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S u m m a r y .  Southern Corn Leaf  Blight is caused by a toxin pro- 
duced by a virulent form of Helminthosporium maydis (Race T). 
The toxin has  been shown to uncouple  oxidative phosphoryla-  
tion and dissipate Ca 2+ gradients in mitochondria  isolated from 
susceptible,  but not  resistant,  corn.  The possibility that the toxin 
acted by increasing the permeabil i ty of  membranes  to ions was 
tested using a planar  bilayer membrane  sys tem.  Addition of the 
toxin to the bilayer sys tem,  under  vol tage-clamp conditions,  re- 
sulted in s tepwise increases  in current  across  the phospholipid 
bilayer, a response  characteris t ic  for channel  formers.  Single- 
channel  conduc tance  in 1 M KCI is 27 pS which corresponds  to 
1.7 x 107 ions sec -~ channel  -t at 100 mV applied potential. The 
toxin channels  are: (i) fairly uniform in conductance ,  (ii) ideally 
selective for K + over  C1 , and (iii) mos t  conduct ive  to H +. The 
channel  showed the following selectivity for alkali metal cations: 
Rb + > K + > Cs + > Na  + > Li + ( 1 6 : 9 : 7 : 3  : 1) based on the most  
f requent ly observed  conduc tance  in 1 M chloride salts. The toxin 
showed no voltage dependence  over  the range of 100 to + 100 
inV. Channel  formation was also a property of  a synthet ic  analog 
(Cmpd IV) of  the toxin. The  ability of  the native toxin to form 
channels  may  be a mode  of  toxin action on mitochondrial  mem-  
branes  f rom suscept ible  corn. 

K e y  W o r d s  host-specific pathotoxin . i o n o p h o r e  . c a t i o n s  �9 

permeabil i ty - corn 

Introduction 

Race T of the fungus Helminthosporium (Coch- 
liobolus) maydis is the causative agent of Southern 
Corn Leaf Blight. A host-specific pathotoxin (HINT 
toxin), isolated from the fungal culture medium, 
produces the symptoms of the disease on suscepti- 
ble corn (Smedegard-Peterson & Nelson, 1969; 
Hooker et al., 1970). Corn with Texas male-sterile 
cytoplasm is susceptible to the toxin, while normal 
male-fertile corn is resistant. Both the characteris- 
tics of male-sterility and susceptibility to the toxin 
are maternally inherited, indicating that these char- 
acteristics may be coded for by extranuclear ge- 
nomes, such as the mitochondrial DNA (Levings & 
Pring, 1979). HmT toxin is composed of at least 

seven closely related polyketol components with 
the hydrocarbon chain length varying from 35 to 45 
carbons (Kono & Daly, 1979; Kono et al., 1980, 
1981). The structure of the most common compo- 
nent of the toxin mixture (Band 1) is shown in the 
inset of Fig. 1. Four major components have been 
separated and shown to have the same activity as 
the native toxin mixture (Payne et al., 1980a). 

The mode of toxin action is not understood 
(Daly, 1981 and references therein). Miller and 
Koeppe (1971) showed that mitochondrial respira- 
tion in susceptible corn was affected by the toxin. A 
stimulation of respiration and uncoupling of oxida- 
tive phosphorylation were seen in response to the 
toxin when respiration was driven by exogenous 
NADH or succinate (Miller & Koeppe, 1971; Peter- 
son et al., 1975; Payne et al., 1980b). The behavior 
of the toxin in susceptible mitochondria was not 
completely consistent with that of a classic uncou- 
pler, as respiration was inhibited when malate was 
the substrate in these studies. This result suggested 
the toxin inhibited Complex I, or NADH-Ubi- 
quinone oxidoreductase, of the electron transport 
chain. Recently, Kimber and Sze (1984) showed 
that the toxin decreased Ca 2+ accumulation into 
susceptible mitochondria. The decrease was caused 
by an increase in mitochondrial membrane perme- 
ability to Ca 2+ and, perhaps, H +, induced by the 
toxin (Berville et al., 1984; Holden & Sze, 1984). 
These effects could be seen with 1 to 10 ng/ml (1.3 
to 13 riM) of purified HmT toxin, while mitochon- 
dria from resistant corn showed little or no effect 
when treated with toxin up to 1 ~g/ml. HmT toxin 
may dissipate Ca 2+ and H + gradients in susceptible 
mitochondria by either indirectly facilitating the 
movement of ions across the membrane or directly 
in the manner of an ionophore, as has been sug- 
gested (Payne et al., 1980b; Daly, 1981). We investi- 
gated this question by studying the behavior of 
HmT toxin in a model membrane system; planar 
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Fig. 1. (a) Recorder tracing of step changes in current across an 
asolectin bilayer subsequent to the addition of HmT toxin (1 ng/ 
ml, final concentration) to the bilayer chamber containing 1 M 
KCI. The voltage was clamped at 40 mV. Inset: Assigned struc- 
ture of Band 1 (mol wt = 768), the most common component of 
the native HmT toxin mixture, as determined by Kono and Daly 
(1979). (b) Recorder tracing of an experiment conducted in the 
same manner with the synthetic analog Cmpd IV (mol wt - 440). 
Final concentration was 40 ng/ml 
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Fig. 2. Histogram of the conductances of single channels formed 
by HmT toxin in an asolectin bilayer (1 M KCI + 1 mM CaCI2). 
Measurements were made using recorder tracings of current 
across bilayers with only a few channels present at any point in 
time, as in Fig. 1 

