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Abstract - Professor Tsuda's pioneering ccntributions to  the crystallizaticm and - 
elucidation of tetradotaxin serve as the start ing p i n t  of a r w k  on Mtural and 

synthetic betemcycles that  have helped t o  s M y  the toFagraphy, characteristics 

and dyMmics of ion channels and mwbrane p r e s  swing the influx and efflux of 

scdim, ptassim and calcim. 

llmrawTICN 

me crane, symbol of gmd fortune a s  an intrductory ~ i p t t e ,  serves here three puposes: first 

as a hxbinger of good years still to caoe for Professor 'I%&, then a s  a reminder of his pioneering 

contributions to  that part of the plfferfish that shDuld not be eaten (see belar) and, finally, 

as a marow of the unforgettable - ICHI W ICHI E -#M - $; - Third International 

i ' syqmsim on the Chanistry of Natural Prcducts held in K p t n  in A p r i l  1964 where so ably Professor 

Sugasawa rwi& the histoly of natural @uN isolated f m  a~iimals i n  Japan: TakBnine fcund 

adrenaline i n  a- glards in 1901, h i o  E@t.ake characterized cincbufagin fw toads in 1928, 

another s t d e n t  of my teacher Heinrich Wieland, Shimizu, lacated urso3mxyclnlic acid, a new b i l e  

acid, in bears, while  yo& mda, for who0 this rwiew is written, crystallized tetmdotnxin f m  

puffer fish2 w i t h  which we Westerners ("MI-FAI-JIN") then made our f i r s t  hesitant acquaintance in 

th? l i m e d  sushi bars of Kyoto. 



Licenx for rertaurana certifying that they 
have a liccntcd caok for -king puffer. 

(To be displayed in restaurant) 

Cenijimte 01 Autbar imion  

B u ~ i n w  oddrm:  

District Town No. 

Bvllllrrr Nomc: 

This is locertify that the following puffer ehef 
is employed for the cmkingof puffer. 

Dofr: 

Year Month Day 

Tokyo District 

Photo- 
graph 

, of ehef 

The group of Professor Tsuda repted on the f i r s tmjor  alkaline degradation prcduct, the 

1 11 I11 

3 .  qinazolone (I) which he synthesized and which wcdkmd obtained as  the N.O.0-triacetyl derivative 

(111, the scrcalled "Singer a ~ e t a t e . " ~  What seem3 r-kable a t  the time was the isolation of 

the 6 - ~ ~ ~ z o l i n e  (111) by Hirata's group as the result of the acticn of ccncentrated 

sulfuric acid on t e t r d o t ~ x i n . ~  An iqxrtant stepping stone ("tobi-ishi") to the mnplete 
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s t n r t u r e  of tetrcdotmin W )  w a s  Tsuda's tetrcdoic acid -e (IV). 
6 

4 mc&ard ended h i s  lecture in Kyoto by raising two questims: "This is not the place to 

speculate upm the re l a t i a sh ip  of tetmdotoxin, and the striking physiological activity of 

the poison, nor upon the biogenesis of the mlecule; tlrxlgh in the l a t t e r  respect, the wild 

&se might be briefly made that the m l m l e  could be constructed by a variant of the familiar 

plyacetate s h e ,  with added branching carbm, along l ines somew'Mt similar t o  t b s e  used i n  

the mnstructicm of sclemtiorin and its relatives." 

Well, a f ter  all these years, the biospthesis of tetrodotnxin is still a mystery.' Feeding 

universal precursors, such as radioactive acetate, as a d h a t e d  by Woadward, gave no 

inwrporatim in the lacal  puffer fish, Spheroides madatus ,  nor in the newts Taricha torosa 

and qranulosa. 7 

The sewrd question, structu1pactivity relationships, have been discussed frequently, 

especially i n  terms of the essential guanidinilno group of which the related saxitoxin 

(Chart I) possesses two, and i n  the attenpt t o  equate the dimension of the hydrated d i m  

ion with that of the "prosthetic" guanidinim group which acts as a canp2titor i n  blacking 

the entrance to the d i m  channel. Tius explanation has recently been challenged by 

a congener of tetrcdotoxin, chiriquitaxin WI) , isolated froo the Costa Rican frog Atelopus 

chiriquensis.' Unlike tetrodotoxin chiriquitawin also blocks potassim chamnels, an action 

which is reversed by tetro3otnxin. The new theory ps tu la t e s  that  b t h  tetradotoxin and 

chiriquitnxin oocupy a receptor outside of the channel perhaps a t  a s i t e  -lapping the 

chmml entrance. W see har iEpr t an t  it is to have ever new t m l s  for mapping ionic 

channels. 



