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Complexation of the small serine protease inhibitor Schistocerca gregaria
chymotrypsin inhibitor (SGCI), a member of the pacifastin inhibitor family,
with bovine chymotrypsin was followed by NMR spectroscopy. 1H–15N
correlation (HSQC) spectra of the inhibitor with increasing amounts of the
enzyme reveal tight and speciﬁc binding in agreement with biochemical
data. Unexpectedly, and unparalleled among canonical serine protease
inhibitors, not only residues in the protease-binding loop of the inhibitor,
but also some segments of it located spatially far from the substrate-binding
cleft of the enzyme were affected by complexation. However, besides changes, some of the dynamical features of the free inhibitor are retained in the
complex. Comparison of the free and complexed inhibitor structures
revealed that most, but not all, of the observed chemical shift changes can
be attributed to minor structural transitions. We suggest that the classical
‘scaffold + binding loop’ model of canonical inhibitors might not be fully
valid for the inhibitor family studied. In our view, this feature allows for the
emergence of both taxon-speciﬁc and nontaxon-speciﬁc inhibitors in this
group of small proteins.

Schistocerca gregaria chymotrypsin inhibitor (SGCI) is
a small, 35-residue protease inhibitor isolated from the
desert locust, Schistocerca gregaria [1]. This molecule
is a member of the pacifastin serine protease inhibitor
family [2–4], the characteristic attributes of which are
a well-deﬁned secondary structure consisting of three
antiparallel b sheets stabilized by three disulﬁde bridges
[5–7], a reactive site located at the C-terminus and considerable heat stability [1,8]. In desert locust, SGCI is
synthesized as part of a precursor molecule [9] that is
cleaved to yield SGCI and also Sch. gregaria trypsin
inhibitor (SGTI), a paralog of SGCI with surprising
taxon speciﬁcity: this molecule is a selective inhibitor
of arthropod trypsins over mammalian ones [10,11].
Recently, these two and several related inhibitors were

shown to be involved in the solitary–gregarious transition of the desert locust [12,13] opening up possible
new perspectives in the ﬁght against African locust
invasions.
The solution structure and internal dynamics of
these two inhibitors have been determined at pH 3.0
[7,14] and it was found that, despite the similar fold,
the two molecules exhibit remarkably different dynamics at multiple time scales, which was suggested to contribute to the differences in taxon speciﬁcity of SGCI
and SGTI.
The speciﬁcity of the interaction of SGCI and SGTI
with proteases can only be assessed by investigating
the appropriate enzyme–inhibitor complexes. To date,
the crystal structures of three such complexes have

Abbreviations
PMP-C, pars intercerebralis major peptide C; PMP-D2, pars intercerebralis major peptide D2; SGCI, Schistocerca gregaria chymotrypsin
inhibitor; SGTI, Schistocerca gregaria trypsin inhibitor.
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been reported: the complex of the SGCI ortholog pars
intercerebralis major peptide C (PMP-C) and a modiﬁed form of the SGTI ortholog pars intercerebralis
major peptide D2 (PMP-D2) with bovine chymotrypsin [15] (PMP-C and PMP-D2, are isolated from the
migratory locust Locusta migratoria) as well as the
tight complex formed between SGTI and crayﬁsh trypsin [11]. Detailed analysis of the interactions in the
latter (‘arthropod–arthropod’) complex revealed the
importance of an extended protease-binding site in
SGTI unparalleled among canonical serine protease
inhibitors [11]. Despite the known crystal structures,
NMR spectroscopic measurements of the complexes
are expected to yield important complementary information about the process of complex formation as well
as the structural and dynamical changes of the inhibitors relative to the free state. The two possible approaches for NMR titration studies are to follow the
induced changes in the isotope-labeled inhibitors using
unlabeled protease or to monitor the changes in the
protease using the reverse of the previous labeling
scheme. The ﬁrst approach proved fruitful in investigations of complexes of Kazal-type inhibitors [16,17]
with proteases, and the second was shown to be feasible using selectively labeled trypsin variants and
several inhibitors [18]. Detailed investigation of the
internal dynamics of molecular partners in enzyme–
substrate complexes in general has recently been shown
to contribute to the understanding of enzymatic mechanisms [19].
In this study we report NMR titration experiments
of labeled SGCI with bovine a-chymotrypsin and
A

characterization of the complex formed including
dynamical features. In addition, we also describe
NMR measurements of free SGCI at pH 6.0, as this
state is the starting point of the titration experiments.
To interpret chemical shift changes upon titration and
analyze SGCI conformation in the bound state, the
crystal structure of the nearly identical ortholog PMP-C
with bovine a-chymotrypsin (the same enzyme as in this
study) is used.

