
Biochimica et Biophysica Acra. 1107 (1992) 179-185 179 
~0 1992 Elsevier Science Publisilers B V. All rights reset~'ed b~]5.2736/92/$05.110 

BBAMEM 7.~ 660 

Ion channel formation by duramycin 

Tanay R. Sheth, Robert M. Henderson, Stephen B. Hladky and Alan W. Cuthbert 
Department of Pbarmacology. Unicersity of Cmnbridgt'. C'ambridgc (OK/ 

(Received 12 December 1991) 

Key words: Duramyein; Ion channel; Black lipid membrane; Epithelium: Coion: (Strept<a'erticil!ium) 

The formation of ion channels by the nonadccapcptmc aniibiotic duramycin was examined using black lipid membranes and 
using the patch-clamp technique. In black lipid membranes made fcom glyceryl monoolcate or a phosphatldylcholine/phospha- 
tidylethanolamine mixture, duramyein induced complex fluctuations in membrane conductance, some step-like and some which 
were incapable of being resolved into discrete conductance states. Both conductance and largest step size increased with time. A 
similar time-dependent increase in conductance was seen in patch-clamp experiments with HCA-7 Colony 29 human colonic 
epithelial ccUs. The channels displayed weak anion selectivity and the smaller channels formed in patches from epithelial dells 
showed weak inward-rectification. Channel formation by duramycin was achieved at lower concentrations when the black lipid 
membrane was made with phospholipid rather than with glyceryi monoolcate. Lower concentratlons were effective in generating 
conductanccs in epithelial cells than in bilayers. It is concluded that duramycin forms ion channels in both artificial and 
biological mcmbrancs..~ccumulation of duramycir, and coalescence of initially small channels into larger ones is considered to be 
responsible for the red edcd bchaviour and to final disruption of membranes. 

lntmd~:ction Materit~ls and Methods 

Duramycin is a nonadecapeptide antibiotic obtained 
from Streptocerticilfium cim~amomcuz [I] which has 
been shown to affect a number of membrane transport 
properties in various systems [2-7]. Rece~l:ly it ~las 
been reported that duramycin increases chlor:ide secre- 
tion and activates CI-  channel activity in airway e',~i- 
theimm [8-11] and that duramycin increases on  tral~lS- 
port (as determined by short-circuit current, i~¢, mea- 
surements) and stimulates a rise in intracelhdar Ca ~+ 
when applied to the apical membrane of colonic epi- 
thelial cells [12]. In the same study it was shown that 
addition of duramycin to black lipid bilayer n tembranes 
caused complex current fluctuations. In some reports 
[8-12] the potential therapeutic value of duramycin in 
cystic fibrosis, where there is a disorder o~. " epithelial 
chloride transport, was discussed, in this study we have 
employed techniques to study the interaction of da- 
ramycin with both artificial and biological membranes 
to discowr the properties of the ion channels termed. 

Correspondence: R.M. Henderson. Department of Pharmacology, 
Universily of Cambridge, Tennis Court Road, Cambridge CB2 IQJ, 
UK. 

I. Bilayer ¢~periments 
Experhnental apparatus and formation of  bl~ck !O, id 

bilayer r~embranes. A schematic diagram of the appara- 
tus, a modification of earlier designs (Tripathi, S. and 
Hladky, 5.B., unpublished data) is shown in Fig. 1. The 
upper k,pen) compartment comprised a 2 ml cup ma- 
Chined front a solid cylinder of Teflon (polytctrafiuoro- 
ethylene) with a small hole through the bottom [13]. 
The lower (closed) compartment consisted of Teflon 
tubes omnecting the Teflon cup, a hollow Ag/AgCI 
cylinder and a Hamilton syringe with a Teflon-tipped 
plunger. A Ag/AgCI  wire formed one electrode and 
the Ag/AgCI cylinder formed the other [~4]. 

