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The action of a cation~ antibiotic gram~idin S on the outer and cytoOasmk membranes cf Escherichia coil 
was stud~& It was found that gram~idin S disrupted the permeability barrier of the outer membran~ 
pertaining the permeation of an antibiotic ionophore, this b~ng similar to the action of the ~mer in 
compound 4 8 / 8 0  (Kats~ T., Shibat~ M. and F u j ~  Y. (1985) Biochim. Biophy~ Acta 81~ 61-66~ 
Howeve~ differen~y from the dime~ gramicidin S fu~her stimulated the efflux of K + through the 
cytoplasmic membrane of E. coli. The time course of K + permeability change accorded well with that of 
change in the dabifity of E. co~ calls. These changes occurred at temperatures above the phase ~an~tion of 
the cytoplasm~ membran~ Th~ temperature range differed greatly from the case of polymyxin B, a 
polycationic antibiotic acting at temperatures abo~e the phese ~an~tion cf the outer membran~ We discuss 
the mode of grami~din S action on the cytoplasm~ membrane of E. coli, in comparison with the r e s ~  on 
red blood cells and fiposomes. 

I n ~ o d u ~ n  

Gramiddin S, a cyclic decapeptide of GVM- 
Orn-Leu-~-Ph~Pro-): ,  sho~s the antimicrobial 
action [1]. The conformation of gramiddin S is 
well charac~fized as a B-sheet structure with two 
cationic ornithine refdues  on one fide of the 
molecular plane and hydrophob~ amino refdues 
on the other f d e  (Fig. 1) [2,3]. Although various 
anNogues of gramiddin S have been prepared in 
order to clarify the rdationship b~ween s~ucture 
and b i ~ o ~ c ~  acti~ty, the mechanism of antibio- 
tic action of gramiddin S is not yet comp~tdy  
e ~ d d a ~ d .  Gramiddin S is known to rdease vari- 
ous in~acdlular component~ and thus it is 

* To whom c o ~ p o n d e n c e  shoMd be addressed. 
A b b ~ a f i o n s :  Mop~ &mo~hol inewopan~u~hon~ add; 
ANS, ~ a ~ f i n ~ l - n a p ~ h M e n ~ M p h o n ~  add; DPPC, ~ -  
pa lmim~ph~pha t id~cho l ine ;  CTAB, c ~ m ~ h ~ a m -  
mo~um ~ o m ~ m  

speculated that the antimicrobiM a~ i~ ty  is due to 
the induced permeabifity of ba~efiM membranes 
[2,31. 

As a pan  of our p r ~ e ~  to du~da te  the mech~ 
nism of action of polycation~ compounds on 
bacteria the mode of action of grami~din S on 
Escherichm coil was examined in the present study. 
The cell envdope of Gram-negative bacteria such 
as E. co# c o n f s ~  of three essenfi~ ~yer~ namdy 
the cytoplasmic membran~ the peptido~ycan 
layer and the outer membran~ The peptido~ycan 
layer contributes m e c h a n ~  ri~dity. The outer 
membrane is characteristic of Gram-negative 
bac~fia  [4-6]. Many hydrophobic antibiotics or 
macrom~ecular protons  (such as lysozym~ can- 
not permeate through the outer membrane [4-6]. 
It is now well estabfished that a f ipop~ysa~ 
chafide is loca~d at the ou t fde  of the outer 
membran~ and dN~ent  cations (such as Mg z+ 
and C ~  +) m ~ n t ~ n  the outer membrane structure 
[5,6]. Vaara and Vaara [7,8] and we [9,1~ have 
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repor~d that polycationic compounds such as 
polylyfine and polymyxin an~ogues are ab~ to 
increase the permeability of lhe ou~r membrane 
of Gram-negative bac~ria. These polycations bind 
hpopolysaccharide molecules in the oumr mem- 
brane to trigger disruption of the permeabihty 
barrier of membrane [6,11-13], though the mode 
of di~uption diffe~ fignificantly ~om one com- 
pound to another [6-8]. It has Mso been reported, 
howeve~ that polycafions with a small number of 
bafic charges do not di~upt the barrier function 
of the outer membrane [7], though these cations 
can bind ~olated fipopolysacchafide [7,1~. The 
exact structure-acti~ty relationship rem~ns cb- 
scure at presen~ In the screening of various poly- 
cations, we found a dicafion ha¼ng the ability to 
increase the permeabihty of the outer membrane 
of E. co~ [15,16]. The d~ation, referred to as the 
'dime~ in compound 48/80, bi~2-methoxy-5~2- 
methylamino~hyl)phenyl]m~hane dihydrochlo~ 
ide, has two cationic amino and two hydrophob~ 
phen~ groups in the molecule [1~. We were inter- 
ested in the sVu~ur~ resemblance b~ween the 
dimer and grami~din S; both are dicafions with a 
fipophific character. We expe~ed that gramiddin 
S would disrupt the barrier function of the outer 
membran~ ~milafly to the action of the dimer 
[15,16]. As was expected, grami~din S was able to 
increase the permeability of the ou~r membrane 
of E. co~. However, differently fore the dime~ 
grami~din S fu~her el ided a change in the K + 
permeabifity of the cytoplasmic membrane of E. 
co6. The permeabifity change occurred at ~mpe~ 
atures above the phase tran~tion of the cyto- 
plasmic membrane. This ~mperature range dig 
fered greatly from the case of a polycationic anti- 
biotic polymyxin B reposed pre~ous~ [10,18]. In 
this communication we discu~ the mechanism of 

609 

the grarniddin Sqnduced permeabifity change of 
the cytoplasmic membrane of E. coil, in compari- 
son with the resulu on red blood cells and 
hposomes. 

