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Refined Structure of Charybdotoxin: Common 
Motifs in Scorpion Toxins and Insect Defensins 

FRANCOIS BONTEMS, CHRISTIAN ROUMESTAND, BERNARD GILQUIN, 
AND& M~NEZ.  FLAVIO TOMA 

Conflicting three-dimensional structures of charybdotoxin (Chtx), a blocker of K+ 
channels, have been previously reported. A high-resolution model depicting the 
tertiary structure of Chtx has been obtained by DIANA and X-PLOR calculations 
from new proton nuclear magnetic resonance (NMR) data. The protein possesses a 
small triple-stranded antiparallel f3 sheet linked to a short helix by two disulfides and 
to an extended fragment by one disulfide, respectively. This motif also exists in all 
known structures of scorpion toxins, irrespective of their size, sequence, and function. 
Strikingly, antibacterial insect defensins also adopt this folding pattern. 

C HARYBDOTOXIN (CHTX) IS A TO= 

acting on K+ channels isolated from 
venom of a scorpion (Leiurus quin- 

questriatus hebraeus) (1). It is a small protein, 
containing 37 amino acids and three disul- 
fide bridges (2). Elucidation of its three- 
dimensional (3-D) structure is important for 
understanding the molecular basis of its 
activity and for designing drugs acting on 
K+ channels. The structure of Chtx has been 
reported in two recent NMR studies (3, 4) 
that led to different 3-D models of the toxin. 
One of these has now been retracted (5 ) .  
Also, a recent communication has reported 
the preliminary NMR structure of synthetic 
Chtx (6) that is similar to that obtained in 
our work. y e  have collected additional 
NMR data from which further Chtx struc- 
tures have been computed. The new refined 
structures confirm our initial model (4) and 
show that Chtx possesses a motif that is 
conserved in functionally unrelated proteins 
of arthropods. 

We have reported elsewhere the sequence- 
specific assignments of the 'H NMR spec- 
tra, the identification of the secondary struc- 
ture elements, and the tertiary structure 
computations (4). The new data, recorded at 

Dtpartement d'Ingbnierie et &Etudes des Protbines, 
CEN Saclay, 91191 Gif sur Yvette, France. 

temperatures from 15" to 45"C, include 
NOEs (eight mixing times from 50 to 300 
ms), HN-Ha and Ha-HP vicinal coupling 
constants, and amide lH-'H exchange rates 
at 15°C. Iteration of back calculations and 
analysis of NOESY experiments led to the 
assignment of 144 interresidue NOE con- 
nectivities that correspond to 72 sequential 
and 72 nonsequential effects (Fig. 1). Inten- 
sities of backbone-backbone NOEs were 
determined either from NOE buildup rates 
or from cross-peak volumes in spectra re- 
corded with a 150-ms mixing time. The 
corresponding distance constraints were ob- 
tained calibrating the backbone-backbone 
NOE intensities with known distances in 
regular secondary structures (2.2 A for d,, 
in a p sheet and 2.8 for dm in an a helix). 
Measurement of the exchange rates of amide 
protons allowed the identification of 11 
hydrogen bonds, leading to the introduc- 
tion of 22 additional constraints. In addi- 
tion, 12 ~1-angle values, including those of 
the six half-cystines, were deduced from the 
measurement of and the identifica- 
tion of intraresidue HaHP NOEs, whereas 
30 cp-angle values were deduced from the 
values of J,., coupling constants. 

The 3D-structures of Chtx were derived 
from these data with a procedure that com- 
bined minimization in the dihedral angle 
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Fig. 1. Diagonal plot of NOES used for the 
computations of Chtx structures. Each off-diago- 
nal point indicates one effect (or more) between 
residues at positions shown along the axis. Above 
the diagonal: (M) backbone-backbone NOEs; 
(0) hydrogen bonds; and (0) NOEs and hydro- 
gen bonds. Below the diagonal: (@) Backbone- 
side chain NOES and (0) side chain-side chain 
NOEs. 

