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SUMMARY 

I. As a model  for the  in teract ion of prote ins  and lipids in membranes ,  the ion- 
car ry ing  proper t ies  of the cationic decapep t ide  tvr(widine B in phost~holipid bilavers 
were s tudied.  

2. They differ in three pr ineipal  ways from tha t  . f  the neu t ra l  carriers  va l in . -  
mvcin and monact in .  

3. The presence of cholesterol  (i : I  molar  ratio) makes  the kinetics bim<~lecular. 
4. The presence of amines in the aqueous phase increases the N a  conductance  

re la t ive  to 1,2 t t ' .  
5. H c{mductance is n . t  ra te  l imi ted  by surface reacti(m, and is increased by  

ln~)re hydrophobic  amil~.es. 
(>. The results  in general  indicate  tha t  there  is interference between ions ~m tim 

carr ier  s t ruc ture  which may  be allosterie in nature .  
7. if  the affinit\" for the single ions is very  different,  this opens up t i le possibi l i ty  

~)f contr~/1 of ionic conductance  bv the presence <ff a smalh!r q u a n t i t y  of an~M~er 
ion; and further,  by a tield dissociat ion (Wien) effect, may  explain  the switching 
phenomeno11 obta ined  with ~)ther more highly associat ive ant ibiot ics .  

I NTIU)I)I ' ("I ' I()N 

The act ion of antibi<)tics on lipid bi lavers  have t)r~)vided useful models ,~f 
undoubtedh"  more compl ica ted  plLvsit)logical membrane  permt 'a t ion meehanisn>.  
The lat ter ,  as present ly  unders.t<)od, have been reviewed 1)\' EISENMAN 1 a l l d  ])RI';SSM:\N e. 

An]ong tilt" neutra l  carriers  only val inolnvein a and the macr(/lide aet ins 4 have been 
s tudied sufficiently sys temat ica l ly  to correlate  their  action with s tructure.  I \Ax~w 
('! al. a and ( )HNISHI  AN1) l,'le.I¢'~'~; using NMR have given a s t ruc ture  which aet't)unts 
f~r I( i specificity of va l inomvcin  on the basis of hydrot)hilie cav i ty  size, while f~,r 
the actins tile except ional  specificity for N H4! found b \  Sz.\Bo ~'t al. a e~mld be explained 
b\" the at) t)roximate cubic sx-mmetr\ '  of t i le model  of I'~IIAgOUI{N ~'[ a l .  r as opposed 
t .  the 3-fold (Sa) s y m m e t r y  of val inomvein.  This is the first indicat i (m tha t  i,m 
s t ruc ture  as well as size and hydra t ion  p lay  a role in i-n speciticity.  
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E F F E C T  OF A N T I B I O T I C S  ON ION P E R M E A B I L I T Y  2 0  

Another  source of specificity can be the lipid composition of the bilayer. 
Thus for the pore-forming polyene antibiotics, cholesterol appears to be necessary<9; 
however, its action on the macrolide actins is a large reduction in mobili ty wi thout  
change in specificity 4. So, except for some semi-quanti tat ive results with liposomes m 
showing effects of sterols, the biologically impor tant  question, what  kinds of lipid-ion 
carrier speeificities exist, remains open, even for the simplest systems. 

As a first approach to this problem the action of the cyclic decapeptide tyro-  
cidine B known from a report  of BEAN 1~ to give ion-specific conductance, was studied 
in relation to the at)ove parameters.  I t  contains 12 an ornithine (~,6-diaminovaleric 
acid) residue with a protonated amino group (pK = 8.65) and thus has H ~-carrying 
capaci ty which among other things supplies a useful reference from which to estimate 
association with other ions. 