Results
SGCI at near-neutral pH
All our previous measurements were carried out at
pH 3.0 in order to suppress chemical-exchange phenomena, which are due to rapid exchange of amide
protons with water. However, the natural pH of the
inhibition is around pH 6, thus all titration measurements were performed in a buffered environment to
ensure optimal pH. Because several resonances appear
at different positions at low and near-neutral pH,
resonance assignment of the free inhibitors before
titration was necessary. Moreover, several resonances
become unobservable or weak in the 1H–15N correlation (HSQC) spectra at near-neutral pH possibly indicating increased chemical exchange relative to the
low-pH state (Fig. S1). The quality of the homo- and
heteronuclear spectra allowed clear resonance assignment for most of the residues, but the relatively low
number of NOE cross-peaks made high-precision
structure determination unfeasible at pH 6.0 (Fig. 1).
B

Fig. 1. Comparison of distance restraint distributions obtained for free SGCI at pH 3.0 (A) and pH 6.0 (B). Red, intraresidual restraints; green,
sequential restraints; blue, long-range restraints. The total number of restraints is 526 (227 intraresidual, 149 sequential and 150 long-range)
at pH 3.0 [7] and 163 (79, 37 and 47, respectively) at pH 6.0.
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The collected distance restraints constitute a subset of
those used for structure determination at low pH, thus,
all the NOE cross-peaks observed at pH 6.0 are consistent with the published SGCI structure. The distribution of NOE-derived restraints is similar to that
observed at pH 3.0 with a clear ‘peak’ at the hydrophobic ‘core-forming’ residue Phe10 (Fig. 1). Exploratory structure calculations yielded only a low-resolution
structural model but conﬁrmed the similarity of the
backbone fold (data not shown). Random addition of
restraints found only at pH 3.0 resulted in clear
improvement of the structure, suggesting that the
scarcity of NMR data is due to sample conditions
(increased chemical exchange) rather than structural
rearrangements.
Titration experiments
Step-by-step addition of the enzyme caused the emergence of a completely new set of resonances indicating
slow exchange on the NMR time scale. The new resonance set can clearly be assigned to a single molecular
species (see below). Upon complexation, several residues became unobservable in the HSQC spectra compared with the initial state. The linewidths of the peaks
arising from the complex were greater than those of
the uncomplexed inhibitor (linewidths for the complex
were typically 25–30 Hz versus 16–19 Hz for the
free inhibitor), consistent with an almost eightfold
increased molecular mass of the complex over the free
inhibitor (28.7 kDa for the complex versus 3.6 kDa for
free SGCI).
Characterization of the complexed state
Intriguingly, amide resonances of residues in the
canonical protease-binding loop (P3–P3¢, Cys27–
Cys32) [20] could not be identiﬁed and several clearly
resolved peaks in the HSQC spectra escaped assignment. It is noteworthy that resonance assignment of
the complexed state required the use of high-sensitivity
spectrometers in order to gain sufﬁcient signal-to-noise
ratio in the triple-resonance experiments. The identiﬁed
residues comprise a continuous segment from Gly7 to
Lys24, i.e. the N-terminal and C-terminal parts of the
molecule, including most of the third b strand and the
full protease-binding site could not be unambiguously
assigned.
Chemical shift changes upon complexation
Upon titration, the most striking feature of the emerging HSQC patterns was that almost all assigned reso-

Fig. 2. Overlaid spectra of free (blue) and complexed (red) SGCI
at pH 6.0 with some changed and virtually unchanged resonance
peaks labeled. Figure generated with SYBYL [35].

