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Abstract. Tetanus toxin (TeTx) forms ionic channel in 
phosphatidylserine bilayers. TeTx channels exhibit differ- 
ent modes of channel bursting activity, from a closed state 
to well defined open states of different amplitudes. At 
positive applied voltages, TeTx channels flicker continu- 
ously between a closed state and the various distinct open 
states. Furthermore, fast transitions into subconductance 
states are discernible within the bursts of channel activity. 
Elementary conductance steps submultiple of the open 
states were not identified in single channel records owing 
to rapid transitions between different states. However, 
statistical analysis shows that conductances cluster 
with amplitudes multiple of an elementary value: e.g. 
25-30 pS at neutral pH. Single channel current ampli- 
tudes decrease with the pH of the bulk electrolyte solu- 
tion. Conductance decrements can be accounted for by 
the relative decrease of permeant cation concentration at 
the membrane-water interface, by a relative enrichment of 
protons that block the channel or by the stabilization of 
a conformational state of the channel protein. 
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Introduction 

Tetanus Toxin, a potent neurotoxin produced by the bac- 
terium Clostridium Tetanii, causes paralysis in mam- 
malian species, acting both at the central and the periph- 
eral nervous systems (Bizzini 1979). It was proposed that, 
after entering the cytoplasm, the toxin undergoes retro- 
grade axonal transport and uncouples signal transmis- 
sion at the level of the postsynaptic membrane. Internal- 
ization into cytoplasmic endocytic vesicles seems to be an 
important intermediate step in this process (Simpson 
1986). 
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TeTx increases membrane permeability both in planar 
lipid bilayers (Borochov-Neori et al. 1984; Gambale and 
Montal 1988; Hoch et al. 1985) and in phospholipid vesi- 
cles (Boquet and Duflot 1982; Menestrina et al. 1989). 
Tetanus toxin insertion into membranes depends on the 
pH of the ionic solution, the lipid composition of the 
membrane and the transmembrane potential (Boquet and 
Duflot 1982; Hoch etal. 1985; Gambale and Montal 
1988; Menestrina et al. 1989). 

Here, the occurrence of several conductance states of 
the TeTx channel in phosphatidylserine (PS) bilayers was 
characterized. We decided to use PS membranes because 
the single channel current amplitude is larger than in 
other lipids, thereby allowing the identification of possi- 
ble substates. Furthermore, at positive applied trans- 
membrane potentials, the TeTx single channel flickers 
continuously between a closed state and various open 
states, giving rise to current bursts which last for several 
seconds. A switch to negative voltages usually closes the 
channel in few milliseconds. This analysis raises defined 
suggestions concerning the mechanism of ionic conduc- 
tion through the TeTx channel. 

Materials and methods 

Purified tetanus toxin was kindly provided by Dr. 
B. Bizzini (Pasteur Institute, Paris, France). The lipid 
used was bovine brain phosphatidylserine from Avanti 
Polar Lipids (Birmingham, AL). 

Planar bilayers were formed by apposition of two 
phospholipid monolayers (Montal 1974). The ionic solu- 
tion, 0.5M KC1, was buffered with 10 mM Hepes and 
KOH at pH 7, and with citric acid and K2HPO 4 at pHs 
ranging from 4 to 6. TeTx was directly added to the 
aqueous solution of one of the two compartments. The 
voltage of the TeTx-free compartment was defined as the 
reference voltage (see also Gambale and Montal, 1988). 

The membrane current was monitored with a home 
made voltage-clamp amplifier and recorded on a video 
cassette recorder (Grundig VS 120) equipped with a PCM 
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Sony FI,  modified according to Bezanilla (1985). Data 
analysis was performed off line. Analog signals were 
filtered through a Kemo VBF8 filter (Kemo, Beckenham, 
U.K.) and digitally sampled (at a sampling rate of 
140 ps per point) with a personal computer Olivetti M24 
(Olivetti, Italy) equipped with a 12 bits A/D/A board 
Labmaster  TM40 (Scientific Solutions Inc., Solon, Ohio). 
Current histograms were obtained from the frequency of 
occurrence of the 4,096 digital levels and the conductance 
values were calculated from current histograms best fitted 
with the sum of gaussian distributions (Labarca et al. 
1984; Gambale and Montal  1988). Each histogram was 
obtained either from a single burst or by adding data 
collected from homogeneous contiguous bursts present- 
ing equivalent current levels. The single channel conduc- 
tance, 7, was calculated from the difference between the 
current peaks of the closed state and of the open state(s), 
divided by the applied voltage. 