Asolectin was purchased from Sigma Chemical Co., St. 
Louis, Mo., and diphytanoyl phosphatidylcholine (DPPC) from 
Avanti Biochemicals Inc., Birmingham, Alabama. All other 
chemicals were reagent grade. Purified HmT toxin and the toxin 
analog, Cmpd IV, were generous gifts of Drs. J. M. Daly, Uni- 
versity of Nebraska, Lincoln, Neb. and Y. Suzuki, Institute of 
Physical and Chemical Research, Wako-Shi, Saitama 351, Japan. 

phosphol ip id  bi layers .  Here ,  we show that  H m T  
toxin  forms ion channe l s  in phosphol ip id  bi layers .  

Materials and Methods 

Planar phospholipid bilayers were made by apposition of mono- 
layers across a hole (0.1 to 0.2 mm in diameter) in a Saran | (Dow 
Chemical Co.) partition separating the two compartments of a 
Teflon | chamber, according to the method of Montal and Muel- 
ler (1972) with the modifications of Schein, Colombini and 
Finkelstein (1976). The partition was pretreated with a thin layer 
of petrolatum. All experiments were performed under voltage- 
clamp conditions. Either calomel electrodes, with saturated KC1 
bridges, or Ag-AgC1 electrodes, without bridges (with symmetri- 
cal salt solutions and CI as the anion), were used to interface 
with 5 ml of an aqueous solution bathing each side of the bilayer. 

Phospholipids used for these studies were either asolectin 
(soybean phospholipids), purified by the method of Kagawa and 
Racker (1971), or a single phospholipid species, diphytanoyl 
phosphatidylcholine. HInT toxin (5 to 50/xl dissolved in dimethyl 
sulfoxide) was added to aqueous solutions (5 ml volume) on both 
sides of the membrane in most experiments (the observed behav- 
ior was the same if the toxin was added to only one side). Di- 
methyl sulfoxide (DMSO) alone, at concentrations up to 7% (vol/ 
vol), did not cause any increased membrane permeability to ions 
in control experiments. 

Results 

ION CHANNELS 

The  addi t ion  of  an  al iquot  of H m T  toxin  to 1 M KC1 
solu t ion  ba th ing  the m e m b r a n e  (final c onc e n t r a t i on  
of 0.5 to 1.0 ng /ml  H m T  toxin;  0.1% DMSO)  re- 
sul ted in d iscre te  step increases  in cu r ren t  in the 
p r e sence  of  an  appl ied  electr ical  potent ia l  (Fig. la) .  
These  s teps were  de tec ted  wi thin  one  to a few min-  
utes  after  the addi t ion  of  the toxin  to the c ha mbe r  

and co r r e spond  to increases  in the ion permeabi l i ty  
or c o n d u c t a n c e  of the m e m b r a n e .  The s tepwise in- 
c rease  in t r a n s m e m b r a n e  cu r r en t  is character is t ic  of 
channe l - fo rming  molecu les .  The  indiv idual  cur ren t  
i n c r e m e n t s  i nduced  by  the na t ive  toxin  had discrete  
l i fet imes ranging  f rom a few seconds  to a few min-  
utes.  