M I'. 'THODS 

These were similar in most  respects to those described by SZABO ct al. 4. The 
2-compar tment  (each IO ml) chamber was milled out of 1.5-inch teflon cube. The 
separating septum was countersunk one side to a 1.4-mm diameter aperture and 
flat the other allowing the use of a flattened teflon tube, containing the lipid sample, 
which could then be drawn by a rack and pinion type of manipulator,  across the 
aperture to spread a film. For flexibility in choice of buffer anions, agar-saturated 
KC1-AgCI Ag electrodes were used with no excess fluid and small junction area 
(to avoid leakage) giving a total resistance of 2.5" lO 4 -(2 in I mM KCI. Temperature  
was maintained at 35 ° by means of an infrared lamp. The whole apparatus  was 
mounted  in clean-air canopy (Dexon Corp., Minneapolis). 

Phospholipid, consisting mainly of t)hosphatidyl choline, but  containing 
traces of ethanolamine and inositol phosphatides, was prepared from soy bean 
extract  (Asolectin, Associated Concentrates) by extraction with chloroform-methan~l  
(5:7, by vol.) and precipitation with excess (IO:i ,  v/v) acetone. All solvents were 
glass distilled and preparations done under a clean-air canopy. After draining off 
acetone the residue was dried under high vacuum and then without  releasing the 
vacuum enough ,>decane was admit ted to give a final concentrat ion of ioo mg/ml. 
This stock solution, kept at IO °, appeared to be stable against oxidation for about 
a month.  For phospholipid it was diluted to 3o mg/ml and for phospholipid chole- 
sterol or phospholipid cholestenone to 2o mg/ml plus  Io  mg cholesterol (standard 
for chromatography,  Sigma Chemical Co.) or cholest-4-ene-3-one (Eastman). 

Water,  deionised to 5 M.(2.cm to remove NHa, was distilled from a small 
still s traight into the chamber  in silu. Salts were added as concentrated solutions 
using a Io-/,l pneumatic  micropipette (Eppendorf). Tyrocidine (Rapicidin, I.ot 
No. Io6, \\:allerstein Co.) was dissolved to zo mM in methanol  and diluted to I .  Io a 
I- Io-"  M in water immediately before each addition, in view of its known ~a tendency 
to form large micellar complexes in aqueous solution. Further,  in view of the possi- 
bility tha t  contaminat ion  la with gramicidin S might obscure the results, it was 
established, using a sample of the latter purified bv countercurrent  distribution, 
that  the threshold concentrat ion for this antibiotic to produce a measurable conduc- 
tance increment was at least two orders of magni tude  higher. 

Stirring was accomplished by miniature magnetic spin-bars. Before use, 
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chamber  and glassware were subjec ted  to a cleaning sequence of chromic acid, 
a lkal ine  de te rgent  (Hemosol), deionised water  (large volume for e. 4 h), acetone, 
chlorofl)rm. Wi th  these precaut ions  bi lavers having a surface resistance of 3" IOS- 
5" IoS D ' c m 2  were ob ta ined  and this was adop ted  as cri terion of freedom from c(m- 
tamina t ion .  In the  following the front  chamber ,  conta ining the inspection window 
and grounded,  will be called 'outs ide ' ,  the other  ' ins ide ' ;  and the sign of potent ia l  
correspondingly.  A glass electrode in the outs ide moni tored  the pH ; unless otherwise 
s ta ted  this was 7.2, the ant ib io t ic  concent ra t ion  2" IO : M, and lipid, t)hospholipid - 

cholesterol.  
Potent ia l  and  resistance were measured with a Kei th lev  6IOB electrometer ,  

using the cons tan t -cur ren t  genera tor  for the lat ter .  The measured open circuit  
resistance of the e lec t rometer  plus associated connect ions was i . I ( i ' "  D. A fiber 
opt ic  l ight  source, held by a rack and pini(m man ipu la to r  was ad jus ted  to give 
specular  reflection from the bi laver  which was observed with a binocular  microscope 
(Bausch and Lomb).  A micrometer  eyepiece was used to measure the effective d iamete r  

of 'b lack '  lipid. 

llESUI.TS 

Fig. i shows dependence  of resistance on tvroc id ine  B concentra t ion  at  low 
(I.45 raM) salt  concentra t ion.  For  phosphol ip id  tile slope corresponds to a specific: 
conductance  (=speci f ic  surface conductance  per equiv cat ion per mola r i ty  anti-  
biotic), referred to K ~, ~rK'ryr 4.6" tO" -(2 l ' m o l e  2. This lies between SKNon--- 
8 ' I O  s .(2 l ' m o l e  " for nonact in  a and O'KVal-- I I ' IO6 .(2 - l ' m o l e  2 for val inoinvcin a 
(es t imated  ex t r apo la t ion  to low salt  concentrat ion) .  For  t)hospholipid cholesterol 
and  t )hosphol ipid-choles tenone,  however,  the  reacti(m is qui te  closely bimolecular.  

