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The structure of the Ts1 toxin from the Brazilian scorpion

Tityus serrulatus was investigated at atomic resolution using

X-ray crystallography. Several positively charged niches exist

on the Ts1 molecular surface, two of which were found to

coordinate phosphate ions present in the crystallization

solution. One phosphate ion is bound to the conserved basic

Lys1 residue at the Ts1 N-terminus and to residue Asn49. The

second ion was found to be caged by residues Lys12, Trp54 and

Arg56. Lys12 and Tyr/Trp54 residues are strictly conserved in

all classical scorpion �-neurotoxins. The cavity formed by

these residues may represent a special scaffold required for

interaction between �-neurotoxins and sodium channels. The

charge distribution on the Ts1 surface and the results of earlier

chemical modi®cation studies and side-directed mutagenesis

experiments strongly indicate that the phosphate-ion positions

mark plausible binding sites to the Na+ channel. The existence

of two distinct binding sites on the Ts1 molecular surface

provides an explanation for the competition between Ts1,

depressant (LqhIT2) and excitatory (AaHIT) neurotoxins.
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1. Introduction

The long-chain Na+-channel-speci®c scorpion toxins are

generally composed of 61±76 amino-acid residues. Two major

categories of these toxins (named � and �) have been classi-

®ed according to their pharmacological and vertebrate

channel-binding properties (Gordon et al., 1998). The �-toxins

inhibit or slow Na+-channel inactivation in a voltage-

dependent manner (Jover, Couraud et al., 1980; Jover,

Moutot-Martin et al., 1980; Couraud et al., 1982). The �-toxins

shift the voltage dependence of Na+-channel activation to

more negative potentials, causing the membrane to ®re

spontaneously and repetitively, without in¯uencing the in-

activation (Couraud et al., 1982; Meves et al., 1984). Toxin II

from Androctonus australis Hector (AaHII) and toxin II from

Centruroides suffusus suffusus (CssII) are considered to be

prototypes of the �- and �-neurotoxins, respectively. Compe-

tition with 125I-AaHII and with 125I-CssII in binding to sodium

channels serves as a major tool for the classi®cation of

unknown scorpion toxins into the �- and �-classes (Gordon et

al., 1998). Typical �- and �-toxins bind to distinct sites on

sodium channels and do not affect each other's binding

properties (Gordon et al., 1998). Furthermore, they show an

unusual ability to discriminate between insect and mammalian

sodium channels and their high af®nity and speci®city have led

to their use as molecular probes to identify and characterize

functional regions within sodium-channel subunits (Catterall,

1992; Gordon et al., 1996).

Both �- and �-neurotoxins have been further subdivided

into subgroups based on similarities in their three-dimensional
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structures, species speci®city and pharmacological effects

(Possani et al., 1999). In particular, anti-insect selective exci-

tatory (Zlotkin et al., 1978; Pelhate & Zlotkin, 1982; Zlotkin,

1993) and depressant excitatory (Zlotkin et al., 1978, 1985;

Zlotkin, 1993) toxins cause the same pharmacological effects

as other �-toxins competing with them for the same receptor-

binding site (Barhanin et al., 1982; de Lima et al., 1986; Gordon

et al., 1992; de Lima & Martin-Euclaire, 1995; CesteÁ le et al.,

1997; Froy et al., 1998) and are therefore considered to be

members of the �-neurotoxin family.

The amino-acid sequences of �- and �-neurotoxins show a

variable degree of identity (Possani et al., 1999). There are

several strictly conserved residues in the primary structure of

the long-chain neurotoxins, including eight cysteines forming

the invariant disul®de bridges C15±C37, C23±C42, C27±C44

and C11±C61 (Fig. 1; all residues named according to the Ts1

numbering). Excitatory toxins are a remarkable exception to

this rule. The link between the C-terminus and the core of the

protein is not made via the highly conserved disul®de

C61±C11, but instead via a C39±C61 disul®de bridge (Oren et

al., 1998).

A number of three-dimensional � and � scorpion-toxin

structures determined both by X-ray diffraction techniques

and NMR spectroscopy are available to date (Zhao et al., 1992;

Housset et al., 1994; Li et al., 1996; He et al., 1999, 2000;

Polikarpov et al., 1999; Lee et al., 1994; Jablonsky et al., 1995,

1999; Landon et al., 1996; Tugarinov et al., 1997; Blanc et al.,

1997; Krimm et al., 1999; Pintar et al., 1999). All of them share

a highly conserved dense core formed by a cysteine-stabilized

�-helix/�-sheet (CS��) motif consisting of three or four

antiparallel �-strands and an �-helix interlinked by two or

three invariant disul®de bridges (Landon et al., 1997). This

motif is found in many proteins exhibiting antibiotic or toxic

activity (Landon et al., 1996). The insect-speci®c excitatory

neurotoxin Bj-xtrIT possesses a second short �-helix at the

C-terminus (Oren et al., 1998), which is unique among the

known long-chain Na+-channel-speci®c scorpion toxins.