The  poss ib i l i ty  that  c o n t a m i n a n t s  in the toxin  
sample  were  r e spons ib le  for the obse rved  channe l s ,  
was tes ted by  de t e rmin ing  whe the r  a synthe t ic  ana- 
log of the tox in  wou ld  also form channe l s .  Several  
syn the t ic  analogs  to the toxin  have  b e e n  prepared  
(Suzuki  et al., 1982a, 1983). One  of  these,  Cmpd IV, 
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Fig. 3. The steady-state current across an asolectin bilayer as a 
funct ion of  the toxin concentrat ion.  Bathing solution was 1 M 
KC1 + 1 mM CaC12 and voltage was c lamped at - 4 0  inV. With 
each addition of  HInT toxin,  the current  was allowed to reach a 
s teady state prior to the next  toxin addition. The line is drawn 
with a slope of  one.  DM S O concentra t ion  reached 1.3% with the 
final toxin addition 
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Fig. 4. Effect of  applied voltage on current  flow through toxin 
channels  in an asolectin bilayer. The  aqueous  phase  was 1 M KC1 
and the H m T  toxin concentra t ion was 1/zg/ml.  The  straight line 
shows  the linear relationship.  At high voltages there are slight 
deviat ions f rom linearity 

has a chain length of 25 carbons and a structure that 
is analogous to the midportion of the toxin hydrocar- 
bon chain. Cmpd IV has similar qualitative effects 
on susceptible mitochondria as the native toxin (Su- 
zuki et al., 1982b; Holden & Sze, 1983). A 10-fold 
increase in concentration was required to show the 
same quantitative effects as the native toxin. Figure 
lb shows that single channels were observed upon 
the addition of Cmpd IV to bilayer membranes in 
the presence of 1 M KC1. Thus channel formation is 
a property of the native toxin. Studies were under- 
taken to characterize the channel formed by the na- 
tive toxin. 

It was possible to record many individual step 
increases and decreases in conductance if the final 
concentration of HmT toxin in the bulk salt phase 
was kept low (1.0 ng/ml or less). A histogram of 
these conductance fluctuations (Fig. 2) indicates a 
fairly uniform channel population with the most 
commonly observed conductance being 27 pS. A 
small population of slightly lower conductances 
may also be present. 

The observed membrane current was propor- 
tional to the amount of toxin added to the aqueous 
phase. Increased amounts of toxin resulted in an 
increase in the number of conductance events. With 
each toxin addition, an increase in current was ob- 
served which reached a steady state (15 to 30 min) 

indicating that an equilibrium had occurred between 
toxin in the membrane and toxin in the aqueous 
phase. 1 Figure 3 shows the steady-state conduc- 
tance as a function of final toxin concentration. For 
each 10-fold increase in toxin concentration, a 10- 
fold increase in conductance was noted. Since the 
channels are ohmic (Fig. 4), the results show that 
the conductance is proportional to the toxin con- 
centration to the first power. The linear dependence 
of conductance on concentration suggests that a 
single toxin molecule is capable of forming a chan- 
nel. 

The possibility that the channel formed by HmT 
toxin was voltage dependent was investigated by 
measuring current flow through the channels as a 
function of voltage. Figure 4 shows a nearly linear 
dependence of current on applied voltage, in the 
range of -100 to + 100 mV. This generally ohmic 
behavior indicates that the conductance of the toxin 
channel does not depend on the transmembrane 
voltage. The slight deviation from ohmic behavior 
at high voltages may be due to the energetics of ion 
translocation. This result would be expected if the 
rate-limiting step to ion flow through the channel 

J Peffusion o f  the chamber  with toxin-free solution, after a 
s teady-s ta te  current  was achieved,  resul ted in a drop in conduc-  
tance at about  half  the rate o f  channel  insertion. 
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Table. Selectivity sequence for monovalent cations 

Cation Conductance (pS) a Relative selectivity 

Rb * 47 16 
K + 27 9 
Cs + 20 7 
Na + 9 3 
Li + 3 1 

a Conductance values correspond to the conductance most fre- 
quently observed in the presence of 1 M chloride solutions of the 
alkali cations + 1 mM CaC12 (asolectin membranes were used). A 
histogram of the conductances of 100 to 300 individual channels 
was constructed (as in Fig. 2) for each cation. 

were  no t  a t  the  c h a n n e l ' s  m o u t h  bu t  in the  midd le  o f  
the  channe l  ( K r a s n e ,  1980). 