Tbe history of "fugu" or  puffer f i sh  pison goes back to pictures i n  Egyptian tam& a h s t  5000 

yeas old (Fig. 1) and in Japan t o  feeding expr imnts  with h m  p r i m s  by Fukushim in the 

16th century. Thanks t o  the chemical cmtributims,  especially of K. Tsuda, therrechanim of 

Fig. 1. The puffer f i sh  Tetracdon stel latus 
representation frcm Egyptian t d ~  of 2700 B.C. 

action muld be explored i n  the mid 1960's by noted electrophysiologists, such as Narahashi and 

~i tchie . '  Thus, a new chapter i n  neurobiology and cytopharrramlogy was sMed and we leaxnd 

a t  sodim currents which p~opagate electric impulses in excitable &-s. 
10 

+in, & m t e m t i m l  Symposim in Kyoto in 1964 m k e d  another event: historically and 

topographically t e t r c d o t d n ,  i n  the reprts of Sugasawa and Wdmrd, and the novel frog v e m  

batrachotoxin (chart I) ,  in the lecture of Klaus Biwann (ref. 1 1 ,  for the f i r s t  t k  were placed 

side by side in the smne bmk. ~ a r h  la ter  the t m  vencms were 1- phylogenetically by their 

occurrence in m t r a p i c a l  frogs: tetxdotoxin i n  Atelopus_ f m  Costa Rica, and batracktoxin in 

the skin of the Colanbian pi- armw frcg Phyllobates aumtaenia1l and i n  the newly discmered 

species P. terribilis.12 m its lethal  action batracbtaxin surpasses tetro30toxin a h s t  by a 

factor of LO. While the hydrophilic tetr0doexi.n blccks scdiun channels a t  the outside in a 

reversible manner, the l i m h i l i c  batracktaxin blacks tbe d i m  channel in the ' hod i f id  open 

positim" more or less  i+reyersibly.13 Thanks to the availability of its antaqonist te-toxin, 

ha t racbtmin becaw a valuahle selective probe for the charnels that  -ate cmductance in 

eledrogerric &anes of nerve and muscle (Chart I). This picture is be* refined ~nt inuous ly :  

Worcnr  considers as reoeptors for the axonal scdim channels sites allosterically linked to 

t k  function of the participating subunits, such a s  the wltaqe  sensor, the gating systan res-i- 

ble for the wltagedepenaent v i n g  and closing steps of the sodim ionDpho~, and the selectiv- 

1 4  i t y  f i l t e r ,  Lee-., the structure which defines the cationic specificity of the channel. Regulatory 

sites can be djstingoished frcm im t r a n s p r t  sites by specific ligands, ~ c h  a s  w a t r i d i n e  m ~ ) ,  



HETEROCYCLES, Vol 17, 1982 

I * ..TI.C*OToi,* 

I /I . 1 h \I\% I 
Concept of the Na+-Channel Aided by Selective Toxins 



My-' 6" 

C " P  ._-' 
V.,.t.,d,". 

VII  

:he (VIII), grayanataxin (M) Kd batrachDtcmin (Chart I) w h i c h  a l l  bind to regulatary 

V I I I  M 

site 1, whereas the synergistic tczfms f m  sccapion or  sea m e  bind to regulatcay site 2 .  The 

icn tran-t site u s  inhibitors, such as te- and saxi-toxin a s  well as  the insecticidal 

Fjccethroids (X), the l a t t e r  possibly a t  an- site.15 These binding studies have now k e n  

PYRETHRIN I IR = CH,) 
PYRETHRIN II IR - COOCH,I X 

carried to a point a t  which the mltage-depenaent sodim channel acquires the cravlotation of a 

"drug recePtor"l6 in the sense of Paul ~hr1ich.l' Selective oxidation of the primary almhol 

group a t  C-11 of tetrcdotoxin provided an aldehyde that was mupled with ( t r i t ia ted)  glycine, 

lysine or photosensitizable groups, e.3. N-(Z-nitro-4-aziaophenyl)lysine. In  this way ligands 

w i t h  high specific activity, 'i. 45 C i b l ,  o r  photoactivatable derivatives were obtained which 

on irradiation irreversibly blmked the scdim channel.16 A Dote of caution may be mmded: 

rmdificatiols in ~ o s i t i o n  11 m y  alter ion specificity, as  the exmple of chriquitaxin damnstates. 



