
doi:10.1016/j.jmb.2005.04.039 J. Mol. Biol. (2005) 350, 156–169
Extended Intermolecular Interactions in a Serine
Protease–Canonical Inhibitor Complex Account for
Strong and Highly Specific Inhibition

Krisztián Fodor1, Veronika Harmat2, Csaba Hetényi3, József Kardos3
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We have previously shown that a trypsin inhibitor from desert locust
Schistocerca gregaria (SGTI) is a taxon-specific inhibitor that inhibits
arthropod trypsins, such as crayfish trypsin, five orders of magnitude
more effectively than mammalian trypsins. Thermal denaturation experi-
ments, presented here, confirm the inhibition kinetics studies; upon
addition of SGTI the melting temperatures of crayfish and bovine trypsins
increased 27 8C and 4.5 8C, respectively. To explore the structural features
responsible for this taxon specificity we crystallized natural crayfish
trypsin in complex with chemically synthesized SGTI. This is the first X-ray
structure of an arthropod trypsin and also the highest resolution (1.2 Å)
structure of a trypsin–protein inhibitor complex reported so far. Structural
data show that in addition to the primary binding loop, residues P3–P3

0 of
SGTI, the interactions between SGTI and the crayfish enzyme are also
extended over the P12–P4 and P4

0–P5
0 regions. This is partly due to a

structural change of region P10–P4 in the SGTI structure induced by binding
of the inhibitor to crayfish trypsin. The comparison of SGTI–crayfish
trypsin and SGTI–bovine trypsin complexes by structure-based calcu-
lations revealed a significant interaction energy surplus for the SGTI–
crayfish trypsin complex distributed over the entire binding region. The
new regions that account for stronger and more specific binding of SGTI to
crayfish than to bovine trypsin offer new inhibitor sites to engineer in order
to develop efficient and specific protease inhibitors for practical use.
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Introduction

Besides their involvement in extra- and intra-
cellular breakdown of proteins to amino acids,
serine proteases catalyze highly specific cleavages
in a number of biological processes from blood
clotting to the complement cascade of the immune
system. They regulate the level of particular
proteins in the organism or convert their inactive
forms to active ones. While serine proteases
lsevier Ltd. All rights reserve
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perform a wide range of functions essential to life,
they can also be harmful. This may be the reason
why their activity is not only controlled by the
proteolytic activation of their inactive forms, by
their auto-inactivation (autolysis), and their trans-
port, but also by their inhibition with specific
protease inhibitors.

The control of trypsin activity in pancreas and
intestine provides a good example of these
mechanisms. As discovered more than 130 years
ago1 trypsin is produced by the pancreas in its
inactive form. It was shown a few decades later that
in addition to trypsinogen and other protease
zymogens, pancreas also contains a protein
inhibitor of pancreatic trypsin2 that was shown to
function as a protector of premature trypsinogen
d.



Figure 1. Thermal unfolding profiles of trypsins and
their complexes with SGTI. Excess transition heat
capacity of crayfish trypsin (–), bovine trypsin ($ $ $ $),
bovine trypsin–SGTI complex (- - - -), and crayfish
trypsin–SGTI complex (– – –) in 20 mM sodium phos-
phate, 100 mM NaCl (pH 7.0), using a heating rate of
1 deg.C/minute. The corresponding melting tempera-
tures are indicated.

Extended Interactions for High Specificity 157
auto-activation. Since then several pairs of serine
proteases and inhibitors have been discovered and
become not only targets of physiological studies but
also favorite structural models for protein–protein
interactions. A further aspect that makes investi-
gation of serine protease inhibitors extremely impor-
tant is their potential use in therapy. Thrombin
inhibitors in use (anticoagulants) are classic examples
of the practical realization of this kind of research.3–5

Until recently, trypsin complexed with substrate-
like canonical serine protease inhibitors provided
the only models for protease–protease inhibitor
interactions.6,7 With the development of bio-
technology and bioinformatics there is an
increasing demand for higher resolution X-ray
structures of serine protease–inhibitor complexes,
which reveal the specific interactions responsible
for the strong and selective inhibitory effect and
provide scaffolds and reliable data sets for in silico
and in vitro inhibitor design. Though there are at
least 18 protein families in this class of inhibitors
with different overall folds, all appear to share a
distinct and similar conformation of the primary
binding loop.7,8 This loop has long been thought
to exhibit the same main-chain conformation in
both free form and in complex with the protease
and to be the major determinant of inhibition.6,7

Our recent NMR studies on the backbone dynamics
of small inhibitors of the newly discovered
pacifastin family,9–12 however, have shown that
the binding loops in these inhibitors are less
defined and more flexible than all the remaining
part of the molecule.13,14 Another intriguing con-
clusion of these studies was that SGTI (trypsin
inhibitor from Schistocerca gregaria) is taxon-specific,
inhibiting arthropod trypsins, such as the crayfish
one, orders of magnitudes more effectively than the
mammalian ones.15 Our interest in the structural
basis of this strong interaction between SGTI and
crayfish trypsin initiated the present study.

Here we report the results of an experimental
approach (differential scanning calorimetry) to
demonstrate the strength of interaction between
SGTI and crayfish trypsin and the crystal structure
of their complex. The three-dimensional structure
reported here presents the first arthropod trypsin
structure and one of the highest atomic resolution of
a serine-protease–protein inhibitor complex deter-
mined so far. Results from our structure-based
molecular dynamics calculations are in agreement
with the experimental data showing that the
intermolecular interactions in the crayfish trypsin–
SGTI complex are much stronger than those in
the bovine trypsin–SGTI one. Our data provide
experimental support to the hypothesis16,17 that
taxon specificity of inhibitors of the pacifastin
family like SGTI is at least partly due to their
interaction with the protease outside the commonly
used interaction site of a canonical protease
inhibitor, the binding loop. Engineering these
newly explored sites may allow the production of
highly specific inhibitors of therapeutically relevant
proteases.
Results
Thermal stability of crayfish trypsin–SGTI and
bovine trypsin–SGTI complexes