CHANNEL SELECTIVITY 

The  se l ec t iv i t y  o f  the  tox in  channe l  for  ca t ions  (K +) 
ve r sus  an ions  (CI- )  was  d e t e r m i n e d .  A twofo ld  gra- 
d ien t  o f  K C I  was  i m p o s e d  a c r o s s  the  m e m b r a n e  (0.2 
v s .  0.1 M). Suff ic ient  s u c r o s e  was  a d d e d  to the  low-  
salt  so lu t ion  to  equa l i ze  the  o s m o t i c  p r e s s u r e s .  Ad-  
d i t ion  o f  H m T  tox in  to the  a q u e o u s  p h a s e  r e su l t ed  
in the  g e n e r a t i o n  o f  a cu r r en t  w h o s e  r eve r sa l  po ten -  
t ial  was  d e t e r m i n e d  to  be - 1 5 . 0  m V  (+-0.29 mV,  
1 so ) ,  nega t ive  on the  h igh-sa l t  s ide .  Th is  va lue  rep-  
r e sen t s  the  ave r age  o f  fou r  e x p e r i m e n t s .  As  an in- 
te rna l  con t ro l ,  suff icient  v a l i n o m y c i n  was  a d d e d  to 
i nc rea se  the  m e m b r a n e  c o n d u c t a n c e  10- to 30-fold,  
thus  mask ing  the cu r r en t  due  to the  toxin .  The  re- 
ve r sa l  po ten t i a l  o f  this  v a l i n o m y c i n - i n d u c e d  c u r r e n t  
was  - 1 5 . 0  mV (+-0.32 mV).  T h e  mean  d i f f e rence  
b e t w e e n  the H m T  tox in  and  the v a l i n o m y c i n  rever -  
sal po t en t i a l s  ( H m T  tox in  - v a l i n o m y c i n ,  for  each  
e x p e r i m e n t )  was  d e t e r m i n e d  to be  0.0 mV (+0 .14  
mV).  V a l i n o m y c i n  has  been  s h o w n  to be  idea l ly  se- 
l ec t ive  for  ca t ions  o v e r  an ions  (Mue l l e r  & Rudin ,  
1967). S ince  t h e r e  is no s ignif icant  d i f f e rence  be-  
t w e e n  the  t ox in  r e v e r s a l  po t en t i a l  and  the  v a l i n o m y -  
c in  r e v e r s a l  po ten t i a l ,  the  tox in  is a lso  c o n s i d e r e d  
idea l ly  s e l ec t ive  to ca t ions .  

T h e  se l ec t iv i t y  o f  H m T  tox in  for  a lkal i  ca t ions  
was  e x p l o r e d  b y  m e a s u r i n g  the  s ing le -channe l  con-  
d u c t a n c e  in the  p r e s e n c e  o f  1 M ch lo r ide  salt  solu-  
t ions  o f  the  a lka l i  m e t a l  ca t ions .  A d d i t i o n a l l y  each  
so lu t ion  c o n t a i n e d  1 mM CaC12 for  m e m b r a n e  s tabi l -  
i ty.  A h i s t o g r a m  o f  s ing le -channe l  c o n d u c t a n c e s  
was  p r e p a r e d  for  e ach  ca t i on  and  the  mos t  fre-  
quen t l y  o b s e r v e d  c o n d u c t a n c e  was  used  to  de te r -  
mine  the  s e l ec t i v i t y  s e q u e n c e .  Resu l t s  show tha t  
Rb + was  the  m o s t  p e r m e a b l e  ion and  Li  § the  leas t  
p e r m e a b l e  (Table) .  
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Fig, 5. Channel conductance as a function of proton and potas- 
sium concentration in diphytanoyl pbosphatidylcholine bilayers. 
Proton concentration was varied over the range of pH 7 to pH 3 
using a buffer system of Tris-succinate. Additionally, 5 mM Tris- 
C1 (pH 7) was included as Ag-AgCI electrodes were used. KCI 
solutions were buffered to pH 7.0 with Tris-succinate. Conduc- 
tance was measured either directly or indirectly. Between pH 3 
and pH 4 as well as 5 mM and higher concentrations of KCI it was 
possible to observe single channels. Many individual channels 
were measured and the plotted value represents the averaged 
value (closed symbols). At lower concentrations of H" and K § 
an indirect method was used. Measurement was made of a total 
stable current in the presence of toxin (30 to 200 ng/ml). Suffi- 
cient concentrated KCI was added to bring the [KCI] to 0.1 M. 
The conductance in 0.1 M KCl was divided by the single-channel 
conductance in 0.1 M KC1 (value obtained from single-channel 
measurements) in order to obtain the total number of channels in 
the membrane. The conductance, prior to the addition of the 
concentrated KC1, was then divided by the number of channels 
in order to obtain a measure of the conductance per channel 
(open symbols) 

