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We made use of a planar lipid bilayer system to examine the action of synthetic basic peptides which model the prepiece 
moiety of mitnchondrial protein precursors and have antibacterial activity against Gram-positive bacteria. The 
sequences of the peptldes used were as follows: Ae-(Ala-Arg-Leu)~-NHCH a (3~), Ac-(Leu-Ala-Arg-Leu)2-NHCH 3 (42), 
Ac-(Leu-Ala-Arg-Leu)3-NHCH a (43) , Ac-(Leu-Leu-Ala-Arg-Leu)2-NHCH a (52). These poptides interacted differently 
with planar lipid bilayer membranes and membrane cnnductance increased by the formation of ion channels. The effects 
of the peptides on the macroscopic current-increase and on the probabili~ of channel formation, at tire single channel 
level were in the order of 4 a > 42 = 52 >> 3j, a finding which correlates with the antibacterial activity of these pepfides. 
The oder~molar (.gM) order concentration at which the channel was formed resembles that causing antibacterial 
activity. Thug, the pepttde antibacterial activity may occur through an increase in ion permeability of the bacterial 
membrane. The single-channel properties were investigated in detail using 4 a, the peptide with the highest ion 
channel-forming activity. Many types of channels were observed with respect Io condnclance (2-750 pS) and voltage 
dependency of gating. However, the ¢hanncls were all cation-selective. These results suggest that the ion channels 
formed by peptide 43 may be able to take on a variety of conformations a n d / o r  assembly. 

Introduction 

There are reports of various kinds of peptide with 
antibacterial action and the ability to form ion channels 
in the membrane; e.g., g~amicidin A [1], alamethicin [2], 
diphtheria toxin [3], botullnum toxin [4], tetanus toxin 
[5], melittin [6], mastc, paran [7], colicin A [8], ceeropin 
[9], g-toxin [10], magainin I [ l l l ,  and defensin [12], 

Techniques used to detect ion channel activities in- 
clude, patch-clamp, tip-dip, and planar bilayer mem- 
brane approaches [13]. The planar bilaycr membrane 
technique is useful for examining properties of ion 
cl~annel proteins in biomembrane vesicles by recon- 
stituting them from vesicles to planar lipid bilayer mem- 
branes [13], In addition, the technique has been widely 

Abbreviations: Hepes. N-2-hydroxyethylpipcrazine-N'-2-ethane- 
sulfonic acid: Mops. 3-(N-morphollno)propanesulfonie acid; Tris. 
tfis(hydroxymeth~d)aminomelhan¢. 

Corregpnndence: K. Anzai. Faculty of Pharmaccutieel Science. 
Kyushu Univcrsily, Higashi-ku. Fukuoka 812, Japan. 

used to detect channel-forming activity ol a variety of 
peptides [1-12,14-16]. 

Some synthetic model peptides of the prepiece moie- 
ties of nfituchonddal protein precursors were found to 
have antibacterial activity against Gram-positive bac- 
teria [17]. The antibacterial activity paralleled both the 
content of the a-helical structure o¢ the peptide in 
liposomal membranes and the ability to cat,so leakage 
of carbo×yfluorescein from liposomes [171. 

To elucidate mechanisms involved in Ihe appearance 
of antibacterial activity in the presence of :,ynthetic 
basic model peptides, we made use of the planar bilayer 
membrane technique to search for ion-channel forming 
potential. Properties of the single ion channels were also 
given attention. 

Materials and Methods 

Malerial$. Four "kinds of neptide, Ac-(AIa-Arg- 
Leu)3-NHCH 3 (33), Ac-(Leu-Ala-Arg-Len)2-NHCH a 
(42), Ac-(Leu-Ala-Arg-Leu)a-~'"HCH 3 (43), Ac-(Leu- 
Leu-AIa-Arg.Leu)2-NHCH 3 (52l, were synthesized, as 



-'!e~:eribed [17]. Soy bean phospholipids (aso!ectin), Type 
II-S from Sigma, were purified by acetone-washing [18]. 
Diphytanoyl phosphatidylcholine was obtained from 
Avanti Polar-Lipids Inc. Other reagents were of analyn- 
cal grade and were used without further purification. 

