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Abstract - Sea anemone toxins are systematically classified 
according to amino acid sequence, topography of hydrophobic 
regions and known pharmacological and immunochemical activi- 
ties. On basis of above properties these toxins are divided 
into two groups. The significance of each property is dis- 
cussed in view of structure-function relationship. It is shown 
that pharmacological activity of sea anemone toxins correlates 
with topography of hydrophobic regions. 

INTRODUCTION 

Last years progress in studies of immunological properties and chemical 
modifications of polypeptide toxins as well as in determination of amino 
acid sequences and, for some of them, spatial structures reveal that their 
action on exitable membrane is polyfunctional. This action depends on such 
factors as toxin spatial arrangement features, distribution of charge and 
its polarizability, peripheral hydrophobic structure, accessibility of 
individual amino acid residues and their ability to interact with 
invironment. Being relatively small in size and having a high affinity to 
receptor, sea anemone toxins fall within distinct class of polypep$ides, 
which is most suitable for investigation of gating mechanism of Na-channel. 
In the present paper primary and secondary structures as well as topography 
of hydrophobic regions of 14 polypeptide sea anemone toxins are compared 
with their pharmacological and immunochemical activities. 

CLASSIFICATION OF SEA ANEMONE TOXINS 

To date amino acid sequences have been determined for 14 toxins isolated 
from 7 species of sea anemone. Studied by us Radian thus  m a c r o d a c t y l u s  
species extends known data on chemical structure of sea anemone toxins 
(Table 1 ) .  Our studies make it possible to include during classification 
more number of properties characterizing structure-function relationship. 
As shown in Table 1 ,  high similarity is observed for sequences of all toxins 
investigated. For elucidation of homology several gaps were introduced to 
maximise alignment and exchange of amino acids possessing similar side chains 
or twinned exchange of oppositively charged residues, which fail to effect 
the probable salt bridges, was not taken into account. According to amino 
acid sequence homology sea anemone toxins may be divided into two groups; 
namely 'chose isolated from Radian thus  sp. and S t o i c h a c t i s  h e l i a n t h u s  
(R-group) and those isolated from Anemonia s u l c a t a  and Anthop leu ra  sp. 
(A-group). 

Difference between R- and A-group toxins is manifested by content of some 
amino acids, total charge of molecule, receptor binding ability (see Table 2 )  
and in immunochemical behaviour (ref. 1 - 2 ) .  All A-toxins are positively 
charged, but R-toxins have negative or zero charge at pH 7.0. Number of 
possible salt bridges in toxins of R-group is higher because of content of 
twinned oppositively charged residues in higher then that in A-toxins. 
Comparison of immunochemical behaviour and data of competition experiments 
on rat brain synaptosomes (ref. 1-2 )  shows that representatives of A- and 
R-group belong to two different immunological groups and receptor binding 
ability of A-toxins is higher then that of R-toxins. Note, sea anemone 
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Table 1 .  Homology alignment for sea anemone toxins 

- 
Toxina Sequence Group 

Rm-I1 G-TCKCDDDGPDVRTATFTGSIEF--ANCNESWEKCLAVY-TVPASCCRKKK 

Rm-I11 G-NCKCDDEGPYVRTAPLTGYVDL--GYCNEGWEKC-ASYYSPI~CCRKKK 
Rm-IV G-NCKCDDEGPNVRTAPLTGYVDL--GYCNEGWEKC-ASYYSPImCCRKKK 
Rm-V G-NCKCDDEGPNVRTAPLTGYVDL--GYCNEGWDKC-ASYYSPImCCRKK 

Rp-I1 ASCKCDDDGPDVRSATFTGTVDF--WNCNEGWEKCTAVY-TPVASCCRKKK 
Sh-I AACKCDDEGPD I RTAPLTGTVDL- -GS CNAGWEKC AS YYTI I AD CCRK 

Af - I 
AS-I1 CVPCLCDSDGPSVRGNTLSGIIWL--AGCPSGWHNCKKHGPT-IGWCC KQ 

Af-I1 GGVPCLCDSDGPSVRGNTLSGIIWL--AGCPSGWHNCKAHGPT-IGWCC-KQ 
Ae-I GVPCLCDSDGPSVRGNTLSGILWL--AGCPSGwHNCMGPT-IGWCC-KQ 
AX-I GVSCLCDSDGPSVRGNTLSGTLWLYPSGCPSGWHNCKAHGPT-IGWCC-KQ 
AX-I1 GVPCLCDSDGPRPRGNTLSGILWFYPSGCPSGWHNCKAHGPN-IGWCC-KK 

