about the structural origins
of its exceptional thermostability through a structural or a se-
quence comparison. However, our refined models of uncomplexed
ecotin in two different crystalline environments provide a useful
insight into understanding the structural basis of its exceptional
thermostability.
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Fig. 4. RMSD plot for comparing ecotin structures. A: Between uncomplexed type I and type II crystals. B: Between subunits in
uncomplexed type I crystal. C: Between uncomplexed type I crystal and ecotin complexed with trypsin. D: Between uncomplexed type
II crystal and ecotin complexed with trypsin. RMSDs for main-chain atoms (solid lines) and side-chain atoms (dotted lines) of each

residue are plotted. Average values are indicated by horizontal lines.

First, extremely thermostable proteins often lack a disulfide bond,
let alone cysteine residues, and this may be due to the potential
oxidation and degradation at this site (Lee et al., 1991b; Eom et al.,
1995). However, very small proteins, not large enough to form a
hydrophobic core, are usually stabilized by numerous disulfide
bonds. The presence of a single disulfide bond in ecotin a few
residues away from the reactive Met 84 in a flexible loop is in-
triguing. This is an intrasubunit disulfide bond between Cys 50 and
Cys 87. This disulfide bond appears to play an important role in the
maintenance of the structural stability rather than in the inhibitory
activity. Supporting evidence comes from a mutagenesis experi-
ment in which the replacement of Cys 87 with Ser showed no
effect on the ability of ecotin to inhibit trypsin, chymotrypsin, or
elastase. However, the C87S mutant ecotin was more sensitive to
inactivation by heating at 100 °C than the wild-type inhibitor (Seong
et al., 1994). The case of BPTI is similar in that the disulfide bond
(Cys 14—Cys 38) in its protease binding loop may not be absolutely
required for the inhibitory activity, but may be necessary for ther-
mostability (Marks et al., 1987). In contrast, however, that of SSI,
Cys 71-Cys 101, is critical to both inhibitory activity and thermo-

stability (Kojima et al., 1993). Because the disulfide bond is lo-
cated on the protruding part of the ecotin structure, in the vicinity
of the primary binding region and well separated from the main
body of the protein, its role in protein stability may be limited to
a local stabilization of this protruding part, which lacks a hydro-
phobic core of itself. A similar strengthening of solvent-exposed
loops via salt bridges, instead of a disulfide bond, was proposed to
be one of the contributing factors to the thermostability of indole-
3-glycerol phosphate synthase from the hyperthermophile Sulfo-
lobus solfataricus (Henning et al., 1995).

Second, salt bridges are found to be one of the major stabilizing
forces for highly thermostable proteins. For example, for the hy-
perthermophilic tungstopterin enzyme, aldehyde ferredoxin oxido-
reductase from Pyrococcus furiosus, the number of ion pairs per
residue is more than twice the average (~0.085 versus ~0.04)
(Chan et al., 1995). Ion pairs per residue was defined as the dif-
ference between the numbers of attractive and repulsive ionic in-
teractions that occur between polar atoms of charged side chains
within 4 A, divided by the total number of residues (Barlow &
Thornton, 1983; Chan et al., 1995). Similarly, for the hyperther-