The structural basis of the long-chain neurotoxin binding

speci®city to the Na+ channel is not yet completely under-

stood. It has been suggested that one face of the neurotoxins,

containing a number of conserved aromatic residues, is

involved in Na+-channel recognition (Fontecilla-Camps et al.,

1981). It has also been shown that chemical modi®cation of the

N-terminal residues Lys1 in Ts1 (Possani et al., 1985), Arg1 in

AaHI and AaHIII (el Ayeb et al., 1986; Kharrat et al., 1990),

Val1 and Arg2 in AaHIII (Kharrat et al., 1990) and the

�-amino group in AaHI (Kharrat et al., 1990) produces weakly

active or inactive derivatives. Chemical modi®cation of the

basic residues Arg25 in CssII (el Ayeb et al., 1986), Arg56 in

AaHII (Kharrat et al., 1990) and Arg60 in AaHI (Kharrat et

al., 1990) also results in a remarkable loss of activity. Cleavage

of the six N-terminal residues of Ts1 or ®ve N-terminal resi-

dues of BomIII gives non-toxic derivatives (Possani et al.,

1985; el Ayeb et al., 1986). Chemical modi®cation of the

conserved Tyr residues in AaHIII and Trp39 in AaHII

(Kharrat et al., 1989) induced a remarkable loss of biological

activity. Toxicity and binding-af®nity tests have shown that

residues Trp54 and Trp39 from the aromatic conserved cluster

and Lys12 are important to Ts1

activity (Hassani et al., 1999). The

simultaneous chemical modi®ca-

tion of Lys12, Trp54 and Trp39

reduced the apparent af®nity of

Ts1 for both insects and

mammals by two orders of

magnitude. Mutagenesis studies

of the �-neurotoxin Lqh�T show

that the aromatic residues Tyr9

and Phe16 and the positively

charged residues Lys8, Arg17,

Lys60 and Arg62 may interact

directly with putative recognition

areas on the Na+-channel

receptor and are important in

in¯uencing its surface electro-

static potential (Zilberberg et al.,

1997). Mutagenesis studies and

circular-dichroism spectroscopy

on Bj-xtrIT (Froy et al., 1998)

suggested a possible recognition

role played by its C-terminus and

revealed the importance of Ile65

and Ile66 to protein toxicity.

Despite all the available

structural and pharmacological

data, the precise location of the

Figure 1
Classical �- and �-, depressant (D) and excitatory (E) toxin sequence alignment. The toxins marked with
asterisks are of known three-dimensional structure. Columns coloured yellow, violet, green and pink
indicated residues that are globally invariant, conserved in �/�/D, conserved in �/D/E and conserved in �/D
toxins, respectively. Columns coloured red highlight additional residues common to Ts1 and D- or E-toxin
amino-acid sequences. `+' represents positively charged residues, `ÿ' negatively charged residues, `=' apolar
residues and `o' aromatic residues. Rows labelled �, �, D and E and All indicate the average sequences. The
alignment was performed using the program CLUSTALW (Thompson et al., 1994).



binding/toxic sites of the scorpion neurotoxins has not yet

been determined. The best that can be concluded at present is

the general importance of the positively charged residues, of

the conserved aromatic residues and of the structural regions

such as the N- and C-termini for both �- and �-toxins. It is not

de®ned whether there are general binding/toxic key residues

in those toxins or if the binding-mechanism role is played by a

combination of the three-dimensional arrangement, surface-

charge distribution and the extension and mobility of the

C-terminus.

The long-chain neurotoxin Ts1 (also know as Ts- and Ts

VII) is the major component of the venom of the Brazilian

scorpion Tityus serrulatus (Possani et al., 1981). Ts1 has 61

amino-acid residues and is an active �-toxin, with one of the

highest af®nities known for both mammalian and insect

sodium channels (Kd = 4.0±9.0 pM). Ts1 competes with the

mammal-selective �-toxin C. suffusus suffusus (Barhanin et al.,

1982, 1984), with the excitatory insect-selective toxin from

A. australis Hector (de Lima et al., 1986) and with the

depressant excitatory insect-selective toxin from Leiurus

quinquestriatus hebraeus (Gordon et al., 1992) in rat brain and

cockroach nerve-cord synaptosomal preparations. These

results indicate that Ts1 binds to homologous clusters of

receptor sites on sodium channels in both insects and

mammals, in contrast to the phylogenic selectivity common for

the majority of the neurotoxins. This fact corroborates the

concept that speci®city in neurotoxins is related to the degree

of toxicity (Selisko et al., 1996).

The Ts1 room-temperature structure has been previously

determined by X-ray crystallography at 1.7 AÊ resolution

(Polikarpov et al., 1999). This structure will subsequently be

referred to as the high-resolution Ts1 model (Ts1-HR). In the

present work, the ®rst atomic resolution crystal structure of

the highly toxic �-neurotoxin Ts1 (Ts1-AR) is described.

X-ray diffraction experiments were performed on a crystal

grown in the presence of potassium phosphate (Golubev et al.,

1998). The data collected at the synchrotron source extend to

1.16 AÊ resolution. Atomic resolution re®nement allowed the

determination of the individual atomic displacement para-

meters and the standard deviations (e.s.d.s) for each re®ned

variable, as well as the re®nement of the occupation para-

meters for special groups of atoms and water molecules. In

addition to a number of disordered side chains and more than

100 water molecules, the C- and N-termini and two phosphate

ions could be unambiguously identi®ed in the electron-density

maps. The charge distribution on the Ts1 surface and the

results of the earlier chemical modi®cation and side-directed

mutagenesis studies strongly indicate that the phosphate-ion

positions mark possible binding sites to the Na+ channel. To

the best of our knowledge, this is the ®rst structural evidence

of the exact locations of the two distinct putative receptor-

binding sites in scorpion neurotoxins. Detailed analysis of

these binding sites provides a plausible explanation of the

binding competition between Ts1, excitatory and depressant

toxins.

2. Materials and methods

2.1. Crystallization and data collection

A single crystal of the Ts1 protein (molecular weight

7.97 kDa) was grown by the hanging-drop vapour-diffusion

method (Golubev et al., 1998). The crystal grew in the

monoclinic space group P21, with one toxin molecule in the

asymmetric unit. Data were collected at the Protein

Crystallography beamline of the Brazilian National Synchro-

tron Light Laboratory (LNLS; Polikarpov, Oliva et al., 1998;

Polikarpov, Perles et al., 1998) from a single crystal mounted in

a glass capillary. Data collection was performed at room

temperature (298 K) using two wavelengths: 1.28 and 1.38 AÊ .