T h e  c o n d u c t a n c e  o f  the  t ox in  channe l  to pro-  
tons  o v e r  the  r ange  o f  p H  7 to p H  3 was  inves t i -  
ga ted .  Due  to the  low ion c o n c e n t r a t i o n ,  u n c h a r g e d  
m e m b r a n e s  w e r e  u s e d  ( d i p h y t a n o y l  p h o s p h a t i d y l -  
chol ine) .  The  e x p e r i m e n t a l  po in t s  o f  s ing le -channe l  
c o n d u c t a n c e  as  a func t ion  o f  p H ,  fit n ice ly  to a l ine 
o f  s lope  one  (Fig.  5) ind ica t ing  tha t ,  in this  c on cen -  
t r a t ion  range ,  the  t o x i n ' s  p r o t o n  c o n d u c t a n c e  is di- 
r ec t ly  p r o p o r t i o n a l  to  the  p r o t o n  ac t iv i ty .  2 S imi la r  
r esu l t s  we re  o b t a i n e d  for  low K* c o n c e n t r a t i o n s .  
The  s ing le -channe l  c o n d u c t a n c e  is 17.8 pS for  1 mM 
H + and  0.39 pS for  1 mM K +. Thus  the  channe l s  a re  
46 t imes  m o r e  p e r m e a b l e  to H + than  K +. 

2 The lines were drawn with a slope of one (rather than 
statistical best fit) because we expect the conductance to vary 
linearly with the ion activity. The only significant deviation is at 
pH 7. Here it is likely that the extra current is being carried by 
either the buffer or contaminating ions in the solution since there 
were five orders of magnitude more cations in the medium than 
protons. 
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Discussion 

Planar phospholipid bilayers, normally quite imper- 
meable to ions, can be rendered permeable to ions 
by the addition of purified HmT toxin. Increasing 
concentrations of toxin added to the bulk phase so- 
lution bathing the membrane resulted in increasing 
current across the membrane in response to an ap- 
plied potential. This current was due to the forma- 
tion of channels in the bilayer. That HmT toxin is a 
channel-former, rather than a carrier, is indicated 
by the magnitude and uniformity of the stepwise 
conductance increments. The calculated ion flux 
through the channel at 100 mV applied potential and 
in the presence of ! M KCI is 1.7 x 107 ions per 
second, a value considered in excess of the capabil- 
ity of a carrier. 

The channel observed with HmT toxin is a 
property of the native toxin molecule and not a con- 
taminant. This conclusion is supported by the find- 
ing that channel formation is also a characteristic of 
the synthetic analog, Cmpd IV. However, as com- 
pared to the native HmT toxin, a higher concentra- 
tion of Cmpd IV was required to generate an equiv- 
alent current. This may be related to the 
requirement for 10-fold higher concentrations of 
Cmpd IV, than of HmT toxin, in bioassays using 
mitochondria isolated from susceptible corn (Su- 
zuki et al., 1982b; Holden & Sze, 1983). These 
results suggest that the toxin's chain length is im- 
portant for optimal activity (Suzuki et al., 1982b). 

We suggest that a single toxin molecule may be 
capable of forming a channel. The transmembrane 
current was linearly dependent on the amount of 
added toxin (Fig. 3). There are two obvious expla- 
nations for this behavior: (1) a single toxin molecule 
is capable of forming a channel, or (2) a regular 
aggregate exists in aqueous solution which inserts 
as a unit into the bilayer. While we cannot rule out 
the latter possibility, it is less likely for the follow- 
ing reason. Aggregation normally results in a poly- 
dispersed form rather than in a single form of de- 
fined composition. Since a linear function was 
observed over a concentration range spanning three 
orders of magnitude, the toxin is, most likely, 
monodispersed in the salt solution in this concentra- 
tion range (significant aggregation would result in a 
sublinear behavior at the higher toxin concentra- 
tions). The experimental approach used here has 
proven to be valid when applied to other channel 
formers such as gramicidin (Tosteson et al., 1968; 
Goodall, 1970). We conclude that a single toxin 
molecule forms a channel. 