GVACLCD SDGPNVRGNTLS GTI WL-- AGCPS GWHNCKAHGgT- I GWCC- KQ 

AS - I 

AS-v GVPCLCDSDGPSVRGNTLSGILWL--AGCPSGWHNCKKHK~T-IGWCC-K 

G$CLCKSDGPNTRGNSMS GTI W--FGCPS GWNNCEGRA-- I I GYCC KQ 

Sea anemones: R a d i a n t h u s  m a c r o d a c t y l u s  ( R m )  , R.  paumotens i s  (Rp) , 
S t o i c h a c t i s  h e l i a n t h u s  (Sh) , Anemonia s u l c a t a  (As), Anthop leu ra  
fuscoviridis0,elegantissima (Ae) and A.  xanthogrammica (Ax). 

a 

Table 2 .  Some physico-chemical and pharmacological properties of 
sea anemone toxins 

KbC 
b 

Total hydrophobicitya LD50 
Middle C-terminal on mice rat brain 

Total Possible 

at pH 7 bridges region region 
Toxin charge salt pg/kg synaptosome 

Rm-I11 0 
Rm-IV 0 
Rm -V -1 
Rm-I1 0 
Rp-I1 0 
Sh-I -2  

As-I + 2  
As-I1 + 2  
AS-V + 3  
Af -I + I  
Af-I1 + I  
Ae-I + I  
AX-I + I  
Ax-I1 + 3  

5 
5 
5 
5 
5 
4 

2 
2 
2 
2 
2 
2 
2 
2 

21 .7  
21 . I  
21 .7  
22 .9  
1 3 . 9  
27 .4  

6 5 . 0  
9 4 . 8  
8 9 . 9  
61 . I  
9 4 . 8  
8 9 . 9  
27 .2  
5 4 . 3  

8 . 7  
8 . 7  
8 . 7  

64  - 3  
4 4 . 1  
49 .3  

41 . I  
1 3 . 3  

9 . 5  
1 3  . 3  
1 3 . 3  
1 3 . 3  
1 3 . 3  

4 . 5  

25 
40  30  

350  
1 650 
4 200 100  

20 000  

3 800 7 
100  0 . 1 5  

19  0 . 0 5  
9 8  

450 

66 0 . 1 2  
8 0 . 0 3  

~ ~~~~ 

a 

bLethal dozes on mice after intraperitoneal injection (our results and 

'Constant of toxin binding to rat brain synaptosomes found in competi- 

Determined as area of "positive peaks" on hydropathic profiles, calcu- 
lated by Kyte and Doolittle method (ref. 11). 

data from ref. 1 - 2 ) .  

tion experiments involving either 
xin from scorpion Androctonus  a u s t r a l i s  Hector (ref. 1 - 2 ) .  

[I2511 As-I1 or [ 12.511 AaH-11, a to- 
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N-terminal  Fig.  1 .  Elements of  secondary 
loop p - t u r n  s t r u c t u r e  and hydrophobic r e g i  

of s e a  anemone t o x i n s .  

- t e r m i n a l  

/ -  4-  s trande? c- termina 
- 

hydrophobic r e g i o n  p-sheet  

.ons 

t o x i n s  a r e  d i v i d e d  i n t o  two groups acco rd ing  t o  s t r u c t u r a l  and immunochemical 
p r o p e r t i e s ,  b u t  n o t  t h e  t o x i c i t y .  By o t h e r  words,  a n a l y s i s  of t h e s e  p r o p e r t i e s  
i s  n o t  q u i t e  enough t o  e x p l a i n  d i f f e r e n c e s  i n  t h e i r  pharmacological  e f f e c t  
v a l u e s .  Below w e  s h a l l  d i s c u s s  i f  compa.rison of  t o x i n  s p a t i a l  o r g a n i z a t i o n  can  
d i s o l v e  t h i s  problem. 