nances appeared in a new position compared with the
uncomplexed state (free inhibitor at pH 6.0). This
means that even residues far from the protease-binding
site are greatly affected by complexation (Figs 2 and
3A,B). Interestingly, the least affected region is the
loop between the second and the third b strands
(Ser21–Ser25), which comprises the extended binding
site in the related taxon-speciﬁc inhibitor SGTI. By
contrast, residues in the ﬁrst and second b strands
(Thr9–Lys11 and Thr16–Cys19, respectively), being
spatially far from the primary binding site, exhibit
remarkable changes, Thr9 and Arg18 being the most
prominent examples (Fig. 3B).
Relaxation data
Relaxation parameters (T1, T2 and heteronuclear
NOE) were measured for free and complexed SGCI at
pH 6.0 and compared with the values obtained previously for free SGCI at pH 3.0 (Fig. 4). Relaxation
rates for free SGCI at near-neutral pH are generally
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Fig. 3. (A,B) Chemical shift changes in SGCI upon complexation. Changes are indicated as weighted chemical shift differences
(Dd1H + Dd15N ⁄ 6 for glycines and Dd1H + Dd15N ⁄ 8 for all other residues to compensate for the broader nitrogen chemical shift range)
[42,43]. Residues in the structure (A) and bars (B) are color-coded according to the relative values of weighted Dd. Position of the binding
loop is indicated (underlined residues in B). Residues unambiguously assigned in both the free and complexed states are compared only. (C,
D) Backbone torsion angle differences between the solution structure of SGCI and complexed PMP-C. Differences are calculated between
the average values in the 10 deposited SGCI conformers (PDB ID 1KGM) and the averages of the 3 PMP-C structures in the asymmetric
unit (PDB ID 1GL1). Residues (C) and bars (D) are color-coded according to the sum of / and w differences. Note that as a residue has a single color in (C), columns for both dihedrals for each residue are colored the same irrespective of their contribution to the sum. As the conformations of different molecules are compared, amino acid substitutions in PMP-C relative to the SGCI sequence are indicated in (D). Cartoon
structure representations (A) and (C) were prepared using MOLSCRIPT [44].

higher than those measured at low pH. In addition,
rates show a greater deviation at pH 6.0, especially the
spin-matrix rates (R1). Nevertheless, the general trend
of the R2 rates is similar to that obtained at low pH
(although individual values might differ). The calculated rotational correlation time (sc  3 ns) is close
that calculated earlier from NMR at pH 3.0 (sc ¼
3.14 ns) [14] supported by hydrodynamical calculations
(2.81 ns).
1834

For the complex, the R2 rates increase and the R1
rates decrease compared with free SGCI, in agreement
with the almost eightfold increase in molecular mass
[21]. The calculated correlation time is sc  12 ns,
which is considerably smaller than that obtained from
hydrodynamical calculations (16.4 ns, sc calculated for
uncomplexed chymotrypsin is 13.9 ns). The discrepancy may be, at least in part, due to the insufﬁcient
sampling of relaxation parameters as data is available
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Fig. 4. R1 and R2 relaxation parameters of free SGCI at pH 3.0 and 6.0 as well as SGCI complexed with bovine chymotrypsin (green, blue
and red points and lines, respectively). The lines are smoothed bezier curves intended only to guide the eye.

for only 18 of the 280 residues in the complex. Using
sc of 16.4 ns to calculate model-free parameters yields
better ﬁt for most residues and chemical exchange
(Rex) should be considered for only six residues (Thr8,
Thr9, Asn15, Thr16, Cys19, Gly20) compared with
almost all residues when sc ¼ 12 ns was used. Because
of the relative scarcity of underlying experimental data,
these derived parameters can not be regarded as reliable and thus are not discussed further.
The trend of the R2 values can not be fully compared with those of the free states as the signals of
several residues with above-average R2 values in free
SGCI (Cys4, Ser25, Ala26, Ala27, Cys28, Thr29,
Leu30) could not be assigned in the complex. However, R2 values for residues Cys19 and Thr20 are high
(with T1 ⁄ T2 nearly one standard deviation above the
mean), which is also observed in the free states, especially for Thr20.

and 15N shifts are, on average, about twice as small as
for complexation (Fig. 5).
Structural information derived from NMR spectra
recorded at near-neutral pH are consistent with the
published SGCI structure, determined at pH 3.0.
Structural calculations yielded ill-deﬁned structures but
with backbone fold clearly similar to the structure at
low pH. Therefore, we argue that there are no signiﬁcant structural changes upon elevating the pH but the
scarcity of NOE data is due to increased chemical

Discussion
SGCI structure at near-neutral pH
Changes in a HSQC spectrum induced by pH adjustment can generally occur for many reasons, the two
most important being the changes in the exchange properties of amide protons with water and conformational
rearrangements. The former is analyzed as the dynamics
of the molecule is investigated at pH 6 in the free state.
The data show that there are changes in the R2 rates
although the general trend remains the same (correlation coefﬁcient ¼ 0.84). The similarity of the dynamics
at low and near-neutral pH is most easily explained by
assuming that conformational changes are negligible
between the two states. Notably, changes in amide 1H