M~ef i f l s  and M~hods  

Chemicals. The sources of chemicals used in 
this work were as follows: gramiddin S, gramici- 
din D (a mixture of gramiddin A, B and C) and 
DPPC from Sigma; nigeridn from CMbiochem- 
Behring; vahnomydn ~om Boehringer Mann- 
ham; d~n-o~)phthMat~ ammonium s~t of 
ANS and diphenylhexatriene f o m  Tokyo Kas~ 
Kogyo; poly(~nyl chlorid~ (degree of polymeri- 
zation = 1020) and CTAB f o m  Nakar~ Chem- 
icals; tetraphenylphosphonium chloride and 
sodium ~aphenylborate  from D@ndo Labora- 
tories. The dimer in 48/80 was prepared as re- 
po~ed pre~ou~y [17]. Other chemicals used were 
M1 of anMyfic~ reagent grade. 

Grow~ and preparation of ba~eri~ The ba~eri~ 
str~n used in this study was E. co# W311~ a 
derivative of K 12. Cells were grown at 37°C in a 
minim~ s~t medium supplemen~d with 1% 
polypeptone [9,10]. Cells were harves~d in the late 
exponenti~ phase of growth, washed twice with 
buf~r (50 mM Mops-Tris/100 mM ~holine chlo- 
ride, pH 7.2) and suspended in this buffer at 10 
mg protein/ml [~1~. Proton content was de- 
termined by the m~hod of Lowry et M. [19]. 
Isolated cytoplasmic membrane veeries were pre- 
pared by the EDTA-lysozyme m~hod described 
by Kaback and co-worke~ [20,21]. Loading of 
high concen~ations of K + into the veeries was 
achieved as described pre~ou~y [10,22]. 

Measurement of minimum ~h~iWry concentra- 
~on. Minimum inhibitory concen~ations were 
measured as reposed earlier [7]. A hquid medium 
(250 ~b cont~ning a minim~ s~t ~upplemen~d 
with 1% polypeptone [9,1~ and a drug to be tested 
was p ipped  into wells of a microtitre plate 
(Sumitomo-Bakeli~ Co. Ltd., Teky~ Japan; mul- 
fiplate MS-3396U and cover MS-39961L In each 
well, 50 ~1 of cell suspen~on (fin~ concen~ation: 
104 cells/ml) were added. The plates w~re allowed 
to stand for 18 h at 37°C. The lowest concen~a- 
tion of drug that completely inhibi~d f i~b~ 
growth was recorded and regarded as the mini- 
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mum ~ h i ~ t o r y  concentration. 
Measurement of chfical m~elle concentra~o~ 

The cfitic~ m~elle concenVafions of gramid&n S 
and the dimer ~ 48/80 were determined by the 
fluorescence probe m~hod ufing ANS [10]. S~u- 
fions of various amoun~ of gramid&n S were 
p~pared by ad&ng e ~ a n ~  s~ution of gramid&n 
S to a buffer s~ution comprifing 50 mM Mops- 
Yris (pH 7.2)/100 mM choline c~oride. Because 
the presence of ~ h a n ~  affe~s the cfitic~ micd~  
concen~ation [23], we ~ways added a constant 
amount of ~ h a n ~  (5% (v/v)). S~utions cont~n- 
ing various amounts of the &mer co~d  be pre- 
pared wi~out  addition of ethanol Fluor~cence 
measu~men~ were p~formed at 28°C by ad~ng 
10 #M ANS to the s~ut~ns .  Fluorescence i n , n -  
siff was measu~d by exaltation at 375 nm and 
emission at 480 nm. 

Preparation of Wn~e&ctive e&arode and mea- 
su~ment of K + efflux from ¢ells. A K%~n~f ive  
decVode was con~rucmd by the use of p ~ f i ~ n ~  
c~orid~-based membran~ as ~ p o ~ e d  p ~ o u ~ y  
[9,1~24]. The p ~ f i ~ n ~  c~o r id~  membrane had 
the following compofifion: 1 mg v ~ o m y d n ,  60 
~! ~ ( n - o ~ ) p h t h ~ a ~  and 25 mg p ~ f i n f l  c~o-  
f ide.  The m~er i~s  we~ ~ v e d  in 2-3 ml 
mtrahydrofuran. The s~ufion was pound  i n ~  a 
flat petfi ~sh  of 30 mm ~ a m ~ ,  then the s~vent 
was evapora~d off ~owly at room ~ m p ~ a t u ~ .  

The resdting po ly(~n~ chtofid~ membrane was 
cut and stuck on poly(¼n~ chlofid~ tube (ou~r  
diammer: 4 mm, inner diam~er: 3 mm) with 
~ a h y d r o f u r a n .  The sensor membrane was soaked 
in 10 -~ M solution of KC1 overnight. It was 
observed, howeve~ that the K~senfi t ive d e , r o d e  
thus prepared responded to grami~din S, and the 
measuremen~ of efflux of K + from calls were 
greatly interfered with. We appl~d a diMyfis 
membrane ~d lophane  tubing-seamles~ Union 
Carbide Co.) to cover the sensor membrane of the 
ion sens~ive dec~od~  This procedure was suc- 
ce~ful for the measurement of the gramiNdin 
S-induced changes in K + permeability, ~ee ~om 
interference. Fig. 2a shows a schematic illustration 
of the present K~senfif ive electrod~ A pMyeth~- 
ene tube (ou~r  diame~r: 3mm, inner diam~er: 2 
mm) was inserted into a p N y ( ~ n ~  chlorid~ tube 
to suppo~ the diMyfis membrane with a rubber 
O-rin& An Ag/AgCI d e , r o d e  was p~epared by 
anod~ chlorination of f iner  wire (0.3 mm in 
diam~e~ 30 mm in ~ngth) in an aqueous solution 
contNning 0.1 M NaCI and 0.1 M HCI at 0.5 mA 
for 30 min. Fig 2b shows a re~rence d e ,  rode 
consuucted in our laboratory. To make a solution 
junction, the end of a ~ass tube was seMed with a 
piece of pht inum wire (0.8 mm in diammer), in 
which pinh~es afforded ionic ~anspo~. A sMt 
bridge was filled with an aqueous s~ution of 1 M 
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~g.  2. Construction of ( ~  K ~ n f i f i v e  d e . r o d e  and (b) ~ n c e  de~rod~  