Black lipid films were formed across the end of the 
Teflon tube (i.d. 0.8 ram, o.d. 1.5 ram) using standard 
techniques [15,16] from either 3.6 mg /ml  glyceryl 
monooleatc (GMO) in n-hexadecane or a mixture of $ 
m g / m l  L-u-dioleoylphosphatidylcthanolamine (PE) and 
5 mg/ I  :.-a-dioleoylphosphatidylcholine (PC) in n-de- 
cane. The size and position of the membranes were 
adjusted by altering the volume of the lower compart- 
ment using a micrometer syringe. 

D,~ramycin was added to the electrolyte solutit,,~ h~ 
the upper compartment in concentrations of 2-50/~M, 
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ei ther  before or after  formation of ti:e film. The du- 
ramyein was thus present on ei ther  one or both side:; of 
the membrane.  All appara tus  which came into contact 
with aqueous or lipid solutions was cleaned in a sul- 
phurie acid-dichromate solution. Experiments  were 
performed at 23 5: I°C. 

A virtual earth voltage clamp circuit and a poten- 
t iometer  were used to apply a constant potential  differ- 
ence across the membrane  and to measure the current  
through the membrane  [17]. Concentrat ion gradients  
across the membrane were established by lowering the 
membrane  a small distance into the Teflon tube, re- 
placing the trip solution, and raising the membrane 
back to the end of the tube. 

Chemh:als. Duramycin (F.W. 2(112) was generously 
supplied by Dr. O.L. Shotwell (U.S. Depar tment  of 
Agriculture,  Peoria, |L,  USA) and was dissolved in 
disti l led water. The n-alkanes were of puriss grade and 
w~re obta ineu from Koch-Light Ltd. They bad been 
passed through an alumina co|afire to remove polar 
impurities. The G M O  was obtained from Sigma Chem- 
ical Co. and the phospholipids from Avanti  Polar Lipids 
Inc., Pelham, AL, USA. The inorganic salts were of 
analytical reagent  grade and where appropriate  had 
been roasted at 600°C to remove organic impurities. 
Aqueous  solutions were prepared  using disti l led water  
from a commercial  still in which all tubing and a seal 
containing plasticizers had been replaced with Teflon 
and rubber, respectively. 
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Iris. I. Schematic diagr, im of ;}ilaycr apparatus. The bhtck lipid film 
is shown lowered slightly dow:~ tht Teflon tube that connects the 
Teflon cell and tl:e Ag/AgCI cylinder electrode. * represents a lil,.ht 

.source. 

'IABLE I 

Cbmposition of solutions used in patch.clamp ealn, riment~v 
,~,11 solutions contained 10 mM Hepes (N-2-hydroxTethylpiperazine- 
N'-2-ethanesulphonic acid) titrated to pH 7.4 with NaOH together 
with I mM EGTA (I,2-(di(2-aminoethoxy)ethane-N.N.N'.N'.tetra. 
~cetie acid). 

NaCI KCI Sucrose Ca z+ " Duramycin 
(mM) (mM) (mM) (M) (M) 

Solution P - 145 - 10 -r, - 
Solution D - 145 - 1() -r' 4.10 -7 
Solution B 140 5 - 10 -3 - 
Solution R 21) 251) 10 -3 - 

:' CaCI 2 wa:~ added to give ',',he frcc Ca 2+ actMties above. 

,Z Membrane patch recurdings 
Cell cult,m,. HCA-7 Colony 29 ccll~, derived from a 

lauman colonic adem,catcinoma [18] were prepared 
and grown ~, confluence on Petri dishes as described 
in detai l  previously [19,20]. 

Patch-clamp ,experinwnt~. Patch-clamp experiments  
were conducted using the inside-out conformation of 
current  recording [21] as described previously [22]. The 
composition of solutions used is given in Table 1. Fre.e 
Ca:  " was calculated using the equations given in Ref. 
23. Solutions were filtered im,aediately before use ~i tb  
0.22 p.m Acrodise filters (Gelman Sciences, Ann Ar- 
bor, Mi,  USA). In contrast  to Ref. 22 recordings were 
made at a bath tempera ture  of 33-37°C. The tempera-  
ture was mainta ined using a Narishige (USA) MS-C 
temperature  controller and micro-incubator system. 
When making up the solat ions tb,~ pH was adjusted to 
take account of the shift of pH dlsp[ayed by Hepes 
buffer when the temperat~tre is raised from 21 to 35°C. 

