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The ion of ion ch Is by the d iibi d was ined using black hp|d membranes and
usmg the patch-clamp technique. In black lipid membranes madc from glyccryl or a ph Icholine / phosph
inc mixture, in induced plex fl in i 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 scen in patch-clamp cxperiments with HCA-7 Colony 29 human colonic

ithelial cells. The ct is displayed weak anion

and the smaller Lhannuk formed in patches from cpithelial cells
in was i

hieved at lower whien the black lipid

showed weak inward-rectification. Channel ion by

membrane was made with phospholipid rather than with glyceryi monoolealu Lower coneentrations were effective in gen

ng
d that in forms ion in both artificial and

of initially small channels into larger ones is considered to be

wnducldnuc m cp1\hclu| cclls thdn in bilayers. It is
of vein and
responsible for the recorded bek and to final disrupti
Intreduciion
Di ycin is a d antibiotic obtained

from Streptoverticillium cinnamonicus {1} vwhich has
been shown to affect a number of membrane transport
properties in various systems [2-7). Recendly it has
been reported that duramycin increases chloride secre-
tion and activatcs Cl~ channel activity in airway epi-
theltum [8-11] and that duramycin increases on trans-
pon (as deicrmined by short-circuit current, I, mea-

) and stimul a rise in intracellular Ca®*
when applied to the apical membrane of cclonic epi-
thelial cells [12). In the same study it was shown that
addition of duramycin to black lipid hilayer niembranes
caused complex current fluctuations. In some reports
[8-12] the potential therapeutic value of duramycin in
cystic fibrosis, where there is a disorder of epithelial
chloride transport, was discussed. In this study we have
employed techniques to study the mteracnnn uf du-

Materials and Methods

1. Bilayer erperimzms
Exp

D! and f of black linid
bn'ayer membranes. A schemauc diagram of the appara-
tus, a madification of earlier designs (Tripathi, S. and
tHadky, 5.B., unpublished data) is shown in Fig. 1. The
upper (vpen) compartment comprised a 2 ml cup ma-
chined from a solid cylinder of Teflon (pol Tuoro-
cthylene) with a srall hole through the bottom [13].
The lower (closed) compartment consisted of Teflon
tubes connecting the Teflon cup, a hollow Ag/.4gCi
cylinder and a Hamilton syringe with a Teflon-tipped
plunger. A Ag/AgCl wire formed one electrodc and
the Ag/AgCl cylinder formed the other [14),

Black lipid films were formed across the end of the
Teﬂon iube (i.d. 0.8 mm, o.d. 1.5 mm) using standard
[15,16] from either 3.6 mg/ml glyceryl

ramy=in with both artificial and bi
to discover the properties of the ion ch:mnc\s formed.
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(GMO) in n-hexadecane or a mixture of §
mg/mi L-a-dioleoyiph hano! (PE) and
5 mg/| r-a-dioleoylphosphatidylcholine (PC) in n-de-
cane. The size and position of the membranes were
adjustcd by altering the volume of the lower compart-
ment using a micrometer syringe.

Duramyein was added to the electrolyte solution in
the upper compartment in concentrations of 2-50 uM,
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either before or after formation of the film. The du-
ramycin was thus present on either one or both sidcs of
the membrane. All apparatus which came into contact
with aqueous or lipid solutions was cleaned in a sul-
phuric acid-dichromate solution. Experiments were
performed at 23 £ 1°C.

A virtual earth voltage clamp circuit and a poten-
tiometer were used to apply a constant potential differ-
ence across the membrane and to measure the current
through the membrane [17). Concentration gradicnts
across the membrane were established by lowering the
membrane a small distance into the Teflon tube, re-
placing the top solution. and raising the membrane
back to the end of the tube.

Chemicals. Duramycin (F.W. 2012) was generously
supplicd by Dr. O.L. Shotwell (U.S. Department of
Agriculture, Peoria, IL, USA) and was dissolved in
distilled water. The n-alkanes were of puriss grade and
were obtained from Koch-Light Ltd. They had been
passed through an alumina column to remove polar
impurities. The GMO was obtained from Sigma Chem-
ical Co. and the phospholipids from Avanti Polar Lipids
Inc., Pclham, AL, USA. The inorganic salts were of
analvtical reagent grade and where appropriate had
been roasted at 600°C to remove organic impurities.
Aqueous solutions were prepared using distilled water
from a commercial still in which all tubing and a seal
containing plasticizers had been replaced with Teflon
and rubber, respectively.