The best resolution achieved with a 35 cm MAR Research

imaging-plate detector was 1.16 AÊ . Image integration was

performed using DENZO in space group P1. Scaling was

performed using SCALEPACK (Otwinowski & Minor, 1993)

in space group P21. The data sets measured at the two

wavelengths were merged. At the re®nement stage, it was

found that inclusion of the estimated intensities of approxi-

mately 300 unique overloaded re¯ections in the data scaling

improved the quality of the calculated electron-density map.
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Table 1
Ts1 neurotoxin data-collection and data-reduction parameters.

Values in parentheses for the average I/�(I) and completeness refer to the last
resolution shell (1.19±1.16 AÊ ). Observed re¯ections (obs) have intensities
I � 2�(I).

Data set A B

Data collection
Diffractometer type MAR
Detector type Imaging plate
Scanning type Oscillations
�'/frame (�) 2.0
Exposure mode Dose
Temperature (K) 298
� (AÊ ) 1.28 1.38
Detector distance (mm) 73.2 74.0

Data reduction and integration
Space group P1 P1
Unit-cell parameters

a (AÊ ) 23.39 (4) 23.27 (4)
b (AÊ ) 36.71 (3) 36.62 (4)
c (AÊ ) 31.21 (1) 31.13 (2)
� (�) 90.00 (3) 89.98 (4)
� (�) 105.57 (7) 105.4 (1)
 (�) 90.01 (3) 89.99 (3)

Volume (�10ÿ3 AÊ 3) 25.81 (8) 25.6 (1)
Maximal resolution (AÊ ) 1.16 1.25
Integrated re¯ections 28451 25388
Average I/�(I) 11 (2) 12 (3)

Data reduction and scaling
2� range (�) 6.8±73.2
Resolution range (AÊ ) 1.16±12.0
Space group P21

Unit-cell parameters
a (AÊ ) 23.25 (1)
b (AÊ ) 36.61 (4)
c (AÊ ) 31.10 (4)
� (�) 105.58 (9)

Volume (�10ÿ3 AÊ 3) 25.50 (8)
Unique re¯ections (all) 16095
Unique re¯ections (obs) 11943
Rsym (all) 0.078

Completeness (%) 92 (52)
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Therefore, these re¯ections were kept in the experimental

diffraction data set. Final data-collection and data-reduction

statistics are presented in Table 1.

2.2. Structure refinement

The Ts1-HR model (PDB code 1b7d) was initially adjusted

to the electron-density map calculated from the data collected

at 1.16 AÊ resolution. Signi®cant differences between the

Ts1-HR model and the density maps in both the backbone and

side chains were corrected manually on a graphics workstation

using the program O (Jones et al., 1991). In order to avoid any

structural bias, several cycles of simulated annealing from 1000

to 300 K were performed using the program CNS (BruÈ nger et

al., 1998). Three different structural models obtained after the

simulated-annealing procedure were used as the input in a

standard macromolecular re®nement. The Ts1-AR model

re®nement was performed with SHELXL97 (Sheldrick &

Schneider, 1997). The function wR(F)1 was re®ned using

conjugate-gradient least-squares (CGLS) minimization

(Konnert & Hendrickson, 1980). In order to calculated the

standard deviations of the re®ned parameters, one ®nal cycle

of conventional unconstrained full-matrix least-squares (LS)

re®nement was performed. The x, y, z coordinates and the

displacement tensor of each neurotoxin atom were re®ned

subject to stereochemical restraints. The bulk solvent was

modelled following Babinet's principle (Moews & Kretsinger,

1975). The re®nement agreement parameters obtained for the

best starting model subjected to isotropical B-factor re®ne-

ment are R[I� 2�(I)] = 0.217 for 11 898 unique re¯ections and

Rfree[I � 2�(I)] = 0.244 for 613 re¯ections randomly selected

from native data and omitted during all the re®nement cycles

(BruÈ nger, 1992). No crystallographic water molecules were

included during this ®rst re®nement step. Anisotropic B-factor

re®nement was carried out as the next step. 48 water mole-

cules with isotropic displacement tensors were included in the

structural model. The side chains of residues Glu2, Lys12 and

Ser20 were modelled in double conformation. At this point,

some H atoms were included in the re®nement according to

the riding model (Johnson, 1970), with no increase in the

number of re®nement parameters. Owing to the high quality

of the electron-density maps, three additional disordered side

chains (Tyr45, Trp54, Asn59), 55 new water molecules and a

second phosphate ion could be unambiguously assigned to the

density peaks found in subsequent re®nement cycles. There

was no indication of structural disorder of any of the four

existing disul®de bridges. At the very end, 11 water molecules

and all the remaining riding H atoms were included in the

model. All displacement parameters, except those describing

H atoms, were re®ned anisotropically. Disordered side chains,

phosphate ions and water occupancies were re®ned. Of the

114 re®ned water molecules, only nine showed an occupancy

parameter smaller than 0.4 and all of them could be identi®ed

in the 2Fo ÿ Fc map contoured at 1� (� = 0.05 e AÊ ÿ3). The

residual Fo ÿ Fc map had no peaks above 0.24 e AÊ ÿ3 (�5�s)

and all attempts to introduce new water molecules failed. The

difference between R and Rfree was stable at around 0.05

during the entire re®nement procedure (data not shown).

Table 2 shows the ®nal re®nement statistics for both the

Ts1-HR and Ts1-AR models.

3. Results

3.1. The Ts1-AR structural model

The fold of the polypeptide chain of Ts1 is similar to that

Table 2
Ts1-AR and Ts1-HR (Polikarpov et al., 1999) ®nal re®nement statistics
parameters.

Rfree values were calculated in the last CGLS re®nement cycle. Observed
re¯ections (obs) have intensities I � 2�(I).

