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A series of bioactivity-variant neurotoxins from
scorpion Buthus martensii Karsch: purification,
crystallization and crystallographic analysis

Three bioactivity-variant neurotoxins, BmK M1, M4 and M8, have
been purified from Chinese scorpion BmK venom. They possess
distinct toxic activities against mice in vivo. These proteins also have
different electrostatic properties. The relative toxicities for BmK M1,
M4 and M8 are 13.3:2.5:1 which, surprisingly, correspond to their
respective pl values ranging from basic to acidic 9.01, 7.53 and 5.30,
respectively. They have been crystallized in different crystal forms as
orthorhombic, hexagonal and monoclinic, respectively. These crystals
can diffract to 1.2 (BmK M1), 1.3 (BmK M4) and 1.8 A (BmK MB3)
resolution and have been used in data collection. These toxins
produced by natural mutagenesis or gene divergence should
represent functionally distinct states, thereby forming a valuable
system for studying structure—function relationships. The unusual
relatively acidic component that first appeared in this series also
provides a new concept for a more comprehensive understanding of
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scorpion neurotoxins.

1. Introduction

Scorpion neurotoxins are known to interact
specifically with the voltage-dependent sodium
channel (Catterall, 1979; Rochat et al., 1979).
They form a family of homologous proteins
consisting of single polypeptide chains of about
60 amino-acid residues that are cross-linked by
four disulfide bridges (Babin et al, 1975;
Possani et al., 1975). Since Miranda and co-
workers purified the first scorpion toxin in 1970
(Miranda et al., 1970), over 100 scorpion toxins
from different species have been isolated and
nearly 60 sequences have been determined as
shown in the PIR database. All of them, except
in one case (Manueulle et al, 1992), are
reported to possess alkaline properties.
Therefore, the scorpion neurotoxins are
usually described as basic proteins. We recently
found the three bioactivity-variant neuro-
toxins, BmK' M1, M4 and M8, from the venom
of scorpion BmK distributed in China and East
Asia. Within this series of toxins, a neutral
(BmK M4) and an acidic toxin (BmK M8) were
found, in addition to the normally basic toxin
(BmK M1). It is interesting that the changes in
p! values correlate with the variances in toxi-
city against mice in vivo as shown in the
bioassays. Therefore, they should represent
functionally distinct states. They all have been
crystallized in our laboratory so as to form a
valuable system for studying three-dimen-

! Abbreviations used: BmK, Buthus martensii
Karsch; LDs, the dose capable of statistically killing
50% of mice; IEF, isoelectric focusing; AaH,
Androctonus australis Hector.

sional structure—function relationships.
Furthermore, BmK MS is the first acidic scor-
pion toxin reported so far, which therefore
provides new information for understanding
scorpion neurotoxins. Here we report the
purification, characterization, crystallization
and crystallographic data for this series of
BmK toxins.

2. Materials and methods
2.1. Protein purification and characterization

The toxins were purified from the venom of
scorpion BmK grown in the Henan Provinces
of China. The purification included successive
chromatography of Sephadex G-50 gel filtra-
tion (column 2.5 x 150 cm; buffer 0.05 M
NH,HCO;, pH 8.0; flow rate 3 ml min~"), Sp
Sephadex C-25 ion exchange [column 1 X
80 cm; 0.1 M phosphate buffer, pH 6.0; salt
gradient 0-0.31.0 M NaCl; flow rate 5ml
(10 min) '], chromatography and preparative
IEF electrophoresis (Ultrodex granule gel; p/
range 7.0-10.0; power 10 W).

Purity was checked by HPLC (high-pres-
sure/high-performance  liquid  chromato-
graphy) analysis running on a Bio-Rad series
400 system and a Waters system. The molecular
weight and the isoelectric point of purified
samples were determined by SDS-PAGE and
IEF electrophoresis on a Pharmacia-LKB
Multiphor II electrophoresis system. All media
for chromatography and electrophoresis were
from Pharmacia-LKB Biotechnology.
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2.2. Toxicity bioassay

The toxicity test was carried out using
Kunming mice with body weights of 20 £
2 g. The lyophilized samples were dissolved
in a modified Herreveld or Krebs solution
and injected into each mouse by tail-vein
injection. Quantitative estimation of the

Table 1
Toxicity and pI values of BmK M1, M4 and M8.

toxicity was based on the determination of
LDsg, using the method described by Meier
& Theakston (1986).

2.3. Crystallization

The microbatch method and vapour-
diffusion method were used in the crystal-
lization. A sparse-matrix screening
protocol (Jancarik & Kim, 1991) was

used in the systematic search for the

preliminary conditions which were

Toxins BmK M1 BmK M4 BmK M8 Y K R
then optimized in subsequent trials.
p! value 9.01 7.53 5.30
LDs, (mg kg™
body weight) 0.75 £0.034  4.00 £0.025  10.00 £0.034 o
Relative activity 133 25 10 2.4. Crystal data determination and

(b)

Figure 1

SDS-PAGE (a) and IEF (b) electrophoresis of BmK M1, M4
and M8. The pI values were determined on an enhanced laser

densitometer (Ultroscan XL, LKB BROMMA).

diffraction data collection

The crystallographic data were
determined on a CAD-4 four-circle
diffractometer (Enraf-Nonius).
Values of V,, and the number of
molecules per asymmetric unit were
estimated by use of the Matthews
statistics method (Matthews, 1968).
The diffraction data of BmK M1 (B)
and M8 were collected using a
SIEMENS X-300B area detector.
The high-resolution data of BmK
M1 (A) and BmK M4 were collected
at beamline BL6A of the Photon
Factory in KEK, Tsukuba, Japan, by
use of a screenless Weissenberg
camera (Sakabe, 1983).

