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Structure of an excitatory insect-specific toxin with
an analgesic effect on mammals from the scorpion

Buthus martensii Karsch

BmK IT-AP is an excitatory insect-specific S-toxin with
analgesic effect from the Chinese scorpion Buthus martensii
Karsch (BmK) and consists of 72 residues cross-linked by four
disulfide bridges. The crystal structure of BmK IT-AP has
been determined at a resolution of 2.6 A by molecular
replacement. Compared with the mammal-selective a-toxins
consisting of 64 residues from the scorpion BmK, the general
fold of IT-AP features an additional one-and-a-half turn
a-helix at the C-terminal residues 59-65 with a shifted
disulfide bridge Cys38-Cys64. The extension and ‘wiggling’
of the C-terminal segment led to a reshaping of the bioactive
surface, including the complete destruction of the active site
RC comprising the reverse turn (8-12) and C-terminal
residues 58-64, the disappearance of an active surface formed
by two aromatic residues Trp38 and Tyr42 and the covering of
the conserved aromatic cluster Tyr5, Tyr35 and Trp47, which
are all critical for the structure and function of mammal-
selective a-toxins. Bj-xtrIT, the only other excitatory insect-
specific toxin whose three-dimensional structure has been
determined, is distinct from BmK IT-AP. A functionally
important five-residue a-helix («¢0) formed by residues 17-21
in Bj-xtrIT is deleted in BmK IT-AP and helix ol is
immediately connected to Cysl6 through two residues
Leul7 and Phel8. Accordingly, the functional surface of this
region in Bj-xtrIT has also been reshaped in IT-AP, which
implies subtle differences between BmK IT-AP and Bj-xtrIT
in binding to the receptor, although most other critical
residues for structure and function adopt almost identical
conformations. The crystal structure of IT-AP also forms a
sound basis for further study of the structure—function
determinants of the analgesic effect.

1. Introduction

Scorpion toxins acting on voltage-dependent sodium channels
in excitable cells are mainly related to human envenomation;
they are classified as «-toxins, which inhibit sodium-current
inactivation, and S-toxins, which modify the activation process
(Couraud et al., 1982). Scorpion toxins exhibit high selectivity
towards animals belonging to different phyla. They have been
identified to act on mammals, insects and crustaceans with
high specificity (Gordon et al., 1998). The most intriguing
property of scorpion toxins is that they can discriminate
between insect and mammalian sodium channels. The highly
insect-specific toxins are considered to belong to the S-toxins,
as they compete with S-toxins for the same receptor-binding
site (Gordon et al.,, 1992). These insect toxins include two
distinct subgroups: excitatory and depressant (Zlotkin et al.,
1971). Excitatory insect-specific toxins induce a sustained
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contraction paralysis in fly larvae and shift insect Na*-channel
activation to a more negative membrane potential under
voltage-clamp conditions (Zlotkin et al, 1985; Pelhate &
Zlotkin, 1982). Depressant insect toxins induce a slow

Table 1

Data-collection and structural refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection

depressant and flaccid paralysis preceded by a short transient Total reflections 136909
phase of contracture. The anti-insect specificity of excitatory Unique reflections 7244

. . . Resolution range (A) 500-2.60
toxins has been used to study the properties of the sodium Completeness (%) 100 (100)
channel (Cestele et al., 1997) in insects and in the development Average I/o(I) 285 (7.2)
of a new insecticide (Stewart et al., 1991; Gurevitz et al., 1998). Rinerge (%) 7.1 (30.3)

Thus far, a series of excitatory insect-specific toxins have

Asymmetric unit contents
Structure refinement

2 molecules

been purified and characterized (Zlotkin et al., 1971; Kopeyan Ryork 0.200
etal., 1990; Ji et al., 1996; Deena et al., 1998; Xiong et al., 1999, wac H at (1)224469
. . . 0. non-K atoms

Cohen et al., 2004), as shown in Fig. 1. These toxins are 70-76 Protein 1136

amino-acid residues long with four highly conserved disulfide Sulfate ions 55

bridges, three of which are conserved in both «- and S-toxins. Waters . 65

. . . . Average temperature factor (A%)