The frequency of occurrence of conductances at each 
pH (Fig. 4) was obtained from histograms such as that 
illustrated in Fig. 3 b: the time subtended by each gaus- 
sian was assigned to the corresponding conductance and 
the frequency of occurrence was obtained by dividing 
over the total time of observation at each pH. Occur- 
rences comprised within the same bin (bin size = 3 pS) 
were cumulated. 

For  each pH a grand mean conductance, ~7), was 
obtained by averaging the conductances measured at that 
pH: (7 )  was obtained by assigning to each 7 a weight 
proportional  to the frequency of occurrence at that pH. 

Single channel currents were plotted either by replay- 
ing data digitized on the personal computer system or by 
using an I N D E C  11 23 minicomputer (INDEC, Sunny- 
vale, CA). For  the latter, analog signals were digitized at 
a sampling rate of 100 gs per point. 

Results 

TeTx spontaneously inserts into lipid bilayers and forms 
transmembrane channels; channel open-closed transi- 
tions occur in current bursts. Distinct full open states are 
clearly identified in all membranes. Three channel bursts 
recorded within few minutes in the same PS membrane at 
pH 7, are displayed in Fig. 1. Full-open conductance 
levels of ] 13 pS, 53 pS and 24 pS were resolved in the top, 
middle and lower trace, respectively. Occasionally, bursts 
of different amplitude proceed in sequence and thus allow 
a transition between two distinct full open states to be 
discerned. This is illustrated in Fig. 2 (panel a) where a 
burst with two consecutive distinct full open levels is dis- 
played. In panel b) the section of trace a), beginning where 
indicated by the first arrow-head, is illustrated at faster 
time resolution. The conductance suddenly increased 
from ~ 30  pS to 120 pS and remained at this value for a 
few milliseconds. Transitions from the low conductance 
level to the full open level and back to the original level 
are clearly visible. Panels c) and d) are reproductions (at 
higher time resolution) of two consecutive intervals of 
lOOms each, beginning in correspondence with the 
second arrow-head; the channel flickers between the 
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Fig. 1. TeTx single channel bursts recorded in a PS membrane at 
pH 7. The three bursts were recorded within few minutes in the 
same membrane. Full open states with conductances of 113 pS, 
53 pS and 24 pS were identified. Applied voltage was V = + 100 mV. 
The signal was low pass filtered at 3 KHz. The aqueous solution 
composition was KC1 0.5M, HEPES 10 raM, pH 7 by addition of 
KOH. The tetanus toxin concentration was 25 gg/ml 
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Fig. 2a-d.  Signal recorded in a PS membrane at pH 7. The TeTx 
channel undergoes a transition from a low to a high full-conduc- 
tance state (a). In b, e, d the sections of the signal beginning where 
indicated by the first and second arrow, respectively, are displayed 
at higher time resolution. Applied voltage was V = + 140 mV. Other 
conditions were as for Fig. 1 
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Fig. 3. a TeTx single channels in PS membranes at pH 7. Broken lines indicate 
three distinct open levels corresponding to conductance values of 32 pS, 67 pS 
and 111 pS. The best fit of the current histogram with the sum of three 
gaussian distributions as in Fig. 3 b gave a full open state of 113 pS and a 
subconductance level of 72 pS. Other conditions were as for Fig. 1. b Current 
histogram of a TeTx single channel burst recorded in a PS membrane at pH 6 
in the presence of ~ 1 gg/ml of TeTx. The smooth curve represents the best fit 
of experimental data with the sum of three gaussian distributions, corresponding 
to two open states of 84 pS and 26 pS; the peak at zero current corresponds to 
the closed state. The signal was low-pass filtered at 1 kHz. The aqueous 
solution composition was: K ÷ 0.5M, CI- 0.31 M. pH 6 was obtained by 
addition of appropriate amounts of citric acid and K2HPO 4 

CURRENT (pA) 

closed state and a new higher open level. Several direct 
jumps between the two extreme conductances are illus- 
trated in d. 

A clear graphic identification of the intermediate con- 
ductance states between the closed state and the full open 
state is difficult because of the rapid transitions that are 
characteristic of TeTx channel (Gambale and Monta l  
1988). However, few relatively long-lived substate steps 
can be discerned when the current signal is digitized at 
100 ps per point and then displayed on the digital video 
display. In the record shown in Fig. 3a  at least three 
distinct conductive levels are resolved in PS bilayers at 
pH 7. Broken lines correspond to conductance ampli- 
tudes of 32 pS, 67 pS and 111 pS. 