Fig. 5. Comparison of chemical shift changes of free SGCI upon
pH change (green bars) and complexation (red bars). 1H–15N shifts
for residues assignable in all three states are compared. Weights
are calculated as for Fig. 3. On average, changes upon pH elevation
are about twice as small as for complexation (average change 0.09
versus 0.21, respectively).
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exchange. This is further supported by the observation
that side-chain resonances are practically unaffected,
including nonstandard shifts indicative of structural
integrity (e.g. b protons of Cys17) and also chemical
shift index data for the three states (Fig. S2). It should
also be noted that the structure determined at low pH
superimposes well with the complexed PMP-C structure and detailed investigation is needed to identify
structural differences (see below). It is highly unlikely
that there would be a signiﬁcantly different third conformational state of free SGCI at pH 6.0 when these
two are so close to each other. Nevertheless, our observations on chemical shift changes upon complexation
are unaffected by the relevance of our arguments presented above (see below).
Interpretation of the titration experiments
The observed changes in the HSQC spectra of SGCI
upon titration are interpreted as indicative of tight and
selective binding. Tight binding is consistent with the
emergence of a new set of resonances instead of a stepwise shift of peak positions. The speciﬁcity of the binding can be reasoned by the facts that: (a) the new
resonance set is assignable to a single form of SGCI
and no signs of other species are present in the spectra,
(b) the protease-binding loop is affected by the binding
(resonances for this part became unobservable), (c)
aspeciﬁc binding is not expected to be tight, and (d)
the crystal structure of the nearly identical PMP-C
with bovine a-chymotrypsin reveals speciﬁc protease–
inhibitor interaction in a system of this type. Biochemical evidence for tight binding is supported by
measurements from independent laboratories (Ki values determined: SGCI–chymotrypsin, 6.2 · 10)12 mol.
dm)3 [8]; SGCI–chymotrypsin, 3.0 · 10)10 mol.dm)3
[22]; PMP-C–chymotrypsin, 1.2 · 10)10 mol.dm)3
[23]).
We note that our observation that residues far from
the binding site are affected upon complexation is independent of our speculations on the structure of SGCI
at near-neutral pH. We compare only resonances
clearly assignable in spectra recorded at both the start
and endpoint of the titration experiments. Thus,
although we argue that there are no signiﬁcant structural changes in SGCI upon elevating the pH from 3.0
to 6.0 and use the structure determined at the former
condition for comparison, the interpretation of chemical shift changes remains valid even if this assumption
does not fully hold.
The most straightforward hypothesis based on our
results is that no signiﬁcant structural change occurs
to SGCI on pH elevation but multiple regions are
1836

affected upon protease binding. This model is simpler
than all the possible competing ones, e.g. assuming
conformational rearrangement on pH elevation and a
‘back-change’ upon enzyme binding (chemical shift,
NOE and mobility data do not support this and the
close overall similarity of the free and bound conformations should be explained) or another scenario when
the bound conformation would be ‘preformed’ during
pH elevation (in this case, changes in the HSQC spectrum upon titration are hard to explain). Our proposed
model is not affected by the fact that the crystal structure used for comparison is determined at pH 5.0 as it
is reasonably close to the pH of our experiments and
the effects of complexation are expected to be determinative compared with those of pH change. We note
here that the observed spectral changes upon complexation were essentially the same in our exploratory
titration experiments at pH 7.5 and 8.1, suggesting
that the bound conformation is not inﬂuenced greatly
by pH.
Comparison of the free and complexed inhibitors
As no structure of complexed SGCI is available, the
X-ray coordinates of the PMP-C–chymotrypsin complex (PDB code 1GL1) [15] were used for comparison.
This approach can be justiﬁed on the basis that PMP-C
is the closest known homolog of SGCI [4] and there are
only ﬁve substitutions beside a one-residue C-terminal
extension in PMP-C relative to SGCI (Fig. 3D). Only
two of the substitutions are not in the N- or C-terminal
part. The enzymes used for complexation are the same,
bovine a-chymotrypsin in both cases. Therefore, the
published PMP-C–chymotrypsin structure [15] can reliably be regarded as being practically identical with the
proposed SGCI–chymotrypsin complex, the molecular
species present at our titration endpoint.
The structures were compared using two different
methods, by backbone root mean square deviation
(RMSD) values and using the backbone dihedral
angles / and w. Whereas the former is sensitive to
conformational changes involving segments of several
residues, the latter is able to detect smaller, residuespeciﬁc alterations which may average out to yield similar backbone conformation and small RMSDs. In
addition, distances corresponding to the NMR
restraints used for structure calculation of free SGCI
[7] (available in PDB) were measured in the complexed
PMP-C conformers, where appropriate (i.e. considering identical side chains only).
Backbone RMSD values were calculated for different regions of the inhibitors (Table 1) using two different approaches: ﬁrst, models of complexed PMP-C
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Table 1. Backbone RMSD values [Å] of free SGCI and complexed PMP-C. Values were calculated using the program MOLMOL [41] after fitting the molecules to the region considered. The representative conformers are model 5 for free SGCI (PDB ID 1KGM) and chain I for complexed PMP-C (PDB ID 1 GL1).