3. Results

3.1. Purification and characteriza-
tion of toxins BmK M1, M4 and M8

After two steps of gel filtration on
Sephadex G-50 and Sp Sephadex C-
25, eight fractions were isolated from
the crude venom.

Among others, fraction 1 showed
a sharp peak in the HPLC analysis,
indicating a high purity. Fraction 8
was further precipitated out from the
elution buffer as microcrystals by
setting at 277 K which provided a
purified sample. Since the preli-
minary IEF analysis showed a
neutral component in fraction 4, a
preparative IEF was carried out to
obtain a purified sample as shown in
Fig. 1. These three purified toxins are
referred to as BmK M1, BmK M4
and BmK MS, respectively.

SDS-PAGE showed that BmK
M1, M4 and M8 possess similar
molecular weights, about 7000 Da
(Fig. 1a). However, the IEF analysis
demonstrated that they have
obviously distinct p/ values, 9.01,
7.53 and 5.30 for BmK M1, M4 and
M8, respectively (Fig. 1b).

3.2. Variant toxicity

The toxicity bioassay showed that the
LDs, values of BmK M1, M4 and M8 were
0.75 $0.034, 4.00 =£0.025 and 10.00
40.034 mg kg~ body weight, respectively,
as shown in Fig. 2 and Table 1. The results
showed that BmK M1, M4 and M8 were a
toxicity-variant  series of ~mammalian-
directed neurotoxins. It is quite interesting
that the potencies of these toxins are asso-
ciated with the dramatic differences in the
electrostatic properties of these molecules:
from acidic to basic ones, they have relative
toxicities of 1:2.5:13.3. In fact, the higher the
pl value, the stronger is the toxicity (see
Table 1).

3.3. Crystallization

The methods used in the successful crys-
tallization of BmK M1, M4 and M8 are listed
in Table 2. Under these conditions, single
crystals (see Fig. 3) suitable for X-ray
structural analysis could be obtained.
Among others, BmK M1 provided two types
of crystal which have the same space group,
but obviously different unit-cell dimensions
(see Table 3).

3.4. Crystal data and diffraction data

The preliminary X-ray analysis on a
diffractometer demonstrated that the crystal
forms of BmK M1, M4 and M8 are ortho-
rhombic, hexagonal and monoclinic,
respectively. It showed that these toxins also
possess distinct crystallization behaviours.
They all diffracted to well beyond 2.0 A (1 A
= 107® cm) resolution. Details are given in
Table 3.

Diffraction data for BmK M1 (B) and M8
were collected at 1.7 and 1.8 A resolution
with an Ryerge 0f 0.0501 and 0.0523, respec-
tively, on a SIEMENS X-2000B area
detector. The diffraction of BmK M1 (A)
and M4 each reached a resolution limit of
12 and 13 A, respectively, for synchrotron
radiation with 1 A wavelength at KEK of
Tsukuba, Japan. The data sets were collected
with an Ryeree Of 0.0687 and 0.0723, respec-
tively, by use of a screenless Weissenberg
camera with a film cassette at 429.7 mm. The
X-ray structural analyses of these toxins are
in progress.

4. Discussion

Among the more than 100 scorpion toxins
purified so far, few have shown properties
similar to those of this series of BmK.
However, the existence of these toxins is not
surprising from an evolutionary point of
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1.7 ¢ Table 2
Methods for crystallization of BmK M1, M4 and M8.
1.5
13 BmK M1
Q Samples A type B type BmK M4 BmK M8
1.1
‘s Solution A 1 mM HAc 0.03 N HCl 1 mM HAc 0.03 N HCI
0.9 1 (protein) 20 mg ml™" 20 mg ml™" 20 mg ml™" 10 mg ml ™!
LD5y=0.75 mg kg Solution B 2.8 M NaH,PO, 0.2 M NaH,PO, 4.8 M NH,Ac 0.2 M NaH,PO,
0.7 Solution C MPD
0 2 4 pH 453 7.50 6.80 455
DIT Method Vapour diffusion Batch Vapour diffusion Batch
(a) Droplet SWA+5uB 4uWA+8uB SWwA+5uB SWwA+5uB
16 Reservoir 500 pl B 12uc 500 pl B
b
2k
o Table 3
Qs F Crystal data of BnK M1, M4 and MS.
4 L% BmK M1
E LDgy=40mg kg—l Samples A type B type BmK M4 BmK M8
0 0 — ; n— '; At 6 Crystal system Orthorhombic Orthorhombic Hexagonal Monoclinic
Space group P2,2,2, P2,22 P6, /P65 P2,
DIT vV, (A’Da™) 192 2.88 2.07 1.84
(b) Molecule/asymmetric unit 2 1 1 1
Resolution limit (A) 12 1.7 13 1.8
L BmK M1
E Cell parameters A type B type BmK M4 BmK M8
E a(A) 7639 83.42 54.88 2332
o b (A) 52.77 41.09 54.88 38.56
SE . ¢ (A) 27.12 23.93 3376 29.17
E LDy=10.0mg kg™ a () 90 90 90 90
O Cndaaassasssastnang, B () 90 90 90 107.48
0 5 10 15 20 7 () 90 90 120 90
DIT
(o)