Formation o f  p lanar  bllayer membrane.  The planar 
lipid bilayers were formed by the folding method orig~ 
nally described by Takagi et al. [19] and modified by 
Mental and Muellcr [20], This procedure involved the 
use of a Teflon chamber with two compartments (each 
about 1.5 ml in internal volume) separated by a Teflon 
septum (25 pm thick) with an aperture 200 pm in 
diameter. A small amount (15 20 td) of asolectin or 
diphytanoyl phosphatidylcholine solution in n-hexane 
(10 mg/ml)  was placed on the surface of an electrolyte 
solution (0.5 ml in each compartment) in the chamber. 
A lipid m0nolayer was formed spontaneously at the 
air /water  interface after evaporation of the solvent in a 
few minutes. The water level in each compartment was 
then raised over the aperture, where the lipid bilayer 
subsequently formed. 

Measurement  o f  membrane  current. A small amount 
of a melhanolic solution of the peptide was added to 
one compartment of the chamber, which was defined as 
the cis compartment. The cis solution was continuously 
stirred with a magnetic stirrer under applied membrane 
potential (usually +60  mV, the potential at the cis 
compartment with respect to the trans compartment, 
which is held at virtual ground) until current fluctuation 
occurred. The current across the membrane was mea- 
sured with a hand-made current/voltage converter 
(bandwidth 800 Hz) and was displayed on both a digital 
storage oscilloscope (DSSS020A, Kikusui Electronics, 
Kawasaki, Japan) and on a chart recorder (R61VL, 
Rikadenki, Tokyo, Japan). The data were ,ceumulated 
using videotape recorder (SL-HF3, Sony, Tokyo. Japan) 
after A / D  conversion with a modified digital audio 
processor (PCM-591ES, Sony) [21]. Selected parts of the 
recorded data were transcribed on a pen oscillograph 
(WR31fil, Graphtec, Tokyo, Japan: frequency response 
120 Hz) through a programmable filter (FV-664, NF 
Electronic Instruments, Yokohama, Japan). They were 
also digitized with a 12-bit A / D  converter (PCN-2198, 
Neolog Electronics, Tokyo, Japan) and analyzed using a 
micro-computer (PC9801VM, NEC, Tokyo, Japan). 

Results 

Change irz membrrme eonductaz~ee caused by model 
p~zidcs 

Fig. 7. sliOws the rapid increase in the membrane 
current, under voltage-clamp conditions end after 
peptide 4 s at different concentrations had been added 
to the cis compartment of the chamber. Among the four 
peptities used, peptlde a~ has the most potent in anti- 
bacterial activity [17] and also in causing leakage from 

257 

! 
v 

Fig. I. Time ¢odrse of the membrane current after addition of 4~ at 
different concentra6ons. The planar bilayer membrane was made of 
asolectin. Small amoums of a methanolic solution of 4~ (1 mg/ral) 
were addle at the affow to the cix eompalament of the chamber. The 
final concentration of 4j in the cis compartment was Ca) 5.S pM. ib) 
] 1.7 #M, and (c) 29.2 ~M. respectively. The holdln$ pOlcntial at the 
clz comparlment was kept at +60 mV (the tr~m$ ¢omparlment being 
defined 0 mV). The composition of the ~lution in both cornpartmenL~ 
was I(KI mM KCI and l0 raM Tris.Hepes (pH 7.0). The hori;,~nlal 

scale is 2 rain mid the vertical one is 10 pA. 

liposomes [17]. The concentration used exceeded that 
required to exhibit antibacterial activity (Table I). As 
shown in Fig. 1, the increase in the membrane current 
depended on the concentration oi  peptide 43. At the 
highest concentration (29.2 ,aM), the current began to 
increase within 20 seconds after the addition of 4~ to the 
cis compartment of the chamber. Soon ~ e  current 
exceeded the detection range of our current measuring 
system, which corresponded to the membrane rupture, 
At lower concentrations, the lag time of the current-in- 
crop, so was longer and the current-increase was |ess 
sleep. The phenomena we observed were rate processes 
and equilibrium was not reached, thus the lag time and 
the steepness of the current-increase were varied from 
run to run. The traces shown were chosen as typical 
examples. 