HETEROCYCLES, Vol 17, 7982 

The absence of blccking effect; for ptassim channels v o u l d  have to te established in each case, 

uhile d m ,  ptassim and ca lc im are transported in -te and discrete channels in el- 

genic tissue of n- and m l e ,  the iolDpPre attach& to, or  mupled w i t h ,  the nicotinic 

acetyldnline receptor provides passage toth for d i m  and potassim through the p r e .  Zhe 

Echmian of nicotinic channel a d i ~ t i m  and blockade, therefore, is subject to different d e s  

and requires neurotoxins of nwel structure and -ificity.18 The a c e t y l h l i n e  receptor consists 

of a recognitim site which respcnds to agcnists, such a s  a w l -  o r  carhmyl- &line, and an 

icsl mndudance m u l a t o r  which nntrols the o w i n g  and closing of an imophore for the (rapid) 

influx of scdim and the (sl-) efflux of potassim ions. 

A -1 toxin frcm a filarrpntous f r e h t e r  blue-grew alga, flos-aquae anatoxin-a ( X I ) ,  

N" pmMd to be an ideal agonist for the nicotinic -ptor.19 Anatoxin-a is not an w ester and therefore not a substrate for acetyldoline esterase. !+bm it acts, it 

X I  

o'%, 
keeps the single channel OF for an average hal f l i fe  t h  that, a t  various trans- 

ANATOX,NI m a n e  p t e n t i a l s ,  is indistinguishdale fmn that of acetylcholine. Amtoxin-a 

and its derivatives, E.Z., the the less active isamatoxin-a WI) or derivatives of the plant 

W o i d  ferruginine ( X I I I ) ,  pmaise to s M  l ight  on the serrnd level of apis t -hanism by 

-relating the ultLoate binding mechanism with the m l d a r  deta i l s  of receptor activation and 

desensitization a s  a function of wll-defined rigid stereochemical p a r e t e r s .  

'Ik classical inhibitor for the AcM remgnition site is bumgaromin, the w r m  of the Fonrosan 

snake Bungarusml t i~ inc tus~  Selective ligands to the i m i c  channel, as  a rule, do not colpete 

with the binding of ( tr i t iatedl  h g a m t o x i n  and vice versa. Anatoxin-a binds to the acetyl- 

choline recognitim s i t e  w i t h  a %=0.1 - 0.2 M, a s  detMnined by ccnpetitive inhibition of 

specific binding of t r i t ia ted  acetylcholine, the natural agmist ,  and t r i t i a t ed  tutocurarine, 

a cholineryic blocker. Anatoxin-a s t inda tes  binding of ion channel blackers, such a s  t r i t ia ted  

histrimicotoxin, phencyclidine and its methidide a t  m50-Yalues r q i n g  fron 0.14 t o  0.28 M. 20 



The f i r s t  selective ligands shaKl to act  m loth open and closed mforrrdtions of nicotinic channels 

w e  the unique maw of th~ Southarrerican frog Derdrobates histrionicus, +. histpicnicotnxin, 

dihydroisahistrionicotoxin, -strionicotain and the synthetic perhydrohistrionimtoxin 

(Figure 2) . 21 

These exciting findings stinndated many clever approaches to the t o t a l  synthesis of this novel 

spirocyclohmyl-piperidine Hauwer, grm ammts of racemic a s  well as optically active 

natural and antipodal histrionimtolrin derivatives did not bccme available, unt i l  Kinio Takahashi, 

guided by Arnold Brossi, translated sone of the publishEd procedures into a "pilot plant synthesis." 

Table 1 smmrizes $one of the electrophysiological activities. of these n w  synthetic derivatives 

in their capacity a s  blockers af the nicotinic channel. 23 

-1 
EFFECTS OF ~.oESAMYLPERHYDROHISTR~ON~COTOX~N ON THE SlATlC NERVE SARTORIUS 

MUSCLE PREPARATION OF THE FROG.COMPOUNDS USE0 IN iiM CONCENTRATION 

Maximum Trant~enc 
%Block dMuwie  Twitch a t  Time Shown Poontiatlon of - 

Compound Mu~~leTwitch. 

Indirect [m id  Direct (m id  Indi iRt Direct 

.Muxler were expowd to toxins for 60 mln. The vaiuer shown are mean t S.O. from two to five muuler. Tramient 
potentiation developed foliow8ng addition of the toxin into the bath and lasted approximately 5-15 min. There was 
no contracture at thtr concentration. Stock ~oivt ion 110-500 mM1 were made in 95% EtOH. 





phenooena inwlving the essential ions ~a', K+ and cat(. 

The nicotinic and muscarinic r e p t o r s  share the same natural agonist, acetylcholine which is the 

tenuous bridge that, a t  leas t  ccnceprually, spans the abyss be- two different receptor mrlds.  