Free SGCI, 10 models
Free SGCI, 10 models + complexed
PMP-C, three models
(13 models altogether)
Representative models of free
SGCI and complexed PMP-C
(2 models altogether)

Whole
molecule
(4–33)

Protease-binding
loop (28–33)

b strands
(9–11, 16–19, 26–28)

N-terminal
region
(3–6)

12–15 loop
(12–15)

21–25 loop
(21–25)

0.76 ± 0.17
0.94 ± 0.25

0.78 ± 0.23
0.86 ± 0.27

0.39 ± 0.11
0.52 ± 0.19

0.22 ± 0.10
0.30 ± 0.13

0.42 ± 0.21
0.45 ± 0.20

0.47 ± 0.19
0.50 ± 0.18

1.07

0.91

0.55

0.35

0.66

0.45

(three different conformers in the asymmetric unit of
the structure 1GL1) were used to ‘extend’ the 10-conformer NMR ensemble of SGCI (1KGM) (Fig. 6A)
yielding a 13-member ‘ensemble’ testing whether
PMP-C would ﬁt into the outcome of our structure
calculations, and second, one conformer PMP-C (chain
I in the 1 GL1 structure) was compared with the representative conformer of SGCI (model 5 in the deposited
ensemble). The values obtained are not indicative of
signiﬁcant structural changes upon complexation. On
the one hand, the RMSD intervals calculated including
or excluding complexed PMP-C overlap (the ranges
deﬁned by the standard deviations have an intersection
in all cases), indicating that complexed PMP-C structures ﬁt well into the deposited 10-confomer ensemble
of SGCI. On the other hand, although values calculated for the representative SGCI and PMP-C conformers are outside the RMSD interval calculated for free
SGCI in four of the six cases shown (Table 1) there is
a maximum deviation value of only 0.13 Å (residues
4–33). These differences are well within the range usually observed for solution and crystal structures of the
same protein [24] and therefore can not be unambiguously attributed to effects of complexation.
A

Another comparison of the free and enzyme-bound
structures can be made by comparing the backbone
torsion angles in the two forms. The / ⁄ w differences
can easily be compared with the chemical shift changes
of the amide NH groups (Fig. 3).The most affected
regions in terms of backbone dihedral differences are
the protease-binding loop and the N-terminal part of
the ﬁrst b strand. The alterations furthest from the
binding site, in segment Gly7–Lys10, are reﬂected in
the changes in the chemical shifts. Intriguingly, residues Arg18 and Cys19, the two with the greatest
observed chemical shift changes do not undergo a conformational transition comparable with the greatest
observed using either RMSD or / ⁄ w analysis. Located
in the second b strand, they are also reasonably far
from the protease to exclude contact effects (Fig. 6B).
Thus, there is no straightforward explanation for the
chemical shift changes of these two residues. It should
be noted that Cys19 and Gly20 exhibit high R2 values
in free SGCI (the two highest at pH 3.0 and Gly20 the
highest at pH 6.0) and also in the complex (Cys19 and
Gly20 the third and second highest, respectively), suggesting that the corresponding region of the second
b strand is subject to extensive motions on the ls ⁄ ms
B