NH4NO 3 and mse~ed b~ween a reference and a 
samp~ s~ution. Agar was filed at the ~wer part 
of the s~t bridge to minimize the ~akage of a 
high concen~afion of ~ns ~ to  the samp~ s~u- 
fion. The dec~ochemic~ cell in the present study 
can be ~ p ~ n ~ d  as fo~ows: A~AgC1/0~I M 
K C 1 / p ~ n ~  c~ofid~ ~n~or membrane at- 
tached to di~ysis membrane/samp~ solution/1 
M NH4NO3/0.01 M KC1/A~AgC1. Elec~omo- 
five force b~ween a p~r  of Ag/AgC1 dec~odes 
was measu~d wilh an app~opfia~ fidd effect 
tran~sto~op~afion~ ampfifi~ 0nput ~ a n c e :  
> l012 ~ )  and recorded. The sample s~ufion was 
stirred with a magnetic sfirre~ Fig. 3 shows the 
c ~ r a f i o n  curve of K%~n~tive d e ,  rode in 
buf~r  s~ut~n compiling 50 mM Mop~Tris (pH 
7.~/100 mM choline c~ofide. The d e ,  rode ex- 
hibi~d a Nernstian response (57 mV/decad~ ~om 
10 -~ M to 10 -~ M of K +. A ffpic~ measu~ment 
of efflux of K + from cells was p~formed as 
fol~ws. Call suspen~on ~ 5  ml, 0.5 mg call pro- 
tein) was added to 1 ml 50 mM Mop~Tfis (pH 
7.~/100 mM c h ~ e  c~ofide at 28°C. Then 2.5 
#l grami~din S in ~han~  s~ufion (fin~ con- 
cen~afion: 25 ~g/ml) was added. The concentra- 
tion of K + in the assay me&a was c ~ c u ~ d  from 
the calibration curve of the K%~n~tive de~rod~ 
The amount of efflux at various ~mp~atu~s  was 
determined from the calibration curve measu~d 
~ the corr~ponding ~ m p ~ u ~  In t~s work, 
we also prepared a tetraphen~phosphonium ion- 
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Fi~ 3. Response of K+-sen~dve ~ec~ode in 50 mM Mop~Tgs 
(pH ~2)/100 mM cho~ne cNofide at 28°C. 
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(TPPL) senfitive de~rod~ The TPP~senfitive 
dec~ode had the following membrane composi- 
tion: 0.1 mg sodium tetraphen~borat~ 60 ~1 
di(n-octyl)phth~ate and 25 mg p~y(¼n~ chlo- 
fid~ ~,1~. A cover of di~ysis membrane was 
omitted because the TPP~senfifive d e ,  rode did 
not respond to gramiddin S. 

Measurement of cell vm~gty. The ~abifity of E. 
co~ calls was d~ermined by counting c~onies. 
After gramiodin S was added to the cell suspen- 
fion, samples were taken at i n ~ r v ~  d~uted with 
phyf i~o~c~ saline and dispe~ed on an agar plate 
prepared with 1% polypepton~ 0.5% yeast extract, 
0.5% NaC1 and 1.5% agar (pH was a~us~d to 7 
by adding 1 M KOH). Colonies were coun~d 
a~er s~nding for 15 h at 37°C. 

Preparation of ted b~od cells and liposomes. 
Preserved sheep blood was purchased from Nishi- 
nippon Sheep Farm. Calls were washed tw~e with 
buffer (50 mM Mop~Tris/100 mM choline chlo- 
rid~ pH 7.2) and suspended in this buf~r at a 
c o n c e n ~ i o n  of 1% (v/v). Liposomes were pre- 
pared by lhe m~hod of revers~phase evaporation 
[25]. Egg phosphatid~choline (7.7 mg, purchased 
~om The Green Cro~ Corporafiom Osak~ Japan) 
was d i ~ e d  in 1.5 ml dieth~ ether, followed by 
addition of 1 ml of aqueous s~ution cont~ning 50 
mM Mops-Tfis (pH 7.2)/100 mM KC1. The m~- 
t u r e  was  s o n i c a t e d  ( T o m y  S e i k o  
Co., Ltd., Toky~ Japan; UR-200P) for 2 min at 
0°C to obt~n a homogeneous emdfion. The di- 
eth~ ether solvent was then removed by ufing a 
convenfionM rotary evaporator under reduced 
pressure (by water aspiratoO at 25°C. After the 
d i~h~ ~her was comp~tely remove& a homog~ 
neous suspenfion of ~posomes was formed. The 
fiposomes were centrifuged (105000 × g, 30 min) 
and washed twice to remove the un~apped K ÷. 
The fin~ pellet was suspended in 10 ml 50 mM 
Mop~Tfis (pH 7.2)/100 mM choline chlofid~ 