mophilic enzyme glutamate dehydrogenase from P. furiosus, the
number of ion pairs per residue (0.11) is approximately twice its
mesophilic homologue (0.06) (Yip et al., 1995). Moreover, the
distribution of the residues involved in ionic interactions in the
hyperthermophilic enzymes shows a difference from the meso-
philic ones. That is, in the hyperthermophilic enzymes, extensive
ion pair networks or ion clusters were observed (Yip et al., 1995).
In the case of free ecotin, the number of ion pairs per residue is
either 0.060 (eight in one subunit and nine in the other) for the
structure in type I crystal or 0.049 (seven per subunit) for type II,
not much different from the average for mesophilic proteins. The
distribution of residues involved in the salt bridges is not partic-
ularly unusual and there is no network of ion pairs (Fig. 8). There-
fore, it may be concluded that the role played by salt bridges in the
exceptional thermostability of ecotin cannot be a major one. This
is consistent with the observation that more than half of the seven
to nine ion pairs per ecotin monomer in the two different crystal-
line environments are not conserved, even if the distance limit for
counting ion pairs is relaxed to 4.5 A. One of the well-conserved
ion pairs is between Glu 2 and Arg 642 (belonging to the other
subunit) (Figs. 1, 8). The other is between the Glu 8 and Arg 22
(Fig. 8). The former salt bridge appears to contribute to the sta-
bilization of both N and C termini and the latter to further stabil-
ization of the N-terminal loop. Therefore, salt bridges may play at
least a limited role in the thermostability of ecotin, if not a major
role. Strengthening of polypeptide chain termini was also observed
for the hyperthermophilic enzyme SsIGPS (Henning et al., 1995)
and the reduction of flexibility in the termini of the polypeptide
chain was proposed to be a contributing factor for thermostability
(Politz et al., 1993). Our experience stresses the importance of
comparing the structures in different crystalline environments for
a meaningful assessment of the role of ion pairs in protein ther-
mostability, because the side-chain conformations of charged res-
idues involved in such ion pairs could be influenced significantly
by the crystal environment.

Third, deamidation of asparagine residues was found to be one
of the processes leading to the heat inactivation (Ahern & Kli-
banov, 1985). The formation of the major product of deamidation,
isoaspartate, occurs frequently at Asn-Gly, Asn-Ser, or Asp-Gly
sequences when they lie in regions of the polypeptide that are
highly flexible (Aswad, 1990). Ecotin has two potential sites of
deamidation and subsequent isoaspartate formation: Asp 89—
Gly 90 and Asn 110-Ser 111. The former is located in a flexible
loop belonging to the primary binding site. Two residues, Gly 90

D.H. Shin et al.

Fig. 5. Stereo diagram showing the superposition
of Ca atoms of ecotin structures. Ecotin complexed
with trypsin (light lines), uncomplexed type I struc-
ture (grey lines), and uncomplexed type II structure
(black lines). Ca atoms of Met 84, Gly 102, and
residues forming the secondary binding site are la-
beled.

and Lys 91, are missing from the structure of ecotin—trypsin com-
plex determined by McGrath et al. (1994). This could result from
either the isoaspartate formation and subsequent degradation at
this site or from the disorder due to high flexibility. The latter
possibility is more likely, because this part of the chain shows high
B-factors in our models. In contrast, the sequence Asn 110-Ser 111
has low B-factors in both of our models and thus the region con-
taining this sequence does not seem to be highly flexible. The
electron density in our study indicates that an isoaspartate forma-
tion at the above two potential sites does not occur to any detect-
able level. It may be concluded that ecotin is resistant to
thermoinactivation through deamidation and isoaspartate forma-
tion, even with the above two potential degradation sites.

Fourth, shorter loops may afford proteins some resistance to
thermal unfolding, as in thermostable citrate synthase from Ther-
moplasma acidophilum (Russell et al., 1994). In the case of ther-
mostable oligo-1,6-glucosidase from Bacillus thermoglucosidasius
KP1006, proline residues occurring with high frequency in the
loop regions were assumed to be responsible for the enhanced
thermostability. The contents of proline residues in thermo-
labile B. cereus oligo-1,6-glucosidase and thermostable oligo-1,6-
glucosidase from B. thermoglucosidasius KP1006 are 19 of 558
residues (3.4%) and 33 of 562 residues (5.9%), respectively. That
in ecotin is 8 of 142 residues (5.6%). Except for Pro 80, which
belongs to a B-sheet, all other prolines are located within or close
to the loop regions. The loop region containing Pro 88, which is
part of the primary binding site and therefore interacts with trypsin
in the complex structure (McGrath et al., 1994), extends toward
the solvent. Other loops containing prolines are much shorter and
do not extend much into the solvent. Therefore, the stabilization of
loops by prolines is one of the factors responsible for the excep-
tional thermostability of ecotin.