Model 1.7 AÊ 1.16 AÊ

Re®nement program REFMAC SHELXL
Re®nement strategy CGLS CGLS
No. of parameters 1932 5797
No. of restraints Ð 7118
No. of protein atoms 479 509
No. of solvent atoms 65 114
No. of ion atoms 5 10
��max (e AÊ ÿ3) Ð 0.24
��min (e AÊ ÿ3) Ð ÿ0.36
Final R indices (all)

No. of unique re¯ections 5149 16095
No. of reference re¯ections 670 785
R (working + reference set) Ð 0.1033
R (working set) 0.178 0.0974
Rfree 0.238 0.1587

Final R indices (obs)
No. of unique re¯ections Ð 12566
No. of reference re¯ections Ð 623
R (working + reference set) Ð 0.0878
R (working set) Ð 0.0821
Rfree Ð 0.1391

Figure 2
Ribbon representation of the 1.16 AÊ resolution re®ned model generated
using MOLSCRIPT (Kraulis, 1991). The phosphate ion PhoA interacts
with the N-terminal residues, whereas phosphate PhoB is bound to a Ts1
putative binding cavity formed by Lys12, Trp54 and Arg56. �, C and N
represent �-strands, the C-terminus and the N-terminus, respectively.1 wR(F) =

P
j wjjF2

oj ÿ F2
cjj=

P
j F2

oj.



seen in other long-chain toxins. A structural schematic view of

the Ts1-AR model is given in Fig. 2 and the ®nal re®nement

statistics are summarized in Table 2. The average B values

(B = 8�2Uiso; Uiso is the isotropic displacement parameter) for

the main-chain atoms, side-chain atoms and water molecules

are 14 (1), 21 (4) and 34 (10) AÊ 2, respectively [average B

values were calculated with the program BAVERAGE

(Collaborative Computational Project, Number 4, 1994)]. The

electron-density maps around the side chains of the residues

Glu2, Lys12, Ser20, Tyr45, Trp54 and Asn59 clearly indicate

multiple conformations. In contrast to the BmK M1 and BmK

M4 structures (He et al., 1999), no non-proline cis-peptide

bonds were observed in the Ts1-AR structure. A detailed

description of the Ts1 structural features relevant to recog-

nition and binding to the Na+ channel is presented below.

3.2. Conserved aromatic cluster

The Ts1 neurotoxin can be visualized

as having two distinct triangular ¯at

faces opposite to each other (Polikarpov

et al., 1999). One face contains the

conserved aromatic cluster (Fontecilla-

Camps et al., 1981) formed by the resi-

dues Tyr4, Tyr36, Trp39, Tyr43, Tyr45

and Trp54. The side chains of Tyr4,

which is strictly conserved in all long-

chain neurotoxins, and of Tyr36 adopt

an almost parallel orientation in the Ts1

structure. The aromatic ring of Tyr43

makes van der Waals contacts with the

side chains of Tyr4 and Tyr36, being

roughly perpendicular to both of them.

Its hydroxyl group is also at a hydrogen-

bonding distance from the carboxyl

group of Glu2 in one of its conformers.

In each of its two conformations, the

Glu2 carboxyl group interacts differ-

ently with the hydroxyl group of Tyr43.

In one of the conformers the distance

from Glu2 OE2 to Tyr43 OH is

2.47 (4) AÊ , whereas in the second

conformer the analogous distance is

2.78 (3) AÊ . It is interesting to note that

the conformation of the Tyr43 side

chain is maintained unperturbed despite

the double conformation of Glu2. The

relative orientation adopted by the side

chains of residues Tyr4, Tyr36 and Tyr43

forms a `herringbone' pattern, which is

the spatial arrangement corresponding

to the lowest energy for relatively

solvent-exposed aromatic rings (Burley

& Petsko, 1985).

The face opposite to the conserved

aromatic cluster contains a number of

positively charged residues: Arg18,

Arg25, Lys30, Lys31 and Lys52. Most of these residues are

exposed to the solvent. The side chains of residues Lys31 and

Glu9 make crystal contacts with a symmetry-related Ts1

molecule. The side chains of residues Lys52 and Arg25 are the

only ones with no clear electron density in the ®nal difference

maps.

3.3. The environment of the phosphate ions

The crystalline sample used in the present work was grown

in a solution containing potassium phosphate at a concentra-

tion of approximately 50 mM (pH 6.0) (Golubev et al., 1998).

Considering the charge distribution at the Ts1 surface, it is

reasonable to expect that the binding of negative ions would

map the areas with the highest positive potential. Indeed,
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Figure 3
The structural environment of and the 1.16 AÊ resolution omit maps around the phosphate ions
(PO3ÿ

4 ions were omitted from the map calculation). Distances are indicated in AÊ . (a) PhoA. Ts1
residues that coordinate PhoA are shown in blue. The structurally equivalent residues of Bj-xtrIT
are represented in yellow and labelled with their single-letter code. (b) PhoB. Lys12 and Trp54
adopt double conformations as indicated by the dark and light blue stick bonds. Arg18j shown in the
®gure belongs to a symmetry-related molecule (j = x + 1, y, z). Maps are contoured at 1.3� and were
drawn using the program BOBSCRIPT (Esnouf, 1997). O atoms are depicted in red, C atoms in
grey, N atoms in blue and P atoms in yellow.
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during the structural re®nement of the Ts1-AR model, two

phosphate ions, named PhoA and PhoB, were found to be

bonded to the Ts1 molecule (Fig. 2).

3.3.1. PhoA. The re®ned occupancy for PhoA is equal to

0.92. PhoA is located at the interface between two symmetry-

related Ts1 molecules and had already been identi®ed during

the Ts1-HR model re®nement. PhoA is trapped in a positively

charged environment (Fig. 3a) formed by N atoms from Lys1,

Gly21l and Cys37l, a terminal O atom from Asn49 and a

hydroxyl group in one of the conformers of Ser20l from the

symmetry-related molecule (l = 1 ÿ x, y ÿ 1/2, 1 ÿ z). The

average Uiso for atoms of the PhoA group is 17 (4) AÊ 2.