Fluorescence polarization. Drug-induced changes 
in the phase ~anfition ~mper~ure of DPPC 
liposomes were measured by the fluorescence 
polarization technique [10,26]. Diphen~hexatriene 
(1 mol% of DPPC) was used as the fluorescence 
probe. DPPC cont~ning diphenylhexatriene was 
swol~n in buffer (50 mM Mop~Tris (pH 7.2)/100 
mM choline chlofid~ at 55°C, resulting in the 
formation of multilamellar hposomes. A sm~l 
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~iquot of the liposomes was p i p p e d  and sus- 
pended in the same buffer at a finM concentration 
of 0.1 ~mol /ml  of ~pid. Then a drug was added 
to this ~posome suspenfion, and the suspenfion 
was briefly sonicated (for about 10 s at 55°C) to 
make a homogeneous ~spersion. Fluorescence 
polarization was measured by ufing a Hitachi 
MPF-4 fluorospec~ophotome~r equipped with 
polarize~ and thermoregulated calls. The degree 
of polarization was c ~ c u h ~ d  according to the 
f~lowing equation: 

lvv - Glv~ P 
lvv + G l w  

where I is the fluorescence i n a n i t y ,  and sub- 
scripts V and H refer respectivdy to the vertic~ 
and horizont~ orientations of the ex~tation (firs0 
and emisfion (second) polarizers. Cf(= l n v / I n n )  
is a correction factor [27]. The ~mperature in the 
call was determined with a therm~to~ A small 
amount of ethanol used as the solvent of gramici- 
din S did not af~ct  the phase ~an~tion ~mpera- 
ture of DPPC at ~1. 

R e s ~  

Minimum mhibiwry concentra~ons and crRical 
m~elle concentraOons of gramicidin S and ~e dimer 
in 48 / 80 

We examined the minimum inhibitory con- 
centrations of gramiddin S and the dimer in 48/80 
on E. co6 W3110 used in the present study. 
Gramid&n S inhibi~d cdl growth at 6 ~ g / m k  
while the dimer did not inhibit even at a con- 
centration above 200 ~g/ml.  Although the dimer 
did not affect the growth of calls at all, this 
compound had the ability to stimulate the per- 
meabihty of the outer membrane [15,16], as men- 
tioned in the Introduction. The cfific~ micdle 
concentration of grami~din S and the dimer were 
~so examined by the fluorescent probe method 
using ANS [1~. In the presence of ANS, there was 
an abrupt increase in the fluorescence i n a n i t y  of 
ANS at concenUations of gramiddin S above 400 
~g /ml  and of the dimer above 800 #g/ml .  We 
regarded these concentrations as the critic~ micd~  
concentrations of gramiddin S and the dimer. The 
c f i t ~  micelle concentrations of grami~din S and 
the dimer were comparable; howeve~ o n ~  

gramiddin S inhibi~d the growth of E. coil calls. 
Furthermor~ the critic~ micdle concentration of 
gramiddin S was much higher than its minim~ 
inhibitory concentration. These data seemed to 
suggest that the mechanism of growth inhibition 
by gramiddin S was not fimply due to the deter- 
gent a~ion. In the present stud~ we usu~ly used 
25 ~g /ml  grami~din S. At this concentration, it 
was expected that grami~din S would show its 
bac ter iod~ action, because the pre~ous study [1] 
had ind~ated that the bacter idd~ concentration 
of gramiddin S rose to about 5-10-times its 
minimum inhibitory concen~ation. 

Gramici~n S-reduced changes in permeaN#~ and 
ceil vmNfi~ 

K a ~ h ~ s ~  and co-worke~ reported in 1956 
that g r a m i ~ n  S re~ased inorga~c phosphate 
from bacteria [1], ~ c a t i n g  that it increased 
membrane p ~ m e a ~ h ~ .  We r~nv~t ig~ed  ~ e  
change in permeability by measuring the effiux of 
K + from E. co# cdts. As shown in Fig. 4a, ~ e  
efflux of K + occurred r a ~ y  upon addition of 
g r a m i ~ n  S. We ~so ~vest ig~ed the grami~On 
Sqnduced change m cell ¼a~f i f f  (Fig. 4b); it 
reduced call ~ a ~ f i ~  wi tch  a dew m i n u ~  in 
agreement with the rapid ~ e a s e  in permea~hff ,  
i n d u i n g  that the bactericidal activity of 
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Fi b 4. The time course of (a) efflux of K + and (b) call ~ a ~ f i ~  
upon addition of grami~din S. Call suspenfion (&05 ml, 0.05 
mg call proton)  was added to 1 ml 50 mM Mop~Tris  (pH 
~ 2 ) / 1 0 0  mM choline chloride at 28°C. At time zer~ 2.5 yl  
grami~din S in ~hanol  solution (finM concentration: 25 y g / m l )  
was adde& The efflux of K ÷ was monitored with a K ~ s e n f i  - 
tive electrod~ Cell ~abifity was measured under the same 
conditions of the K + permeabifity measurements.  Samples (50 
~ were taken at ~ r v M ~  diluted with phys i~o~ca l  s~ine  
and dispersed on an agar plate. The ~abili ty of cells was 
d~ermined  by counting colonies. 



gramiddin S was caused by the increase in the 
permeabifity of the cytoplasmic membrane. It was 
Nso observed that increa~ng the concenUation of 
gramiddin S increased permeability and decreased 
ce~ viability (data not shown) in accordance with 
the pre~ous report [1]. Here, we tried to estimate 
the percentage of K + efflux induced by gramiddin 
S. We added a cationic surfactant CTAB at con- 
cenUation above its cfi t~N micelle concen~ation, 
because it is known that cationic surfactants have 
a bacteriodN action on Gram-negative bacteri~ 
due ~o an increase in membrane permeabifity 
[28,29]. It was observed that CTAB induced the 
efflux of K + within a few minutes to a ~ v d  of 260 
nmol under the same conditions as shown in Fig. 
4a (data not shown). We regarded this amount as 
the totN quantity of efflux of K + ~om calls. It 
was thus cNculated that gramiodin S caused 30% 
efflux within 5 min. This percentage seemed to be 
c o n ~ e n t  with the result of 50% for cell ~ability 
(Fi~ 4b). Fig. 5 shows the temperature depen- 
dence of K + efflux and cell viability. At around 
20°C, the degrees of both K + efflux and cell 
viability changed markedly. In the absence of 
gramiddin S, no such remarkab~ change was 
observed. These data indicate that gramiddin S 
acts on E. ~oB cells only at ~mperatures ~bove 
the phase Uan~tion of the cytoplasmic membrane 
[10,16]. 
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Action of gramicidin S on the oumr membrane 
We speculated that gramiddin S disrupted the 

barrier function of the ou~r  membrane of E. coil, 
and then increased the K + permeabifity of the 
cytoplasmic membrane to decrease cell ~abihty. 
At tint, we examined the mode of action of 
gramiddin S on the ou~r  membran~ in compari- 
son with that of the dimer in 48/80 [15,16]. 