Fig. 6. (A) Comparison of free SGCI (PDB ID 1KGM, 10 conformers, thin green lines) and PMP-C (1PMC, thick red line) complexed to bovine
chymotrypsin (1 GL1, thin gray line, only a part of it shown). Figure prepared using MOLMOL [41]. (B) Model of the SGCI–bovine chymotrypsin
complex (only part of the protease is shown) residues with remarkable chemical shift changes in SGCI upon complexation (Arg18, Cys19,
Gly20 as well as Gly7, Thr9 and Phe10) are colored (coloring scheme as for Fig. 3). Figure prepared using MOLSCRIPT [44].
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time scale in all of the states investigated. Cys19 can
be contrasted to Cys17, a residue exhibiting much
smaller changes in chemical shifts despite undergoing
minor conformational changes and being linked by a
disulﬁde to Cys28 of the binding loop (Figs 2 and 3).
It is noteworthy that although RMSD analysis did
not reveal signiﬁcant structural alterations upon complexation, / ⁄ w analysis shows differences as large as
179 (Cys28 /) of backbone dihedrals in the two states
(Fig. 3D, S3 and S4). The solution to this apparent
contradiction lies in the relative direction of the occurring backbone dihedral rotations as they systematically
compensate each other in neighboring residues resulting in a virtually unchanged main chain conformation
(Fig. S3).
Analysis of NMR distance restraint violations in the
complexed PMP-C structure supports the above ﬁndings. Only one backbone–backbone restraint is violated
by > 0.1 Å in the complexed form, namely the one
between Thr9 Ha and Cys19 Ha. This corresponds to a
conformational change of Thr9 captured also by / ⁄ w
analysis. Although this particular restraint could not be
derived from NOESY spectra recorded at near-neutral
pH, the peak indicating spatial proximity of the
c2 methyl group of Thr9 and the amide proton of
Cys19 is present at pH 3.0 and pH 6.0, and the corresponding restraint is violated in the complex structure
lending support for the relevance of this conformational
change.
Other violated restraints indicate changes in the protease-binding loop, the ﬁrst b strand, and, not detected
by the former two methods, a rotamerization of the
Arg18 side chain. However, the guanidino group of
this residue is pointing away from its amide NH in
both conformations and can thus not be made responsible for the observed chemical shift changes in this
region (Fig. 5).
The internal dynamics of the complexed inhibitor is
also changed relative to the free state. The distribution of high R2 values, indicative of motions on the
ls ⁄ ms time scale, is similar in free SGCI at both
pH 3.0 and 6.0, affected residues mostly located in
the third b strand and the loop connecting it to the
second. Although some of these residues could not be
assigned in the complex, it is noteworthy that in this
state the residue with the highest R2 value is Thr8,
indicating mobility changes in the ﬁrst b strand upon
complexation beside structural ones affecting the
neighboring Thr9. However, as mentioned above,
Cys19 and Gly20 are characterized by high R2 values
in all three states investigated, suggesting that these
residues exhibit similar dynamics in free and complexed SGCI, including signiﬁcant motions on the
1838

ls ⁄ ms time scale. Although the signiﬁcance of these
motions is not yet clear, we note here that similarity
of the dynamics of free and substrate-bound cyclophilin A was recently shown and there the correspondence with catalytic turnover was straightforward
[19].
Implications for mechanism of inhibition
Canonical inhibitors are regarded as consisting of a
‘scaffold’ and a protease-binding loop which have
highly similar conformations, even between unrelated
molecules [25,26]. In most inhibitor families studied,
the properties of the binding loop turned out to be sufﬁcient to interpret even diverse biological activities of
these proteins. NMR titration studies of Kazal-type
inhibitors supported this view as only residues in the
protease-binding loop and its spatial vicinity were
affected upon complexation. Here we show that, for
SGCI, a member of the pacifastin inhibitor family,
complexation results in signiﬁcant alterations even in
regions far from the binding site. The observed changes differ from those reported for the taxon-speciﬁc
subgroup of this inhibitor family, where, as judged by
the crystal structures of the PMP-D2v–bovine chymotrypsin and the SGTI–crayﬁsh trypsin complexes, an
extended protease-binding site is responsible for the
increased strength of the interaction [11,15,27]. In contrast to these inhibitors, SGCI displays only minor
changes in the region corresponding to the ‘extension’
of the primary protease-binding site (Asp22, Gly23
and Lys24, Figs 2 and 3).
The fact that almost the whole molecule is affected
by complexation may be due to the ‘peptide-like’ nature of SGCI: its small size and decreased rigidity on
the ps ⁄ ns time scale (order parameters around 0.6) [14]
place it between ﬂexible peptides and larger proteins
with well-deﬁned structural cores, although undoubtedly closer to the latter group. This feature might
explain that, although no remarkable structural changes occur in terms of backbone RMSD values, both
/ ⁄ w dihedrals and chemical shifts of residues far from
the interaction site are affected by complexation. We
also suggest that the observed chemical shift changes
of Cys19 and Gly20 and maybe also Arg18 can be
attributed to the internal dynamics of SGCI. Two of
these residues, Cys19 and Gly20 presumably retain
some of their internal mobility-associated features in
the bound state (see the R2 values in Fig. 4). This
strengthens our previous suggestion that the different
internal dynamics on the ls ⁄ ms time scale of SGCI
and SGTI may play a role in taxon-speciﬁc inhibition
[4,14].
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Table 2. Inhibition constants of SGTI and modified SGCI on trypsinlike proteases. Ki values are given in mol.dm)3. Values are from [8]
and [10].

