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Tetrodotoxin(Tx), the toxin from the Japanese Fugu or puffer fish, 

is a potent neurotoxin (1), but the mechanism of its toxic action has 

not yet been elucidated. 

Several workers studying the blockage of action potential by Tx in 

various excitable tissues concluded that Tx might be a selective inhibitor 

on the Na-channel in the excitable membranes (2,3,4), while other workers 

proposed that Tx binds to the membrane macromolecules and hinders the 

exchange of univalent cations and divalent cations, thus causing the 

inhibition of action potential (5). 

From experiments on the rat's neurohypophysis i_~n vitro~ it was found 

that Tx not only inhibits the release of vasopressin, posterior hormone, 

but also suppresses the movement of calcium ions (Ca) (6). 

In the present cormnunication, evidence will be presented that Tx 

chelates Ca strongly, and that Tx is able to alter the characteristics 

of the Ca-K exchange in a model raembrane of phosphatidyl serine. These 

data present the possibility of elucidating the action of Tx on excitable 

membranes from a molecular point of view. 

*This work was presented at the 5th annual meeting of the Japanese Bio- 
physical Society (K~oto 1966). Part of the research was supported by the 
Grant-in-aid from the ~scular Dystrophy Ass. of America to Ohnishi. 
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MAT~qIAI~ANDMETHCDS 

Binding between Tx and Ca ion was measured by titrating a solution 

of Ca by Tx in the p~esence of Murexide pigment, a Ca-indicator, and 

the resulting sz~ll absorption change was measured by a double-beam 

spectrophotometer (7,8,9). 

Phosphatidyl serine (PIS) was isolated from beef erythrocytes and 

purified by repeated column chromatography (lO). Benzene solution of 

PIS (l pg) was sl~ead on the air-water interface to form a monolayer (ll). 

A polyethylene trough with an inner size of 27 mm (diameter) x 4 mm 

(depth) was used. Binding of 45Ca in the ~ater phase to the monolayer 

of phospholipid was measured by the increase of counts in a GM counter, 

which was set 5 mm above the monolayer (Io). Using a ratemeter and a 

recorder, we can automatically measure the binding of 45Ca to the 

membrane by an increase of the recording (13). 

RESULTS 

A titration curve of Ca by Tx is sho~n in Fig. i. By extrapolating 

the linear portion of the curve to its intersection with the abscissa, 

Fig. 1. 
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we find that a Tx molecule binds approximately two Ca ions at pH 8. 

If we assume a chemical equilibrium 

Tz + 2 Ca --~TxCa 2 3 
(1) 

the binding constant between Tx and Ca is expressed by 

( '~ca 2 ) = M "2 
( ~ )  (0~) 2 

( ~ ) o  = ( ~ )  + ( ~ c % )  (2) 

(Ca)o = (ca) + 2 ( ~ c a  2)  , 

~£~ere (Tx)o'  (Ca)o, (Tx),  (Ca), and (TxCa 2 ) are molar concentra t ions of  

total [~z~ total Ca~ lbee Tx.~ l~ee Ca3 and the complex, respectively. 

}[aen we choose (Ca)o = G% aud (TX)o = OB in Fig. l, we can easily see 

that Eq. 2 becomes 

i/2 (oD) 
~m = i/2(m) (m)2 = !.8 x l0 s ~{-2. 

An ex&mple of abs0r~tion of $5Ca in the water phase %0 the PLZ 

monol~yer is sho~n in Fig. 2. ~e increase of counts due to the monolayer 

formmtion corresponds to the mmount of 4~Ca absorbed to the monolayer. 
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Fig. 2. Increase and decrease of counts recorded by using a GM counter 
and a ratemeter. All reagents except PLS were added into the 
water phase. ~ount of JCa was so chosen that the counts 
from just the water phase becomes approximately 3,000 C~o 
Concentration of added reagents are 1 pg of PL$, 5 x lO- g/ml 
of Tx, each 5 mM of NaCl. Exper~nental conditions ~re 20 pM 
(total) of CaC~ and i n~4 of Tris-HC1 (pH 8). 25°C. 
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~Waen a small amount of Tx is added to the water phase 3 absorption of Ca 

is increased. When Na or K ion is added, a part of the Ca bound to the 

monolayer is replaced by these ions in accordance with both the amount 

of added univalent cations and the binding strength bet~een P!S~¢onolayer 

audunivalent cations. Figure 3 shows the percent replacement of 

bound Ca by univalent cations and the effect of Tx on it. It is to be 

noted that K replaces Ca more than Na does~ and that this difference 

almost disappears in the presence of Tx. 