Fifth, it is plausible that a reduced surface area and optimized
packing of the atoms in the core of a structure increases protein
stability. In the case of the extremely thermostable AOR, the ac-
cessible surface area is much reduced (Chan et al., 1995), as the
low ratio of Ao/Ac indicates, where Ao and Ac are the observed
and calculated surface areas. For the free ecotin, the ratio is 1.30
(in type I crystal) and 1.33 (in type II crystal). This unusually high
ratio is not unexpected, because ecotin has a highly nonglobular
shape. Therefore, the thermostability of ecotin cannot originate
from the reduced surface area. Likewise, thermostability was not
correlated with a reduced accessible surface area for SSIGPS (Hen-
ning et al., 1995). A simple indicator for evaluating the efficiency
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of packing is given by the fraction of atoms in a protein with zero
accessible surface area. For the hyperthermophilic AOR, the frac-
tion (~0.55) is significantly higher than the average (Chan et al.,
1995). For uncomplexed ecotin, however, the fraction is only 0.46,
not much different from the average value. Thus, the fraction of
buried atoms, like surface area, does not provide a good explana-
tion for the thermostability of ecotin. A similar case is glutamate
dehydrogenase (Yip et al., 1995), for which there was no signifi-
cant difference in the fraction of buried atoms between hyperther-
mophilic and less thermostable ones (0.62 versus 0.61). Another
important factor for protein stability may be the size and number

of cavities in the structure. When the cavities in the six different
triose phosphate isomerase structures were analyzed, a thermo-
philic enzyme from B. stearothermophilus had the smallest num-
ber of cavities and the smallest total cavity volume (Delboni et al.,
1995). In the free ecotin structures, only a single cavity of small
volume [probe-accessible volume being 19 A* and 32 A* for type
I and II crystals, respectively, when calculated with probe radius
1.4 A using the program GRASP (Nicholls, 1992)] is present at the
intersection, where the approximate molecular twofold symmetry
axis passes through the dimer. This tiny cavity is formed by the
aromatic rings of Trp 130 and 630. In the complexed structure of