In view of this,  a difference in ion specificities was looked for, again with 
Tris  as tile common (to both sides) cation.  Fig. 2 shows tha t  a l though an inversion 
of expected  sequence N H 4  ~ > t( + ~. N a -  of permeabi l i t ies  was observed this was 
not a l tered by  phosphol ip id-choles tero l ,  r a the r  t i le t r anspor t  ra t io  of each ion was 
lowered with respect  to Tris. This lead to the  suspicion tha t  the  la t te r  was responsible 
for the inversion itself; in fact  this  (-an be concluded by  compar ing  the lower Na t  
conduc tance  re la t ive  to Tris  of Fig. I to the poten t ia l  developed by Na ~ in the presence 
of Tris of l:ig. 2. Measurement  of bionic potent ia l s  in I mM phosphate  buffer showed 
K ~ ~ NH4'  > Na ~ with I ' K N a - -  @35 m V ,  however,  the ()tiler pai r  of potent ia ls ,  
l 'Kxn4  --t 6 mV and VNH4Xa - -  - - I 0  m\: ,  were not  addi t ive  in a sense indica t ing  
t ha t  N H 4  causes selective increase in the Na  ~ conductance.  

The use of buffers was based on the assumpt ion  H -  conductance  would be 
high. Fig. 3, Curve B, shows tha t  this is not  the  case, in the fact the bionic t r anspor t  
ra t io  THK ( - - e  eVHN/eT) 2o, the saine value found by  LEv AND BUZHINSKY a 
for val inomycin.  This means  t ha t  it  is possible to examine pH dependence,  in the 
range 4.5 7 .z of ion conductances  unmasked  by  H '  conductance.  Acetic acid was 
used to change the pH because of its buffering capaci ty ,  however, tile results  were 
not  essent ial ly  different using HC1, so tha t  the H : -carrying capac i ty  of the former ~4 
was not  in quest ion.  

l:ig. 3, Curve A, shows tha t  K- conductance  is inversely propor t iona l  to the  
concent ra t ion  of H -  indica t ing  tha t  one-half  of the  dimer  carr ier  is con t r ibu ted  by  
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EFFECT OF ANTIBIOTICS ON ION PERMEABILITY 31  

the uncharged species. This fact accounts for the rapid approach to the Nernst 
slope (58 mV/pH unit) at pH 4.5 and allows one to measure rUK and l"IlNa in the 
presence of amines by working in this region. Curves C and D, Fig. 3, show that 
assuming the usual Goldman type ]~ of relation between conductance and potential, 
Na + conductance is increased 2.5 times (corresponding to a pH shift of o. 4 pH unit 
in tile 'Nernst' region) in tile presence of NHa +, while the corresponding Curve B 
shows effectively no shift. This mav be interpreted to mean either there is no 'amine 
effect' for K +, H + or that they are the same. The latter is ruled out by the apparent 
increase in Na~ conductance bv this method being not less (actually it is greater) 
than that given by the bionic potential. However,  this is not true for other amines. 
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Fig. I. B i l ayer  surface  res i s tance  in the  presence  of 1.45 mM Tris buffer for des ignated  l ipids,  
and v a r y i n g  t y r o c i d i n e  B concentra t ion .  Curves  B and C record l'K.x-a as funct ion  of t y r o c i d i n e  
B c o n c e n t r a t i o n ,  ins ide and  outs ide ,  respec t ive ly .  × - x ,  phosphol ip id ,  /~ - - - A ,  p h o s p h o l i p i d -  
cho l s tenone ,  O O,  phospho l ip id -ch lo l e s tero l ;  [3 . . . .  M, phospho l ip ide -cho les tero l  in sod ium 
p h o s p h a t e  buffer. 