While we do not yet have enough data to seri- 
ously propose a model for channel formation by the 
toxin, the single power dependence of the conduc- 

tance on the toxin concentration seems to leave us 
with very few options. Space-filling models demon- 
strate that the toxin can form a helix with a nonpo- 
lar exterior and a hydrophilic interior. Helixes 
which were large enough to allow the passage of 
Cs + were only 12 to 14 A long. For this to span a 40 
to 45 A bilayer would require a great deal of defor- 
mation. Such a deformation has been proposed by 
Marty and Finkelstein (1975) for the half-pore 
formed by nystatin added to only one side of a 
membrane. An alternate modeloPrOposes that the 
molecule forms a "hairpin" (28 A in length). Figure 
1 shows that the molecule contains four polar clus- 
ters, each consisting of three polar groups. In this 
hairpin model two binding sites are formed by pair- 
ing of these clusters. Although this model is more 
likely to span the membrane, it proposes that a two- 
stave barrel can form a channel. 

Diffusion potential experiments showed that, 
within the limit of resolution, the toxin is ideally 
selective for K + over C1-. From this we infer that 
the toxin channel is cation selective. In an osmoti- 
cally balanced salt gradient, the magnitude of the 
reversal potential for the toxin was essentially equal 
to that of valinomycin in the same membrane. Va- 
linomycin is ideally selective for cations over an- 
ions and so serves as a control for the toxin (Muel- 
ler & Rudin, 1967; Rosenberg & Finkelstein, 1978). 

A marked preference of the channel for protons 
was demonstrated by the 46-fold higher conduc- 
tance of H + as compared to the conductance of 
K + at equivalent activity. Channel selectivity among 
alkali metal cations is not as great, being only 16- 
fold for Rb + over Li +, the ions at opposite ends of 
the alkali metal spectrum. Thus, under the measure- 
ment conditions, no one alkali metal cation is highly 
favored. The selectivity sequence observed is 
Eisenman's Sequence III, signifying that the chan- 
nel is characterized by low field-strength ligands 
binding the ions (Eisenman, 1961; Diamond & 
Wright, 1969; Eisenman & Horn, 1983). This is con- 
sistent with the known chemical structure of the 
toxin, which has carbonyl and hydroxyl groups as 
the only polar residues. The channel may also con- 
duct divalent cations. Preliminary experiments indi- 
cate channel permeability to Ca 2+ at 0.1 mM. 

It is not clear how the ability of the toxin to 
form channels in soybean phospholipids or diphyta- 
noyl phosphatidylcholine bilayers is related to the 
specific action of HInT toxin on mitochondria from 
susceptible corn. One possibility is that unique 
properties of the lipid components of susceptible 
mitochondria facilitate the partition of the hydro- 
phobic toxin into the membrane allowing formation 
of ion channels. Thus, susceptible mitochondria 
might be more permissive to channel formation be- 
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cause the properties of the membrane lipids mimic 
in some fashion the lipids used to form the bilayer 
membrane. Another working model postulates a 
protein component of the susceptible mitochondrial 
membrane binding to the toxin. The arrangement of 
toxin molecules bound to the protein(s) may be sim- 
ilar to that required for channel formation in phos- 
pholipid bilayers. At high toxin concentrations (e.g. 
a few/zg/ml), mitochondria from normal corn show 
slight sensitivity to HmT toxin (Payne et al., 1980b; 
Kimber & Sze, 1984). Susceptible mitochrondria 
may be quantitatively much more susceptible to 
channel formation due to either protein or lipid 
component differences. We do not yet know 
whether the dose of toxin needed to induce a given 
permeability in a bilayer membrane is comparable 
to that needed to induce the same permeability in 
susceptible mitochondria. These possibilities need 
to be tested. 

In summary, both HmT toxin and a synthetic 
analog form cation-selective channels in phospho- 
lipid membranes. Formation of ion channels by the 
toxin in bilayers is consistent with the ability of the 
toxin to dissipate ion gradients in mitochondria iso- 
lated from susceptible corn (Payne et al., 1980b; 
Berville et al., 1984; Holden & Sze, 1984). These 
results support the idea that channel formation may 
be one mechanism of toxin action in susceptible mi- 
tochondria. 

The toxin and analog were generous gifts of Dr. J.M. Daly, 
University of Nebraska and Yoshikatsu Suzuki, Institute of 
Physical and Chemical Research, Wako-shi, Saitama 351, Japan. 
This work was supported in part by Department of Energy con- 
tract No. DEAS05-82ER13015 to H.S. Scientific article No. 
A4143, Contribution No. 7128 of the Maryland Agriculture Ex- 
periment Station. 
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