410 +20 $30 $40
BCHY CGVPATQPVLSGLSRT VNGEEAVEGSWPHQVSLODKTGFHE -——
BIRYP N oo IYGSYTOGANTVEYQVSL—SGYRF-——
HKRLL [ ——— 1.1 GGTGAAPPTQ-~—SRIVGGHECEQHSQPWQRALY ———— HFST,
HURO MVHDCADGKKPSSPPEELKFQ-—-0G0-—~KTLRPRF-KI IGGEFTTIENQEWERAT Al
EXIIA TRVVGGLVALRGAHPY LAALY —~WG-H -~5F—
XA TRIVEGOBCKDIGECPAGA LINEENE G -~
EFCOOL TVGGYEAVPNSWPHOAALFTDDMY ~F-———
GRAB MK=L====m e L LUTLSL - ASRTK G- ETICCHEVKEHSRPWALLSIK000PBAT-
RMOC TH-LILLI I GSS=—-~TK-~ A ETIGGTEC PHERPIMAYL EIVISENYLSA:
HIE PAT 7 L RGCHE- o
MIS 1310 0 3 1
Cmmmm e >
450 457460 470 480 490 +100
BCHY CGGSLINENWVVT: OB VVVAGEFDOGSSSEI ORI AKVTK -NSKINSLTTIN-—
BIRYP CGGSLIN TQ-~~--VRL~GH FISASKSTV-HPSYNSNTLAN-—
HKRLL CGGILVHROWVLTARHCISDNYQ--=-~Li WL—GRPMEDDENTAQFVHVSESFP HEGPNISLLENITR
HURO CGGSL.ISPOWVI SATHCFI DY PRKEDY TVYL-GRSRLNSNTQ-GEMKFEVENLI LEKDY - SADTLAHA-
FXIIA AL ARV LTASCL CDREAPEDLTVV, CORRRNHSCEPCTLAVRS - RLHEAE SPVSYOH-~
EXB CCSTILSERY TLIARRCL—— WHEVEVVI TV
FCCOL 1SPEWILTAAHC-MDGAGE— VDVVL—GAHNIREDEAT—QV’I‘IQSTDFTVHH\TYNSEVISNA»
GRAB OGS LI REORVL T AR EGSI-——- INVT] ~GAHNIKEQEKTOOVI PMVKCT P-HPDYNPKTESN-—-—
RMCC CSCELIRRNFULTABHC-AGRS—— 1 3] FL-HPKYDENLVVH--~
HLE TLIAPNEVMSARHC -VANVIVRAVRVVL-GAHNLSRREPTROVEAVOR] FE -~ NGYDEVNLLN-
MIS 021 12 42430100 1203 3 2 23 4
Cmmm e > L > > <--eceeee—-—>
Jiio 4120 4130 4140 4150
BCHY TTLLKLST-— —SESQT~—VSAVCLFS~~—ASDDEAAGHC\/'1~1@«3 TRYTNANTP
BIRYP ML TKLKS —-~AA- SLNSR——~VASISLET TISGHGNTKSSGTSYP
HKALL L ~AD-TITDA~~~ ST SRS TREENES D
HURO ALLKIRSKE‘GRCAQPSRT——-IQFICLPS———MYNDPQFG’I‘SCEIICEGKE.NSTDYL‘{P
EXIIA LATLRT QED--ADGSCALLSPYVORVCLES -~ ~GAARDS] OFEGAEEYA
FXA EDLAVLALKTE L~ TER VD TIMIQKTGIVSGFGRTHEKGRO-S
FOCOL DIAVVRLEVP-~V—TLTAA-—- TATVCLESTO--~—-VGVGTVVIPIGNCLESDSALETS
GRAB ~DIMLLKL KSK-~BKAT-RA~—~~VRPLNLPRRN--~VNVKPGDVCYVAGWGRMAPMG-KYS
RMCC DI K -AKLTLG - —VGTLPLSANF-——NFTPPGRMCRAVCHGRTNVNE-PAS
HLE ~DTVILOLNGS-~A~—TINAN---VQVAQL PAQG-~-RRLGNGVOCLAMGWGLLGRNR-GIA
MIS 03331 3 4 20 2 2 020
Cmmm e > K== Ko > <mmmmm e >
4160 3170 4180 3190 4195 4200 4210
BCHY DRLOOASLPLLSNTNCKKY-H—GTKT KIBMI CAG-—ASGVS SCMIDBGGPLVCKKNGA——-WTLVGIVS
BIRYP DVLKCLKAPTLSDSSCKSA-YPGO-T TSNMFCAL! S T
H DDLOCYDLKI LPND] - EMLCVGHLEGCKDTCVGDSGGELMCDG - ——
EQLRMIVVKL I SHRECOOPHY YGS) POWKTDSK OQGDSGGPLVCSLQG———MLTGIVS
FXIIA SFLOFAQVPFLSLERCSAPDVHGSS ILPGMLCAGELEGG T DACOGDSGGPLVCE!
SCR - LSS5 T I TONUECAGY TR O DO TRE
FCOOL OVLROVDVPIMNSADCD--AVYG- IVTDGNICT DS~ TGGK P
NTLQEVELTVOKDRECESY FKNRYNKT -NOTCAGDPKTKAASFRGDSGGELVCKK -~
RICC POACKHE - TSFRHNS~~OLCVGNE!
HIE SVLQELNVTVVTSL-CR—~~~——R--5-~NVCTLVRGROAGVCFGDSGSPLVCNG—
MIS 04 0 4 4043 2 000010232
Cmmmm e oo > == > Cmmm > e
4220 230 240 4245
BCHY WGSSTCSTST-~PGVYARVTALVNAVOQ-TLARN
BIRYP WG-SGCAQKNK- PGVYTKVCNYVSWIKD-TTASN
HEALL WGYVECGTPNK-PSVAVRVLS YVKWIED-TIAENS
HURO WG-RGCALKDK-PGVYTRVSHFLEWIRSHTKEENGLAL
EXITA  WG-SGCGDRNK-PGVYTOVAYYLARIREHTV-S
BXA WG-EGCARKGK - YGI YTKVTAFLKWI DR-SMKTRGL TTSSPLK
FOOOL PORAAGCEAGY - PLARTRVIYELDRTO “ITerTe
GRAB YGL———KDGSPPRAFTRVSSFL SWIKK
RCC V- RREPPAVETRISHYREHINKLL R
HLE mmsGLv~PDAmmaEVNWIDs1IQmEmPCPHPRDPDpASRTH
MIS 42 3 41431 0l 3