Fig. 2 shows the effect of four kinds of the peptides 
on the membral~¢ current, the concentration used was 
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Fig. 2. Time course of the membrane current after addition of four kinds of peptide. The planar bilayer was made o1 asolectin. Methanolie solution 
of % (a), 5 z (h), 4 z (C), and 33 (d) were added to the cls compartment to a final conccnlration of 11,7 ~M. The membrane potential was held at 
+6o inv. The composition of the solutie'a was symmetric (100 mM KCI, 10 mM Tris-tlepes (pH 7,0)). The horizoutal scale is 2 rain for all traces. 

The vertical scale is 100 pA for (a)-(e) and 10 pA for (d). 

TABLE 1 

Correlation between probability of channel appearance and antibacterial aclioity o/1he basic model peptides 

The probability is expressed as a fraclion of the number of runs in which channel activity was o b ~ a d  within 30 rain after addition of each 
peptidt: Io the cis compartment of the chamber. Experiments were performed under different conditions I-IV: I, symmetric ltl0 ram NaCL 2 mM 
Mops-Tris (pH 7.0), sample 5.5 taM; II, symmetric 100 mM KCI, 0.2 mM Mops-Tris (pH 7.0), sample 5.0 #$/ml; 111, symmetric 1.0 M KCL 2 raM 
Mops-Tris IpH 70). sample 5.0 .ug/ml; IV, cis: 333 mM KCI, 2 mM Mops-Tris (pH 7.0)//l~ns: 100 mM KCh 0.2 ram Mops-Trls (pH 7.0). 
sample 5 ag/ml. The anlibaeterial activity is reproduced from Re]. 17 and is shown as the minimum inhibitory concentration. 

Pcptide Channel appearance probabilily Minimunl inhibitory cohen. (/~g/m]) 

I I1 Ill 1V Total 3. aure~ B, subtil~$ 

33 1/8 0/3 0/1 0.08 (1/12) > 100 > 100 
42 3/9 2/3 - 0.42 (5/12) 25 25 
41 5/9 3/5 3/3 12/15 0.72 (23/32) 6.25 3.13 
5: 2/8 3/6 - 0.36 (~/14) 25 12.5 



1117 p.M. Pept ide  4 j  was most  effective for a rap id  
increase in m e m b r a n e  cu r r en t  a n d  33 was  w i thou t  effect,  
The  effectiveness o f  the  four  k inds  of pep t ide  was  
j u d g e d  to be  in the  o rde r  of  4j  > 4z = 52 >> 33. 

A t  low c o n c e n t r a t i o n  range ,  a n d  one  w h i c h  was 
s imi lar  to  tha t  caus ing  ant ibac ter ia l  activity,  we mea-  
sured  cu r ren t  f luc tua t ion  w h i c h  occur red  wi th in  30 min  
a f te r  a d d i n g  the  four  k inds  of  the  peptides.  The  success 
ra te  in  obse rv ing  the  cu r r en t  f luc tua t ion  differed a m o n g  
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the  four  pept ides  used. T h e  ion c h a n n e l - f o r m i n g  activi- 
ties of the  pept ides  were  c o m p a r e d  quan t i t a t ive ly  in 
te rms of  the  probabi l i ty  of  de tec t ing  m e m b r a n e  c u r r e n t  
f luctuat ion.  As an  index  of  the  ion c h a n n e l - f o r m i n g  
activity of  the  pept ide ,  we used the  ra t io  of  the  n u m b e r  
of  runs  in which  m e m b r a n e  cu r ren t  f luc tua t ion  was 
observed wi th in  30 m i n  af ter  the  add i t ion  of  each  
pep t ide  to the  total  n u m b e r  of  runs ,  u n d e r  the  same  
expe r imen ta l  condi t ions .  The  h ighes t  c h a n n e l - f o r m i n g  