Although a series of three-dimensional structures of scorpion Protein 272 (mol. A), 34.9 (mol. B)

mammal-specific toxins have been elucidated, only one crystal Main chain 26.8 (mol. A), 33.8 (mol. B)

structure of an excitatory insect-specific toxin, Bj-xtrIT, has adf chain g;g (mol. A), 36.0 (mol. B)
aters .

been reported to date (Deena et al., 1998), mainly because of

Sulfate ions 48.9
the difficulty in obtaining a sufficiently large quantity of highly R.m.s.d from standard stereochemistry
pure and stable sample. Here, we report the crystal structure Bond length (A) 0.008
. . . . . Bond angles (°) 1.30
of a novel excitatory insect-specific toxin, BmK IT-AP, with an Dihedral angles (°) 2180
analgesic effect on mammals. Improper (°) 0.79

BmK IT-AP (insect toxin analgesic protein) was purified
from the venom of the scorpion Buthus martensii Karsch
(BmK), which is widely distributed in China and East Asia.
BmK IT-AP displays typical excitatory insect-selective tox-
icity. Interestingly, BmK IT-AP also exhibits an analgesic
effect, but is devoid of any toxicity to mice (Xiong et al., 1999).
The bioassay showed that its analgesic effect was not parallel
to the insect toxicity, which suggested a distinct structure—
function determinant for the analgesic effect (Guan et al.,
2000). BmK IT-AP consists of 72 amino-acid residues cross-
linked by four disulfide bridges and is homologous to all other
excitatory insect-specific toxins with sequence identity of 75—
82%, except for Bj-xtrIT. BmK IT-AP has a sequence identity
of 62% with Bj-xtrIT and differs remarkably in the deletion of
a five-residue motif (17-21) after the first cysteine (Cys16)
(Fig. 1), which has been identified to be part of the toxin-
receptor binding site (Cohen et al., 2004). Thus, BmK IT-AP
should be considered as a representative of the subtype of

Ramachadran plot, residues in
Core region (%)
Allowed region (%)

89.2 (mol. A), 90.8 (mol. B)
10.8 (mol. A), 9.2 (mol. B)

excitatory insect toxins with 72 amino-acid residues. The
three-dimensional structure of BmK IT-AP will expand our
structural knowledge of the excitatory insect-specific toxins
and form a sound structural basis for understanding its dual
bioactivity: namely, its toxicity to insects and its analgesic

effect on mammals.

Furthermore, a series of crystal structures of toxins from the
scorpion BmK, including BmK M1, M2, M4, M7 and M8 (PDB
codes 1snl, 1chz, 1sn4, 1kv0 and 1snb, respectively; Li et al.,
1996; He et al, 1999, 2000; Guan et al., 2004), have been
determined, all of which belong to the o-toxins. BmK M1 is
highly mammal-selective and has been the subject of extensive
analysis by mutagenesis in order to identify the important sites

1 10 20 30 40 50 60 70 80
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BmKM1 VADAYI AKPHNICIVYE ARNEYCNDLCTKNG AKSGYCOWVGKYGNGCWC| ELPDNVP | ARVPGK
BmKM2 VADAYI AKPHNICVYE ARNEYCNNLCTKNG AKSGYCOWSGKYGNGCWC| ELPDNVP | RVPGK
BmKM4 VADAYI AKPEN|ICWYHC AGNEGCNKLCTDNG AESGYCQWGGRYGNACWCI KLPDDVP | RVPGK
BmKMa GRDAYI ADSENICITYF GSNPYCNDVCTENG AKSGYCQWAGRYGNACYCI DLPASER | KEGGR
Excitatory insect-specific toxins
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Figure 1