>

Fig. 7. Sequence alignment of ten proteases reported to be inhibited by
ecotin. Sequences from National Center for Biotechnology Information
protein database. The abbreviation and accession number are as follows.
Bovine chymotrypsin (BCHY; KYBOA), bovine trypsin (BTRYP; S13813),
human plasma kallikrein (HKALL; KQHU), human serosal urokinase
(HURO:; A32974), factor XITa (FXIIA; S28941), factor Xa (FXA; A24478),
fiddler crab collagenase (FCCOL; KCUF), granzyme B (GRAB; A28952),
rat mast cell chymase (RMCC; S23504), and human leukocyte elastase
(HLE; S06241). Catalytic triad residues in bold; e, residues interacting
with secondary binding site of ecotin reported by McGrath et al. (1994).
Roughly 13 homologous regions (arrows connected by dashed line) are
revealed by the alignment of mammalian serine protease sequences (Greer,
1990). The region of residues approximately from 160 to 180 (chymotryp-
sin numbering), denoted by arrows connected by solid line, is inserted into
the cleft between the primary and secondary binding sites of ecotin. The
number of mismatches up to four is given below the sequence for highly
conserved residues.

ecotin, this cavity is not present. Therefore, ecotin has a very
tightly packed hydrophobic core and this is perhaps the most im-
portant stabilizing factor. No alanine residues are present in the
hydrophobic core of ecotin and this may be correlated with its tight
packing.

Another known factor for increasing protein thermostability is
the stabilization of helix dipoles (Nicholson et al., 1991). How-
ever, this is irrelevant for ecotin, which lacks regular a-helices. A
combination of genetic and structural studies on designed mutants
of ecotin will lead to a more complete understanding of the struc-
tural origin of its exceptional thermostability.

Ecotin also shows acid stability when exposed to pH 1.0 at 4 °C
for 2 h (Chung et al., 1983). The Asp-Pro bond, known to be
susceptible to autolysis at acidic pH (Marcus et al., 1982), is not
present in ecotin sequence. It is reasonable to assume that a com-
plete protonation of aspartate and glutamate residues will occur at
pH 1.0 and thus there will be a complete loss of ion pairs, even if
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the three-dimensional structure of ecotin is assumed to be retained.
It may be argued that the acid stability of ecotin partly derives from
the fact that ion pairs play only a limited role in the thermostability
of ecotin. In other words, even at very low pH, all major stabilizing
forces in ecotin are still retained.

Materials and methods

Crystallization and X-ray data collection

The recombinant ecotin was overexpressed and purified as de-
scribed previously (Lee et al., 1991a). For producing the type I
crystals, the presence of 0.10% (w/v) B-octyl glucoside in the
hanging drop was essential. X-ray data collection and preliminary
X-ray crystallographic data for type I crystal form were reported
previously (Shin et al., 1993). The crystal belongs to the space
group P2,2,2, with unit cell parameters of @ = 39.22 A, b =
84.86 A, and ¢ = 98.74 A. The asymmetric unit contains one
dimeric molecule of ecotin, with a crystal volume per protein mass
(V,,) of 2.55 A3/Da and a solvent content of 51.8% by volume
(Matthews, 1968). Native X-ray data to 2.68 A were collected
using the CuKa X-rays using one crystal at 18 °C.