His tograms representing the frequency of Occurrence 
of current levels of TeTx bursts were usually best fitted by 
the sum of three gaussian distributions, thus confirming 
that the TeTx channel undergoes transitions between 
more than one conductance state (Gambale and Montal  
1988). A typical current his togram obtained from a chan- 
nel burst recorded in PS membrane  at pH 6 is shown in 
Fig. 3 b. The data were best fitted with the sum of three 
gaussian distributions (smooth curve) identifying a closed 
state (peak at zero current) and two open states with 
conductances of 26 pS and 84 pS. 

The frequency of occurrence of the distinct TeTx 
single channel conductances, y, in PS planar bilayers is a 
function of pH. A summary  of results obtained at pHs  
ranging between 4 and 7 is illustrated in Fig. 4. Bursts 
collected from 16 different experiments and for a total 
recording time > 1200 seconds were analyzed. At pH 7 

the TeTx single channel conductance ranged between 20 
and 120 pS (higher conductances were occasionally ob- 
served). Conductances seem to occur in clusters centered 
around multiples of 2 5 - 3 0  pS. Conductance histograms 
obtained at pHs  6, 5 and 4 displayed a similar pattern 
but with higher frequencies of lower amplitudes. A 
concomitant  shift to the left of the histogram can be 
recognized, so that, at pH 4 y ranged between 12 and 
42 pS. Accordingly, the fraction of experiments present- 
ing conductances related to groups of higher amplitude 
decreased on decreasing the pH. As an example, for the 
four clusters present in Fig. 4 and for clusters of increas- 
ing conductance, these fractions were: 1.0, 0.7, 0.3, 0.7 and 
0.7, 1.0, 0.3, 0.2, at p H  7 and 5, respectively. 

A quantitative evaluation of the TeTx single channel 
conductance at different pHs, is reported in Table 1, 
where the averaged conductance, {7), is reported togeth- 
er with the potassium and pro ton  concentration at the 
membrane-water  interface. 

D i s c u s s i o n  

Single channel current bursts undergoing transitions be- 
tween fully open states and subconductance levels have 
been recorded in a variety of systems (see as an example 
Geletyuk and Kazachenko 1985; Hamill  and Sakmann 
1981; Krouse et al. 1986; Mauro  et al. 1988; Nelson et al. 
1984). Since bursts are thought to represent open-closed 
transitions of the same physical entity, clusters of several 
units sharing common closing-opening mechanisms were 
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Fig. 4. TeTx single channel conductance histograms obtained at the 
indicated pH. Data were obtained assigning to each conductance 
level (obtained from a current histograms such as that in Fig. 3 b) 
a frequency of occurrence proportional to the area of the corre- 
sponding theoretical gaussian distribution. At each pH, data were 
normalized with respect to the fraction of time spent by the channel 
in the open states. Bursts for a total observation time of 1,200 s were 
analyzed. Ionic solutions were KC1 0.5 M, HEPES 10 mM adjusted 
to pH 7 with KOH. At pHs 4, 5 and 6, K ÷ was maintained constant 
at 0.5 M and appropriate amounts of citric acid and K2HPO 4 were 
added to adjust the pH. TeTx concentrations were 25 gg/ml, 
I gg/ml, 0.5 Ixg/ml and 0.25 gg/ml at pHs 7, 6, 5 and 4 respectively 

postulated to explain the behaviour of channels present- 
ing multiple conductances (Krouse et al. 1986; Geletyuk 
and Kazachenko 1985; Mauro  et al. 1988; Meves and 
Nagy  1989). 

TeTx forms ionic channels with a characteristic pat- 
tern of occurrence of single channel activity: current 
bursts presenting full open states of dissimilar amplitudes 
and, within the same burst, different subconductance 
levels. Consider the record shown in Fig. 2. The p robab i l -  
ity that the higher conductance results from superposi t ion 
of several small independent channels is quite low since 
the high conductance level is at least 4 times larger than 
lower conductance. Several transitions occur between the 
full open state and the closed state. Considering a mean 
open time of 2 ms (Gambale and Montal  1988) the 
probabil i ty of 4 "minichannels" closing simultaneously, 
within the 100 ps digital sampling time, would be 
(1 - e x p  ( -  100/2,000)) 4 i.e. 5 • 10-6. Therefore, the occur- 
rence of highly conductive states may arise from coopera- 