We have recently shown that the dimer enables 
a hydrophob~ ~nophore  gramiddin D (a mixture 
of A, B and C) to pa~  through the ou~r  mem- 
bran~ and th~  the ionophore reaching the cyto- 
plasmic membrane of E. co~ can cause the efflux 
of K + [16]. W~hout addition of the dime~ 
gramiddin D ~one  could not induce the efflux of 
K +. As mentioned in the In~oduction, a hydro- 
phobic antibiotic can not permea~ through the 
outer membrane of Gram-negative bactefim Here, 
it should be remembered that, ~though the name 
of gramiddin D resembles that of gramiddin S, 
the chemic~ structure and characteristics of 
gramiddin D are qui~ different from those of 
gramiddin S. Gramicidin D is known to form a 
channd in the cytop~smic membrane of cells, 
resulting in a change in the permeability of ~kali 
met~  and H + ions [3~. The ~mperature depen- 
dence of the syner~stic effect of the dimer and 
gramiddin D showed that the efflux of K + was 
induced at temperatures above the phase ~anfi- 
tion of the outer membrane [16]. In the present 
stud~ we examined the syner~stic effect of the 
dimer and another ionophore nigeridn. It is well 
known that nigerion can exchange ~kali met~ 
ion for H + across the cytoplasmic membrane 
[30,31]. We used 0.25 ~M n~er ion,  because such a 
large dose caused the efflux of K + to a fignificant 
extent. Fig. 6 shows the syner~stic effect of the 
dimer on the action of niger id~ ~ong with that of 
gramiddin D ~epo~ed pre~ous~  [16]. N ~ e f i o n  
elioted the efflux of K ÷ much more rapidly than 
gramiddin D. Fi~ 7 shows the effect of con- 
cen~ation of the dimer on the syner~sm. Nigeri- 
d n  required a smaller amount of the dimer to 
induce the efflux of K + ~om cells. An increase in 
the concen~ation of gramiodin D (5 ~M) could 
not greatly stimulate the efflux of K ÷ by syn- 
er~sm (data not shown). These resul~ indica~ 
that the dimer rendered the outer membrane per- 
meable to nigeridn more effioently than to 
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Fig. 6. The syner~stic e f ~ s  of the ~mer in 48/80 on the action of ionophores (a) nigerian and (b) grami~din D. Cd~ ~0 gk 05 
mg call proton) were suspended in 1 ml 50 mM Mops-Tris (pH ~2)/100 mM choline chlofid~ At time zero, 25 #1 of the ~mer (fin~ 
concentration: 50 #g/ml) was adde& and 2 min h~r  (a) nigerian (0.5 #1 ~hanol solufiom finM concen~ation: ~25 #M) or (b) 
grami~din D (1 #1 ~hand solution, fin~ concen~ation: 1 #M) was added. The dashed lines indica~ the results of addition of 
ionophores alone. The measuremen~ were made at 27°C. 

g r a m i ~ d i n  D. Fig. 8a shows the tempera ture  de- 
pendence  of  efflux of  K + induced  by  the synergis-  
tic effect of  the d imer  and  nigeficin. It was ob- 
served that  n i g e r i a n  increased r emarkab ly  the ef- 
flux of K + at  tempera tures  above  20°C,  which 
cor responded  to the tempera tures  above  the phase  
~an f i t i on  of  the cy toplasmic  m e m b r a n e  [10,16]. 
This t empera ture  range differed l a r g d y  f rom the 
result for g r a m i ~ d i n  D repor ted  p rev iou~y  [16] 
(Fig. 8b). Nigef ic in  caused the efflux of K + at 
much lower temperatures .  We also invest igated 
the synergistic effect of  the d imer  on the act ion of  
g r a m i ~ d i n  S. Al though add i t ion  of  gramicidin  S 
alone caused the efflux of  K ÷ as shown in Fig. 4a, 

the efflux was great ly enhanced  by  synergism at 
t empera tures  above  20°C,  s imilar ly to the case of 
n i g e r i a n  (da ta  not  shown). These results indicate  
that  the d imer  can p romote  the pe rmea t ion  of 
drugs  even at t empera tures  b d o w  the phase ~ a n ~ -  
t ion of  the outer  membrane .  