SECONDARY STRUCTURE OF SEA ANEMONE TOXINS 

Recen t ly ,  e l emen t s  of secondary s t r u c t u r e  o f  t h r e e  t o x i n s  (Ax-I, Rp-I1 and 
A s - I )  have been e s t a b l i s h e d  by two-dimentional  p ro ton  NMR-spectroscopy ( r e f .  
3 - 5 ) .  We have compared t h e  CD-spectra of wider  ser ies  of  r e p r e s e n t a t i v e s  of 
A- and R-toxins ( n o t  shown).  The shape and ampl i tudes  of CD-spectra of bo th  
t o x i n  groups a r e  s i m i l a r .  The main e l emen t s  of  s p a t i a l  s t r u c t u r e  of s e a  
anemone t o x i n s  drawn accord ing  t o  NMR-spectroscopy d a t a  a r e  s c h e m a t i c a l l y  
a r e  r e p r e s e n t e d  i n  f i g .  1 .  A s  shown, a n t i p a r a l l e l  4-s t randed p-sheet  seems 
t o  be t w i s t e d  due t o  " r i g i d "  arrangement  of t h r e e  d i s u l f i d e  l i n k s .  Th i s  i s  
p a r t i c u l a r l y  confirmed by ev idence  t h a t  i n d o l  r i n g s  of TRP-23 and Trp-33 i n  
A-toxins a r e  c l o s e r e d  t o  each  o t h e r  ( r e f .  3 ) .  F i n a l l y ,  comparison of NMR- 
and CD-spectroscopy d a t a  a s  w e l l  a s  h igh  homology of amino a c i d  sequences 
w i t h i n  an eve ry  group r a i s e  s e r i o u s  r eason  t o  sugges t  t h a t  p o l y p e p t i d e  c h a i n s  
of a l l  s t u d i e d  s e a  anemone t o x i n s  have t o  f o l d  i n  t h e  s i m i l a r  manner. Secon- 
da ry  s t r u c t u r e  of t h e s e  t o x i n s  has  f o l l o w i n g  common c h a r a c t e r i s t i c  f e a t u r e s :  
a )  absence of d - h e l i x ;  b )  a n t i p a r a l l e l  4-s t randed p - s h e e t  c o r e  connec t ing  
r e g i o n s  2-6 c* 1 8 - 2 4 0 4 1 - 4 8 H  30-36 of p o l y p e p t i d e  c h a i n ;  c )  r e v e r s e  p - tu rn  
i n  p o s i t i o n  26-33 and d )  fo rma t ion  of two loops  i n  p o s i t i o n s  6 -17  (N-terminal  
l oop)  and 34-42 (C-terminal  l o o p ) .  

Such a s t r o n g  stress i n  s p a t i a l  s t r u c t u r e  f o l d i n g  of s e a  anemone t o x i n s  due 
t o  t h r e e  d i s u l f i d e  l i n k s  and a number of s a l t  b r i d g e s  imposes l i m i t a t i o n  i n  
p r o g r e s s  of  secondary p r e d i c t i o n .  I n  f i g .  2 r e s u l t s  of  some c a l c u l a t i o n  of 
t o x i n  secondary s t r u c t u r e  by methods of  Chou and Fasman ( C  & F, r e f .  8 j r  of 
Dufton and Hider ( D  & H ,  r e f .  9 )  and of Deleage and Roux ( D  & R ,  r e f .  1 0 )  a r e  
shown. The comparison of r e s u l t s  of  t h e s e  p r e d i c t i o n s  w i t h  NMR-spectroscopy 
d a t a  (NMR i n  f i g .  2 )  r e v e a l s  t h a t  used methods d e s c r i b e  i n  o u t l i n e  c o r r e c t l y  
main e l emen t s  of secondary s t r u c t u r e ;  t h e  g r e a t e s t  accuracy of p r e d i c t i o n  
demons t r a t e s  method of Dufton and Hider .  For R-toxin (Rp-11) s u c c e s s  r a t e  i s  
lower e s p e c i a l l y  a t  t h e  N- and C-terminal  r e g i o n s ,  where t h e r e  i s  a number of  
e a s i l y  i o n i z a b l e  s i d e  c h a i n s  be ing  a b l e  t o  form s a l t  b r i d g e s .  

Together  w i t h  expe r imen ta l  d a t a  r e s u l t s  of  p r e d i c t i o n  method confirm a d d i t i o -  
n a l l y  a c l o s e  s i m i l a r i t y  of  secondary s t r u c t u r e  of R- and A-toxins.  Absence 
of c l e a r  d i f f e r e n c e s  i n  o v e r a l l  s p a t i a l  s t r u c t u r e  of s e a  anemone t o x i n  ser ies  
i n d i c a t e s  t h a t  s i g n i f i c a n t  v a r i a b i l i t y  of t h e i r  t o x i c i t y  i s  probably caused 
by s u r f a c e  p r o p e r t i e s  of t o x i n  molecules .  