Anatoxin-a has l i t t l e  effect on the m&arinic re-. To ths chemist it is a r e w ~ d i n g  challenge 

to devise m e  ccmron agcnists or  t o  elucidate the s t rudural  requiremats and d l i t i e s  tha t  tu rn  

rmscarinic into nicotinic agunists. There are p d s i n g  leads: (XI), the toxin of tbe 

lady bug, as  the dihyb-derivative (XXIII), obtained by synthesis,28 c-tes with o- 

cholinergic liyands a t  the rmscarinic receptor of neural c e l l  lines.29 The s t n r t u r a l  relati-ip 

with scoplamine and anatoxin-a bids f a i r  t o  find camon agonists m n g  the Mpanes.30 ~t is in 

this area that discrepancies betrreen biodraaical binding studies and biophysical- and el- 

physiological data and between m a r i n i c  receptors and nicotinic ionic chamel binding sites, 

w i l l  have to be m i l e d .  31 
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The dualisn of research on bane pores3' and ion chmnels rests on the tho approaches: the 

el~tmphysiological data try to relate alterations in voltage potentials and ionic currents to 

mwemznts of gating particles, while the biorhenist is aolcerned with binding kinetics, confor- 

mti-1 changes, identification and isolation of protein subunits.33 The novel n e ~ ~ ~ t c o d n s ,  

their stnrtwal &icaticms and syntheses help !ath the electrophysiolcqist as well as the 

bicchscist to achieve and mnelate these aims. 'I% subtle allosteric effebs, the lrmltiplicity 

of bindiq sites, the interdepsnimee of the three mjor ions and their mmon or individual 

channels w i l l  vary and bring at new vistas dePenaing on the &el system that so far started 

w i t h  frog mscle end plates, proFeeded to electric organs, squid axons, rides of Ranvier, 

electxially excitable strains of neumblastom cells, chick d r y 0  fibroblasts and, recently, 

to kovine adrenal d u l l a  e l l s  in c u l t u ~ e . ~ ~  (Rlly in this way was it possible to d iscow the 

@nardcs of s lm  tetrcdotcmin-insensitive scdiun channels changing to fast tetrcdotoxinsensitive 

c h e l s  as a function of tim and vice versa. There are observations pointing to mre thKl one 

closed mfonmtion of the d m  chamel, namely, resting or hxtivaixd, as well as to several 

&-tions of the open channel. There is even an c r o s s o m  of batracbtoxin into 

the nimtinic ionophol-e of the frog w c l e  endplate resulting in clepolarivrtion in the presence of 

cholinergic agonists. The tentative explanation of this surprising phenmmmn was that 

katrachotcmin and veratridine interart with te-taxin-insensitve scdiwr-ific channels 

at the endplate region of the nemmx%ular jmction that are funyriomlly -led to the 

activatars of the acetylctaline receptor ionrmductance c x ~ p l e x . ~ ~  mre recent abservations 

m the inhibitian of catechDlamine secretion f m  adrenal mdulla e l ls  by neurotcotins point 

to the need for a reassessmat of this explanation.36 

m i t i o n  of p tass im f l u  in nicotinic chmnels in the central nerwus system, as recent 

electrophysiological and tehaviaral studies have ~hxn,'~ provide a mdel for schizophrenia and, 



eventually, an explanation, as  we m y  lnp. Antidepessants, such as amitryptiline or  nortry- 

E i l i n e ,  also bind to the nicotinic ctwnnel, premmbly to the activated but non-mnducting 

d o r m t i o n ,  a possible clue for the a u h a n i c ,  central and rotor disturiwnoes and side effects 

seen in patients treated with tr icyclic antidepressants for prolonged pr ids  of time. 37 

In surrmry, tetrodotaxin has been invaluable a s  a tml for the exploration not only of the nov~mnt  

of scdiun but, atoVe all, calc im ions through iomphores and mwbrane pores by suppressing the 

transport of d m  ions.'' 

A discussion of the detailed structural and elearOphysiological events a t  the activation or 

-ate and a t  the inactivation or h-gate, the l a t t e r  presmmbly blacked by pancuronium bnmide 

(XXIV), of the channel receptor gating particles and of the selectivity f i l ters3g is beycnd the 

%ope of th i s  brief survey, whose purpose is t o  convey to the reader the impression that  both ions 

and ideas are in a l ively flux: IBAKBUTSU a T W  or a s  Heraclitos 

(535-475 B.c.) phrased it: n 4 V T a 5 €7. 
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