space [program DIANA ( 7 ) ]  and refinement 
by simulated annealing [program X-PLOR 
(8 ) ] .  A set of 25 structures was first comput- 
ed with DIANA. The 12 best structures [1.2 
A root-mean-square (rms) deviation, no dis- 
tance violation greater than 1.0 A] were 
further refined with X-PLOR. The simulat- 
ed annealing protocol consisted mainly in 
10,000 steps of dynamics at 1000 K fol- 
lowed by 40,000 steps of slow cooling to 0 
K. All of the final structures have a total 
energy less than -2500 kJ mol-' and pre- 
sent no distance violation greater than 0.1 
A. The average rms deviation for the 12  
structures is 0.68 A. As shown in Fig. 2, 
Chtx has a globular structure consisting of a 
small triple-stranded P sheet (sequences 1 to 
2,25 to 29, and 32 to 36) linked respective- 
ly, to a well-defined a helix (sequence 11 to 
19) by two disulfides (sequences 13 to 33, 
and 1 7  to 35) and to an extended fragment 
(sequence 4 to 7) by the third disulfide 
(sequence 7 to 28). The axis of the sheet 
forms a 45" angle with the axis of the helix 
and a 90" angle with the direction of the 4 to 
7 extended fragment. The helix is connected 
to both the 4 to 7 extended fragment and 
the 25 to 29 P strand by two loops; the two 
p strands 25 to 29 and 32 to 36 are con- 
nected by a well-defined type I P turn. The 
structure of Chtx seems to be stabilized by 
both the three disulfides and a hydrophobic 
cluster comprising the side chains of Thr3, 
Val5, Val16, and Leu2'. 

Charybdotoxin and related toxins that act 
on K+ channels are minor components of 
scorpion venoms. The other scorpion toxins 
are markedly different in several aspects. 
Most of them recognize Na+ channels in 

Fig. 2. Three-dimensional struc- 
tures of Chtx (21). (Top) Superim- 
position of eight structures of Chtx 
with two different orientations. 
Disulfides have been omitted for a 
more clear presentation. (Bottom) 
Presentation of one structure of 
Chtx with the three disulfides 
(dashed lines). Glp is py Glu (2). 

insects or mammals instead of K+ channels. 
Their polypeptide chain (60 to 65 residues) 
is nearly twice as long as that of Chtx and 
has four disulfides. Their primary structures 
share little similarities with that of Chtx (9). 
Strikingly, however, inspection of all known 
secondary or tertiary structures of scorpion 
toxins, obtained by either NMR (10-13) or 
x-ray crystallography (14, 15), revealed to us 
that all of them possess a triple-stranded P 
sheet, an a helix, an extended fragment, and 
three disulfides. These structural elements 
are organized as in Chtx. In order to better 
characterize these similarities, we proceeded 
to a quantitative comparison of the structure 
of Chtx with those of two long-chain toxins, 
the variant 3 from Centruroides sculpturatus 

have been redrawn with the 
same orientation, the disul- 
fides are in dashed lines, and 
the common structural mo- 
tif (see text) is indicated by 
bold lines. (D) The three 
structures have been super- 
imposed. The conserved 
motif is in plain lines; the 
disulfides have been omitted 
for clarity. The three corre- 
sponding sequences have 
been aligned with respect to 
the conserved structural ele- 

Fig. 3. Comparison of the 
structures of (A) Chtx, (B) 
toxin I1 of Androctonus aus- 
tralis Hector, and (C) variant 
3 of Centruroides sculpturatus 
Ewing. (A  to C) The stmc- 
tures of thei three toxins 

Ewing (14) and the toxin I1 from Androcto- 
nus australis Hector (15), whose atomic coor- 
dinates were available. As shown in Fig. 3, 
the corresponding structural elements in the 
two long toxins superimpose well, both in 
terms of size and spatial orientation, with 
those of Chtx. More precisely, the average 
rms deviation calculated on these elements 
between the 12 structures of Chtx and either 
toxin I1 or variant 3 is 1.20 A. The different 
common structural elements are separated 
by, loops with variable size in the three 
toxins. For instance, the 26 to 29 and 32 to 
35 P strands are separated by two residues 
that form a p turn in both Chtx and variant 
3 and by seven residues in toxin 11. It 
appears, thus, that the f3 sheet, the helix, the 

ments (indicated by the A: ZFT-------NVSCTT---SKECWSVCQRL-HNTSRGKCMYS 

plain boxes below the se- 8: VKDGYIMDV-NCTYFCGR---NAYCHEECTKL--KGESOTKGPGR~H 
C: KEGYLVKKSDGCKYGCLKLGENEGCDTECKAKNQGGSYGY~YA-----FACW~EGLPESTPTYPLPNKSC 