-—

AQ/AGC! wire

e

+————— Taflon cup

Toflon ,u‘m/ «——— AQ/AGC! cyinder electrode

Hamiton sy “Ige micromeier

Fig. 1. Schematic diagram of vilayer apparatus. The black lipid film

is shown lowered slightly dows the Teflon wibe that connects the

Teflon cell and the Ag/AgCl cylinder electrode. * represents a lipht
soures,

TABLE 1

Composition of solutions used in patch-clamp experiments

All solutions contained 10 mM Hepes (N-2-hydroxyethylpiperazine-
N'-2-ethanesulphonic acid) titrated to pH 7.4 with NaOH together
with 1 mM EGTA (1,2-(di(2-aminocthoxy)ethanc-N.N.N N "tetra-
aeetic acid).

NaCl K€l Sucrose  Ca*' *  Duramycin
(mM)  (mM} (mM) (M) )
Soluion P - 145 - w0 -
Soluticn D - 145 - 107 41077
Solution B 140 s - 107% -
Solution R - 20 250 10} -

* CaCly was added to give the free Ca®* activities above.

2. Membrane patch recordings

Cell ctilture. HCA-T Colony 29 cclls, derived from a
human colonic adenocarcinoma [18] were prepared
and grown i confluence on Petri dishes as described
in detail previously [19,20].

Patch-clamp experiments. 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. Fres
Ca®* was calculated using the cquations given in Ref.
. Solutions were filtered iminediately before use with
0.22 um Acrodisc filters (Gelman Sciences, Ann Ar-
bor, M1, USA). In contrast to Ref. 22 recordings were
made at a bath temperature of 33-37°C. The tempera-
turc was maintaincd using a Narishige (USA) MS-C
temperature controller and micro-incubator system.
When making up the solutions the pH was adjusted to
take account of the shift of pH displayed by Hepes
huffer when the temperatnre is raised from 21 te 35°C.

Recurdings were made and data analysed as de-
scribed previously [22].

Resuits

1. Bilayer experiments

Duramycin, on one or both sndcs of tlic membrane,

duced fl in t d after
a contact time of between 30 s and 30 min. Some
fluctuations were simple and step-like whilst others
were complex and could not be resolved into step-like
changes. The membrane conductances and the sizes of
the resolved steps tended to increase with time. Steps
smaller than 100 pS as showr in B were difficult to
wesolve, partly as a result of the l'miled recording
bandwidth kdpprnx 40 H7) at tne required sencitivities,
and portly t es usually i d
rapidly beyond this stage. Disuicic sicps, from 50 pS to
20 nS were observed over 2.5 h in an experiment in
which duramycin was present at approx, 16 uM in 1.0
M NadCl on both sides of the phospholipid membrane.
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iembrane current of GMO and phospholipid
membranes in tive presence of duramyein, In A and B durainycin was
present at concentrations of approx. 25 xM in 1.0 M NaCi on both
sides of a GMO membrane. The appiied potential was —50 mV. In
C dusamycin was present at concentrations of approximately 10 uM
in 1.0 M NaCl on both sides of a phospholipid membrane, The
applied potentials was — S50 mV. The time-scale lines are placed at
the level of the membrane currents in the absence of duramycin, i.c.
at the “closed’ level,

Duramycin induced current fluctuations in ‘black’ films
only, and not in thick or ‘coloured’ films. Duramycin
therefore appears to form channels only in bilayers.
Fig. 2 illustrates sample recordings. Ten experi-
ments were performed using GMO iwembranes and
wweive using pliosphelipid membranes. in Figs. 2A and
2B both simple and complex fluctuations are observed.
The lifetime of the channels is extremnely variable and
transient to very long openings are observed. Fig. 2B

TABLE I
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Fig. 3. Cur 1 ips for channels. Du-

ramycin was present .n concentrations of approx. 4.5 uM (open
circles) and 10 ¢ M (filled circles) in 0.1 M NaCl on both sides of a
phospholipid membrane.

features a channel uf approx. 200 pS conductance that
was open for many seconds. In Fig. 2C the membrane
appears to contain two very large channels (approx. 8
and 10 nS) which have very long openings, together
with several smaller channels.