Table 1. Tetanus toxin channel conductance at different pH. The 
grand mean of the TeTx single channel conductance, ~y}, at each 
pH was obtained by averaging the conductance amplitudes calculat- 
ed from the best fit of current histograms (similar to the one 
reported in Fig. 3 b) and assigning to the conductance a weight 
proportional to the area of the corresponding theoretical gaussian 
distribution. [Ko] is the potassium concentration at the mem- 
brane surface evaluated using the Gouy-Chapman-Stern equation 
(McLaughlin 1982; Eisenberg et al. 1979), assuming a maximum 
surface charge due to PS of one elementary charge per 70 ~2 and 
intrinsic dissociation constant for K ÷ and H ÷ equal to 6.66 M and 
2.5 • 10-4M (Eisenberg et al. 1979; Tsui et al. 1986). [Ho] is the 
proton concentration at the membrane surface calculated with the 
same equation. Contributions due to surface charges of the toxin 
were not considered but they cannot be excluded 

Bulk pH ~7}  [Ko] [Ho] 
(loS) (M) (gM) 

7 70.2 5.09 1.02 
6 65.6 4.99 9.99 
5 60.2 4.23 84.71 
4 31.0 2.13 425.62 

tive transitions of several molecules, interacting in the 
membrane  phase. Accordingly, subconductances and 
burst transitions between full levels of different ampli- 
tudes could be different aspects of the same phenomena:  
a more labile or stable coordination of several interacting 
units. 

Rapid flickering between the different states compli- 
cates the identification of an elementary current step sub- 
multiple of the higher current levels in TeTx single 
channels. However,  histograms describing the channel 
conductance distribution at different pHs (Fig. 4) indicate 
that amplitudes are distributed along a wide range of 
conductance values with a few conductance peaks. For  
PS membranes  at p H  7 four clusters are centered around 
conductances multiple of an elementary value of 25 
30 pS. The conductances of the less conductive states are 
likely to be underestimated on account of the lower signal 
to noise ratio of these states. This suggests that the max- 
imum conductance level may  be accounted for by 4 coor- 
dinate units. Rarely and only at neutral pH, single chan- 
nel conductances higher than 200 pS were observed 
(Gambale and Montal,  unpublished results). 

At p H  4, the lower conductances are centered around 
13 pS, a value never observed at neutral pH. The propen- 
sity of the conductance to shift to lower values with decre- 
ments of p H  can be quantitatively represented by the 
decrease of the grand mean conductance, as reported in 
Table 1. The decrement of (7} and the shift to the left of 
the conductance histograms (Fig. 4) produced by acidifi- 
cation, particularly the smaller elementary conductance 
evident at p H  4, may  be ascribed to two factors: decrease 
of potassium concentration at the membrane  surface, 
[K0], or a blocking mechanism due to the increase of 
surface proton concentration, [Ho] (see Table 1). The rela- 
tive contribution of these two factors is difficult to quan- 
titate in PS membranes  because of the concomitant  de- 
crease of [K0] when [H0] increases (see Table 1). Further, 
a comparable  analysis in neutral membranes  is difficult 
because, at positive t ransmembrane  voltages (which fa- 
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vour  the i n c o r p o r a t i o n  of TeTx), the channe l  exhibi ts  very 
br ief  burs t s  of cons ide rab ly  lower  conduc tance .  A mecha -  
nism accoun t ing  for b o t h  aspects  was also i n v o k e d  by  
P r o d ' h o r n  and  c o a u t h o r s  ( P r o d ' h o m  et al. 1987; Co lqu -  
h o u n  1987) to expla in  the  unusua l  b lock  of L - type  calci-  
um channel  by  p ro tons .  The  b ind ing  of  p r o t o n s  to a p ro -  
t onab l e  site ex te rna l  to the po re  wou ld  decrease  the 
channe l  c o n d u c t a n c e  reduc ing  the local  surface charge  
c rea ted  by  this group.  F o r  the TeTx channel  in PS mem-  
b ranes  the surface po ten t i a l  cou ld  arise f rom con t r ibu -  
t ions  of  b o t h  p h o s p h o l i p i d  and  p ro t e in  cha rged  groups .  
Several  features  of  the TeTx channel  are  s imi lar  to those  
of  the L - type  ca lc ium channel  (P rod 'ho rn  et al. 1987): p H  
dependence  of  the  single channe l  conduc tance ,  fast 
f l ickering of  the cur ren t  and  existence of  shor t - l ived  inter-  
med ia t e  states. Al te rna t ive ly ,  the co r re l a t ion  be tween  
dec remen t s  of  conduc t ance  with  ac id i f ica t ion  could  be 
a t t r i bu t ed  to a c o n f o r m a t i o n a l  t r ans i t ion  of  the  p ro t e in  
(Boquet  and  Duf lo t  1982; M e n e s t r i n a  et al. 1989). Studies  
are  in p rogress  to test these models .  
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