Bovine and crayfish trypsins without SGTI
exhibited melting profiles with melting tempera-
tures (Tm) around 67 8C and 64 8C, respectively,
indicating somewhat lower structural stabilities of
the crayfish enzyme (Figure 1). Addition of SGTI to
bovine trypsin increased the Tm value to 71.5 8C,
suggesting that stability of bovine trypsin is
increased through interactions with SGTI. In the
presence of SGTI, crayfish trypsin showed dramati-
cally increased stability against thermal denatura-
tion with a Tm value of 91 8C, indicating stronger
enzyme–inhibitor interactions compared to the
bovine trypsin–SGTI complex (Figure 1). Although
the unfolding transitions were not reversible,
differences in Tm values were independent of
heating rate, suggesting that they reflect a real
thermodynamic difference in stability.
Comparison of the amino acid sequence of
crayfish and other trypsins

The nucleotide sequence was determined by
DNA sequencing of recombinant crayfish trypsin.
The amino acid sequences derived from this DNA
sequence and from the X-ray structure of crayfish
trypsin–SGTI complex using trypsin purified from
Astacus leptodactylus were only different at a single
position; in the X-ray structure a Val appears to
replace an Ala residue at position 59 (Figure 2(a)).
Comparing the amino acid sequences of crayfish
trypsin to vertebrate trypsins, there is 41%–46%



Figure 2. Amino acid sequences of crayfish trypsin and SGTI. (a) The sequence of crayfish trypsin (upper line) was
aligned with the sequence of bovine trypsin (lower line, PDB id 3PTB) based on superposition of their 3D structures.
Conserved residues are shown in green boxes. Secondary structure elements of crayfish trypsin are shown (a-helices as
boxes, b-sheets as arrows) with their starting and end points marked (chymotrypsin numbering). Some regions showing
structural differences between the crayfish and bovine enzymes are labeled in frames. (b) The sequence of SGTI with
secondary structure elements shown (b-strands as arrows with labels). The two loops at the two ends of b-strand 2 are
labeled. Residues forming contacts with crayfish trypsin are labeled as P12–P5

0.
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sequence homology between them (e.g. 41% for
bovine anionic trypsin). In case of non-crustacean
arthropod trypsins, amino acid sequence homology
searches resulted in a 40%–53% homology while
crustacean trypsins show a homology as high as
80%–98% with trypsin from A. leptodactylus.

General structural features of crayfish trypsin–
SGTI complex

Crystals of natural crayfish trypsin in complex
with SGTI synthesized by solid phase chemical
synthesis were grown (see Materials and Methods)
and diffracted to 1.2 Å resolution (PDB accession
no. 1YR4). With the exception of the N and C
termini of SGTI, the model is well defined in
electron density (Figure 3(a)). Residues Ser79,
Ser104 and Lys239 of crayfish trypsin as well as
Cys27 of SGTI possess dual conformations. Crayfish
trypsin exhibits the conserved core structure of
the chymotrypsin fold consisting of two six-
stranded b-barrel domains packed against each
other, with the catalytic residues located at the
junction of the two barrels (Figure 3(b) and (c)). The



Figure 3. Crystal structure of the crayfish trypsin–SGTI complex. (a) Stereo view of the P3–P3
0 (carbon atoms in light

blue), S3–S3
0 (carbon atoms inmagenta) region with the 2FoKFc electron density map contoured at 1s (blue) and 3s (red).

Protein–protein hydrogen bonds are shown as green shaded lines. (b) Overall conformation of the crayfish trypsin–SGTI
complex compared with bovine trypsin–BPTI complex (PDB id 3BTK). Color codes are as described in (c).
(c) Conformations of the P2–P2

0 regions of the inhibitors in the complexes, with the catalytic triad (carbon atoms in
grey). In (b) and (c) the loop regions different for the two enzymes are colored magenta and red for the crayfish and
bovine enzymes, respectively. Conserved structural elements are shown in grey. Carbon atoms of SGTI and BPTI are
shown in light blue and dark blue, respectively. N, O and S atoms are shown in atomic colors. Black and red labels are
used for the enzymes and inhibitors, respectively. For labeling of loop regions see Figure 2 and the text. Figures 3, 5(b)
and 6(a) were generated by PyMOL.51
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catalytic residues of trypsin are present in their
active conformation. The overall structures of
crayfish trypsin and bovine trypsin are similar.
The Ca2C binding loop characteristic to trypsin
binds Cd2C in the crystal structure as the crystal-
lization medium contained Cd2C in high concen-
tration. (The ion in the binding loop had
significantly stronger electron density than a
Ca2C, which was revealed by a positive FoKFc

difference Fourier peak. The nature of the bound ion
was further evaluated by an anomalous difference
Fourier map and B-factor analyses.) The confor-
mation of SGTI is comparable to that determined by
NMR spectroscopy (PDB accession no. 1KJ0).13
It is important to note that the major features of
binding of crayfish trypsin to SGTI appear to be
identical to the binding of bovine trypsin to bovine
pancreatic trypsin inhibitor (BPTI) (PDB accession
no. 3BTK),18 despite the completely different fold of
the inhibitors (Figure 3(c)); the antiparallel b-sheets
formed between the proteases and the correspond-
ing inhibitors are superimposable at sites S3–S2

0 (in
the protease) and P3–P2

0 (in the inhibitor). A novel
feature of protease–protease inhibitor interactions is
that the interface region in the crayfish trypsin–
SGTI complex is muchmore extended than in serine
protease–inhibitor complexes of other inhibitor
families (see Discussion).
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Geometry of the scissile peptide bond in the inhibitor