Rcc.,,rditzgs were made and data analysed as de- 
scribed previously [22]. 

R e s u l t s  

1. Bilayer experiments 
Duramycin, on one or both sides of the membrane,  

produced fluctuations in membrane  conductance after 
a contact t ime of between 30 s and 30 rain. Some 
fluctuations were simple and slep.l ike whilst others 
were complex and could not be resolved into step-like 
changes. The mentbrane conductanees and the sizes of 
the resolved steps tended to increase with time. Steps 
smaller  Ihan 100 pS as sl~owll, in B were difficult to 
resolve, r~artly as a result of the limited recording 
bandwidth t~approx. 40 Hz) at tne required aet~ifivities, 
and partly because conductanees usually increased 
rapidly beyond this stage. Dis~:,c~.e steps, from :50 pS to 
20 nS were observed over 2.5 h in an experiment  in 
which duramycin was present  at approx, IC IxM in l.fl 
M NaCI on both sides of the phospholipid membrane,  
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Fig. 2. Fluctut~t]on.., in n~cmbran¢ current of GMO and phospholipid 
membranes in tl:e presence of duramy,:in. In A and B duramycin was 
present at concentrations of approx. 25 p.M in 1.0 M NaCi on both 
sides of a GMO membrane. Tba applied potential was -50  inV. In 
C dui'amycin ~as present at concentrations of approximately 10 #M 
in 1.0 M NaCI on both sides of a pbospholipid membrane. The 
applied potentials was -50  inV. The fime-scale lines are placed at 
the level of th~ membrane currents in the absence of duramycin, i.e. 

at the "closed' level. 

Duramycin  induced cur ren t  f luctuat ions  in ' b l ack '  films 
only, and  not  in thick o r  ' co lou red '  films. Duramyc in  
there fore  appea r s  to form channe l s  only in bilayers.  

Fig. 2 inlustrates sample  recordings.  "Fen experi-  
ments  were. pe r fo rmed  using G M ( )  m e m b r a n e s  a n d  
twcivc usint~ pho.~pht~lipid membranes ,  in Figs. 2A a n d  
2B both  simple a n d  complex f luctuat ions  a rc  observed.  
The  lifetime of  the channe l s  is ext remely var iable  a n d  
t ransient  to very long open ings  a rc  observed.  Fig. 2B 
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o / e  

-2100 - 1 5 0 - 1 0 0  _ , ~ *  50 100 150 

/ 
o -lOO 

/ 
, /  - 1 5 0  

0 -200 
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F;~.. 3. (urrent-w,ltagc relationships fi)r duramycin channels. Du- 
ramycin was present at concentrations of approx. 4.5 /zM (open 
circles) and Itl pM (filled circles) in 0.1 M NaCI on both sides of a 

pbospholipid membrane. 

fea tures  a channel  o f  approx.  200 pS conduc tance  tha t  
was  open  for  many  seconds,  in Fig. 2C the m e m b r a n e  
appea r s  to conta in  two very large  channels  (approx.  8 
a n d  10 nS) which have very long openings ,  t oge the r  
with several  smal ler  channels .  

In both  G M O  and  phosphol ip id  m e m b r a n e s  the 
channe l  aetivit~ elicited by duramyc in  occur red  on  a 
s imilar  t ime scak '  a n d  with a s imilar  r ange  o f  s tep sizes. 
The  lowest conc~nt ra t ions  of  duramycin  which pro-  
d u c e d  m e m b r a n e  c o n d u c t a n c e  changes  were, approxi-  
mate ly  10 /zM for  GM(3 m e m b r a n e s  and  2 /zM for  
phosphol ip id  membranes .  The  highest  speciitc mem-  
b r a n e  conduc iances  observed u n d e r  identical  condi-  
tions, o f  approx.  1~) p M  duramyc in  in 1.0 M NaCI were  
approx.  4~ 10 -~' S / ( ' m "  fo~ G M O  m e m b r a n e s  and  ap-  
prox. 8"  10 -'s S /cm: ;  for  phosphel ip id  membranes .  