In both GMO and phospholipid membranes the
channel activity elicited by duramycin occurred on a
similar time scale and with a similar range of step sizes.
The lowest concentrations of duramycm which pro-
duced membrane cond were app
mately 10 uM for GMU membranes and 2 pM for
phospholipid membranes. The highest speciiic mem-
brane conduciances observed under identical condi-
tions of approx. 10 uM duranyein in 1.0 M NaCl were
approx. 4+ 107° S/cm? fui GMOC membrancs and ap-
prox. 8 107% S/cm* for phospholipid membranes,

Fig. 3 illustrates the results of two experiments in
which the membrane conductance remained relatively
constant for a sufficient time to allow the determina-
tion of & current-voltage relationship. In both curves
the conductance is relatively independent of voltage at

Mentb:ane ecuiibrian potentials (E,,) and permeability ratios (P / Py, ) for duramyein chamels in artificial bilayers

wp = Vooram: Memby
using the Gok
electrolytes other than the 1:1 eicctroiytes (e
vonductances in these experirients rimged from 19

MeCl, and C:

equilibriom pu!v.mi s were general

Hodgkin-Katz equation. The quantitative analy:

‘to 107" §/emé,

ucible to within 1 mV. £y /Py, was calculated from membrane
of equilibriuin potentiads in systems involving

») is extremely complex and was not attempted. Specific membrane

Electrolyte wolutions Membrane £y & Poi /Py
(top solution: bottom (mV)
solution)
1.0 M NaCl:0.1 m NaCl MO + n-hexadecane +7.0 . 2 1.8
PE + PC+ n-decans +104 6 [N
PE +PC+ n-decane ~8.2 S -
PE +PC+ n-decane -7 2 -
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low applied potentials. Under these conditions au-
nnels do not appear to possess substantial
rectification properties.

The results of experiments on ion selectivity are
shown in Table 1l. The specific membrane conduc-
tances in these experiments were relatively low in
order to minimise the influence of the boundary layers
ia the adjacent xqueous 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

Duramycin applied to the apical membranes of cul-
tured cpithelial cells in a monolayer increases the /i,
.12]. To examine this effect at the single-channel level,
patch clamp recordings were made from HCA-7 Colony
29 cclls at physiclogical temperatures. Duramycin was
present in the pipette solution (Solution D) at 0.4 uM.
The strategy for recording was to make a scal on the
cell. If no native channels were evident * the patch
was cxcised. briefly anr npus»d[ 1]and held at = +40
mV. If any ct fiatcly after re-
piacing the pipette in the h1th the patch was discarded.
In the absence of duramycin, channels cither appear
immediately or arc absent over recording periods of
over 20 min. Typically, channel activity began to ap-
pear 4-5 min after scal {ormation. Single-channe! cur-
rent/voltage relationships, together with a representa-
tive recording are shown in Fig. 4. The reversal poten-
tal (E,.,) for conditions where there were substantial
gradients of Na* and K* but 2o anion gradient across
the patch, [Na* Lo + (K ) 00e = [Nl +
{K* ) i5 approximately 0 mV. As shown in Fig. 4A
(filled circles), if the bath solution’s ion uctivity was
substantially reduced soosmotic replacement of KCI
ose, the £ shlflud in the negative direciion,
implying inward Cl currcnt The E,., for 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 the channcl shows relatively poor sclectivity for
anions (P,/Py = 2.65) under these conditions.

Four channels which were siable long enough for a
comparison of conductances at two potentials to be
made showed inward conductances at —40 mV of 45,
61, 33 and 36 pS (mean + S.D, = 43,75 + 12,5 p$) and
outward conductances at +40 mV of 27, 45, 20 and 32