The scissile peptide bond between Arg29 and
Lys30 is present at full occupancy in the inhibitor
complex. It is planar within the calculated coordi-
nate error with the carbonyl carbon atom raising
only 0.01 Å above the plane defined by the carbonyl
oxygen and carbon alpha atom of Arg29 and the
amid nitrogen of Lys30. The distance between
the carbonyl carbon and the hydroxyl group of the
catalytic serine is 2.69 Å, which is 0.09 Å shorter
than the corresponding distance between the
attacking water molecule and the carbonyl carbon
of the ester bond in an atomic resolution elastase
acyl-enzyme.19 The shorter than van der Waals
distance indicates significant orbital overlap
between the two atoms although it is still too long
for a true covalent bond. The active site is
completely shielded from the solvent in the crayfish
trypin–SGTI complex; the closest water molecule is
6.63 Å from the carbonyl carbon of the scissile
peptide bond.
Loops of the enzyme

There are four loops of crayfish trypsin that are
remarkably different in comparison with those of
vertebrate trypsins (marked in Figures 2(a) and 3(b)
as Loop37, Loop60, Loop145 and Loop202) from
which two loops are important regarding inhibitor
binding. (1) In contrast to bovine trypsin a more
extended hydrophobic region is present in crayfish
trypsin with a five residue insertion at position 37.
The corresponding loop is referred to as Loop37.
The insertion is manifested by an extension of two
b-strands connected with a turn containing three
phenylalanine residues and an isoleucine, which
are oriented towards the inhibitor and interact with
the C-terminal segment of SGTI. (2) Another
insertion of seven residues occurs at position 60
(Loop60). Similar insertions could be found in some
highly specified enzymes like those involved in the
complement or blood clotting system (thrombin,
mannose binding lectin associated serine protease,
etc.).20 However, while the so-called Loop60 of
thrombin has direct influence on the S2–P2 inter-
actions, this loop region of the crayfish enzyme
turns away from the bound ligand and broadens the
substrate binding groove, and thus plays a role in
the formation of the S1

0–P1
0 interaction.
Disulfide bridges of crayfish trypsin

Crayfish trypsin differs from vertebrate trypsins
in its disulfide bond pattern. While bovine trypsin
has six disulfide bonds, crayfish trypsin has only
three. The conserved disulfide bridges are at
positions 42–58, 168–182 and 191–220, respectively.
All evolutionary conserved disulfide bonds are
close to the active site of the enzyme, which was
revealed by sequence comparison studies.21 The
22–157 inter-domain disulfide bridge, which con-
nects sequentially distant parts of the molecule and
is suggested to be important in the structural
stability of trypsins22 is absent from crayfish
trypsin. The two segments which are connected
via this disulfide bond in bovine trypsin, are
stabilized by a salt bridge between Lys157 and
Glu26 in addition to main-chain hydrogen bonds in
the crayfish enzyme. Absence of this disulfide bond
may facilitate the relative motions of the two
b-barrel domains. Another disulfide bridge is
missing at positions 128–232. Ser232 connects via a
hydrogen bond to the carbonyl oxygen of His128
while its carbonyl oxygen accepts another hydrogen
bond from the Gly127 amide group. Consequently,
the main-chain conformation of this part of the
molecule is more similar to that of chymotrypsins
that also lack this disulfide bridge. The disulfide
bond at position 136–201 of bovine trypsin is also
absent from crayfish trypsin. However, the main-
chain conformation of this region is identical to that
of the bovine enzyme. Despite the compensatory
stabilizing interactions, the lack of the disulfide
bridges, especially the one that connects the two
domains, may cause the observed 3 8C drop in
melting temperature of the crayfish trypsin com-
pared to the bovine enzyme in the differential
scanning calorimetry (DSC) study (see Figure 1).

Comparison of the interaction sites in crayfish
trypsin–SGTI and bovine trypsin–SGTI
complexes

The actual X-ray structure of the crayfish trypsin–
SGTI complex was compared with the modeled
bovine trypsin–SGTI complex, as well as with
representative structures from the molecular
dynamics run.

There is an important difference in the interaction
pattern at the P1

0 site. As seen in Figure 4(a) the P1
0

lysine residue (light blue) of SGTI in the crayfish
trypsin–SGTI complex is stabilized by a hydrogen
bond with the Cys14 carbonyl oxygen atom of SGTI.
Though its distance from Asp60b (located in
Loop60) and Glu35 of crayfish trypsin (magenta)
is about 8 Å in the crystal structure, the molecular
dynamics simulations reveal that its position is
stabilized closer to these negatively charged
residues in solution establishing a weak electro-
static interaction (typical distance of charged
groups of the P1

0 lysine and Glu35 of crayfish
trypsin is 5 Å; see Discussion). Our model of bovine
trypsin–SGTI complex shows the P1

0 lysine residue
(green) located at a position similar to that in the
crayfish trypsin–SGTI complex but the S1

0 groove
does not contain charged side-chains except for
Lys60 (dark blue). The positively charged 3-amino
group of this Lys60 forms a hydrogen bond to the
Tyr39 side-chain that stabilizes its position at a
distance of 6 Å from the P1

0 Lys residue of SGTI.
Outside the primary binding region in both

complexes there are further interactions. In crayfish
trypsin–SGTI complex (Figure 4(b)) three phenyl-
alanine residues of loop37 (magenta) bind Pro33
(P4

0) of SGTI while Pro34 (P5
0) turns outside. Phe39



Figure 4. Extended binding region determining taxon specificity of SGTI. The crystal structure of the crayfish trypsin
(magenta)–SGTI (light blue) complex superimposed over the representative model (MD, 180 ps step) of bovine trypsin
(dark blue)–SGTI (green) complex. Conserved structural motives of trypsin are shown in grey. N, O and S atoms are
shown in atomic colors. Hydrogen bonds are shown as green shaded lines. Black and red labels are used for the enzymes
and inhibitors, respectively. (a) Stereo view of the P1 0 residue accommodated in the S1 0 site. Distances between the
charged groups of the enzymes and the P1 0 lysine amino group are 7.67 Å, 8.22 Å and 6.19 Å for E35 and D60b of crayfish
trypsin and K60 of bovine trypsin, respectively. The conformation of the side-chain of the P1 0 lysine is stabilized by an
intramolecular hydrogen bond. (b) Binding of the P4

0–P5
0 region (stereo view) is dominated by hydrophobic contacts.