quences). U I W W W  
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Fig. 4. Comparison o f  the sequences o f  scorpion toxins w i th  known secondary structure. T h e  sequences 
o f  scorpion toxins have been aligned with respect t o  the secondary structure elements (a ,  a helix, and 
b ,  p sheet). T h e  consensus sequence (see text) found i n  these toxins is indicated under the sequences. 
AaH IT ,  Androctonus australis Hector insectotoxin (13) ;  CsE v3 ,  Centruroides sculpturatus Ewing variant 
3 (14) ;  AaH 11, Androctonus australis Hector toxin I1 (15) ;  Be M9, Buthus eupeus toxin M9 (11) ;  L q h  
Chtx and Ltx  I ,  Leiurus quinquestriatus hebrmus Chtx  and leiurotoxin I (12) ;  and Be I5A,  Buthus eupeus 
insectotoxin 15A (10) .  

Fig. 5. Comparison o f  the 
sequences o f  Chtx  and 
defensins' The sequences 
Chtx and insect defensins 
are aligned with respect t o  h ~ u - h *  

the  consensus sequence. &m 
This  alignment shows that eft 
these toxins possess the . . . . . .  = .  . . . . . . . . . . . .  C C , ,  C . . . . . . . .  0 . 0  . . . . .  c , c  . . . . . . . . . . . .  
same secondary structure el- 
ements (a ,  a helix, and b ,  p sheet) disposed at the same place and linked b y  the same disulfide bridges. 
Disulfides bridges have been determined for phormicin (Phormia terranovae) (17)  and sapecin 
(Sarcophaya peregrina) ( 1  9 ) .  Secondary structure elements have been determined for sapecin (20) .  
Royalisine is from Apis mellij2ra. 

extended fragment, and the three disuffides 
define a common structural motif to scorpi- 
on toxins despite the difference in size, 
sequence, and biological activity. 

Alignment of the sequences of scorpion tox- 
ins with the known secondary structure ele- 
ments (Fig. 4) shows that the structural motif 
depicted above has a sequential counterpart. 
The six half-cystines and the glycine present in 
the motif are the only conserved residues, lead- 
ing to the following consensus sequence (nurn- 
bering as in Chtx; aa, amino acid) 

The conservation of this sequence appears to 
be related to well-defined structural require- 
ments as observed in the high-resolution 
structures of variant 3, toxin 11, and Chtx. 
Thus, the two conserved bridges 13 to 33 
and 1 7  to 35 largely contribute to conserve 
the relative position of the sheet and the 

helix. More precisely, the pairing of these 
two bridges implies that the side chains of 
the two half-cystines 13 and 1 7  in the helix 
point to the same direction as those of the 
two half-cystines 33 and 35 in the sheet. The 
proper respective orientation of these side 
chains is provided by the fact that the two 
half-cystines in the helix are conservatively 
separated by three residues (that is, by one 
helix turn) and the two half-cystines in the P 
sheet by one residue, respectively. .In addi- 
tion, the helix and the sheet always intersect 
in the same manner. Interestingly, the lim- 
ited space at the intersection of the helix and 
the sheet is occupied by the Ha2 proton of 
G1f6. In this spatial arrangement, no room 
is left to accommodate any side chain. This 
observation clarifies the role of the con- 
served G1f6 residue in the consensus se- 
quence of these toxins. 

Since the consensus sequence found in the 
motif seemed reflecting its 3-D organiza- 
tion, we searched in the data bank for pro- 
teins from arthropods sharing this sequence. 
We found it strikingly similar in other small 
proteins from insects, called insect defensins 

(16-18). These contain -40 aa residues and 
three disuffide bonds with pairings identical 
to those found in Chtx (17, 19). Insect 
defensins are produced in response to body 
injury, thereby preventing infection by bac- 
teria. We could then readily align the pri- 
mary structures of three insect defensins 
with those of scorpion toxins using the 
above sequential pattern (Fig. 5). Conserva- 
tion of the pattern could be purely coinci- 
dental, but a low-resolution spatial model of 
one insect defensin reported recently (20) 
revealed that this protein indeed has the 
same structural motif as found in Chtx. 
Insect defensins and scorpion toxins could 
have a common ancestor with a similar 3-D 
organization. 
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