Then we invest igated the pe rmeab i l i t y - inc rea~  
ing act ion of  g r a m i ~ d i n  S on the outer  m e m b r a n ~  
We added  5 g g / m l  gramicidin  S, f ince large doses 
of  g r a m i ~ d i n  S induced  high leakage of K + and 
in terfered with observat ion  of the efflux of  K + 
induced  by  the synergist ic effects. As shown in 
Fig. 9, synergism enhanced the efflux of K ÷, and 
n i g e r i a n  increased it to a greater  extent  than 
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Fi~ 7. The e f ~  of concentration of the &mer in 48/80 on 
syner~sm. (a) N~efi~n and (b) grami~din D. Assay condi- 
tions were the same as in Fi~ & except that the concentration 
of the dimer was varied. The percentage of K + efflux was 
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ad&don of each ionophor~ Measuremen~ were made at 28°C. 
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dons were He same as in ~ 6. The percentage ~ K + e~ux 
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Fig. 10. The efflux of ~aphenylphosphonium ion (TPP +) 
induced by addition of grami~din S. Assay mixtures consis~d 
of 1 ml 50 mM Mop~Tfis (pH 7.2)/100 mM choline 
chloride/10 mM sodium lactate/10 #M tetraphenylphos- 
phonium chlofid~ At the fir~ a~ow, 50 ~1 of call suspension 
(0.5 mg cell proton) was added. The second arrow indica~s 
the time when 25 ~1 of the dimer in 48/80 (finfl concentra- 
tion: 50 #g/ml) was added, and at the third arrow grami~din 
S (2.5 #1 ethanol solutio~ fin~ concen~ation:25 #g/ml) was 
added. The measuremen~ were made at 28°C. 

g ramiod in  D, as seen for the dimer, indicating 
that g ramiddin  S Mso rendered the outer mem- 
brane permeable to nigef idn more easily than to 
g ramiddin  D. We ~so  examined the uptake of 
~ a p h e n y l p h o s p h o n i u m  ion (TPP +) upon ad- 
dition of g ramiod in  S. It ~ wall known that the 
uptake of TPP + is enhanced when the permea- 
bifity barrier of the outer membrane  is d i s rup~d  
[9,1~1L16~2].  It was observed, howeveL that 
g ramidd in  S did not  increase the uptake of TPP + 
at all. We confidered that g ramiddin  S disfipated 
the membrane  po ten t i~  of  the cytoplasmic mem- 
brane instanfl~ in accordance with a rapid change 
in the permeability of the cytoplasmic membrane  
(Fig. 4a). We treated cells with the dimer in 48/80 ,  
making the outer membrane  permeable to TPP +, 
and then gramiddin  S was added. If g ramiddin  S 
could abol~h the membrane  p o ~ n t i ~ ,  it should 
cause the efflux of the accumulated TPP +. As was 
expecte& gramicidin S caused the efflux of TPP + 
(Fig. I0). 

Ac~on of gramicidn S on ~ e  cytoplasm~ mem- 
brane 

The above r e s ~  seemed to ~ c ~ e  that after 
g r a m i d ~ n  S ~ g u p ~ d  the p e r m e a ~ f i ~  barrier of  
the outer m e m b r a n ~  it reached the cy to~asmic  

membrane  to induce the permeabili ty change. 
However ,  there is another  pos~bi l i ty  that  
gramicidin S interacting only with the outer mem- 
brane leads to the efflux of  K ÷, because we have 
recently observed that polyly~ne increases the K ÷ 
permeabili ty of whole cells of E. co~, but it can 
not  increase the permeabili ty of  the ~olated cyto- 
plasmic membrane  ve~cles of E. co~ at all [33]. 
Such behaviour of  polyly~ne is unexplainable at 
presenL In contrast  with the action of po ly ly~n~ 
polymyxin B increased the permeabihty of both 
whole cells and membrane  ve~cles of E. co~ [10], 
indicating that polymyxin B increased the permea- 
bility of  the cytoplasmic membrane  of E. co~ after 
disrupting the outer membrane  structure. Fig. l l a  
shows that g ramidd in  S can increase the K ÷ per- 
meabi~ty of  membrane  ve~cle~ this being ~milar  
to the action of  polymyxin B. Fi~  l l b  and c 
shows that gramicidin S can elicit the efflux of K ÷ 
from sheep red blood cells and ~posomes pre- 
pared with egg phosphatidylcholine.  These indi- 
cate that gramicidin S is able to stimulate the 
permeabili ty of various kinds of membranes  
without  selectivity. Such behaviour of gramicidin 
S is different ~ o m  that of polymyxin B, because 
polymyxin B is known to act selectivdy on the 



616 

-- 20O 

c 150 
- -  

= 100 
% 
& 

60 

(o) 

GS 
I I I I l 

0 2 4 
Time (min) 

(b) 
200 

100102050 

I I I I I 

0 2 4 
Time (rain) 

(c) 

300 

200 

100 

50 

J 

./ 
GS 

I I I I I 

0 2 ~ 
Time (mini 

Fig. 11. Gramiddin S-induced efflux of K + from (a) ~olated cyto~asm~ membrane v e s t , s  of ~ coil. (b) sheep red b~od cd~ and 
~)  liposomes prepared with egg phosphafid~ch~in~ (a) Membrane vesicles (50 #1, 0.5 mg call protein) were d i ~ d  in 1 ml 50 mM 
Mop~Tds (pH %2)/~4 M sucrose. (b) Sheep red b~od cd~ (1% (v/v)) and (c) fiposomes (0.77 mg fipid/m~ were suspended in 50 
mM Mops-Tfis (pH ~2)/100 mM choline c~ofid~ Grami~din S (2.5 ~1 ~ h a n ~  s~ufio~ fin~ c o n c e n t r ~ n :  25 ~g/ml)  was added 
at time zero. The measurements we~ made ~ 28°C. 

negafivdy charged membrane of Gram-negative 
bacteria such as E. coil ~0,34-36]. 

We also investigated the action of the dimer on 
various membrane systems. It was observed that 
the dimer did not increase the permeability of the 
isolated cytoplasmic membrane veeries of E. co~, 
the red blood cells and the liposomes at 50 # g / m l  
(data not shown L indicating that the dimer could 
not affect the permeability of the cytoplasmic 
membrane of cells. The dimer was able to increase 
selectivdy the permeability of only the outer 
membrane of bactefi~ 

Finall~ we measured changes in the phase 

0.3 (o) 

O. 2 ~ ~  
(c) 

OA 

20 . . . .  