After solving the ecotin structure in type I crystal form, a new
crystal form (type II) was obtained by replacing 0.10% (w/v)
B-octyl glucoside by 0.10% (w/v) trehalose. Rod crystals grew at
23 (%0.5) °C in three weeks to approximate dimensions of
0.1 mm X 0.2 mm X 0.5 mm. The native data were collected from
one crystal at 14 °C using a Weissenberg camera for macromolec-
ular crystallography at the BL-6A2 experimental station of Photon
Factory, Tsukuba, Japan (Sakabe, 1991). The wavelength of syn-
chrotron X-rays was 1.000 A and a 0.1-mm collimator was used.
A Fuji image plate (type BAIIL, 20 X 40 cm) was placed at a
distance of 429.7 mm from the crystal. The oscillation range per
image plate was 7.5 degrees with a speed of 2.0 degrees/s and a
coupling constant of 2.0 degrees/mm. An overlap of 0.5 degree
was allowed between two contiguous image plates. The diffraction
patterns recorded on the image plates were digitized by a Fuji
BA100 scanner. The raw data were processed using the program
WEIS (Higashi, 1989). The data extended to 2.19 A and consisted
of 67,215 measurements of 8,537 unique reflections with an Ry,,..,.
(on intensity) of 7.3% (rejecting 3.5% outliers). The merged data
set is 91.6% complete to 2.19 A, with the shell completeness
between 2.29 A and 2.19 A being 73.2%. Refined unit cell param-
eters of @ = b = 63.32 A, and ¢ = 84.13 A were obtained. The
space group was determined to be either P4,2,2 or its enantio-
morph P4,2,2 by inspecting the intensity distribution of the data.
The latter space group was found to be correct on the basis of later
translation function calculations. There is one monomer in the
asymmetric unit (V,, = 2.62 A3/Da; solvent content = 53.1%)
(Matthews, 1968).

Molecular replacement

The program X-PLOR (Briinger, 1992) was used for the molecular
replacement calculation. Reflections with F, > 2 oF were used
throughout the molecular replacement and subsequent refinement
calculations. In solving the ecotin structure of type I crystal, the
search model was the model of the dimeric inhibitor in the previ-
ously reported structure of ecotin—trypsin complex (McGrath
et al., 1994) (the refined complex model has an R-factor of 18.0%
for the 6-2.4 A data, with RMSD from ideal stereochemistry of
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Fig. 8. Molecular surface of uncomplexed ecotin (in orthorhombic, type I crystal) colored according to electrostatic potential. Posi-
tively charged regions are blue and negatively charged regions red. Top: when the view on the left side is rotated by 180 degrees around
the vertical axis, the view on the right is obtained. Bottom: the left view is from the side and the right view is from the top. Figures were

generated using GRASP (Nicholls, 1992).

0.10 A and 2.85 degrees for bond distances and angles, respec-
tively). In the starting model, six residues, 1-4 and 90-91, were
missing from each subunit and eight residues (5, 9, 58, 65, 89, 92,
93, 103) were modeled as alanines. The two subunits, related by a
noncrystallographic twofold symmetry, agreed with RMSDs of
0.66 A and 0.79 A for main-chain and side-chain atoms, respec-
tively. The probe structure factors were calculated by placing the
starting model in an orthogonal unit cell with dimensions of
100 A X 100 A X 100 A. The orientations were sampled by using
the pseudo-orthogonal Eulerian angles. The rotation function search
was conducted using a maximum Patterson radius of 30 A and a
step size of 2.5 A. A clear solution was obtained only when the
low-resolution data down to 20.0 A were included. Rigid-body
Patterson correlation refinement (PC refinement) was then per-
formed on 89 orientations produced by the above cross rotation
search for the 20.0-3.5-A data. The PC refinement gave a clear
rotation function solution: a = 259.8 degrees, B = 91.7 degrees,
and y = 161.0 degrees. Next, the translation function, calculated
using the 20.0-3.5-A data, yielded the translation solution as x =
0.450, y = 0.460, and z = 0.325 in fractional coordinates. One
dimer in the asymmetric unit, after being oriented and positioned
according to the above solution, gave an R-factor of 51.1% for the
8.0-3.5 A data.