3.3.2. PhoB. The PhoB ion was newly identi®ed during the

present atomic resolution structure re®nement. It is coordi-

nated by the N atoms of Arg56 (NE and NH2), Lys12 (NZ),

and Trp54 (NE1) and four water molecules (Fig. 3b). A

restrained re®nement of the occupational parameter of the

Lys12 and Trp54 side chains and of the PhoB ion group

converged to 0.60. This indicates that the double conformation

of the side chains of residues Lys12 and Trp54 is directly

correlated to the presence of PhoB. Fig. 2 shows only the

Lys12 and Trp54 side-chain conformations interacting with the

phosphate ion. The average Uiso for the atoms of Lys12, Trp54

and the PhoB group are 18 (3), 15 (2) and 40 (6) AÊ 2, respec-

tively. The orientation of PhoB is not well de®ned and this

justi®es the high observed Uiso. The double conformation of

residues Lys12 and Trp54 could be understood by taking into

consideration a partial occupancy of the phosphate ions bound

to the Ts1 molecule. Thus, the Lys12 and Trp54 side-chain

conformations represented by dark and light grey sticks in

Fig. 3(b) would describe the structure of the Ts1 molecules in

the presence and absence of bound phosphate ions, respec-

tively. The PhoB ion does not seem to form strong crystalline

contacts: the closest residue from a symmetry-related mole-

cule is Arg18j (j = x + 1, y, z), 3.26 (9) AÊ away from one of the

PhoB O atoms (Fig. 3b).

3.4. N- and C-termini

In the present Ts1-AR model, the main chain and side

chains of Lys1 were found to make different kinds of inter-

actions. The N atom of Lys1 is bound simultaneously to the

carbonyl O atom of Leu47 and Asn49, the O3 atom of PhoA

and water W48. The NZ atom of the Lys1 side chain interacts

with the carboxyl O atom of Val51 and two water molecules,

W38 and W81k (k = 1ÿ x, yÿ 1/2,ÿz). In fact, W38 and W81k

make bridges linking the NZ of Lys1 to the Arg56k and

Asn59k side chains, respectively. Thus, the Ts1 N-terminal

residue seems to be involved both in crystalline contacts and

in anchoring the C-terminus via bonds with residues Val51 and

Asn4 and with the highly conserved Leu47. Considering that

the Ts1 three-dimensional scaffold is ®rmly maintained by the

four disul®de bridges, any chemical modi®cation to its

N-terminal residues would re¯ect directly on the position of its

C-terminus.

3.5. Quality of the model

Inspection of the standard deviations (e.s.d.s) of the re®ned

parameters, the distribution of the torsion angles and the

peptide planarity of the re®ned structure all validate the

intrinsic quality of the protein structure re®nement.

Fig. 4 shows the calculated average e.s.d.s for the atomic

coordinates of the main and side chains of Ts1-AR after

re®nement. The absolute average e.s.d.s for the coordinates of

main-chain and side-chain atoms (straight lines in Fig. 4) are

0.04 and 0.08 AÊ , respectively. As expected, the main-chain

e.s.d.s of the atomic coordinates are smaller than average in

the strands and in the helical regions and systematically larger

than average in the loop region between residues Ser14 and

Ser20. All residues with abnormally high e.s.d.s indicated in

Fig. 4 point outside the neurotoxin core and, with the excep-

tion of Ile17, are charged or polar. Residues Glu2, Tyr45,

Trp54 and Asn59 adopt multiple conformation; this justi®es

their high observed e.s.d.s. Residues Glu9 and Lys31 as well

as Asn49 and Asn59 make crystalline contacts with the

symmetry-related Ts1 molecules. The side chains of residues

Lys52, Arg25 and Lys30 are fully exposed to solvent. All our

attempts to re®ne disordered side chains for residues Ile17 and

Lys30 have failed.

The results of PROCHECK (Laskowski et al., 1993) indi-

cate that all protein residues of the Ts1-AR structure are

located in the most favourable or allowed regions of the

Ramachandran plot (Fig. 4). All stereochemical parameters

are within the expected limits for this resolution. The overall

measure of the stereochemical quality of the model calculated

using PROCHECK is ÿ0.1 (typical values are between ÿ0.3

and 0.3). In the Ts1-AR model Lys31 has been found in an

allowed conformation, whereas in the Ts1-HR re®nement it

Figure 4
E.s.d.s calculated for main-chain (red lines) and side-chain (blue lines)
atoms. Straight lines indicate average values. Residues Glu2, Tyr45, Trp54
and Asp59 are modelled in double conformations; residues Glu9 and
Asp59 participate in crystalline contacts; Arg25 and Lys52 are the only
residues with no clear electron density for the side chains. Grey areas
correspond to �-helices and �-strands. Triangles shown at the bottom of
the ®gure indicate residues located in the most favourable (blue triangles)
or allowed (green triangles) regions of the Ramachandran plot.



adopts a generously allowed conformation. The electron

density around this residue is extremely well de®ned and the

average e.s.d. and Uiso for the Lys31 atoms are 0.03 and

0.25 AÊ 2, respectively. Pro40 is found in the cis conformation,

which seems to contribute to the tight bend of the loop

between the strands �2 and �3. The ®nal R and Rfree re®ne-

ment parameters for the observed [I � 2�(I)] working-set

re¯ections in the Ts1-AR model are equal to 0.0821 and

0.1391, respectively.