[ 

- 6 0  

I 
60 

Fig. 3. A current trace obu~ined by the incorporation o[ 43 imo the asolectin bHaycr. The peptlde 4~ tflnal 3.5 pM) was added to the cis 
compartment. The holding potential is shown below the e u ~ t  trace ][~t composition of the ~lutioa was asyramelde (cis: 333 mM KC], 3.3 mM 

Tris-Mops (pH 7.0)//trans: I00 mM KCI. 1.0 mM Tris-Mops (pH 7.0)). The vertical scale is 20 pA and the horizontal scale is I rain. 
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Fig. 4. A currera.vollage relationship of the channel shown in Fig. 3. 
The conduclance around O mV was about 680 p$ and the reversal 

potential wa~ -17 mY. 

activity was observed for peptide 45, in both KC1 and 
NaCl solutions. The channel-forming activity of the 
four peptides occurred in the order of 43 > 42 ~ 52 >> 35, 
as summarized in Table I. This order is the same as that 
obtained for the rapid era'rent-increase at high con- 
centration of the peptides (Fig. 2) and is the same as the 
order of the antibacterial activity of these peptides [17] 
(see Table l). 

Single.channel behavior of ion channels formed by the 
peptide 43 

The singie-ehannel properties of ion channels formed 
by peptide 43 could be examined in detail, because this 
peptide had the highest probability of chatmel forma- 
tion among the four peptides examined. This  peptide 
exhibited several different types of single-channel be- 
havior. Fig. 3 shows a current trace of a channel most 
frequently observed in asymmetric KCI solutions (eis: 
333 r a M / /  trans; 100 mM) using asolectin as a mem- 
brane forming lipid. This channel existed mostly in its 
open state and was independent of membrane poten- 
tials, under the conditions described in the figure legend. 
A current-voltage plot (Fig. 4) shows a slight curvature 
and that the single-channel conductance was about 680 
pS measured around 0 inV. The curved current-voltage 
relationship was derived from the asymmetric ion con- 

eentration between the membrane. The reversal poten- 
tial was - 1 7  mV and from this value the ion permeabil- 
ity ratio between K and CI (PK: Pc=) was calculated to 
be 1:0.26, according to the Goldman-Hodgkin-Katz 
equation. 

Similar single-channel behavior was observed when 
diphytanoyl phosphatidylcholine was used for the mem- 
brane lipid (Fig. 5). Three open channels with the same 
conductance were seen in the trace. A current-voltage 
plot (Fig. 6) revealed the single-channel conductance of 
about 520 pS obtained around 0 mV and the reversal 
potential of - 11 mV, which corresponds to PK: Po  = 1: 
0.44. 

Another type of channel with a rapid, voltage-depen- 
dent gating was also observed. A current trace of this 
channel is shown in Fig. 7. Fig. 8 shows the amplitude 
histogram corresponding to the current fluctuations 
shown in Fig. 7. A current-voltage plot shows that the 
single-channel conductance was 39 pS and the reversal 
potential - 1 2 . 0  mV  (Fig. 9A). The ion permeability 
ratio between K and C1 (PK: Pet) was 1: 0.40. The 
open-channel probability (Po) was calculated as the 
ratio of the area of the open-channel peak to the whole 
area, the values being 0.261 at 59 mV, 0.124 at 40 mV, 
and 0.0536 at 20 inV. Gat ing  of the channel was volt- 
age-dependent (hisher open-channel probability at more 
positive voltage) as shown in Fig. 9B. 