Fig. 3. 
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Percent replacement of bound Ca by KCI or NaCI in the water 
phase° Solid lines: without Tx. Dotted lines: with 
5 x lO-7g/ml Tx. Experimental conditions are those of 
Fig. 2o 

DISCUSSION 

From these data we can depict the inhibitory action of Tx on 

excitable membranes as follo~s: (i) chelation of Ca ions~ (ii) increase 

of the binding of Ca to the membrane, and (iii) suppression of Ca-K 

exchange which causes blockage of triggering of the action potential. 

As to the first point 3 the structure of Txhelps us to understand 

the high binding constant bet~een Tx and Ca. Since the proposed 
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structure (14,15,16) of the Tz molecule has six OH bases, it is possible 

that Ca ions are chelated by these OH bases. The fact that the binding 

ratio bet~een Ca and Tx decreases ~lith decreasing pH also supports this 

possibility (17). Under the s~me experimental conditions, the binding 

bet~;een EDTA and Ca becomes (17) 

+ ca @ zoTAc~ (3) 

~c = = i.% x 1o 6 M "l. (~) 
(~A) (ca) 

Concerning the second point, we have as yet no data showing whether 

Tx binds directly to the acidic phospho!ipid monol~yer, l~owever, even 

if ~ does not bind to the monolayer, it is possible that Ca is more 

tightly bound to the membrane due to the fo~tion of a complex such 

as PLS-Cs-Tx-Ca-PIS. The fact that Ca-chelating reagents other than 

Tx, such as glycoletherdiaminetetraacetic acid (GEDT~), EDTA and ATP, 

also increase the binding of 45Ca in a range of extremely dilute 

concentration (13) supports this possibility. In addition to this, ~e 

might expect that Tx binds to the biological membranes which should have 

a considerable amount of both positive and negative charged groups 

and traps calcium ions. 

An outline of determining the binding constant of di- and univalent 

cations to PIS monolayer and the equilibrium constants in Ca-univalent 

cation exchange is l~resented (details to be published later) (13). 

~qen the concentration of chelmti~ reagents in the water phase 

increases~ it is natural that 45Ca bound to the PIS monolayer begins 

to decrease in accordance with the relationship between the binding 

constants for the PIS-Ca and Ca-chelator complexes. From such experiments 

using EDTA as a chelator, for which the binding constants to Ca have 

been measured (Eq. 4), and assuming the following chemical equilibrium 

2 ns + ca ~ ns2ca (5) 
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(P~2ca) 
~,~-2 (6) 

3 r~ = (P~)2 (ca) 

we can determine the value of KI~ as 1.03 x 1012 M "2. This shows that 

the binding between PIS monolayer and Ca is very high, suggesting the 

importance of the binding of Ca to acidic phospholipids in the function 

of biological membranes. It is interesting to note that neutral 

phospholipids like phosphati&yl choline, phosphatidyl ethanolamine 

and sphingomyelin scarcely bind 45Ca under the same experimental 

conditions (/3). The chemical equilibrium constants in exchange 

reactions and the apparent binding constants of univalent cation M 

to PIS monolayer can be determined from the data of Fig. 3 using 

Eq. 5, 6 and assuming the following reactions 

PI-S2Ca + 2 M ~ 2 PLSM + Ca 

(prom)2 (Ca) 

Kca~ M = (pm2c~) (~)2 

PIS + M ~ PISM 

(P~M) 

(PIs) (M) 
M-I 

(7) 

(8) 