4. Discussion

4.1. Comparison between the Ts1-AR and Ts1-HR models

From both numerical and geometrical points of view, the

Ts1-AR re®nement can be considered to be more accurate

than the Ts1-HR re®nement. The major differences between

the Ts1-AR and the Ts1-HR models are in the C-terminal and

loop regions and in the number of water and phosphate ion

molecules bound to the neurotoxin structure. The high

re¯ection per parameter ratio at atomic resolution allowed the

re®nement of the anisotropic displacement parameters. This

procedure reduced the noise level in the maps, permitting the

recognition of disordered side chains, new water molecules

and a phosphate ion. The overall average r.m.s.d. for all atoms

between Ts1-AR and Ts1-HR is 1.4 AÊ . The most relevant

differences between the backbone-atom positions are located

in the C-terminal region between residues Ala57 and Cys61

(r.m.s.d. ' 2.2 AÊ ). In fact, the C-terminal region has been

completely rebuilt. Loops between residues Asp7±Lys12 and

Asn48±Val53 also have high r.m.s.d.s. The side chain of Arg56

shows the highest r.m.s.d. (�6.0 AÊ ) between the models. A

careful analysis of the Ts1-HR model has indicated that the

Arg56 side chain had been erroneously placed over the posi-

tion of the second phosphate ion (PhoB) found in the Ts1-AR

re®nement. Fig. 5 shows the average r.m.s.d. per residue

calculated between the Ts1-AR and Ts1-HR models. Signi®-

cantly misplaced side chains in the Ts1-HR model are also

indicated in Fig. 5.

4.2. Comparative analysis of Ts1 and other neurotoxins

Ts1 (Polikarpov et al., 1999) and Cn2 (Pintar et al., 1999) are

the only �-toxins with known structures, while Bj-xtrIT (Oren

et al., 1998) is to date the only excitatory scorpion neurotoxin

for which the three-dimensional structure has been deter-

mined. So far, no depressant toxin three-dimensional structure

has been reported. Ts1 is a classical �-toxin that competes with

the depressant insect-speci®c LqhIT2 and with the excitatory

insect-speci®c AaHIT toxins, binding to closely correlated but

distinct receptor sites of the sodium channel (Oren et al., 1998;

de Lima et al., 1986; Gordon et al., 1992; Froy et al., 1998;

Zilberberg et al., 1997; Barhanin et al., 1984). The origin of the

binding competition and the similar pharmacological proper-

ties shown by these proteins can be inferred from analysis of

the primary sequence and spatial arrangement of residues

considered relevant to these protein activities.

4.2.1. The amino-acid sequence. The percentage of invar-

iant and similar residues among the classical �-toxins (those

which compete with AaHII and are active in mammals),

�-toxins (that compete with CssII and are active in mammals),

�-depressant insect-speci®c (D) and �-excitatory insect-

speci®c (E) scorpion neurotoxins is approximately 20%. All

these proteins share the disul®de bridges Cys15±Cys37,

Cys23±Cys42 and Cys27±Cys44, the strictly conserved

sequences Gly35±Tyr/Trp36±Cys37 and Cys42±Tyr/Trp43±

Cys44, the strictly conserved residues Gly3 and Tyr4, Leu/

Val47 and an acid (Glu/Asp) residue at position 49 (Fig. 1).

The depressant toxin Cn10, active in both insects and crusta-

ceans, has also been considered in the alignment shown in

Fig. 1.

Cys11, responsible for anchoring the C-terminus to the

CS�� motif in classical �-toxins, is not conserved in the

E-toxins. Positions 59 in �-toxins and 58 in the primary

structure of �-toxins are occupied by positively charged resi-

dues which are similarly positioned in their three-dimensional

structures. �-, �- and E-toxins possess a pair of basic/acidic

residues (Lys/Arg)1-(Glu/Asp/Asn)2 preceding the conserved

pair Gly3-Tyr4 at the N-terminus.

Gly10 and Glu26 are invariant among all �-, D- and E-toxin

primary sequences. In fact, Glu26 is in the middle of a posi-

tively charged area and fully exposed to the solvent in the

three-dimensional structures of �-toxins. All �- and D-toxins

posses the strictly conserved triad Gly10-Cys11-Lys12, the

conserved Lys/Arg25 and aromatic residues Tyr/Trp54.

The amino-acid sequences of the depressant toxin LqhIT2

and Ts1 share 52% similarity. Lys12, Trp39 and Trp54 are

among the strictly conserved residues (Fig. 1). In contrast to

an apparent characteristic of classical �-toxins, D-toxins do

not have a basic residue at their N-terminus. The amino-acid
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Figure 5
R.m.s. deviations between Ts1-AR (1.16 AÊ resolution) and Ts1-HR
(1.7 AÊ resolution) models. The red and the blue lines correspond to the
r.m.s. deviations between the main chains and side chains of residues,
respectively. Straight lines indicate the overall average values. Starting
from the residue 55, the main chain was completely reconstructed in the
Ts1-AR model compared with the Ts1-HR model. Grey areas correspond
to �-helices and �-strands. R.m.s.d.s were calculated using the program
RMS (Collaborative Computational Project, Number 4, 1994).
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sequences of the excitatory toxin HaHIT and Ts1 share 45%

similarity. There are no aromatic residues at positions 39/40

and 54 of the amino-acid sequence of E-toxins. E-toxins have

two basic residues at their N-termini, enhancing the positive

potential of this part of the protein. Further similar residues

among Ts1, D- and E-toxins are indicated in Fig. 1.

4.2.2. Three-dimensional structures. Fig. 6(a) shows a

superposition of the backbones of the scorpion �-toxin Ts1,

�-toxin AaHII, the E-toxin Bj-xrtrIT and the non-toxic toxin

CsE-V3. The overall triangular shape of all these neurotoxins

is similar despite the differences in conformation of their

C-termini (region IV). An important structural difference

between the three-dimensional packings of the toxins lies in

the loop region III. In �- and E-toxins this loop is ®ve residues

shorter than in �-toxins. As exempli®ed by AaHII in Fig. 6(a),

the additional residues in �-toxins extend over residues Gly10-

Cys11-Lys12, which are strictly conserved in classical �-toxins

(Fig. 1). The short loop in region II and the additional �-helix

at the C-terminus distinguish the E-toxin Bj-xrtrIT from the

other neurotoxins.