The rate constant for the channel closing (k~) and 
opening (k2) was calculated from the open and closed 
time histograms, as shown in Fig. 10. The rate constants 
kt and k 2 at 59 mV  were 5.71 s -1 and 1.93 s - I ,  
respectively. The rate constants at the other holding 
potentials were not  obtainable because the open prob- 
abilities at such potentials were too small. The mean 
open time (to) and closed time (t~) were t o = 1 / k  1 and 
t~ = 1 / k  2, respectively, so that the open probability 
could be written as Po' = tel(to + to)- The value for P~' 
was 0.253 at 59 mV, which is in good agreement with 
Po = 0.261 deduced from the amplitude histogram. These 
velues for rate constants, mean lifetime and open prob- 
abilities are summarized in Table ]L 

Other channels different from those described above 
were also observed. The single-channel conductance, 
voltage dependency of  the gating, and ion selectivity of 
some of these channels were examined and the findings 
are listed in Table III. The channel conductance ranged 
from several pS  to about 750 pS. The channels given in 
Table !11 can be separated into voltage-dependent and 
voltage-independent ones. However, the reversal poten- 
tial was negative in all eases, hence the ion selectivity of 
these channels is K + >  CI-.  

Discussion 

We obtained evidence that four kinds of synthetic 
peptides interacted with planar lipid bilayer mem- 



branes ,  causing an  increase in the membrane  conduc- 
tance by  the formation of ion channels ,  The  effects of 
the pept ides  as related to the r~acroscopic current-in- 
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crease and the probabil i ty e f  channet  formation at the 
single cha~ncl  ',cvel were in the order of 4 s > 42 = 52 >> 
3~, a finding which correlates with the antibacterial  

. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  
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Fig. 5. A current trace obtained by the [nc~,poratlon of 4j inlo diphylanoyl phosphalidylcholine bilayer. The ~ncenlration of 4~ at the cJs 
compartmcnl was 3.5/~M. The composition of the ~nlution v, as asymmetric (c/s: 333 mM KCL 3.3 mM Tfis-Mops (pH 7.O)//trans: ll~ mM KCL 
l.o mM Tns-Mops (pH 7.0)). The holding p~,~,~;~] is shown below the current trace. The vertical sonic is 20 pA and the horiz~tal ~.ale i~ I mln. 

At the affows the membrane ~nducl~ce changed dlsc~tely. The numerals b c t w ~  the a ~ w s  indi~t¢ the numb~ of open cb=,m¢l~ 
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Fig. 6. A current-voltage relationship of the channel showu in H~ 5. 
Opening of one (zx). t~,o (×), and thr~ (O) channels is shown. The 
single-channel cor, ductance w~ 520 pS and the reversal potential 

was - l l  inV. 

activity of these peptldes. The coneentratioo at which 
the el~annel was formed was close to that causing anti- 
bacterial activity. Therefore, the pepfide antibacterial 
activity may occur through an increase in ion permea- 
bility of the membrane. 

At a concentration of about 3/~M, peptide 43 formed 
a single ion channel. This concentration is hi~aer than 
that in case of gramicidin A (riM order or less) [1,22], 
but  is similar to that for melittin (about 1/~M) [6]. It is 
unlikely that the channels observed here were derived 
from contaminants in the sample because we used puri- 
fied synthetic peptides and because the probabilities for 
the channel formation among the four peptides differed. 
Since the four peptides were synthesized using identical 
procedures, similar amounts of contaminants, if any, 
would exist and would produce a similar probability for 
channel formation. 

In a previous study [17], we found that the anti- 
bacterial activities of these peptides closely correlated 
with their content of the a-hdlx. A spectroscopic study 
suggested that peptide 4~ which was related to 43 inter- 
acted with liposon~es in a manner so that they were in 

parallel on the surface of the bilayer [23]. Since the 
planar bilayer technique used in the present study is 
sensitive enough to detect even single-channel activity, 
it is likely that we observed only a small portion ef  the 
a-helices existing perpendi~;ular to the membrane plane 
and forming a trans-membraue ion channel, as dis- 
cussed below. 

The thickness of the hydrophobic part of the lipid 
bilayer (apl ~ox. 3 rim) requires that the channel be at 
least 3 nm long and 20 amino acid re,~idues are required. 
The number  of amino acid residues in the peptides we 
studied were 8. 9, 10 and 12 for 4~, 33, 52 and 43, 
respectively. If we take into account the modification of 
both termini in these peptides, the effective number  of 
residues may be 10, 11, 12 and 14, respectively. These 
values are too small to allow the membrane to be 
spanned with one molecule. 