Sequence alignments of BmK IT-AP with BmK «-toxins and other scorpion excitatory insect toxins. Conserved secondary-structural elements are
shown, of which helix &2 is unique to excitatory insect-specific toxins. Sequences are aligned according to the cysteine frame. The cysteine (highlighted
with box in blank background) cross-linked to the last cysteine in the sequence is dramatically shifted from position 12 in e-toxins to position 38 in BmK
IT-AP and in all excitatory insect toxins. AaHIT1 and AaHII are from the scorpion Androctonus australis Hector, LqqIT1 is from scorpion Leiurus
quinquestriatus quinquestriatus, Lqh-xtrIT is from the scorpion L. quinquestriatus hebraeus and Bj-xtrIT is from the scorpion Buthotus judaicus (Possani
et al., 1999; Deena et al., 1998; Cohen et al., 2004). BmK M1, M2, M4, M8, IT-AP and IT1 are from the scorpion B. martensi Karsch (He et al., 1999; Li et
al., 1996; Luo et al., 1997, Xiong et al., 1999).
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for structure and function (Wang et al., 2003; Sun et al., 2002, 2. Materials and methods

2003). The structure of BmK IT-AP as an insect-specific
B-toxin in comparison with BmK M1 as a mammal-selective

2.1. Purification and crystallization

a-toxin will reveal the structural determinants that discrimi- BmK IT-AP was purified from the crude venom of BmK as
nate these two phylogenetically distinct scorpion toxins. described by Xiong et al. (1999). BmK IT-AP was crystallized

(a)

()

(©)

Figure 2

Stereoview of the C-terminal segments of BmK IT-AP showing the different conformational
states of the C-tail of the two molecules in the asymmetric unit. (a) Molecule A, (b) molecule B.
The electron-density maps (2F, — F,, contoured at 1.00) also show the four well defined sulfate
ions (C1, C3, C4 and C10) stabilizing the conformation of molecule A. (c¢) The interaction
between the C-terminus of molecule A and the sulfate ions, highlighted in red.

at 287 K by the hanging-drop vapour-diffu-
sion method. The hanging drop consisted of
2ul 20mg ml™' BmK IT-AP dissolved in
1 mM acetic acid mixed with 2 pl reservoir
solution [1.4 M (NH,),SO, and 0.1 M CHES
pH 9.5] and 0.6 pl 4 mM Zwittergent 3-10.
The drops were left to equilibrate against
600 pl reservoir solution. Within one week,
crystals grew to dimensions of 0.3 x 0.15 x
0.15 mm (Guan et al., 2000).

Preliminary crystallographic  analysis
showed that the crystal belongs to space
group P6,22 or P6,22, with unit-cell para-
metersa=b =64.97,c=173.48 A. There are
two molecules in the asymmetric unit and
the solvent content is estimated to be 60.5%
according to the Matthews coefficient
(Vi = 3.11 A3 Da™'; Matthews, 1968).

2.2. Data collection and processing

The diffraction data of BmK IT-AP were
collected with wavelength 1.0 A at room
temperature on beamline BL-18B at the
Photon Factory, KEK, Tsukuba, Japan using
an ADSC Q4R CCD detector. A complete
data set to 2.6 A resolution was integrated,
scaled and merged using the HKL package
(Otwinowski & Minor, 1997). The final data-
collection statistics are listed in Table 1.

2.3. Molecular replacement

The structure of BmK IT-AP was solved
by the molecular-replacement method using
MOLREP v.7.3 (Vagin & Teplyakov, 1997)
from the CCP4 v.4.2 software suite (Colla-
borative Computational Project, Number 4,
1994). The crystal structure of Bj-xtrIT
(PDB code 1bcg) was used as a search
model. No atoms were substituted or
omitted from the model. Both space group
P6,22 and P6,22 were used in molecular
replacement in the resolution range 29.53—
3.0 A. When P6,22 was used, the best solu-
tion calculated by the rotation function gave
a correlation coefficient of 30.0% with an R
factor of 56.7% and the subsequent trans-
lation function gave a clear solution of two
molecules in the asymmetric unit with a
correlation coefficient of 43.6% and an R
factor of 51.1%. When P6,22 was used, the
rotation and translation function gave a

16 Lietal - Excitatory insect-specific toxin
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correlation coefficient of only 22.6% with an R factor of 61.0%
and a correlation coefficient of 26.8% with an R factor of
60.0%, respectively. This solution was confirmed by checking
the packing using the program O (Jones et al., 1991).