Fig. 3 i l lustrates the results  o f  two exper iments  in 
which the m e m b r a n e  conduct~mce r ema ined  relatively 
cons tan t  for  a sufficient ~'ime to allow the  de te rmina -  
t ion of  a cur rent -vol tage  relat ionship,  in both  curves 
the c o n d u c t a n c e  is ~elatlvely independen t  o f  vol tage a t  

Memb,-ane eo,rilihrium t)owmials (E,.)  told permeability retios {P¢'I / P,%',) ) far d.rm,,y.'h) ~'.~)~¢)t)),./~ in arti~icia! h)/uyers 

,'~.~ = V.,I,- Vt~o.oT .. Memblane cquilibri..ml potentials ~,cre gu))erally r~:pr~dueibk' Io within I inV. I 'ct/Pna wa,~ calculated fl'ont membrane 
equilibrium pmcntials using the Gul~,malt-Hodgkin-Katz equation. The quantitative analysis of equilihr~ul~l potentials in syst~'ms involving 
electrolytes otber than the I:l  eiuetrL)iytes (e.g. L~4gCI~ and CaCI:.) is extremely compl.2x am) ,~vas not attempted, qpr.r~fi~, membrane 
~onductanees in these experil;~ents ranged f)om I0 : to 10 -'~ S/era-'. 

Electrolyte ~,~¢utlons Membrane E m n P('l / PN., 
(top solutkm: bottom (mV) 
sobaion) 

1.0 M NaCI :t),l Ivl NaCI (,MO + n-hexadccaoe + 7.6 2 I .S 
PE + PC + n-dr:cane + 10.4 6 I.~ 

0.1)5 M MgCI: :0.1 M NaCI PE + PC+ n-decane -8.2 5 - 
t).t)5 M CaCI: :0. I ?.1 ~aC~ P E ÷ PC + n-decan¢ - 7. I 2 - 
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low applied potentials. Under these eondition~ du- 
ramyein channels do not appear to possess substantial 
rectification properties. 

The res:.dts of experiments on ion selectivity are 
shown in Table 11. The specific membrane condue- 
tances in these experiments were rela:.i~ly low in 
order to minim|so the influence of the boundary layers 
ia the adjacent aqueous phases on the measured po- 
tentials. Exchanges of the top solution were sometimes 
accompanied by significant decreases in membrane 
conductance, necessitating the addition of further du- 
ramycin, 

2. Membrane patch recordings 
Duramyein applied to the apical membranes of cul- 

tured epithelial cells in a monolayer increases tile i~ 
~12]. To examine this effect at the single-channel level. 
patch clamp recordings were made from HCA-7 Colony 
29 cells at physk, logical temperatures. Duramycin was 
present in the pipette solution (Solution D) at 0.4 #M. 
The strategy for recording was to make a seal on the 
cell. If no native channels were evident * the patch 
was excised, briefly alr-exposed [21] and held at --- +41) 
inV. If any channels appeared immediately after re- 
placing the pipette in the bath the patch was discarded. 
In the ab:;ence of duramycin, channels either appear 
immediately or arc absent over recording periods of 
over 20 rain. Typically, channel activity began to ap- 
pear 4-5 rain after seal formation. Single-channel cur- 
rent/voltage relationships, together with a representa- 
tive recording are shown in Fig. 4. The reversal poten- 
tml (Ere ~) for conditions where there were substantial 
gradients of Na + and K ' but m~ anion gradient across 
the patch, [Na+]oin~,~. + [K+]pq,t.u,. = [Na+],,,,  + 
[ K~ ]h,a,, is appr,)ximately 0 inV. As shown in Pig. 4A 
(filled circles), if the bath :,olution's ion act!vity was 
substantially reduced h}, isoosmotic replacement of KCI 
with sucrose, the E,¢~ shifted in the negative direction. 
implying inward CI- current. The E,,.~ ft~r this condi- 
tion in Fig. 4 is -- 19 mV whilst the theoretical Nernst 
potential for the prevailing ionic gradient is -78  mV 
(for a channel selective for anions). This result suggests 
that ~hc ehaunel ~hows relatively poor selectivity for 
anions (P(~/P~ ~- 2.65) upder these conditions. 