SGCI [L30R, K31M]
SGTI

Bovine trypsin

Crayfish trypsin

5.0 ± 0.3 10)12
2.1 ± 0.4 10)7

1.2 ± 0.4 10)12
1.4 ± 0.4 10)12

Despite the availability of the crystal structure of the
inhibitor complex, NMR spectroscopy provided valuable new information about the complexation process
of SGCI. The observed chemical shift changes indicate
that SGCI can not be easily described by the traditional
‘scaffold + binding loop’ concept of canonical inhibitors. This observation sheds new light at our previous
results with SGCI model peptides [28,29], where the
strength of inhibition was greatly dependent on the
structure and dynamics of residues classiﬁed as ‘scaffold’. Our ﬁndings indicate that inhibitors of the pacifastin family have a special design bringing together the
dynamical features of peptides and structural organization, i.e. speciﬁc binding sites, of larger proteins.
Although taxon speciﬁcity of SGTI and SGCI can
not be directly compared, as no data with arthropod
chymotrypsins are yet available, Ki values of wild-type
SGTI and modiﬁed SGCI clearly demonstrate the
presence of this unparalleled speciﬁcity (Table 2).
Taxon speciﬁcity of SGTI was attributed to the
presence of an extended protease-binding region. We
showed for the related SGCI that even residues far
from the primary enzyme binding site are affected by
complexation. Thus, almost the whole molecule undergoes changes upon interaction with the protease, which
corresponds to the concept of an ‘extended binding
site’. This organization might allow for the emergence
of diverse inhibitor subgroups with and without taxon
speciﬁcity in the pacifastin family.

Experimental procedures
Protein expression and purification
To obtain unlabeled, as well as isotope-labeled, SGCI, the
SGTMCI-pET17b vector was used as described previously
[14]. To obtain the double-labeled inhibitor, the SGTMCI
precursor protein was expressed in BL21 DE3 pLysS cells
(Novagen, Merck, Darmstadt, Germany). Cells were grown
on 1 L minimal media containing 0.6% Na2HPO4 (Sigma,
St. Louis, MO), 0.3% KH2PO4 (Sigma), 0.05% NaCl (Sigma), 0.1% 15NH4Cl (Cambridge Isotope Laboratories,
Andover, MA, USA), and 0.2% U-[13C] glucose (Cambridge Isotope Laboratories) at 37 C. Cells were induced
at A600 ¼ 1.0 with a ﬁnal isopropyl thio-b-d-galactoside

(Sigma) concentration of 100 lgÆmL)1 for 4 h at 37 C.
Protein isolation and puriﬁcation was performed as described previously [14].

NMR measurements
Samples were dissolved in a buffer containing 10 mm Mes;
0.001% NaN3; pH 6.0. Sample concentration was 0.76–
1.72 mm 15N, 13C and 15N SGCI were titrated in four steps
to 98% saturation with unlabeled bovine a chymotrypsin
(purchased from Sigma). At each titration point, 1H–15N
HSQC spectra were recorded on a Bruker DRX 500 spectrometer. For resonance assignment of the initial state (0%
enzyme), homonuclear TOCSY and NOESY (typically 2048
data points and 512 increments) as well as 3D TOCSY–
HSQC and NOESY–HSQC spectra (typically 1024 ·
100 · 32 data points in the direct and indirect 1H and 15N
dimensions, respectively) were measured. To assign the
complexed state, triple-resonance experiments (HNCA,
HNCOCA, HNCACB, and COCACBNH, 1031 · 64 · 48
data points in the 1H, 15N and 13C dimensions, respectively)
were collected on a Varian Inova 900 MHz NMR spectrometer and a Varian Inova 600 MHz NMR spectrometer
equipped with a cryogenic probe. NMR relaxation parameters (T1, T2 and heteronuclear NOE) were measured at
500 MHz for the free and the complexed state at pH 6.0
using the pulse sequences described by Farrow et al. [30]
with sensitivity enhancement [31,32].
Processing of NMR data was carried out with nmrpipe
using zero ﬁlling to the next power of 2 and shifted sinebell
window functions in all dimensions. For the triple-resonance experiments, backward linear prediction was applied
in the 13C dimension. For spectral analysis, the programs
xeasy [33], sparky [34] as well as the triad module of sybyl [35] were used. Linewidths were calculated using Gaussian ﬁtting by sparky and taking the arithmetic average of
the reported values in the 1H and 15N dimensions. Chemical shifts and relaxation parameters for free SGCI at
pH ¼ 6.0 and the SGCI–chymotrypsin complex were
deposited in the BMRB database (http://www.bmrb.wisc.
edu) [36] with Accession nos 6880 and 6881, respectively.
Exploratory structure calculations for free SGCI at
pH ¼ 6.0 were carried out as described previously [7]. Ha,
Ca and Cb chemical shift indices were calculated according
to the procedures described by Wishart et al [37,38].