2.4. Model building and refinement

The model was rebuilt using O and refined with the
program CNS (Briinger et al, 1998). 10% of the unique
reflections were selected randomly to calculate the free R
factor (Kleywegt & Briinger, 1996). Following rigid-body
refinement, several rounds of simulated-annealing refinement
were performed alternating with the calculation of electron-
density maps and manual adjustment of the model. Positional
and individual B factors were then refined and solvent mole-
cules were identified and added to the model. Some electron
densities, which were clearly greater than water molecules in
the 2F, — F. and F, — F, maps, were defined as sulfate ions.
Finally, energy-minimization refinement with CNS was carried
out, followed by restrained refinement with REFMACS
(Murshudov et al., 1999) in the final round to further improve
the accuracy of the model. The final model, including 1136
protein atoms, 65 water molecules and 11 sulfate ions, was
refined to Ryork = 20.0% (Rpee = 24.9%) in the resolution
range 29.53-2.6 A. The final structure was analyzed using
PROCHECK (Laskowski et al., 1993).

Molecule 4
(a)

(h)
Figure 3

General structure of BmK IT-AP. (a) Crystallographic dimer of IT-AP in the asymmetric unit
and the monomer—-monomer interactions. The three hydrogen bonds are shown as broken lines.
11 sulfate ions are shown as ball-and-stick models: seven around molecule A, three around
molecule B and one mediating molecule A-molecule B contacts. (b) Superposition of C* atoms
of molecule A (black) and molecule B (red). The six flexible C-terminal residues adopt

different conformations in molecule A and molecule B.

3. Results and discussion
3.1. Quality of the structure

The two molecules, molecule A and molecule B, in the
asymmetric unit were well refined and the refinement statistics
are given in Table 1. Each molecule contains all 72 amino-acid
residues. The Ramachandran plot (Ramachandran & Sasi-
sekharan, 1968) reveals that 89.2 and 90.8% of the non-glycine
and non-proline residues of molecules A and B, respectively,
fall in the core region; the remainder are all in the allowed
region.

Since the C-terminal stretch 67-72 in molecule B is flexible
(Fig. 2), the average B factor of molecule B (34.9 A?) is
significantly higher than that of molecule A (27.2 Az). Except
for the last six residues of molecule B, all residues are well
defined in the electron-density maps. 11 sulfate ions can be
identified in 2F, — F. and F, — F_ maps; they mainly contri-
bute to the monomer—-monomer interactions and stabilization
of the C-terminal segment of molecule A (Figs. 2 and 3).

3.2. Overall structure of BmK IT-AP

The two molecules, A and B, in the asymmetric unit are
related by a non-crystallographic twofold axis. They interact
with each other through three hydrogen bonds, including a
direct hydrogen bond (A10 O---B2NZ, 3.01 A) and two
sulfate-mediated contacts (Fig. 3). Superposition of molecules
A and B shows that except for the C-term-
inal four residues, their conformations are
very similar and the root-mean-square
deviation of C* atoms from residues 1-68 is
0.45 A (Koradi et al., 1996). The C-terminal
stretches 68-72 of these two molecules are
in different conformational states: rigid in
molecule A but flexible in molecule B
(Fig. 3). Since the defined conformations of
the C-terminal residues 68-72 are mainly
stabilized by five sulfate ions in the crystal,
the C-terminal segment of IT-AP should be
in a flexible state in solution.

The general fold of IT-AP revealed by
the crystal structure can be described as
consisting of two parts: the N-sector (resi-
dues 1-59) and the C-lobe (residues 60-72)
(Fig. 3). The N-sector has the same Baff
motif as in «-toxins (Fig. 4). It is composed
of a dense core of secondary-structure
elements, including an «-helix formed by
residues 19-28 and a three-stranded anti-
parallel B-sheet formed by residues 2-5, 32—
38 and 45-54. Three disulfide bridges
formed by Cys16—Cys37, Cys22-Cys42 and
Cys26-Cys44 stabilize this special motif;
they are strictly conserved in all scorpion
a-toxins and B-toxins. Compared with the
a-toxins, the only structural change in this
part is that loop 38-44, which was identified
to be of functional importance in «-toxins

Acta Cryst. (2005). D61, 14-21
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(Sun et al., 2003), is deleted in the sequence of IT-AP (Figs. 1
and 4). However, the C-lobe (residues 60-72) of IT-AP is
strikingly different from that in a-toxins; it features an addi-
tional one-and-a-half turn a-helix («2) formed by residues 59—
65 and a disulfide bridge Cys38-Cys64 that is shifted from the
fourth disulfide bond Cys12-Cys63 of a-toxins (Fig. 4). These
new structural elements give I'T-AP a molecular framework
and topology distinct from that of a-toxins.