Figure 2

LDs, determination of BmK M1 (@), M4 (b) and M8
(c) using dose/survival-time observation. The point
where the regression line intersects the ordinate is
the LDso. D, dose (mgkg™') of toxin used in
experiments; 7, survival time (min) of mice after
injection of toxins.

view. Scorpions first appeared on Earth
about 400 million years ago. Since then, they
have been subjected to many evolutionary
pressures for venom proteins and carried
multiple toxin genes (Bougis et al., 1989). In
fact, every scorpion venom contains a

homologous set of toxins within which
changes in toxicity and receptor-binding
properties accompany differences in
sequence. The existence of relatively acidic
and inactive toxins may be a vestige of
venom proteins in the early evolutionary

stages. In the course of evolution, the
enhancement of toxicity seems to be asso-
ciated with an increment in the overall
positive-charge potential on the molecule,
since this is required by the high efficacy of
the toxin-receptor binding (e.g. Kharrat et
al., 1990). Consequently, multiple forms of
the molecule, from acidic to basic, could
reasonably appear in this process. We have
observed that a significant decrease in toxi-
city usually accompanies the qualitative
lowering of the isoelectric point in the same
class of toxins. Therefore, the finding of
relatively acidic toxins throws a new light on
our understanding of scorpion neurotoxins.

The amino-acid sequences of BmK M1,
M4 and M8 have been determined by
protein analysis and cDNA sequencing (Li et
al., 1996; Luo et al., 1997; Xiong, Ling, Zhao
et al., 1997) and are shown in Fig. 4. The
encoding genes have also been cloned
recently in our laboratory (Xiong, Ling,
Wang et al., 1997; Xiong, Ling, Zhao et al.,
1997). The results showed that these three
proteins are indeed different gene products

Figure 3
Crystal photographs of BmK M1-A (a), M1-B (b) orthorhombic, M4 (c¢) hexagonal and M8 (d) monoclinic.
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10 20 30 40 50 60
BmK M1 VRDAYTAKPHUNCVYECARNEYCNDLCTKNGAKSGYCQWVGKYGNGCWCIELPDNVPIRVPGKCH
BmKM4 V...... KPE..V.H.AG.EG. . KL..DN..E...... G.R...A.¥..K..DDVP.RVP.K. H
BmKMS8 G...... DSE..T.F.GS.PY. . DV..EN. . K...... A.R...AY..D..ASER.KEP.R. G

Figure 4

Amino-acid sequences of BmK M1 (from Xiong, Ling, Zhao et al., 1997), M4 (from Luo et al., 1997) and M8 (from Li et al., 1996).

and not variants resulting from chemical
modification.

BmK is a representative scorpion species
in China and East Asia. In contrast to some
other scorpions, e.g. AaH from North Africa
which usually causes serious symptoms, even
leading to death, scorpion BmK has been
used as a traditional medicine in Chinese
folk remedies fro about a thousand years. In
the first authoritative Chinese pharmaco-
poeia Ben Cao Gang Mu (Compendium of
Material Medica) edited by Li Shi-Zhen in
1578, the pharmaceutical properties and the
curative effects of BmK were described in
detail, including the treatment of some
neural diseases such as apoplexy, hemi-
plegia, epilepsy, facial paralysis etc. Death
from scorpion stings has never been
reported in China. This special property of
BmkK, ie its mild toxicity, may also be
relevant to the appearance of a certain
amount of relatively inactive venom
proteins such as BmK MS.

So far most of the information on mole-
cular structure, function and binding prop-
erties of scorpion toxins comes from
investigations on the common basic toxins
(e.g. Aah I-1V) (e.g. Almassy et al, 1983;
Fontecilla-Camps et al., 1988; Zhao et al.,
1992; Houset et al., 1994; Kharrat et al., 1990;
Tejedor & Caterall, 1988; Thomsen &
Caterall, 1989). The bioactivity-variant

series of BmK toxins reported here could be
considered as functionally distinct states of
the scorpion toxin produced by natural
mutagenesis or gene divergence. Thus, the
finding and crystallization of these scorpion
neurotoxins provide an opportunity for
gaining insight into their structure—function
relationships.
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tion at the Photon Factory of KEK in
Tsukuba, Japan. This work was supported by
grants from the National Natural Science
Foundation of China, the 863 High-Tech
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Yu-34).
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