Since the peptides are too short to span the bilayer, 
formation of the ion channel can he interpreted in the 
following manner: (1) The 'channel '  is actually a dis _-- 
tion of the bilayer caused by the peptide partly 
penetrating the interior of the bilayer. (2) The channel is 
formed by a dimer, as has been postulated in case of 
gramicidin A. Although the active structure of the 
trans-membrane channel of gramicidin A has not  been 
established, it probably is either a head-to-head dimer 
or intertwiehed double helices [24-26]. (3) The channel 
is formed by an oligomeric cluster of the dimerie 
peptides as illustrated in Fig. l l .  The umt  constituting 
the cluster should be at least a dimer, for the present 
peptides. The structure of the N- and C-termini of these 
peptides may contribute to formation of the head to tail 
dimer structure by inter-terminal hydrogen bonding. A 
well examined peptide forming this type of channel 
structure is alamethlcin, although the unit is a single 
peptide, not a dimer, Alamethieln, a 20-amino-acid 
peptide, has been reported to form voltage-gated ion 
channels [2,27,28], each thought to consist of 8-12  
molecules [29]. 

Model 2 can probably be ruled out because the 
single-channel conductance most frequently observed is 
too large for this type of channel where the ions pre- 
sumably permeate through the inside of the helix. The 
constant level of single-channel conductance, as shown 
in Figs. 3 and 5, suggests that model 1 is also unlikely. 
However, the rapid current fluctuation with an unfixed 
conductance level observed in some experiments (data 
not shown) may be caused by this mode of action. Thus, 
model 3 seems to be the most probable. Acenrding to 
recent investigations of the primary structure of some 
ion channd  proteins, these compounds seem to be com- 
posed of bundles of  ~-hellces that assemble to form ion 
channels [30-32]. Therefore, a channel structure formed 
from an oligomerie cluster of a-helices may be more 
general in nature than other structures. If it were feasi- 
ble to measure the concentration dependence of the 



macroscopic  s teady c o n d u c t a n c e  us ing  the  present  
pept ides ,  then  one  cou ld  d e t e r m i n e  the  n u m b e r  of  
pep t i de  molecules  requi red  to fo rm the ion channe l .  
Such  expe r imen t s  cou ld  no t  be  ".lone because tile p l ana r  
l ipid bi layer  r u p t u r e d  be fo re  the  cu r ren t  reached  equi-  
l i b r ium (Fig.  l ) .  However .  the  ra te  of  cur ren t - inc rease  at  
the  init ial  s tage o f  the  c o n d u c t a n c e  c h a n g e  seems to  
d e p e n d  o n  the  pep t ide  c o n c e n t r a t i o n  o f  m~,re t h a n  the  
first  o rder ,  hence  several pep t ide  molecules  p r o b a b l y  
con t r i bu l e  to f o r m a t i o n  o f  s t ruc ture  of  the  channe l .  