Four d~aanels which were ::table [oilg enough for a 
comparison of conduetances at two potentials to be 
made showed inward conduetanees at - 4 0  mV of 45, 
6i, 33 lind 36 pS (mean _+_ S.D. = 43.75 :L 12.5 pSI and 
outward conductances at + 40 mV of 27, 45, 21) and 32 

f:olony 29 cells conlain a number of native ehc~ncl "Tnu'~. the 
con|mones~ ot which are a 21) pS non-selective cation channel with 
linear conductance which is active in cell attached and inside-out 
mode. an inward-reclifying p~ltassium chaund which runs down on 
excision and an outward-rectit~.'h~g chitwidc channel '.'.'hich is acti- 
vau,d hy del'~darbation or ih~racellulm cAMP [24,1. 

pS, respectively (mean + S.D. = 31 _+. 10.53 pS). Usu- 
ally, once channel activity had appeared in an excised 
paich, ¢hanaals rapidly proliferated leading to exces- 
sively noisy cur:eat recordings and ultimately to break- 
age of the patch. The very large steps recorded in the 
bilayers were not seen, The conductanees increased to 
levels above the large step size and the patches rup- 
tured in less time than was taken for the large steps to 
appear in the black lipid membrane experiments. A 
recording demonstrating the effect of channel prolifer- 
ation is shown in Fig. 5. The three single point ampli- 
tude histograms in Fig. 5(A) represent three consecu- 
tive 5.12 s recordings. The three lowest conductance 
states are evident in the first period; up to five open 
channels are evident in the second period, and up to 
six in the third. The liuinber of events at each conduc- 
tance level increases dramatically during 15 s. Fig. 5(B) 
shows part of the curren~ recordings from which the 
d-z, ta in the first and third curves of Fig. 5(A) were 
derived. Initially two open states were disc:rnible, 
whilst later, six states can be identified. It was not 
feasible to determine a ~[ngle-channel open probability 
or the number of conductance states per eitanne[ as it 

A p A  ' ~  

' ' " ~ ~ '  " ~o -,oo- o . ;  .o  .o  

2 ,i 

B 

50 mQo~ 
l'ig. 4, tA) Currc.nt-v,~lht~c rdationship for sipl;le dzanad appearing 
m iuside-out patch or IICA-? Cohmy 29 cell. Open circles: Solution 
i) in pipette and Solutiol'J B in hath. Trian~,le: Solution D in pipette, 
Solution P in bath. Filled circles: Solution El in pip,:lle, S~lution R in 
bali1. (B) Singl~:-chai;n,:i zccording made at a V h ot --53 mV of 
sp~mi~auously by appearing channd activity, Solution D was in the 
pipenc and Solulkm B in the bath, The hath lemperature was 33°C 

and the dosed level is sh~lwr, I~y the arrow. 



was never possible to be certain how many channels 
wer(~ active in the patch at any one time. 

Some caution needs to be exercised in the interpre- 
tation of the patch-clamp data inasmuch as it is not 
po;~sible to be absolute in asserting that the channels 
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seen in this study are the result of dufamycin interact- 
ing with the membrane. It is possible that the channels 
seen represent channels native to the Colony 29 cell 
membrane, and that they are activated by duramycin. 
However, this explanation would require at least one 
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Fig. 5. (A) Single point amplitude histograe'i made from three cop~eeklt[ve 5.12 s periods (sequerdialiy. dashed-drifted line. dashed li.'le and solid 
line) from ': patch held at - 4 9  mV. Solution P in bath, Solution D in pipette, temperature 36°C. Data points wc~e .,,ampled at 250 #s inter'¢.als. 
(B) S.mplus from current recordi,gs hem which the fi.'st (lower trace) and third (upFer trace) curves in (A) were made The dotted lines show the 
()pen states. The majority of :~;: e;~rlier recording shrews up 1~. twL~ oliL:n '~[ales. while in the latcl recording up to six open stales can he discern~.l. 
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thousand 50 I:S channels in the approx. 0.4 #M diame- 
ter patch to account for the observed currents. 