Ts1 and Cn2 (Pintar et al., 1999), another scorpion

�-neurotoxin active in mammals, share 56% similarity in their

primary structure (27 invariant and ten similar residues). The

major differences between the three-dimensional structures of

the Ts1 and Cn2 neurotoxins lie in the conformation of resi-

dues 15±20 (loop I), residues 29±31 (loop II) and residues

55±61 of the C-terminus (region IV) (Fig. 6b). Interestingly,

the hydrophobic loop I in the Ts1 molecule is shorter than in

all other �-toxins and has the same length as an analogous

loop in the �-toxins. Nevertheless, its orientation is signi®-

cantly different from that found in the �-toxins. Loop II in

most of the �-toxins is two residues longer than in �-toxins

(Fig. 1). Ts1 is an exception among the �-toxins in this respect.

Remarkably, its loop II has the same length and the same

spatial orientation as the corresponding loop of the �-toxins

(Fig. 6a).

4.3. b-Toxin binding competition

4.3.1. Ts1 competition with depressant toxins. The

aromatic residue Trp/Tyr54 is conserved in all �- and D-toxins

(Fig. 1). The position and orientation of this aromatic residue,

shown in Fig. 6(b), does not change signi®cantly among the

Ts1 and Cn2 structures. Thus, both the aromatic character of

the residue and its orientation in the three-dimensional

structure seem to be characteristic of classical �-toxins. In

general, there is an aromatic residue at position 39 in the

�-toxins and at position 40 in the primary structures of �- and

D-toxins (Fig. 1). Ts1, with the tryptophan residue at position

39 of its amino-acid sequence, is the only exception among the

�-toxins. Fig. 6(a) shows that all these aromatic residues are in

the loop region III, between the strands �2 and �3, occupying

the same region in all the re®ned three-dimensional structures.

Lys12 is strictly conserved in all classical �- and D-toxins

(Darbon et al., 1983). Its side chain has the same orientation in

the Ts1 and CsE-V3 re®ned models. Note that the samples

used in both of these studies were crystallized at physiological

pH. Some of the Lys12 side chains in the conformers of the

non-toxic CsE-V1 and CsE-I and from the � Cn2 NMR

structures also have a similar orientation to that encountered

in the Ts1 structure (Fig. 6b). Analysis of the three-

dimensional structures of the �-toxins shows that a positively

charged residue Arg/Lys54 occupies the same space as Trp/

Tyr54 in �-toxins (Fig. 6a). Therefore, a basic residue Arg/

Lys54 in �-toxins and Lys12 in �-toxins could play the same

binding or recognition role. Lys11 in the excitatory toxins

aligns with Lys12 in �- and D-neurotoxins, but has a

Figure 6
The phosphate ions shown here indicate the Ts1 putative binding sites;
however, the Lys12 and Trp54 residues are in the non-bonding
conformation (see Fig. 3b), allowing a direct comparison between the
structures. (a) Comparison between the backbones of the classical
�-neurotoxin Ts1 (blue), the non-toxic neurotoxin CsE-V3 (red), the
�-neurotoxin AaHII (green) and the excitatory toxin Bj-xrtrIT (yellow).
(b) Comparison between �-neurotoxins Ts1 (blue) and Cn2 (grey), which
are both active in mammals. Roman numerals indicate the region with the
largest positional differences. Superposition of the structures was
performed with the program COMPARE (Collaborative Computational
Project, Number 4, 1994) and the ®gures were generated using the
program MOLSCRIPT (Kraulis, 1991).



completely different neighbourhood in the three-dimensional

structure of the excitatory toxin Bj-xrtrIT.

In Ts1, the side chains of the residues Lys12, Trp54 and

Arg56 (Fig. 2) coordinate the PhoB ion. Note that the Ts1

polypeptide main-chain conformation at the C-terminus

seems to contribute to the positioning of the Arg56 side chain

(Figs. 6a and 6b). Arg56 is not conserved in the �-toxins.

However, owing to its position in the three-dimensional

structure, it clearly enhances both the size and intensity of the

area of positive potential near the PhoB-binding site (Fig. 7).

The shape and the position of the cavity formed by residues

Lys12±Trp54 seem to be conserved among the � scorpion long-

chain toxins (Figs. 6a and 6b). Despite the observed double

conformation of the side chains of Trp54 and Lys12, the

general feature of the Lys12±Trp54 cavity is preserved in the

Ts1.

Toxicity tests performed in mice and binding-af®nity tests in

rat brain and cockroach nerve cord have shown that residues

Trp54 and Trp39 from the aromatic conserved cluster and the

positively charged residue Lys12 are important for Ts1 activity

(Hassani et al., 1999). From the structural properties discussed

above and from the sequence alignment, it is likely that

aromatic residues at positions 39/40 are crucial for the binding

of both �- and �-toxins to the recognition site of the Na+

channel. Tyr/Trp54 and Lys12 seem to be involved in the

binding speci®city of the classical �-toxins.

Therefore, a plausible explanation for the binding compe-

tition between Ts1 and LqhIT2 (i.e. Ts1 and D-toxins) is that

in addition to similarities in primary and tertiary structures,

both have conserved the Lys12±Trp54 binding cavity.

4.3.2. Ts1 competition with excitatory toxins. Crystallo-

graphic studies and site-directed mutagenesis experiments

performed on the excitatory toxin Bj-xtrIT allowed identi®-

cation of the putative bioactive surface of this insect-selective

neurotoxin isolated from the scorpion Buthotus judaicus (Froy

et al., 1998; Oren et al., 1998; Zilberberg et al., 1997; Gurevitz et

al., 2001). The bioactive surface is composed mainly of the

amino-acid residues of the N- and C-termini, comprising Lys1,

Lys2, Asn28, Thr32, Lys33, Tyr36, Ala37, Asp54, Asp55,

Lys56, Asp70, Ile73 and Ile74 (Bj-xtrIT numbering; Froy et al.,

1998). Mutagenesis and biochemical modi®cations of the

residues composing this surface result in inactive or poorly

active toxins (Froy et al., 1998; Oren et al., 1998; Possani et al.,

1985; el Ayeb et al., 1986; Kharrat et al., 1990). Lys1 and Asn49

of the Ts1 molecule, coordinating the phosphate ion PhoA,

are the equivalents of Lys2 and Asp54 in Bj-xtrIT, being

spatially located right at the middle of the putative bioactive

surface of the excitatory toxins (Fig. 3a). The PhoA-binding

site might therefore represent a footprint of the sodium-

channel receptor-binding site on both Ts1 and excitatory

toxins, explaining the reason for their competition for Na+

channels. Scission of the N- or C-termini, as well as

biochemical modi®cations and mutations of the residues in the

putative bioactive surface area, perturb the PhoA-binding site,

leading to signi®cant decrease of both Ts1 and E-toxin

sodium-channel binding af®nity.