I t  has  been  r epo r t ed  tha t  Staphylococcus aureus ~- 
t ox in  fo~ms ion c h a n n e l s  [10]. T h e  proper t ies  o f  the  
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6- toxin are s imilar  to those  of  the  synthet ic  pep t ide  
molecules  ~tudied here ;  they  take  an  a-hel ica l  confor -  
m a t i o n  pr imar i ly  in the  presence  of  phospho l i p id  
micelles trr m e m b r a n e s  a n d  the  a -he l ix  is a m p h i p a f h i c  
(one  laleral  side hydroph i l i c  a n d  the  o t h e r  side hyd ro -  
phob ic :  see Fig. 11). A h e x a m e r i e  c lus ter  mode l  of  the  
8- toxin  c h a n n e l  has  been  p r o p o s e d  110] a n d  the  s truc-  
ture  resembles  the  barre l -s tave  mode l  of  the  a l ame th i e in  
c h a n n e l  I27]. M o s t  of  the  pep t i de  molecules  invest igated 
in the  p resen t  s tudy  take  o n  a n  a-hel ica l  s t ruc ture  in the  
m e m b r a n e  [17]. Based o n  ana logy  w i t h  the  ~- tox in ,  a 
hypo the t i ca l  s t ruc tu re  o f  the  c h a n n e l  fo rmed  by the  
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Fig, 7. (A) A current trace of another type of channel obtained by the incorporation of 4~ into the lipid bilayer in asymmetrle KCI solutions (cls: 
333 r a M / /  trans: 100 mM). The holdin 8 potentials are shown at the top of the Irace. Tile downward current deflections ~re the channel opcninss 
at positive potentials. The brief upward current deflations seen belween the times of changing membr~e potential do not bare a square-wave 
shape characteristic to channel events, in the expanded scale (data not shown); these probably represent noise. The vertical scale is 2 pA and the 
horizontal scale is 1 min. (BXC) Expanded traces of the B and C portion of trace A. The holding potential was ÷ 59 mV for (B) and + 40 mV for 

(C). Downward c o u n t  deflection ~ c s p ~ d s  ~*o the ch~ncl  opening. The ~¢ctical b ~  is 2 pA ~ d  the horizontal b ~  is 1.2 s. 
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Fig. L Alnplitude N~togram corresponding to the channel current 
~hawn in Pig. 7 at holding potentials of +20 mV (A), 4- 40 mV (B), 
and +5~ mV (C). The ordlna~ indicates the relative period of time 

for which lhe currcpt sh ,*vn in the abscissa was recorded. 

preser,  t model  pep t ide  is s h o w n  in Fig.  11. I t  is n o n .  
s t i tu ted  of a n  o l i g n m e d c  b u n d l e  (e.g. h e x a m e r i c  b u n d l e )  
of  e-helices.  

T h e  presence  o f  a rg in in¢  residues gives the  pep t i de  
posi t ive charges ,  w h i c h  lie on  o n e  side of  the  a -he l ix  
(Fig .  11). The  hydroph i l i c  side of  the  hel ix  b e a r i n g  the  
a rg in ine  residues shou ld  face the  c h a n n e l  pore ,  a n d  
a n i o n  selectivity wou ld  be  expec ted  f r o m  this s t ruc tura l  
feature.  Surpr is ingly ,  however ,  all the  c h a n n e l s  we~'e 

A B 
% 

l(pA} 0A f 

i / 
20 Od 

-~k" - '  ' / 6'o ~v 

Fig. 9 Current-voltage relationship (A) and voltage dependency of the 
open probability (Bi of the 4~ channel, the trace of wttleh is shown in 
Fi~. 7. The reversal potential (~ev) was -12.0 mV. The open prob- 

ability at 0 mv will be almost zero. as ~ n  from the trace in Fig. 7. 

f o u n d  to  be  ca t ion  selective (Table  I l l ) .  G r a m i c i d i n  A. 
w h i c h  fo rms  a h igh ly  cat ion-zelect ive  channe l ,  has  n o  
acidic a m i n o  ac id  residues.  In  add i t ion ,  it has  b e e n  

48 F 

24 

0.8 
OPEN TIME (s} 

i 

1.6 

LL 20 

2 
CLOSED TIME (s) 

Fig. 10. Lifetime lustograrn of the channel corresponding l0 th~ 
cu~ent trac~ shown in Fig. 7 at a holding potential of +59 inV. (A) 
Open time [tlsto"jam and (B) dosed time histogram. The ordinate 
represents the number of events at each bin. The rate eonstanls, k I 
and k z in Table 11 were obtained from the slopes of ~mi-lc~ritbmi¢ 

plots of these data. 