(c) Binding of the P12–P6 region by the crayfish enzyme is realized by several hydrogen bonds. (d) Binding of the P12–P6

region by the bovine enzyme. The hydrogen bonds of the P8 threonine are lost, while stacking interaction is established
between the P9 proline and Pro173. The Figure was generated by MOLSCRIPT.52
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of this cluster is in a key position, because it forms a
stacking interaction with the Pro33 residue (P4

0)
(light blue). The shorter Loop37 (dark blue) of
bovine trypsin is more rigid and contains only one
aromatic residue, Tyr39, which forms a stacking
interaction with the P4

0 proline (light blue). Glu35 of
crayfish trypsin, which was mentioned above as
one of the electrostatic partners of the P1

0 Lys
residue of SGTI has another important role that it
stabilizes Loop37.
Figure 4(c) illustrates the interaction between the
P12–P6 region (light blue) of the inhibitor with
crayfish trypsin (magenta). Val24 (P6) forms a van
der Waals interaction with Tyr217. Thr22 (P8) forms
hydrogen bonds with the 164–173 helix of crayfish
trypsin. Thr22, important for the recognition of the
enzyme, is stabilized by Thr20 (P10) via a hydrogen
bond. The hydroxyl group of Thr20 also stabilizes
the backbone conformation of the P12–P6 loop.
In the bovine trypsin–SGTI complex the
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interaction pattern is different (Figure 4(d)). At
position 217 there is a serine residue instead of
tyrosine that forms only a very weak hydrophobic
interaction with Val24 of SGTI. In vertebrate
trypsins, residue 173 is proline, which makes the
164–173 helix one residue shorter (dark blue).
Differences in the backbone conformation of the
172–173 region cause loss of hydrogen bond
interactions in the bovine trypsin–SGTI complex;
the Thr22–enzyme hydrogen bond is missing, as
well as the Thr20–Thr22 intra-molecular hydrogen
bond.
Calculation of interaction energies of the
proteins in the SGTI–crayfish trypsin and SGTI–
bovine trypsin complexes

In order to find the structural basis of different
inhibitory efficiencies of SGTI on different trypsins,
structure-based calculations on the SGTI–trypsin
complexes were performed.

Free energy of binding was calculated with the
scoring function of AutoDock 3.0 (Materials and
Methods). Scoring of the crystallographic and
energy-minimized complexes of SGTI–crayfish
trypsin and SGTI–bovine trypsin, respectively,
resulted in a DDGbZK6.94 kcal/mol lower binding
free energy for the SGTI–crayfish trypsin complex.
The difference between the complexes remained
significant for conformations of the molecular
dynamics trajectory (Supplementary Data; Figure
1). Contribution of each amino acid residue of SGTI
to the interaction energy differences (free energy of
binding) is depicted in Figure 5.
Figure 5. Energetic analysis of binding SGTI by crayfish a
values corresponding to each residue of SGTI in the crystallog
energy-minimized structure (tZ0 ps) of the SGTI–bovine tryp
complex are colored green, while those of the SGTI–crayfish tr
P5–P3

0, orange for P12–P6 and grey outside these regions. Al
taxon specificity of SGTI featured by the energy difference in
molecular surface of crayfish trypsin with the binding region
yellow and orange, respectively. The P12–P5

0 segment of SGT
Extensive interactions facilitate conformational
changes in the structure of SGTI

To search for any possible conformational
changes in the inhibitor upon its binding to the
enzyme we compared the X-ray structure of
complexed SGTI with that of the solution structure
of the free inhibitor.13 Superpositions of atoms of
SGTI in the complex and the average structure of
the free forms yielded a backbone root-mean-square
deviation of 1.80 Å in region 4–32 (Figure 6(a)).

Alignment of the NMR structure ensemble with
the X-ray structure of complexed SGTI and a careful
comparison of the backbone 4, j angles were
carried out (Supplementary Data; Table 1).
Additionally, NOE-derived restraints and corre-
sponding distances in the complex are also
compared (Table 2). The first (residues 8–12; see
Figure 2(b) for secondary structure) and the second
(residues 15–20) b-strands as well as the second
loop (labeled as 13/15 in Figure 2(b)) interconnect-
ing strands 1 and 2 have rather similar confor-
mational properties both in the free and the
complexed forms of the inhibitor.

The TPT turn (residues 20–22, P10–P8) shows
conformational features resembling a somewhat
distorted b-turn (a type II in solution and a type I in
the complex) clearly stabilized both in solution and
in the complex by the i-(iC2) backbone hydrogen
bond surrounding proline and by the Thr–Thr side-
chain interactions. Nevertheless, an important
structural change occurs in this part of the inhibitor.
Both the above-mentioned 20–22 TPT segment with
Gly23 and the Cys4–Thr5 region appear to be
relatively stable in solution (with S2 values among
nd bovine trypsin. (a) Intermolecular interaction energy
raphic structure of the SGTI–crayfish trypsin complex and
sin complex. The energy bars for the SGTI–bovine trypsin
ypsin complex are colored magenta for P4

0–P5
0, yellow for

l the three binding regions contribute significantly to the
interaction energy values shown for these regions. (b) The
s for P4

0–P5
0, P5–P3

0 and P12–P6 of SGTI colored magenta,
I is shown in atomic colors (C atoms in light blue).



Figure 6. Shape adaptation upon binding of arthropod
trypsin inhibitor SGTI to the surface of crayfish trypsin.
(a) The structural alignment of the free (rose) and bound
(light blue) forms of SGTI reveals three regions of major
backbone conformation difference: the N-terminal seg-
ment (not shown), residues 20–26 (P10–P4) and residue 31
(P2

0). The latter two are parts of the binding region (O and
N atoms shown in atomic colors). Carbon atoms of
residues in the P7–P4 and P2

0 regions are colored orange
and dark blue for the free and bound form of SGTI,
respectively. (b) Cartoon of SGTI binding to the enzyme.
SGTI is shown in light blue (segments of the binding
region with different backbone conformations in the free
and bound form) and black (remaining parts). Cysteine
and P1 arginine side-chains of SGTI are shown, while
some of its sub-sites are labeled in red. The enzyme
surface is shown in magenta with black labels for the
substrate binding sub-sites. Upper panel: conformation of
the free form is preformed to recognize the S12–S8 and S4

0–
S5

0 sub-sites of the enzyme (shown as broken green
arrows). In regions P10–P4 and P2

0 conformation changes
should occur, causing the rotation of the P3–P1

0 and P4
0–

P5
0 as well (light blue arrows). Lower panel: these

conformational changes facilitate the build-up of an
extended interaction network between SGTI and the
enzyme (green arrows) in the complex.