HYDROPATHIC PROFILES OF SEA ANEMONE T O X I N  SEQUENCES 

C a l c u l a t i o n  of hydropa th ic  p r o f i l e s  by method of  Kyte and D o o l i t t l e  ( r e f .  1 1 )  
demons t r a t e s  t h a t  a l l  i n v e s t i g a t e d  t o x i n s  a r e  c h a r a c t e r i z e d  by two hydrophobic 
r e g i o n s .  The f i r s t  one l i e s  i n  t h e  middle  p a r t  of amino a c i d  sequence and t h e  
second occup ies  p o s i t i o n  n e a r  C-terminal  loop (see f i g .  1 ) .  Hydropathic pro- 
f i l e s  of t h e  middle  r e g i o n  of A- and R-toxins  a r e  d i f f e r e n t ,  however i t s  
t o t a l  hydrophob ic i ty  v a r i e s  s l i g h t l y  i n  t h e  t o x i n s  of eve ry  qroup (Table  2 ) .  
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A s  seen 
a r u l e ,  
b ind ina  

Toxin 

A s - I  

Ax- I 

Rp-I1 

Sequence 

GAACLCKSDGPNTRGNSMSGTIWVFGCPSGWNNCEGRAIIGYCCKQ - 0 I - 0 -  
---n - - 111 
- 0  - 0 0  - 

GVPCLCDSDGPSVRGNTLSGTLWLYPSGCPSGWHNCKAHGPTIGWCCKQ 
m - L - -- - 
-0-0 D - m n o  - - -I - - -- 
0 -- - I  

ASCKCDDDGPDVRSATFTGTVDFWNCNEGWEKCTAVYTPVASCCRKKK 

0- 0- 

Method 

NMR 
D & H  
C & F  
D & R  

NMR 
D & H  
C & F  
D & R  

NMR 
D & H  
C & F  
D & R  

F ig .  2. Comparison of NMR-spectroscopy d a t a  and r e s u l t s  of 
p r e d i c t i o n  methods on secondary s t r u c t u r e  of  t h r e e  s e a  anemone 
t o x i n s :  a - h e l i x ;  - p - s h e e t  and D p - t u r n s  ( f o r  
comments see t h e  t e x t ) .  

from Table  2 t o t a l  hydrophob ic i ty  of t h i s  r e g i o n  of A-toxins i s ,  a s  
h i g h e r  t h e n  t h a t  of  R-toxins .  T h i s  c o r r e l a t e s  r a t h e r  w e l l  w i t h  h i g h e r  
c o n s t a n t s  (K..) of A-toxins t o  r a t  b r a i n  synaptosomes. A s  d i s t i n c t  

from the middle  r e g i 8 n  , C-terminal  hydrophobic r e g i o n  v a r i e s  a p p r e c i a b l y  
w i t h i n  bo th  groups and i t s  t o t a l  hydrophob ic i ty  c o r r e l a t e s  w i t h  p o l y p e p t i d e  
t o x i c i t y  expres sed  i n  t e r m s  of LD50 v a l u e s  (Table  2). A s  i t  i s  obvious from 
f i g .  1 ,  t h i s  h i g h l y  v a r i a b l e  hydrophobic r e g i o n  occup ies  zone of C-terminal  
r e g i o n ,  where a c t i v e  exchange of amino a c i d  r e s i d u e s  i s  observed i n  bo th  
t o x i n  series.  

Ana lys i s  of t h e  r e s u l t s  of t o x i n  chemical  m o d i f i c a t i o n s  and of immunological 
s t u d i e s  g i v e s  f u r t h e r  c o n c l u s i o n s  abou t  impor t an t  r o l e s  of middle  r e g i o n  i n  
r e c e p t o r  b i n d i n g  a b i l i t y  and of C-terminal  hydrophobic r e g i o n  i n  t o x i c i t y  of 
t h e  p o l y p e p t i d e s .  Thus,  m o d i f i c a t i o n  of Arg-13 and Trp-30 r e s i d u e s  l i e i n g  n o t  
f a r  from middle  r e g i o n  of t o x i n  R m - I 1 1  ( r e f .  12) i nduces  d iminu t ion  of LD50 
v a l u e s  i n  5 and 3 t i m e s ,  b u t  b i n d i n g  c o n s t a n t s  K d e c r e a s e  i n  15 and 20 t i m e s ,  
r e s p e c t i v e l y .  On our  o p i n i o n  chemical  m o d i f i c a t i b n  of Asp-7 and /o r  Asp-9 
r e s i d u e s  a f f e c t s  on t h e  C-terminal  r e g i o n  and,  hence,  on t h e  t o x i c i t y  of 
A-toxins ( a s  d i s c r i b e d  i n  r e f .  13). Indeed ,  i n  accordance w i t h  immunochemical 
s t u d i e s  ( r e f .  14) be ing  n o t  p a r t i c i p a t e d  i n  i n t e r a c t i o n  w i t h  r e c e p t o r  t h e s e  
r e s i d u e s  may a l t e r  l y s i n e  r e s i d u e  s t a t e  n e a r  C-terminal  loop owing t o  d i s r u p -  
t i o n  of s a l t  b r i d g e  a f t e r  m o d i f i c a t i o n .  
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