3.3. Main structural disparity between BmK IT-AP and BmK
a-toxins

In all a-toxins a five-residue reverse turn (8-12) at the
N-terminus connects with the C-terminal segment 58-64 to
form a unique tertiary structure (Fig. 4), which is anchored to
the BafB molecular scaffold through a complicated hydrogen-
bonding network and the fourth disulfide bond Cys12-Cys63.

BmK M1 BmK IT-AP

(a)

Site RC
BmK M1

(b)
Figure 4

Comparison of BmK IT-AP and BmK «-toxins (e-like toxin M1 and classic a-toxin M8). (a) Overall
structures of BmK IT-AP, M1 (He et al., 1999) and M8 (Li et al., 1996). C-termini are shown in
magenta, where IT-AP forms a unique helix distinct from those of M1 and M8. Three conserved
disulfide bridges and the shifted disulfide bridge (S4) are highlighted in yellow. The conserved
common structure motif S8 is shown in red and green. (b) The local structures of the reverse turn
8-12 (RT) and the C-terminal segment (CT) in BmK M1 and in IT-AP, showing some of the
structural factors that trigger the unique C-terminal conformation of BmK IT-AP. In M1 the turn 8-
12 connects the C-terminus 58-64 via a hydrogen-bonding network in which Asnl1 plays a critical
role to form a unique tertiary arrangement (site RC). In IT-AP the network is absent; Asnll in M1
is mutated to Gly11 in IT-AP, the disulfide bridge Cys12—-Cys63 in M1 is shifted to Cys38-Cys64 and
the orientation of the C-terminus is dramatically changed to be distant from the turn 8-12.

BmK IT-AP

This unique local structure has been called site RC (He et al.,
1999; Wang et al., 2003). Site-directed mutagenesis investiga-
tions of BmK M1 have identified site RC as being crucial for
the structure and function of the toxin (Wang et al., 2003; Sun
et al., 2002). Residues Asnll, Arg58 and Cys12 and Cys63 of
the disulfide bridge have been shown to be responsible for
stabilizing the unique conformation of this functional site.
Mutating any one of them seriously reduced the bioactivity of
the toxin and synchronously altered the conformation (Wang
et al., 2003; Sun et al., 2002). In fact, in all a-toxins Asnll
provides side-chain atoms O°' and N to connect the main
chain of Val59 through 11 O°...59N and 11 N*...59 0
hydrogen bonds (Fig. 4). In addition, the carbonyl O atom of
Asnl1 makes a hydrogen bond with Arg58 N¥, which is further
connected to Gly61l via a hydrogen bond. Correspondingly,
Asnll and Cysl2 are strictly conserved and residue 58 is
conserved as Arg or Lys in all -toxins (Cestele et al., 1999).
Furthermore, mutagenesis analysis (Sun
et al., 2002) has shown that the disulfide
bond Cys12-Cys63 is only critical for
stabilizing the local structure relevant to
the C-tail in BmK M1, not for the
general folding of M1. In the structure
of IT-AP, residue 11 is changed to Gly
from Asn (Fig. 1) and all the inter-
actions described above in the a-toxins
are lost. Additionally, the fourth disul-
fide bridge is shifted from 12-63 to a
new position 38-64 to connect the
lengthened C-terminal segment to the
molecular scaffold with a new pattern
(Fig. 4). It seems that the change of
residue 11 from Asn to Gly is a critical
structural factor for switching on the
unique C-tail conformation of BmK
IT-AP.