Extended Interactions for High Specificity 163
the largest ones). However, considering the NOE-
derived restraints between these two segments, a
number of these are significantly (O0.5 Å) violated
in the complex (Table 2). This indicates that these
parts exhibit noticeable displacement with respect
to each other upon protease binding.
Another important structural difference between

the complexed and the free forms of SGTI is found
in the 24–27 (P6–P4) region. This significant folding
alteration is revealed by the values of 4, j angles of
the complex structure. These angles are outside the
entire folding range determined by the NMR
ensemble.
Regarding the P2–P5

0 region, the folding simi-
larity of Thr28–Arg29 dipeptide (P2–P1), especially
the j angle of Thr28 and 4 angle of Arg29 is very
high. Nevertheless, Arg29 (P1) is positioned farther
from loop 13–15 in the complex than it is in the free
form (Table 2). The C-terminal region (31Ca–34Ca)
shows similar local conformations in the free and
the bound form as well; however, the orientation of
this unit is changed significantly upon complexa-
tion as it rotates around Gly31 (P2

0). Investigating
the hydrogen bond system of the inhibitor we may
conclude that H-bonds between strands 2 and 3 are
well formed and shorter, therefore more stable in
the complex than they are in the free form.
Discussion

The strength of interaction between crayfish
trypsin and SGTI

SGTI, a protease inhibitor isolated from the
haemolymph of desert locust, S. gregaria, is
structurally homologous to the potent chymo-
trypsin inhibitor, SGCI, isolated from the same
source. SGTI, however, contains an arginine residue
instead of leucine at its P1 site.12 Despite this
structural feature, which is favorable for trypsin
inhibition, SGTI inhibits bovine trypsin
relatively weakly, with an inhibitory constant (Ki)
of 2.2!10K7 M. This value is five orders of
magnitude larger than the equilibrium inhibitory
constant of 6.2!10K12 M of SGCI determined on
bovine chymotrypsin.12,15 Unexpectedly, SGTI was
found to be a potent inhibitor of crayfish trypsin
with an eqilibrium Ki value of 0.7!10K12 M.15

Thermal denaturation experiments with crayfish
trypsin–SGTI and bovine trypsin–SGTI complexes
presented here have confirmed the results of the
inhibition kinetics studies. As seen in Figure 1, the
thermal stability of crayfish trypsin is increased
dramatically upon binding of SGTI, resulting in a
27 8C higher melting temperature while the
addition of SGTI to bovine trypsin led to only a
4.5 8C increase of Tm (Figure 1). The results are in
line with the phylum specificity of SGTI and
suggest that the observed difference in the Ki values
may be realized in a thermodynamic stability
difference in the enzyme–inhibitor interactions.
We observed an increase in the peak areas, i.e. an



Table 1. Crystallographic data and refinement statistics

Resolution (Å)a 32.1–1.20 (1.26–1.20)
Space group P212121
Cell parameters (Å) aZbZgZ908 aZ41.28 bZ59.67 cZ97.30
Number of observed reflections 878,624
Number of unique reflections 93,027
Completeness (%)a 91.2 (59.0)
Mosaicity (8) 0.6
!I/sOa 13.1 (2.6)
Rmerge (%)a,b 5.9 (20.2)
Rwork (%)c 13.9
Rfree (%)c 18.2
r.m.s. bond length (Å) 0.013
r.m.s. bond angles (8) 2.242

No. of non-hydrogen atoms
Protein 1983
Solvent 379

Average B-factors (Å2) Protein Water molecules Overall
Main-chain 12.8G5.6
Side-chain 15.7G7.7
All 14.2G6.9 27.8G10.9 16.1G8.9
Anisotropy 0.43G0.14 0.54G0.17 0.44G0.15
Average estimated coordinate
errors (esds) (pm)

5.3G3.9 9.7G6.1 5.9G4.6

a Values in parentheses indicate statistics for the highest resolution shell.
b RmergeZSjIoKhIij/SIo!100%, where Io is the observed intensity of a reflection and hIi is the average intensity obtained from

multiple observations of symmetry related reflections.
c R factorZSkFobsjKjFcalck/SjFobsj!100%.
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increased calorimetric enthalpy change of unfold-
ing of the complexes compared to that of the single
enzymes. This may be an outcome of inter-
molecular (enzyme–inhibitor) interactions rather
than the simultaneous unfolding of SGTI, since
the inhibitor alone shows no unfolding transitions
up to 120 8C (not shown in Figure 1). In a previous
study we pointed out the importance of the inter-
domain interactions in the function and structural
stability of pancreatic serine proteases.22 The X-ray
structure of the complex revealed extensive inter-
actions of SGTI with both b-barrel domains of
crayfish trypsin, which may analogously explain
the observed dramatic increase of thermal stability.