~m~e~ure (~C) 

~g. 12. Changes in the degree of p~afization of DPPC lipo- 
somes before and after ad~tion ~ ~ a m ~  S or ~ e  ~mer  m 
48/8~  (~  DPPC fiposomes ~one (100 ~M) in buffer s ~ m ~ n  
c o n ~  50 mM M ~ T r i s  ~ H  Z 2 ~ l ~  mM c h i n e  c~o- 
fide. (b) After addition of ~ a m i ~ n  S ~ 0  ~M). (~  After 
addition of the ~mer ~ 0  ~M). 

~an~tion temperature of DPPC liposomes in- 
duced by gramicidin S and the dimer. It was 
observed that gramicidin S decreased the phase 
tranfifion temperature of fiposomes, while the di- 
mer did not to a fignificant extent (Fig. 12). These 
differences in the effects on the phase tranfition 
temperature will be discussed in connection with 
the permeabifity change of the cytoplasmic mem- 
brane. 

D ~ c u s s b n  

The present study showed that grami~din S 
increased the permeabifity of both the outer and 
cytoplasmic membranes of E. co~. Firsfl~ we 
shall discuss the action of gramiddin S on the 
outer membran~ We have recently reported that 
the dimer in 48/80, bis[2-methoxy-5-(2-methyl- 
aminoe thy l )phenyl ]methane  d ihydroch lo f id~  
stimulates the permeabifity of the outer membrane 
of E. co# [15,16]. This compound is an unusual 
dication having the ability to increase the permea- 
bility of the outer membrane. In general, polycat- 
ionic compounds with a small number of bafic 
charges do not show such activity [6,7]. In the 
present study, we showed that gramicidin S also 
enhanced the permeability of the outer membrane. 
We confider that the increase in permeabifity is 
caused by the binding of grami~din S with fipo- 
polysacchafide molecules existing at the outride of 
the outer membran~ Since divalent cations (such 
as Mg 2+ and Ca 2+) are necessary to hold lipo- 



p~ysacchafides stab~ in the ou~r  membrane 
~,6,37], substitution at this b ind~g f i~  with an 
amphiphatic ~cat ion of large f z e  will d ~ l ~ e  
the outer membrane to cause an i n , e a se  in per- 
meab~f f .  Howeve~ ~amines of a small fize may 
fit to the inherent space at the b ~ n g  rite of 
fipop~ysaccharide and m ~ n t ~ n  a stable outer 
membrane structure. It is conc~vable that after a 
g ramid~n  S m ~ e cu~  had ~s rup~d  the ou t~  
membrane ~ructur~ probably anolher g ramid~n  
S m ~ e c ~ e  reached the c~ophsmic  membrane 
and caused the efflux of K +. 

It was ob~rved that gramiddin S elidted the 
etflux of K + without a time lag ~ ~ m p ~ u ~ s  
above the phase ~anfition of the c y ~ a s m i c  
membran~ We have recen~y repoaed that po~-  
rayon ,  B, a cationic p~ypepfide with five bas~ 
charge~ causes the efflux of K + from ~ co# cells 
after 30 s, and this efflux decreased at ~ m p e r ~  
tures bdow about 30°C [1~. In an experiment 
ufing ~ e d  cyto~asmic membrane v e f d e s  of 
~ co#, ~ e  dday  of the effiux of K + was not 
observed wi~  p o ~ m y ~ n  B and ~ e  efflux de- 
creased at ~mper~ures  bdow 20°C [10]. Thus we 
have concluded that ~ e  ~ r a ~ n  of p ~ y m y ~ n  
B with the ou~r  membrane is the ra t~determi~ng 
step in the action, and the pha~  ~anf t ion  tem- 
p ~ u ~  of the ou~r  membrane a f r o s  the 
pen~rat ion of p ~ y m y ~ n  to the c y ~ a s m i c  mem- 
brane [10]. In con~ast with the action of po~-  
my~n  B, gramiddin S in , eased  the etflux of K + 
~om ~ coli cells without a time lag ~ ~ m p ~  
tures above 20°C. It is conc~vab~ that, because 
g r a m i ~ n  S is a small~ m~ecu~  with two basic 
charge~ it can readily p e n ~ r a ~  the outer mem- 
brane and can increase the K + p~meahif i ff  even 
at ~ m p ~ u ~ s  bdow the pha~  t ranf t ion of the 
o u t ~  membran~ 

We showed that the dimer permit~d ~ e  per- 
meation of the ~ n o p h o ~ s  nigerian and gramici- 
din D. D o s ~ s p o n ~  curves of the ~mer  (F~.  7) 
showed ~ a t  ~ger idn  passed through thc ou~r  
membrane mcre easily lhan g ramid~n  D. Tem- 
perature dependence (Fig. 8) data showed that 
nigeficin and grami~din D ~creased the efflux at 
~mper~ures  above the phase ~anf t ion  of the 
cytoplasmic and ou~r  membrane ,  ~spectivdy. In 
a d ~ t ~  nigerian ~ e a s e d  the efflux rapidly, 
while g r a m i ~ n  D increased it ~ow~,  with con- 
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siderable dday  (Fig. 6). The differences in ~m p e~  
ature dependence and time course of action of 
n~er idn  and gramiddin D d o s d y  resemble the 
difference between gramiddin S and p o l y m y ~  
As in the case of polymy~n action, the outer 
membrane became the barrier to the permeation 
of gramiddin D at ~mperatures bdow the phase 
~anf t ion  of the outer membrane. 