For the type II crystal form, the starting model for the molecular
replacement calculation was a single subunit in the model of ecotin
in type I crystal, which was refined to an R-factor of 18.0% for
the 6.0-2.68-A data with RMSD from ideal stereochemistry of
0.009 A and 1.55 degrees for bond distances and angles, respec-
tively. Each subunit in the unrotated ecotin model failed to give a
clear solution for the cross rotation function. Therefore, the cal-
culation was repeated after rotating the starting model by Eulerian
angles of 6, = 22.0 degrees, 6, = 33.0 degrees, and 6; = 44.0
degrees. This gave a clear solution: o = 288.8 degrees, B = 58.9
degrees, and y = 245.9 degrees. Next, the translation function was
calculated using the 20.0-3.5-A data to obtain the translation so-
lution: x = 0.207, y = 0.262, z = 0.000 in fractional coordinates.
A single monomer in the asymmetric unit, after being oriented and
positioned according to the above solution, gave an R-factor of
43.6% for the 8.0-3.5-A data.

Refinement

The program X-PLOR (Briinger, 1992) was used for all refinement
calculations. Only reflections with F,, > 20F were included through-
out the refinement calculations. Isotropic B-factors for individual
atoms were fixed initially to 15 A2 and were refined in the last
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stages. For the type I crystal, the noncrystallographic symmetry
restraint between the two subunits was relaxed only at the final
stage of the refinement. The 2F, — F, and F, — F, maps were used
for the manual rebuilding between refinement cycles and for the
location of solvent and additive molecules. When the refined B-factor
of a solvent molecule exceeded 80 A2, it was removed.

For the type I crystal, an initial rigid-body refinement was started
with the 8.0-6.0-A data to further improve the positional and ori-
entational parameters. The higher-resolution data were added in
steps to 3.5 A, as the number of rigid bodies was increased from
2 to 14. The R-factor at this stage was 43.8% for the 8.0-3.5-A
data. Next, atomic positions were refined by the conventional con-
Jjugate gradient minimization, with high-resolution data being added
in steps. The model was then subject to the simulated annealing
refinement, employing the standard slow cooling protocol from
4,000 K to 300 K (time-step 0.5 fs; decrement of temperature
25 K; number of steps at each temperature 50). Missing residues
(14, 90-91), as well as the residues modeled as alanines in the
starting model, were built with correct residues during several
conventional positional refinement cycles, with the R-factor drop-
ping to 26.8% for the 6.0-2.68-A data. The 2F, — F.and F, — F,
electron density maps revealed the bound $-octyl glucoside mol-
ecules and a total of 21 could be located in the asymmetric unit.
After positional refinement, the R-factor dropped to 25.2% for the
same data. Water molecules were added to the model and the
noncrystallographic symmetry restraint between the two indepen-
dent subunits in the asymmetric unit were relaxed. At this stage,
the R-factor dropped to 23.8%. Finally, the refinement of isotropic
B-factors for individual atoms, initially fixed to 15 A2, gave the
final R-factor of 18.0% for the 6.0-2.68-A data.

For the type II crystal, a total of 18 trehalose molecules could be
located in the asymmetric unit after the simulated annealing re-
finement. The R-factor was reduced to 28.0% for the 6.0-2.19-A
data during conventional positional refinement steps. After adding
water molecules and refining isotropic B-factors for individual
atoms in the final cycle, the R-factor dropped to 21.3% for the
6.0-2.19-A data.

Model building and structure analysis

For the model rebuilding and the display of electron density maps,
the graphics programs FRODO (Jones, 1985), running on an Evans
& Sutherland PS390 graphics system, and CHAIN (Sack, 1988),
running on a Silicon Graphics Indigo2 XZ workstation, were used.
At each stage of the model rebuilding and refinement, the stereo-
chemistry of the model was assessed by the program PROCHECK
(Laskowski et al., 1993). Structural comparisons were made using
the program LSQKAB in CCP4 program package (CCP4, 1994).

Structure coordinates

The atomic coordinates and structure factor data have been de-
posited in the Brookhaven Protein Data Bank (PDB ID: 1ECZ,
RI1ECZSF for type I crystal and 1ECY, R1IECYSF for type II
crystal).
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