Based on the 3D structures of the crayfish
trypsin–SGTI and the superimposed, energy
minimized bovine trypsin–SGTI complexes, inter-
molecular interaction energies between the
enzymes and SGTI were calculated (Figure 5(a)).
Affinity of bovine trypsin to SGTI was found to be
DDGbZK6.94 kcal/mol smaller than affinity of
crayfish trypsin. This structure-based free energy
Table 2. Some NMR restraints of SGTI and their violations in

Residue 1 Atom name Residue 2

Cys4 Ha Gly23
Cys4 Ha Gly23
Thr5 Hb Thr22
Thr5 Hg2# Thr22
Thr5 Hg2# Thr22
Thr5 Hb Gly23
Thr5 HN Gly23
Asn15 Hb1 Arg29

Hg2# is the pseudo-atom used for the g-methyl group of Thr5.
calculation is consistent with experimental stability
difference between the investigated SGTI–trypsin
complexes (6.6 kcal/mol) as converted from the
inhibition constants.12

SGTI–crayfish trypsin interactions are extended
over region P12–P5

0

The crayfish trypsin–SGTI structure shows that
the binding interface extends well beyond the
primary binding region on both sides. Moreover,
our energetic calculations reveal that all of these
three regions are involved in stronger binding of
SGTI to crayfish than to bovine trypsin (Figure 5(a)
and (b)).
P3–P3
0: more favorable binding by the crayfish

enzyme

Molecular dynamics (MD) simulation showed
that the P1–S1 interaction is weaker in the bovine
trypsin–SGTI complex than it is in the crayfish
the SGTI–crayfish trypsin complex

Atom name NOE restraint (Å) Violation (Å)

Ha1 5 1.2
HN 5 2.6
HN 5 5.6
Ha 5 5.5
HN 5 5.3
HN 5 3.6
Ha2 5 0.5
Ha 5 0.5
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trypsin–SGTI complex. In the former one, the
distance between carboxylate 189 and the P1

guanidino group is significantly longer during
MD trajectory (Supplementary Data; Figure 2).
A possible reason for the different behavior of the
arginine side-chain is the looser fit of some
neighboring sub-sites in bovine trypsin.

It was proposed in a previous study of ours that
crayfish trypsin prefers positively charged residues
at the P1

0 position while bovine trypsin requires a
neutral side-chain at the corresponding site.13

Changing the P1
0 residue lysine to methionine

caused a one order of magnitude decrease in the
inhibitory constant of SGTI on bovine trypsin. This
result alludes to the importance of the P1

0–S1
0

interaction for the determination of phylum
specificity of SGTI (Figure 4(a)). Our MD study on
the bovine trypsin–SGTI complex confirms this
previous hypothesis regarding the conformation
of Lys60 that was stabilized at the bottom of the S1

0

cavity during the simulation. This residue is
surrounded by hydrophobic residues and a posi-
tively charged one in the S1

0 pocket in bovine
trypsin, which is not favorable for adequate binding
of SGTI. In contrast, the crayfish trypsin–SGTI
structure shows that the broad S1

0 cavity is more
suitable for the positively charged P1

0 lysine
because it interacts with two negatively charged
residues, Asp60b and Glu35 of the crayfish enzyme.
MD shows high flexibility of Asp60b while Glu35 is
stabilized at about 5 Å distance from the Lys30 Nz

atom of SGTI. In the crayfish enzyme Glu35 seems
to be especially important in respect of inhibitor
binding, and it also stabilizes the Loop37 region that
extends the primary binding region. The dual role
of this residue ensures shaping of the binding
surface in the primary binding region.
Hydrophobic binding patch at the S4 0–S5 0 region

A cluster of aromatic residues became inserted in
Loop37 of arthropod trypsins. This cluster forms
the binding surface for the Pro33–Pro34 (P4

0–P5
0)

region of SGTI (Figure 4(b)). MD shows that the
main-chain conformation of this extended Loop37
and the three C-terminal residues of SGTI undergo
only minor changes, and the movement of these
two surface regions defined by Loop37 and the
C-terminal residues of SGTI is restricted. The
phenylalanine cluster interacts with the proline
residues of SGTI; an alternative stacking interaction
can be established by Phe37 and Pro34 (P5

0) or
Phe39 and Pro33 (P4

0). In the bovine trypsin–SGTI
complex the weak interaction between Pro33 and
Tyr39 is well maintained during simulation. This
P4

0–P5
0 region has the same conformation in all

known complex structures of SGTI related
peptides10 while the mobility of these motifs in
solution is relatively high. The phenylalanine
cluster of crayfish trypsin might play a role in pre-
orienting the inhibitor for the recognition of its
C-terminal hydrophobic segment.
P12–P6 region stabilized by a network of hydrogen
bonds

Both the interaction energy calculations and
visual analysis of the contact interactions in
trypsin–SGTI complexes have shown that the
P12–P6 region forms significantly more favorable
interactions with the crayfish enzyme (Figure 5(a)
and (b)). The interactions in the crystal structure
between P12–P6 and the 171–175 region of crayfish
trypsin (Figure 4(c)) are practically unchanged in
the MD trajectory, suggesting that these interactions
may also be stable in solution.
Kellenberger and co-workers16 proposed a

hypothesis that the P10–P6 region of pacifastin-
type trypsin inhibitors has an important role in its
phylum selectivity. They suggested that the binding
of P10–P6 to vertebrate trypsins is unfavorable
because of the steric clash with Pro173 of these
enzymes. Our present study confirms that Pro173 is
indeed a key determinant for the binding difference,
but rather than introducing an unfavorable steric
effect it is disrupting the helical conformation at the
172–173 region of the enzyme. The key factor that
determines the selective binding to trypsins of
inferior or superior species is the molecular
recognition of the C-terminal end of the 164–173
helix backbone. Trypsins with one residue insertion
in the 164–175 region and glycine in position 173
(Figure 2), such as crayfish or Fusarium oxysporum
trypsins, are likely to form a helix with a backbone
conformation suitable for SGTI binding via a
hydrogen bond network. Vertebrate trypsins have
shorter loops in this region and Pro173 also breaks
the helix. Our present molecular dynamics study
also supports that Pro173 forms a stacking inter-
action with the Pro21 (P9) residue of SGTI. These
observations, when taken together, provide a
circumstantial explanation of why vertebrate
enzymes can form only less favorable interactions
with SGTI.
SGTI binding to trypsin; anchor points and
conformational adaptation

A comparison of the free and bound forms of
SGTI reveals a conformational change upon bind-
ing to the enzyme (Figure 6(a)) that facilitates the
emergence of an extended and strong interaction
network. Local conformation of both P12–P4 and
P4