Site-directed mutagenesis of BmK
M1 also suggested that a-toxins have
two Dbioactive surfaces which may
directly interact with the receptor site
on the sodium channel. One is located
in site RC and mainly consists of the
C-terminal basic residues Lys62 and
His64 (Wang et al., 2003). Another one
involves two conserved aromatic resi-
dues Trp38 and Tyr42 on the loop
38-44 between (2 and B3, called site
AR (Sun et al., 2003). In BmK IT-AP
the first active surface has clearly
been changed. The hydrogen-bonding
network between the turn 8-12 and the
C-terminus in site RC of BmK M1 have
been destroyed completely in IT-AP
(Fig. 4), so the surface of IT-AP in this
region differs distinctly from that of
M1 (Fig. 5). Furthermore, in IT-AP the
residues corresponding to residues

Bmk M8

18 Lietal -

Excitatory insect-specific toxin

Acta Cryst. (2005). D61, 14-21



research papers

41-45 of the «-toxins have been deleted and Trp38 has
changed to Leu, which leads to the disappearance of
another active surface site AR in «-toxins (Figs. 4 and 5).

Furthermore, in all a-toxins there is a conserved aromatic
residue cluster, Tyr5, Tyr35 and Trp47, apparent on the so-
called the conserved hydrophobic surface (CHS), which is
assumed to be part of the functional site targeting the sodium
channel (Fontecilla-Camps et al., 1988; Li et al., 1996). Detailed
mutagenesis analysis of these three aromatic residues has
shown that they contribute to the function of the toxin mainly
through stabilizing the three-stranded p-sheet (Sun er al.,
2003). In the IT-AP structure, this aromatic cluster still exists,
but it is covered by the lengthened C-terminal segment (Fig. 5).
This indicates that this conserved aromatic residue cluster,
while still able to stabilize the mole-
cular scaffold in BmK IT-AP, is not
involved in interaction with the
receptor.

Evidently, although the «-toxins and
B-toxins possess the same molecular
scaffold in the N-terminal part, the
extension and ‘wiggling’ of the
C-terminal segment of BmK IT-AP
have led to reshaping of the bioactive
surface and a different topology of the
molecule; this forms the main struc-
tural basis for the insect-specific
bioactivity of BmK IT-AP. It is
plausible to infer that the functional
site of IT-AP will be completely
different from that of o-toxins.

3.4. Comparison of BmK IT-AP with
Bj-xtrlT

The only other crystal structure of an
excitatory insect-specific toxin deter-
mined to date is that of Bj-xtrIT from
the scorpion Butholus judaicus (Deena
et al., 1998). Bj-xtrIT shares 44-62%
sequence identity with other excitatory
toxins found so far, including BmK
IT-AP, and differs remarkably from the
others, with an insertion of five resi-
dues (17-21) after the first cysteine
(Cysl16). The superimposed main
chains of BmK IT-AP and Bj-xtrIT
(Fig. 6) show that the N-terminal motif
and the additional helix o2 in the
C-terminal part are similar in the two
toxins. The major differences between
BmK IT-AP and Bj-xtrIT occur at the
five-residue insertion (17-21, num-
bering as inBj-xtrIT) (Fig. 1) after the
first conserved cysteine (Cysl6) and
prior to the first helix 1. The crystal
structure of Bj-xtrIT showed that these

Figure 5

cluster

inserted residues formed a short «-helix («0) on the molecular
surface. More recently, site-directed mutagenesis has identi-
fied the solvent-exposed region formed by these residues as
part of the surface of Bj-xtrIT that interacts with its receptor
site (Cohen et al., 2004). In the BmK IT-AP structure,
this short helix («0) is absent and helix «l is directly
connected to Cys16 through two residues Leul7 and Phel8
(numbering as in BmK IT-AP). Accordingly, the functional
surface in this region of Bj-xtrIT has also been reshaped in
IT-AP (Fig. 6). Therefore, it is plausible to infer that the
property of binding to the receptor site on the sodium
channels may be subtlely different between BmK IT-AP
and Bj-xtrIT. Therefore, the structures of BmK IT-AP
and Bj-xtrIT could be considered as representative

aromatic residues
(yellow)

The functionally important surfaces of BmK M1 (top) and their reshaping in BmK IT-AP (bottom).
The change in direction of the C-tail (magenta) of IT-AP compared with M1 destroys the structurally
and functionally important site RC (cyan and magenta) of M1 and the cluster of conserved aromatic
residues (Tyr5, Tyr35 and Trp47, yellow) of M1 is buried in IT-AP. Meanwhile, the surface formed
mainly by the positively charged residues Lys62 and His64 of M1 and crucial in interaction with the
Na® channel is absent in IT-AP. The two aromatic residues (Trp38 and Tyr42, purple) critical for
pharmacological activity of BmK M1 are also absent in IT-AP. The molecules on the right are related
to those on the the left by a rotation of 180° around the vertical axis.