Colony 29 cells contain a number of aative chemnel *ioes. the
commonest of which are a 20 pS non-selective cation channel with
linear conductance which tive in attached and inside-out
m inward-reclifying potassiuin chauael which runs down on
ctifying chloride channel which is ucti-

viatedd hy depolarisation or iniracelllay cAMP (241

pS. respectively (mean + S.D. =31 + 10.53 pS). Usu-
ally, once channel activity had appeared in an excised
paich, channcls rapidly proliferated leading to exces-
sively noisy current recordings and ultimately to break-
age of the patch, The very large steps recorded in the
bilayers were not seen. The conductances 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) represcnt thrce consecu-
tive 5.12 s recordings. The three lowest conductance
states arc evident in the first period; up to five open
channels are evident in the second period, and up to
six in the third. The nuiber of cvents at cach conduc-
tance level increases dramatically during 15 s. Fig. 5(B)
shows part of the current recordings from which the
data in the first and third curves of Fig. S(A) were
derived. Initially two open states were disczrnible,
whilst later, six states can be identitied. It was not
feasible to determine 2 single-channel open probability
or the number of conductance states per channel as it

&
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Fig. 4, (A) Current-voltage relationship for single chanac! appearing
in inside-out patch of HCA-7 Colony 29 cell. Open citcles: Solution
1) in pipette and Solution B i m bath, Triangle: Solution D in pipette,
Solution P in bath. Fi ci

. (B) Singl umrdmp made at a ¥y ot =53 mV of
spmlku:u:uusly by appuaring channel activity. Solution D was in the
pipette and Solution B ia the bath. The bath temperature was 33°C

und the closed level is shown by the arrow,
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was never possible to be certain how many channels seen in this study are the result of duramycin interact-
were active in the patch at any onc time. ing with the membrane. It is possible that the channels
Some caution needs to be exercised in the interore- seen represent channels native to the Colony 29 cell
tation of the patch-clamp data inasmuch as it is not membrane, and that they are activated by duramycin.
possible to be absolute in asserting that the channels However, this explanation would require at fcast onc
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Fig. 5. (A) Single point i i made from three ive 5.12 s periods (sequentially, dashed-dotted line, dashed lize and solid
line) from « patch held at —49 mV. Solution P in bath, Solution D in pipette, temperature 36°C. Data points weie sampled at 250 ps intervals,
(B) S.mples from current recordings from which the ficst (lower trace) and third (upper trace) curves in (A) were made The dotted lines show the
open states, The majorily of the carlier recording shiws up to two open states, while in the later recording up to six open states can be discerned,
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thousand 50 ¢S channels in the approx. 0.4 uM diame-
ter patch to account for the cbserved currents.

Discussion

In this study duramycin was examined under two
somewhat dlfferent condmons In lipid membrancs du-
fluctuations only in bi-
layer membranes and not in thick fitms. This together
with the extremely large channel conductances ob-
served strongly suggests that duramycin channels con-
sist of pores rather that carriers.

The observation of a range of channel conductarices
in bilayers (50 pS to 20 nS) suggests that chaanel
formaiion 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 /. produced by
duramycin was highly dependent upon the concentra-
tion of duramycin applied and at levels between 2 and
5 uM 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 duramycin molecules may
insert into membranes in a prefcried orientation in a
voltage-dependent manncr 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 cvident in the
cell membranes.

Although duramycin-induced fluctuations in mem-
brane conductance were very similar, the concentra-
tions of duramycin required for channel formation
were approx. S-times higher in GMO than in phospho-
lipid membranes (which in turn required higher con-
centrations than in the membranc 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 consi
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 channel 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 P, /Py, obtained (1.5
for GMO membranes and 1.7 for phospholipid mem-
branes) are in good agreement to the ratic of the
conductivities for agueous solutions (A3,,A°%, = 1.52 at
25°C). Qualitatively, the low values of tie membrane
equilibrium potentials obtained with Mg** and Ca?*
(—8.2 and —7.1 mV, respectively) also suggest that
duramycin channels are permeable to both monovalent
and divalent cations.

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

absorption, with symmetrical bathing solutions or chlo-
ride secretion when a suitable gradient was isposed.
Again, this suggests that there was little selectivity for
anions over cations whea duramycin was applied to the
apical surface. Since epithelial cells grow in a polarized
fashion, apical membrane uppermost and thus accessi-
ble to the patch pipette, it is likely that the duramycin-
induced channcls in the patch-clamp experiments cor-
respond to those responsible for the increase in /. It
is worth noting that the patch-clamp experiments were
performed at physiological temperatures, thus reflect-
ing (ne 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
duramycin upon I in HCA-7 Colony 29 cclls [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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