0–P5
0 regions of the inhibitor shows significant

changes upon binding, suggesting that either or
both of these regions may act as additional
molecular recognition sites. The number of NMR
distance (NOE) restraints (322 in total, w10/
residue; 123 long-range) provides adequate infor-
mation to establish the overall conformation of the
inhibitor in solution. In loop regions, however,
short-range NOEs dominate and determine the
local structure (e.g. 20–22 TPT). This is in agreement
with the generalized order parameters (S2), where
those of T20 and T22 are somewhat higher than
those belonging to their close vicinity, indicating
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that the b-turn is likely to be involved in flip-flop
type motions although not directly detected on the
ms–ms time scale. This is consistent with the scarcity
of long-range NOEs in this region despite of the
short inter-atom distances in the solution structure.
The suggested movement is strongly supported by
the increased distance of the T20–G23 part and the
N terminus clearly detectable as NOE restraint
violations (Table 2). The P6–P4 region moves
towards b-strand 2 of the inhibitor (the atom–
atom distances become shorter and are consistent
with the NOE experimental data; thus, this type of
motion cannot be detected as restraint violation),
influencing also local conformational preference,
now forming a strong inter-strand H-bond network
and adopting a conformation assuring a perfect
match with the enzyme surface. As a consequence,
the P1 arginine residue is forced into the S1 pocket of
the enzyme and the P1

0 lysine residue rotates into its
binding groove. The C-terminal region preserves its
conformation while it rotates around Gly31 (P1

0)
making a close fit with the enzyme surface
(Figure 6(b)).

The extension and plasticity of crayfish trypsin–
SGTI interaction offers new avenues for inhibitor
specificity engineering

A great wealth of knowledge has been collected
on the highly specific functions of serine proteases
in the living organism. Development of computer-
aided protein engineering opens a new inter-
disciplinary route for the design of specific
inhibitors for therapeutic use. Although there are
a large number of efficient small molecule serine
protease inhibitors, they are not sufficiently specific
and often too toxic for medical use. The most
selective and potent inhibitors provided by nature
are either oligopeptides or proteins. Canonical or
standard mechanism inhibitors represent an
important subset of these protein protease
inhibitors.6,7 A common structural feature of this
class of inhibitors is that they have a reactive
peptide bond in a loop that binds to the protease in
a standard manner, and that this loop of six to nine
residue long (also called primary binding region)
has a more or less similar conformation in inhibitors
and also in the enzyme–inhibitor complexes.7 The
uniform structure and homologous binding mode
of these loops, however, may not provide these
inhibitors with an extreme selectivity of their action.
The ovomucoid third domain is a good example of a
typical serine protease inhibitor with a relatively
broad specificity.23 In the complex of human
leucocyte elastase with ovomucoid third domain
the interaction is extended to the P5–P3

0region of the
inhibitor. Regading molecular movements upon
binding, only the N-terminal region shows minor
movements, the binding loop preserves its confor-
mation.24 However, some protease inhibitors, in
addition to their typical primary binding loops,
possess secondary binding sites as well. Hirudin,
the most active and specific natural thrombin
inhibitor uses an even more sophisticated mode of
binding; out of its 65 residues 27 directly interact
with thrombin.25 The examples of hirudin and some
recently developed two-binding site protease
inhibitors of Factor VII show that new binding
sites of an inhibitor tremendously increase its
specificity and strength of interaction with the
target protease.26,27 As our present study shows,
SGTI uses an inhibition strategy somewhat different
from the inhibitors described above. In complex
with crayfish trypsin, SGTI exhibits, instead of more
than one distinct binding site, more or less
continuous contacts in an extended region (through
sites P12–P5

0) of the molecule (Figure 5). Some of
these contacts result from a conformational change
of SGTI that was induced by its binding to the
enzyme (Figure 6). This is strongly supported by the
precise comparison of the atomic resolution crystal
structure of the crayfish trypsin–SGTI complex with
that of uncomplexed SGTI. In contrast to other
serine protease–protein inhibitor complexes where
secondary interactions are mostly van der Waals
contacts and do not affect specificity,28 our present
study shows that the extension of the binding
surface leads to an increased specificity and
stabilization of the complex. The comparison of
the complexes of bovine and crayfish trypsin with
SGTI shows that more than half of the interaction
energy difference originates from the differential
binding of the extended regions in the two
complexes (Figure 5). The high resolution structure
presented here provides a good basis for further
study of the structural aspects of protease inhibitor
specificity and to introduce new interaction sites
into the inhibitor to increase its specificity towards
proteases of interest.
Materials and Methods
DNA preparation, amplification and sequencing

Crayfish trypsin mRNA was obtained from
A. leptodactylus hepatopancreas. Tissue (100 mg) was
homogenized in 1 ml TRI-REAGENT (Sigma Chemical
Co., Hungary) and RNA isolated according to the
protocol of the manufacturer. Due to the known complete
sequences of species A. fluviatilis and Pacifastacus
leniusculus that are relatives of A. leptodactylus we could
design oligonucleotide primers for amplifying the coding
region of crayfish trypsin. RT-PCR was performed using
the following primers: CFT3 0: 50-GGAGCTCAGACTGC
ATTTGCTTTGAT-3 0, CFT5 0: CCGAAGCTTTTCCCGTG
GATGATGATGACAAGATCGTTGGTG. These primers
include a HindIII site at the 5 0 end and a SacI site at the
3 0 end. Additionally, since the propeptide sequence of
crayfish trypsin is unknown we attached a rat trypsin
propeptide sequence at the 5 0 region. The amplified DNA
was cloned into a pET17b vector. The sequence of the
chimeric trypsin was determined by automated dideoxy
sequencing (ABI Prism) using the Big Dye Terminator Kit
(GenBank accession no. AY906961). Since our experi-
ments that were aimed at producing recombinant crayfish
trypsin yielded only a low amount of enzyme, for the
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crystallization procedure natural crayfish trypsin was
used.