Acta Cryst. (2005). D61, 14-21
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(a)

BmK

(h)
Figure 6

Comparisons of BmK IT-AP and Bj-xtrIT. (a) Comparison of the C* traces of IT-AP (red) and
Bj-xtrIT (blue), showing that the short a-helix («0) formed by the additional five residues (17—
21) of Bj-xtrIT is absent in IT-AP. (b) Surfaces of Bj-xtrIT important for function (left) and
their corresponding positions in BmK IT-AP (right). The solvent-exposed surface (purple)
consisting of residues Vall9, Asn20, Ile22 and Ala23 in Bj-xtrIT is absent in IT-AP, as helix o0
is not present in Bj-xtrIT. The residues Glul5, Tyr26, Glu30, Val34 and Val71-GIn72-11e73-1le74
(green) involved in the functionally important surfaces (Cohen et al, 2004) are
conformationally conserved in IT-AP; another important residue His25 of Bj-xtrIT has been

IT—AP

above. It seems that the flexibility of the C-
terminal stretch is intrinsic. Thus, the
conformational difference of the C-terminal
segments observed in BmK IT-AP and Bj-
xtrIT may not have biological significance.

3.5. Analgesic effect of BmK IT-AP

Two excitatory insect toxins, IT-AP and
AngP1 (Xiong et al., 1999; Guan et al., 2001),
from the venom of the scorpion BmK have
been found to produce an analgesic effect
on mice. However, the mechanism by which
these toxins modulate the sensation of pain
remains to be clarified. Evidently, the
analgesic effect of IT-AP and AngP1 cannot
be ascribed to any mammalian neurotoxicity
the peptides may possess, as they have no
detectable toxicity to mice. In fact, the
present structure of IT-AP showed that all
the functional sites of the BmK toxins
specific to mammals have been changed in
IT-AP, as described above. Additionally, a
bioassay indicated that the analgesic effect
of IT-AP on mice is at least 4-5 times
stronger than that of AngP1, but its toxicity
to insects is two times weaker than that of
AngP1 (Guan et al., 2001). Evidently, the
analgesic effects of these peptides are not
parallel to the insect toxicity. Thus, it seems
that IT-AP and AngPl may have unique
structure—function determinants respon-
sible for the analgesic effect that are distinct
from those for the insect-specific effects.
The crystal structure of BmK IT-AP forms a
sound basis for further study on the struc-
tural mechanism of the analgesic effects of
IT-AP.

mutated to Asn20 in IT-AP. The model of Bj-xtrIT is built from coordinates from the PDB (ID

code 1bcg; Deena et al., 1998).

models of two subtypes of the excitatory insect-specific
toxins.

Dissection of the functional sites of Bj-xtrIT by mutagenesis
has also suggested that two residue clusters constitute the
main functional surface of the toxin (Cohen et al., 2004). One
cluster appears in helix o1 and its vicinity, including Glul5,
Glu30, Tyr26 and Val34, and the other cluster in the C-term-
inal region, including Val71, GIn72, Ile73 and 1le74 (Fig. 6).
These residues invariably appear at the corresponding posi-
tions of BmK IT-AP. The structural comparison indicates that
residues Glul5, Glu30, Tyr26 and Val34 adopt almost identical
conformations in both IT-AP and Bj-xtrIT (Fig. 6). The
residue cluster at the C-terminal region showed some
conformational difference between the two toxins. However,
the C-terminal segments also displayed distinct conforma-
tional states for molecules A and B in the asymmetric unit
owing to different environments in the crystal, as described
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