The results are listed in Table I which offers quantitative bases for 

the third argument, i.e., in both the chemical equilibrium constant 

for reaction (~a~-M ) and the apparent binding constant to PIS monolayer 

(KpM) , K is larger than Na, but Tx suppresses both of these values for 

K to near the corresponding values for Na. 
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TABLE £ 

~amical Equilibrium Constants of Exchange Reactions and 

Aplmrent Binding Constants Between PLS and ~bnovalent Cations 

Chemical Equilibrium Constant Apparent Binding Constant 

Kca ~ ~ Kca ~ Na ~ ~ 

Control 4.4 x lO "7 1.6 x lO "7 6.8 x 102 4.2 x lO 2 

Tetrodotoxin 1.3 x lO "7 1.3 x lO "7 3.6 x lO 2 3.6 x i02 

(~ x lO'7~/~) 

Quite similsrresults have been obtained by using a monolayer of 

polyelectrolyte (18), suggesting t1~t the effect of Txon membranes can 

be studied as a problem of interaction between charged groups of 

polyelectrolytes and hydrated cations. 

ACENOWLEDGE~2~TS 

The authors are deeply indebted to ~. S. Kitazawa and other 

members of the Department of Physics, laboratory of Biophysics, 

Wasedm University for their technical assistance and discussions. 

They also express thanks to the Sankyo Company, Lid, Tokyo for 

supplying crystalline tetrodotoxin. 

P~CES 

1. Tsuda, K., Naturwissenschaf%en, ~ 171 (1966); 
~o, C. Y., ~han~col. Rev., ~ 997 (1966). 

2. Narahashi, T., Deguehi, N., Urakawa, N., and C~/~bo, Y., Amer. J. 
~hy~iol., ~ 934 (196o). 

3. Nakaji~m, S., lwasaki, S., Obata, K., J. Gen. Physiol.~ ~ 97 (1962); 
Nak~mura, Y., Nakajima, S., Grundfest, H., J. Gen. Physiol., ~ 985 (1965)° 

4. ~bore, J. M., Narahashi, T., and Shaw, T. I°, J. Physiol., 18_~2~ 99 (1966); 
Ta~mta, 1~h, Moore, J. W., Kso, C. Y., and Fuhrman, F. A., J° Gen. Physiol., 

977 (1966). 
5. Wmtanabe, A., Tasaki, I., Singer, I., and lerman, L., Science, 

95 (1967). 

558 



Vol. 27, No. 5, 1967 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

6. Ishids~ A.~ Jap. Jo Physiol., in press. 
7. (hnlshi, T.> Esgihars> B.~ and C~unuki~ K. 3 J. Biochen.~ ~ ~87 (1963). 
8. Chuishl, T.> sn~ Eoashi~ S.> J. Biochez.~ 5_~4 50~ (1963). 
9. 0hnishl, T., and Ebashi, S.~ J. Biochem., ~599 (!964). 

lo. Shi~ojo, ~., ,~d ~o, K., J. ~ioohe=., 6__,O_--442 (1966). 
11. Shimo~% T.~ aud 0hnishi, To, J. Biochem., ~ 89 (1967). 
12. Kimizuka, H., and Koketsu~ K.~ Nature, i~6~-995 (1962). 
lS. Chnishl, T., and Shimoj% T., in prepar~tlon. 
i~. Tsuda, K., Tamurs, C.~ Tachikawa, R., Sakai, K., Amakasu, 0., Ka~amura, M., 

Ikuma, S., Che~1. Phar~;~. ~ull. Toky% ~ 1473 (1963). 
15. Goto, T., Takahashi~ S.~ Kishi, y., and Hirata, Y., Tetrahedron 

Letters, 1963j 2105 (1963); 
Got% T.~ Takahashi, S., Klshi~ Y., and Hirata, Y.~ 1963~ 2115 (1963). 

16. ~bsher, E. S., Fuhzuuan, F. A., Buch~;ald, E. D.~ and Fischer, H. G.~ 
Science~ 144~ ii00 (1964). 

17. Chnishi~ T.~ and Kitaza~s~ S. 3 in preparation. 
18. C~nqishij T. 3 and Yoshlda, M.~ in preparation. 

559 