TABLE II 

Parameter~ of gating dynamics vf the channel formed by 43 Jn vapmmet- 
tic KCI c~wentratian~ 

The corresponding curr~nl Iraee, amplitude hlsto~ram, and lifetime 
higtogram are sho~n in Figs 7, g, and tO The definitions of k,, k z, 
to. to, Po and P~ are as follows: k I and k 2 are the rate constants for 
chann~ ¢lo~ing and opening, and f~ and t~ are the mean open and 
closed times. The opcnl probahday was calculated by lwo :;~'~ .,~.,: 
methods, Po from the amplitude histogram (Fig. g) anu ~ from the 
mean open and closed times {see text). 

pot~ tial Cu~ent k z k z t o Q P~, P,~ 
(mV) {pA) (s t) (s t) (ms) {ms) 

59 2.7 5.71 1.93 175 518 025a 0.25.3 
+40 2.0 0.130 - 

+20 1.2 - - 0.049 

reported that  a positively charged segment  of  t~le No- 
channe l  polypept ide  forms cation-selective channels  [33]. 
Therefore,  the acidity (or basicity) of the pept ides  may 

not  necessarily be  related to the ion selectivity of a 

channe l  formed from peptides.  A t  present ,  we have  no  

p roper  explanat ion for the cat ion selectivity of the  
channel .  The  nature  of  the bi layer lipids with an  overall 
negative charge [21] could not  explain  the cat ion sclec- 

4a 

NHCHa( R~)3 L 

A L 

A 

Ae 
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q~&BLE Ill 

p~spertte~ o] 4~ c~ranne~ obsemed in as),mmetrtc K CI ~olution; 

The tfs compartment contained 333 mM KC1 and 067 or 3.3 mM 
Mops- fns (pH 7.O) The Irons compartment contaihlcd 100 mM KCI 
and 0,2 or 1.0 mM M<)ps-Tri~ (pH 7.0}. 

Conductance V~ltage ~=~ Ion selectivity 
(pS} dependency (mV) ( P~, : P,I ) 

of Po 

68I) 75O no 17to--23 1:013-0.26 
217 - - 2  1:088 
55 no -2,:I 1:0.11 
89-40 + > -" - 12 to 17 1:0.26-0.40 
25-.38 no PK > Pc) ~ 

1.7 + > - 

" This w~s determined by the direction of the current at zero mem- 
brane potential V,¢~ was not obtained because many levels of 
conductance were present. 

tivity because the same ion selectivity was observed 
even when  a neutral  phospholipid,  d iphytanoyl  phos- 

phat idylcholine,  was used (Fig. 6). 

T h e  oligomerie bund le  of  head-to-tail  dimers of  ~- 
helices requires m a n y  pept ide  molecules (for example  12 
molecules for a hexameric  bundle)  (Fig. 11). W e  Go- 

1 
Fig. 11. A h~pOlhetical structure of the channel f o ~  by peptide 4 3. The channel is drawn as the agc~'Cgam of  6-dimedc pc-ptide.m in a l ipid bilayer. 

Shown on the lert are the ~-helica] net and wheel of pepdde 4 x, One-letter symbols of on, no acids are used: A. ala~ine; L, leucine; R. argilfine. 
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served a variety of  channe l  types wi th  respect to  c o n -  
duc tance  a n d  vol tage dependency  of  ga t i ng  (Table  I l l ) ,  
thus  the  s t ruc ture  of  the  c h a n n e l  fo rmed  w i t h  this  
pep t ide  is no t  restr ic ted to  a ce r ta in  c o n f o r m a t i o n  
a n d / o r  assembly.  

In  general ,  the  i on -channe l  p ro te ins  o f  b i o m e m -  
b ranes  are la rge-molecular -weight  polypept ides  w h i c h  
are  appa ren t ly  c o m p o s e d  of  pore,  ion-select ive filter,  
a n d  ga te  structures.  I t  is in te res t ing  tha t  s o m e  o f  the  
c h a n n e l s  s tudied here  showed  a voltsF, e dependency .  
despi te  the  s imple  pep t ide  s t ruc ture  (Fig.  9B, Tab le  l I l ) .  
Tile m e c h a n i s m  of  this  vol tage d e p e n d e n c y  a n d  ion  
selectivity r ema ins  the  subject  o f  o n g o i n g  study.  
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