l;ig. 2. Potent ia l  deve loped  by  des ignated  cat ion  X = Na +, I( +, NH4~, outs ide;  1.45 mM Tris 
both sides. Dashed lines,  phosphol ip id;  solid l ines,  phosphol ip id  cholesterol .  Curve  B, r . i o  7 
M tyroc id ine  1:1 out s ide  and XC1 = I(C1, inside,  p H  5.5. 

Curves E and I: show that the effect of tr imethylammonium is now also on the H ~ 
conductance leaving the relation between the Na + and K + conductances the same 
as in the presence of NH4L 

That the tyrocidine B-mediated H -  conductance is not rate limited at the 
bilaver surface is shown, Fig. zB, by the potential, generated by tvrocidine B alone 
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outside in distilled water (pH 5.5), representing tile effective concentrat ion ratio 
across the membrane.  The depence of potent ial  on KCI added inside is consistent 
with *nK ~3O. All the other s i tuat ions above were indifferent to the presence of 
tvrocidine B on one, rather  than both sides. However, this was fortui tous in view of 
the result of Figs. IB and IC for VKNa at other concentrat ions which shows a marked 
dependence on which side the tvrocidine B is present. 
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l:ig. 3. A, initially t mM potassium phosphate buffer, pH lowered equally at both sides by addition 
of acetic acid. Conductance measured on righthand scale. Curves 13-I:, following ion pairs (outside, 
inside, respectively). B (x). I<+-K~; B (o), NH 4' I<~; C, NH4~ Na' ;  E, (CHa):~NH~ Na~; F, 
(CHa)aNH ~ I,: + ; each initially as phosphates; pH lowered bvacetic acid at outside only. Potential 
measured, lefthand scale. 

I)ISCUSSION 

That  ion carriers which are (as for tvrocidine B) weakly selective may be 
modified by cofactors suggests this mechanism may be present in the action of bio- 
genie amines as t r ansmi t t e r  substances and possible has a role in active transport ,  
of the type where one has Na+/K ~ flux coupling 15. 

The effect of lipid composit ion in Fig. I can be explained by the presence 
of two surface reactions in sequence. The first, adsorption, is monomolecular  and 
normal ly  (i.e. for phospholipid) rate limiting. The second, dimerisation depending 
on the surface mobi l i ty  of carrier, is slowed up by cholesterol and becomes rate l imiting 
at concentra t ions  > 3" IO 7 M antibiotic.  The result  of Fig. 2B appears to show that  
in this case diffusion across the bilayer is actual ly  rate limiting, while the result of 
Fig. I, Curves B and C, which shows the effect of tyrocidine B on one side only or 
the other, is the reverse of what would be expected on a simple carrier hypothesis ~6 
and  seems to indicate tha t  the ion p redominan t ly  t ranspor ted requires the presence 
of another  in tile 'carrier ' .  

Thus, the interference of ions, which may  be regarded as a kind of allosteric 
action, is not  confined to one species being an N H 4 .  Bv modification of the Wien 
effect ~7, i.e. field-dependent ion dissociation, this could give rise to the 'b is table '  
behavior  tha t  has been observed for the larger cyclic nonadecapeptide alamethicin 1~ 
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and the cyclic hexadepsipeptide monamycin 19, where the order of the reaction is 
considerably higher, i.e. about 6 in both cases. 

In general the results show a more complicated behavior than neutral carriers, 
although there is no conclusive evidence here of the pore or channel formation that 
is present with gramicidin A (unrelated to gramicidin S) which is also bimolecular 
in its action ~°. However it should be remembered that carrier and pore mechanisnls are 
but limiting cases of a general mobile structure model and, therefore, such inter- 
pretations are presently rather tentative. A comparative study of cyclic peptides 
is indicated before general structural principles cai1 be formulated and these will 
be the subject of further communications. 
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