4.3.3. Ts1 binding sites in Na+ channels. Structural

evidence for the existence of at least two sodium-channel

binding sites in the Ts1 neurotoxin deserves additional

discussion. It is known that �-toxins bind to a cluster of

homologous but not identical receptor-binding sites on both

rat brain and insect sodium channels (Gordon et al., 1996).

�-Toxins have been shown to bind to two classes of speci®c

high-af®nity sites on puri®ed sodium channels (Thomsen et al.,

1995). Furthermore, the depressant toxins have been shown to

posses two non-interacting binding sites on the insect sodium

channel: a high-af®nity and a low-af®nity site (Gordon et al.,

1992; CesteÁ le et al., 1997; CesteÁ le & Catterall, 2000). Excita-

tory toxins, on the other hand, bind to a single class of receptor

sites and compete with depressant toxins only for the high-

af®nity binding site (Gordon et al., 1992; CesteÁ le et al., 1997;

CesteÁ le & Catterall, 2000). The antibody-mediated inhibition

of the excitatory and depressant toxins binding suggests that

their sodium-channel binding sites are localized in close
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Figure 7
Distribution of electrostatic charge at the surface of Ts1 and CsE-V3 �-toxins and AaHII �-toxin as calculated by GRASP (Nicholls et al., 1991). Blue
and red indicate positive and negative potential regions, respectively. The proteins are shown in the same orientation and with the same charge-
distribution scale. Protein backbones and positions of functionally important residues are also indicated.
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proximity but are not identical, in spite of the competitive

inhibition between these toxins (Gordon et al., 1992). More-

over, the �-toxin Ts1, which possesses a high af®nity for

receptor site 4 (Gordon et al., 1992) on both mammal and

insect sodium channels, competitively inhibits the binding of

excitatory toxins as well as depressant toxins.

In view of these observations, it is not surprising that Ts1

speci®cally and neurotoxins in general could have more then

one sodium-channel binding site. Indeed, it is highly improb-

able that the complexity of the interactions of the neurotoxins

with the Na+ channels and the binding competition between

different types of toxins could be attributed to a single binding

site. Structural evidence for the existence of at least two

sodium-channel binding sites mapping to the phosphate ions

in the Ts1 structure provides a good starting point for further

site-directed mutagenesis, competition binding and electro-

physiological experiments.

5. Conclusion

In the present work, we have determined the structure of the

highly toxic scorpion �-neurotoxin Ts1 (Ts- or Ts VII) at

atomic resolution and compared it with the available three-

dimensional models of neurotoxins of different classes. The

differences in three-dimensional structure and amino-acid

sequence between classical �- and �-, E- and D-toxins are

described in detail and structural properties putatively

correlated with the competition between excitatory, depres-

sant and Ts1 toxins for sodium-channel binding sites are

discussed.

No non-proline cis-peptide bonds has been observed in

Ts1-AR, in contrast to the BmK M1 and BmK M4 structures

(He et al., 1999). In addition, contrary to a number of atomic

resolution X-ray structures and NMR models (Zhao et al.,

1992; Housset et al., 1994; Landon et al., 1996), all four existing

disul®de bonds have been found in a single conformation.

Although several basic residues are exposed to the solvent on

the Ts1 protein surface, only the Lys1, Lys12 and Arg56 side

chains interact with the phosphate ions present in the crys-

tallization solution. The two phosphate ions found in the

1.16 AÊ resolution electron-density map most probably corre-

spond to Na+-channel binding sites on the protein.

One of the phosphate ions is bound to the N-terminal basic

residue of Ts1 (Lys1), which from chemical modi®cation and

site-directed mutagenesis studies has been considered to be

important for the high toxicity displayed by this toxin. In

addition, the C-terminus is located in the direct vicinity of the

N-terminus, forming together with the N-terminal residues a

putative bioactive area of these proteins. It is tempting to

suggest that PhoA pinpoints the possible sodium-channel

binding site used by both Ts1 and excitatory neurotoxins. As a

consequence, these neurotoxins compete with each other in

receptor binding.

The second phosphate ion induces a conformational change

of the Lys12±Trp54±Arg56 cavity, which in the Ts1 structure

has the largest positively charged surface area of any �- or

�-toxins studied structurally to date. The cavity formed by the

residues Lys12±Tyr54/Trp54 seems to be conserved in all

classical �-toxins and is stereochemically required for inter-

action with the sodium channel. The presence of the bound

phosphate ion in the Ts1 toxin Arg56±Lys12±Trp54 cavity, the

binding af®nity and the degree of toxicity correlated with

residues Lys12/Trp54 all further strengthen the importance of

this binding/toxic site in Ts1. Finally, the existence of the

Lys12±Tyr54 cavity seems to be a structural reason for

competition between Ts1 and the depressant LqhIT2 toxin in

binding to insect nerve-cord synaptosomal preparations.

The putative sodium-channel binding sites in the Ts1

neurotoxin are distinct in terms of their stereochemical

arrangement and location in the structure; however, they

interact with the same ligand, the phosphate ion. This fact

strongly suggests that Ts1 in particular and neurotoxins in

general can speci®cally interact with negatively charged

binding sites on the Na+ channel, modifying its physiological

properties and competing with each other in binding.
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