Discussion 

In this study duramycin was examined under two 
somewhat different conditions. In lipid membranes du- 
ramycin induced conductance fluctuations only in bi- 
layer membranes and not in thick films. This together 
with the extremely large channel conductances eb- 
served strongly suggests that duramyein channels con- 
sist of pores rather that carriers. 

The observation of a range of channel conductar,ces 
in bilayers (50 p$ to 20 nS) suggests that channel 
formafon is extremely complex and may be the result 
of aggregation of many molecules in the plane of the 
membrane. In Ref. 12 the change in I~ produced by 
duramycin was highly dependent upon the concentra- 
tion of duramyein applied and at levels between 2 and 
5/~M currents became unstable. 

The proposed structure of the duramycin molecule 
suggests that it possesses two free charges, a positive 
charge at Lys-2 and a negative charge at Glu-3. This 
raises the possibility that duramyein molecules may 
insert into membranes in a preferred orientation in a 
voltage-dependent manner and that this may lead to 
duramycin channels possessing rectification properties. 
There was no evidence for rectification in the bilayer 
experiments but weak rectification was evident in the 
cell membranes. 

Although duramycin-induced fluctuations in mem- 
brane conductance were very similar, lhe concentra- 
tions of duramycin required for channel formation 
were approx. 5-times higher in GMO thao in phospho- 
lipid membranes (which in turn required higher con- 
centrations than in the membrane patches), and the 
largest conductances observed under identical condi- 
tions in phospholipid membranes were approx. 20-times 
higher than those in GMO membranes. This is consis- 
tent with the notion that duramycin interacts specifi- 
cally with PE [3,5,6]. it should also be noted that this 
specificity does not appear to be absolute. The ex- 
tremely large caannel conductances observed in black 
lipid bilayers suggest that the selectivity of duramycin 
channels under these conditions will be the same as for 
aqueous diffusion. The values of Po/PN~, obtained (1.5 
for GMO membranes and 1.7 for phospholipid mem- 
branes) are in good agreemern to the ratio of the 
eonduetivities for aqueous solutions (A~,I/',~°N. = 1.52 at 
25"C). Qualitatively, the low values of tae membrane 
equilibrium potentials obtained with Mg '÷ and Ca z÷ 
( -8 .2  and -7.1 mV, respectively) al~o suggest that 
duramyein channels are permeable to both monovalent 
and divalent cations. 

Transepithelial ion transport in Colony 29 monolay- 
ers [12] stimulated by duramyein was either sodium 

absorption, with symmetrical bathing solutions or chlo- 
ride secretion when a suitable gradient was imposed. 
Again, this suggests that there was little selectivity for 
anions over cations when duramyein was :~pplied to the 
apical surface. Sittce epithelial cells grow in a polarized 
fashion, apical membrane uppermost and thus accessi- 
ble to the patch pipette, it is likely that the duramyein- 
induced channels in the patch-clamp experiments cor- 
respond to those responsible for the increase in !~. It 
is worth noting that the patch-clamp experiments were 
per,~ormed at physiological temperatures, thus reflect- 
ing tile situation in Ref. 12 whilst those in the planar 
lipid bilayers were performed at room temperature. 
The closely related nonadecapeptide antibiotic Ro09- 
0198 [25] has been shown to have similar effects to 
duramyein upon I~ in HCA-7 Colony 29 cells [12] and 
is thought to form aqueous pores with a radius similar 
to the hydrodynamic radius of sucrose in liposomal 
membranes through a specific interaction with PE, 
resulting in 'clustering' of PE molecules in the mem- 
brane [26]. It is likely that duramycin forms analogous 
pores. 
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