Here, we compared the degree of di~uption of 
the outer membrane structure caused by poly- 
m y ~n  B and the dimer. Although p ~ y m y ~ n  a c i d  
on E. ~o~ cells at ~mperatures above the phase 
t ranf t ion  of the outer membran~ pre~ous study 
[10] has shown that this antibiotic rendered the 
ou~r  membrane permeable ~o tetraphen~phos- 
phonium ion (TPP +) at ~mpera tu~s  below the 
phase ~anf t ion  of the outer membran~ showing 
that p ~ y m y ~ n  enables the smaller TPP + mole- 
cu~s to permea~ at lower ~mperature~ zs in the 
s y n e r g i ~  effect of the dimer with n~efidn.  It 
has ~so been observed that polymy~n led to a 
greater amount of uptake of TPP + than the dimer 
(compare Fig. 4 in Re~ [10] with Fig. 10 in this 
papeO. These facts indicate that p o ~ m y ~ n  formed 
a defect structure of rather larger f z e  than the 
dimer, though polymyxin itsdf co~d  not effi- 
~enfly permea~ the outer membrane at ~ m p e r ~  
tures bdow the phase ~anf t ion  of the outer mem- 
bran~ probab~ due to i~ large and highly charged 
molecular charactefisfic~ Furthermore, it was sup- 
posed that the dimer and gramiddin S formed a 
defect structure of a fmilar  f z ~  because the 
concen~ation dependence of the dimer and 
gramiddin S on syner~sm seemed to be rather 
fmHar. These comparisons imply that the f z e  of a 
defect structure increases in the order: the dimer 
= grarni~din S < polymy~n B. 

Next we confider the mechanism of action of 
grami~din S on the cytoplasmic membrane of E. 
co6. SeverM authors have investigated gramiddin 
S-induced changes in the permeability of mem- 
brane. Gramiddin S increased the permeability of 
both Gram-negatNe and -poft ive ba~ef i~  mem- 
branes [1-3], fiposome [38] and planar bHayer 
membrane [39]. However, qui~ oppof i~  resul~ 
have been reposed  on mitochondfi~ membrane 
[40-42]; a more recent work showed that 
grami~din S increased permeability O l A ~ ,  while 
the earlier study indicated that it did not affect 



618 

permeability [4~. Gramiddin S did not enhance 
the permeabihty of sheep red blood cells in an 
ea~ier study [43]; neve~hde~,  the present study 
showed that permeability was increased by the 
compound. It is reasonable to suppose that 
gramiddin S can increase the permeabihty of vari- 
ous kinds of membrane~ though a few exceptions 
exist as described above. 

PhysicochemicM mmhods including X-ray anM- 
ysis revealed that the conformation of gramiddin 
S is a B-sheet structure [2,3~4]. This structure is 
retNned in solven~ with a wide range of polarity 
[45]. The compact folding of the gramiddin S 
molecule precludes the posfibility for a carfie~type 
ionophore [46]. It has been reported that a di- 
acetyl derivative of gramiddin S reduced antimi- 
crobial acti~ty [46], indicating that the amino 
group of gramicidin S is e~entiM to the acti~ty. 
This result is understandable in the case of 
Gram-negatNe bac~ria, since amino groups of 
gramiddin S may attack the dNMent cation rite of 
lipop~ysaccharide molecu~s in the outer mem- 
brane. 

It was observed that gramiNdin S decreased the 
phase tranfition ~mperature of neutral phos- 
pholipid DPPC (Fig. 12), in agreement with the 
previous result obtNned by differentiN scanning 
cMorimNry [47]. Gramiddin S is also known to 
decrease the phase ~anfifion ~mperature of 
another neu~M fipid, dimyristo~phosphatid~- 
chofine ~8]. However, the dimer in 48/80 did not 
affect the phase tran~tion ~mperature of DPPC 
to a fignificant extent. It has Nso been reposed 
that polycationic compounds such as compound 
48/80 [4~ or polymy~n B [26] do not affect the 
phase ~anfition ~mperature of neu~M phos- 
pholipid~ though these compounds can decrease 
the phase uanfition ~mperature of acidic phos- 
pholipids. This indicates that gramiddin S, differ- 
ing ~om many polycafion~ can penetrate into 
even neu~M fipids constituting the mNn part of 
biologicN membranes and can expand the dis- 
tance between nNghboufing phospholipid molo  
cules to decrease the phase ~anfition ~mperature. 
It seems likdy that such a strong membrane dis- 
turbance leads to an increase in the permeability 
of various biologicN and a~ifiNN membranes 
without sdecti~ty. Papaha~opoulos and co- 
worke~ [50,51] have reported that there is a corre- 

lation b~ween the ability to decrease the phase 
transition ~mperature and to increase the permea- 
bihty of membran~ 

Finally, we compared the ~ction of gramiddin 
S with that of other polycations. It is known that 
bafic oligopeptides or po~amines with a smMl 
number of bafic charges do not inhibit bac~r i~  
growth [6,7~ except for the hmited examp~s such 
as p ~ y m y ~ n  B described above [1~3~. Various 
analogues of grami~din S have been p r e p a i d  and 
their ant im~robi~ acti~ties have been investi- 
gated; howeve~ the s ~ u ~ u r ~ a ~ i ~ t y  relationships 
are still obscure ~ , 3 ~ .  We are now considering 
these rd~ionship~ Besides grami~din S, it has 
been shown that another type of diamin~ 
irehdiamine A, is ba~e r i~d~  to E. co~ [52]. ~nce  
irehdiamine A is a dication with a bulky s~ro id~ 
rin~ it is conc~vab~ that this compound can also 
increase the permeabi~ty of both the outer and 
cytoplasmic membranes of E. co~ to reduce cell 
~ability, sirnJhdy to the ~ction of grami~din S. 
M~h~amino  derivatives of irehdiamine A were 
~so p~pared,  and it was observed that increased 
methyl substitution decreased the antimicrobial 
a~i¼ty [52]. As yet, this substitution effect is 
u n e x p l ~ n a ~  
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