Isolation and characterization of crayfish trypsin

Narrow-clawed crayfish (A. leptodactylus) trypsin was
purified by the procedure as described by Zwilling et al.,29

with some modifications. A stock of about 500 crayfish
cardia fluid was collected by introducing a teflon
capillary tube attached to a syringe into the cardia of
the animal. The collected cardia fluid was ultrafiltrated on
AMICON (AMICON Corp., Beverly, MA, USA) mem-
branes with 50 kDa and 10 kDa cut-off. The fraction
between 10 kDa and 50 kDa was loaded onto a CNBr-
Sepharose-4B soybean-trypsin inhibitor column. The
column was washed with three volumes of distilled
water and then eluted with dilute NH3 solution (pH 11.0).
Fractions containing crayfish trypsin were pooled and
loaded on a MONO Q (Pharmacia, Sweden) ion exchange
column equilibrated with 10 mMMes (pH 6.0) and eluted
with a linear gradient of 0 M to 1 M NaCl. Fractions
containing different forms of crayfish trypsin were
collected, and checked by SDS-PAGE, 2D-SDS-gel electro-
phoresis and activity measurements. All izoenzymes of
crayfish trypsin were found to be identical regarding their
enzymatic activities and sensitivities to inhibition. For
further study the most abundant form was chosen, and
concentrated by ultrafiltration using Centricon-10 con-
centrators (AMICON Corp., Beverly, MA, USA).

Differential scanning calorimetry (DSC)

Calorimetric measurements were performed on a
VP-DSC (MicroCal) differential scanning calorimeter.
Equimolar mixtures of trypsin and SGTI were used for
studying the effect of the inhibitor on bovine and crayfish
trypsins. The protein concentration was set to 0.1 mg/ml.
Samples were dialyzed against 20 mM sodium phosphate
(pH 7.0), 100 mM NaCl, and the dialysis buffer was used
as a reference. Denaturation curves were recorded
between 10 8C and 120 8C at a pressure of 2.5 atm, using
a scanning rate of 1 deg.C/minute. The thermal unfold-
ing curves were analyzed using MicroCal Origin 7.0
software. We note that bovine trypsin and its complex
exhibited additional minor components at lower tem-
peratures, which is a consequence of heterogeinity,
probably due to an autolysis product of the commercial
enzyme sample.

Chemical synthesis of SGTI

The inhibitor was synthesized, oxidized and purified as
described.12

Preparation of the crayfish trypsin–SGTI complex and
its crystallization

A fourfold molar excess of SGTI was added to crayfish
trypsin and incubated for 15 minutes at room tempera-
ture. The complex was loaded to a HiPrep S-100 gel
filtration column (Amersham Biosciences, UK), and
eluted with 10 mM Mes (pH 6.0). The pure crayfish
trypsin–SGTI complex was collected and concentrated
to 11 mg/ml. Crystals of the crayfish trypsin–SGTI
complex were grown by the hanging drop method at
20 8C. Equal amount of protein solution (11 mg/ml
protein in 10 mM Mes (pH 6.0)) and precipitant
solution (30% (w/v) polyethylene glycol (PEG) 400,
0.1 M cadmium chloride, 0.1 M sodium acetate
(pH 4.6)) were mixed and equilibrated against 0.5 ml
of precipitant solution. Crystals were grown in two
days.
X-ray diffraction studies

Two datasets were collected from a single crystal at
ESRF on beamline ID 14 EH2 at cryogenic temperature
(100 K). Crystallograpic intensities were integrated and
scaled to a resolution of 1.2 Å using Mosflm30 and Scala31

of the CCP4 package V5.0.32 Completeness of the data
was 91.2% at 1.2 Å resolution. The structure was solved
by molecular replacement using the program Molrep33

from the CCP4 package. A polyalanine search model was
used which was derived from the X-ray structure of
human trypsin IV (PDB entry 1H4W).34 The asymmetric
unit contains one trypsin–inhibitor 1:1 complex. Auto-
mated model building was carried out with Arp/wArp.35

The model was systematically improved using iterative
cycles of manual rebuilding with the program O36 and
restrained least-squares refinement with SHELX.37

Atomic B-factors were refined anisotropically and this
step reduced the R-factor and Rfree

38 values by 4.3% and
3.3%, respectively. Finally, all except for hydroxyl and His
N32 and Nd1 riding hydrogen atoms were added to the
structure. The geometry of the P2–P2

0 residues of
the inhibitor were not restrained in the final rounds
of the refinement. The final model contains residues
16–244 (chymotrypsin numbering system39) of crayfish
trypsin, and residues 2–34 of SGTI. The stereochemistry
of the structure was assessed with Whatcheck40 and
PROCHECK.41 The distribution of anisotropic B-factors
was monitored with the program Parvati.42

Data collection and refinement statistics are shown in
Table 1.
Calculations

SGTI–bovine trypsin complex was derived from super-
position of the structure of bovine trypsin (PDB entry
3PTB)43 on the crayfish trypsin complex of the present
study using the LSQMAN program44 from Uppsala
Software Factory (USF). The GROMACS45 program
package was applied for generation of a simulation box,
addition of explicit water molecules and counter ions.
Both complexes (SGTI–crayfish trypsin and SGTI–bovine
trypsin) and SGTI alone were energyminimized using the
GROMOS46 force field implemented in the program
package. The 100 ps long position restrained and 500 ps
long unrestrained molecular dynamics simulations (MD)
were performed to equilibrate the surrounding molecules
and to generate conformations for calculations of inter-
molecular interaction energy (Ei).
Intermolecular energy terms of scoring function of

AutoDock 3.0 program47 were applied to 50 confor-
mations of the complexes (sampled at every 10 ps of the
500 ps trajectories). Extra penalty constants of H-bonds
were not used. Thus, scaled Coulombic, Lennard-Jones
terms and the desolvation free energy term48 were
involved in calculation of Ei. Difference of the Ei-s is
considered as DDGb (difference in free energy of binding)
of the interactions of SGTI with the two trypsins.
Preparation of trypsin and SGTI molecules and grid
calculations were done as described in our previous
studies49,50 for each conformation using shell scripts.
AMBER charges were applied for all molecules.
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