Fitting of relaxation and dynamical parameters
Fitting of R1 and R2 rates and calculating heteronuclear
NOE values was carried out as described previously [14].
Peak volumes were obtained by careful integration of the
central region of each peak using triad. Fitting of dynamical parameters was performed using the program tensor2.0
[39]. Hydrodynamical calculations were done with the
program hydropro [40]. The structural model of the
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SGCI–chymotrypsin complex used for input to both tensor2.0 and hydropro was built by replacing PMP-C (chain
I, see below) in the published PMP-C–chymotrypsin complex (PDB code 1GL1) [15] with the representative model
(model 5) of the deposited SGCI solution structures
(1KGM) [7] using molmol [41].

Structural comparison of free and complexed
SGCI
To monitor the structural changes in SGCI, the published
structures of the free and complexed molecules were analyzed: free SGCI (1KGM) [7], free and the complex of the
SGCI ortholog PMP-C with bovine chymotrypsin (1 GL1)
[15]. The PMP-C–chymotrypsin complex is an excellent substitute for the SGCI–chymotrypsin one as both the primary
and the three-dimensional structure (free SGCI and complexed PMP-C) of the two closely related inhibitors is highly
similar [8,14], see Fig. 3D for differences in sequence. Chain I
of the structure 1 GL1 was chosen as representative model
for complexed PMP-C on the basis that it is more complete
than chains J and K (lacks coordinates for only one residue
opposed to two in the other chains) and has the lowest
RMSD relative to the other two structures (0.44 ± 0.23 Å)
Structural superpositions, RMSD and average torsion angle
calculations were performed with the program molmol [41].
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7 Gáspári Z, Patthy A, Gráf L & Perczel A (2002) Comparative structure analysis of proteinase inhibitors from
the desert locust, Schistocerca gregaria. Eur J Biochem
269, 527–537.
8 Malik Z, Amir S, Pál G, Buzás Zs, Várallyay É, Antal
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Supplementary material
The following supplementary material is available
online:
Fig. S1. Comparison of 1H)15N HSQC spectra of
free SGCI at pH 3.0 (green peaks) and pH 6.0 (blue
peaks). Peaks corresponding to residues also labeled in
Fig. 1 are labeled.
Fig. S2. Chemical shift index (CSI) values for free and
complexed SGCI. (A) Ha CSI values for free SGCI at
pH 3.0. (B) Ha CSI values for free SGCI at pH 6.0. (C)
Ca (red bars) and Cb (brown bars) CSI values for SGCI
complexed with bovine a-chymotrypsin. The respective
position of the three b strands is indicated by arrows.
CSI values for all three species are in good agreement
with the observed secondary structure (note that the sign
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characteristic for b strands is the opposite for Ca CSI
values than the other CSI types in the ﬁgure).
Fig. S3. (A) Signed / and u differences for free SGCI
and complexed PMP-C (average dihedral angles of ten
models for SGCI and three conformers for PMP-C are
compared). (B–D) Similar backbone fold despite different backbone dihedrals in free SGCI (blue) and complexed PMP-C (red): backbone heavy atoms for the
whole molecules (B), the ﬁrst b strand (C) and the protease-binding loop (D) are shown. (B–D) were prepared with rasmol.
Fig. S4. Ramachandran plot of representative conformers of free SGCI (blue boxes) and complexed
PMP-C (red boxes). Part of the lower region of the
plot is duplicated at the top to yield a clearer view of
some of the changes (e.g. residues 10, 15 and 25). Figure prepared with molmol [41].
Fig. S5. Comparison of the side chain conformation of
Arg18 in free SGCI (blue) and complexed PMP-C
(red). Only heavy atoms and the amide proton of Arg18
in the representative models of SGCI and PMP-C
are shown. The two molecules are ﬁtted using backbone atoms of the region 4–33. Figure prepared with
rasmol.
This material is available as part of the online article
from http://www.blackwell-synergy.com.
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