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Radiation inactivation of ion channels formed by gramicidin A.
Protection by lipid double bonds and by a-tocopherol
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The di induced by the cl ming peptide icidi A in lipid membrnnes is reduced by many
orders of itude on exp of the b and its en! to i d This results
from an i of free radicals of water radiolysis with the tryptop! idues of gramicidiu A. The sensitivity
of the ion ch | ds irradi: is 1) d in the of either vitamin E or of highly

unsaturated lipids. An increase of the D,, dose up to a factor of 50 was found. The phenomena are interpreted via a

reduction of the effective of free

unsaturated fatty acid residues or with vitamin E.

Introduction
The d ide gramicidin A is knawn to
form ion ch Is for lent cations in biol

membranes and in artificial lipid membranes. Due to
the numerous investigations of its structure and trans-
port properties (for a review, see Refs. 1-9), the grami-
cidin ch 1 is usually d as a well-charac-
terized model of the more complicated ion channels of
biological membranes.

‘We have been studying the effect of ionizing radia-
tion on this model chanuel in order to learn something
about the principles of how ion transport across biolog-
ical membranes may be affected by irradiation [10-12].
We have found that the gramicidin channels may be
inactivated by comparatively small doses of radiation
under approprlate expenmemal conditions. The inacti-
vation d ds on the si of OH"
and ofHOz- dicals (; d by water radiolysis)

(such as OH’) in the membrane by reaction with

membrane lipids are shown to function as effective
inhibitors of the radiation effect.

Materials and Methods

Optically black planar lipid membranes were formed
from a 1% solution of lipid in n-decane (Fluka, Buchs,
Switzetland; d for gas hy). The
lipids were obtained from Avanti Polar Lipids (Bir-
mingham, AL). Those having more than one double
bond per fatty acid re51due (dllmolwylphnsphatl-

Avlehols

dilinolenoylph dylcholine and di-
hid, Iphosphatidylcholine) were kept under ar-
gon and were inely tested for oxidation by spec-
ic d ion of conj d dienes at 233

nm [13,14] and by of malondialdel
formatlon (dllmolenoylphosphahdylcholme and di-
ar holine) [15]. a-Tocopherol

and is strongly coupled to the presence of the trypto-
phan residues of gramicidin A.

The present communication is concerned with the
role of certain membrane constituents which serve as
protective agents for the gramicidin channel. The
well-known radical scavenger a-tocopherol (vitamin E)
as well as unsaturated fatty acid side chains of the

Correspondence: G. Stark, Fakultét fiir Biologie, Universitit Kon-
stanz, D-7750 Konstanz, F.R.G.

was purchased from Fluka (Buchs, Switzerland).

A PTFE-cuvette for the formation of horizontal
lipid membranes was used, which allowed the mainte-
nance of a thin water layer above the membrane (1-3
mm) providing a very small attenuation of the X-ray
intensity (c.f. Fig. 1). The cuvette was arranged within a
lead shield and was irradiated with 80 kV X-rays
fi ltered by 0.3 mm Al (Phlllps-Muller RT100).

of gr 1s was studied by
application of a constant voltage of 50 mV and mea-
surement of the membrane current as a function of
time. The current, I (after amplification) and the dose
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Fig. 1. Schematic illustration (not to scale) of the experimental set-up

applied to study the effect of ionizing radiation on the conductance

of planar (black) lipid membranes. The current, 7, at a constant

voltage, V, and the dose rate, d D /ds, (via ionization chamber D) are

monitored as a function of time. The data are transferred into a
computer for further analysis.

signal - d from an i ber (PTW
DL 4, Physikalisch-Technische Werkstitten Dr. Pych-
lau, Freiburg, F.R.G.) - were fed into a computer
(Compaq 386,/20) equipped with analog/ digital board
DASI16F (MetraByte). The data were analyzed by using
the software package Asyst.

The aqueous solution in which the membranes were
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Fig. 2. Radiation inactivation of ion channels formed by gramicidin
A in phosphandylcholme membranes with a dlf!erent degree of
w i

(c)] dlll
of ili i and
choline, (5) 7:3-mixture of dmadndnnaylphosphaudylchohne and
diphytanoylphosphatidylcholine. , is the current before irradiation,

@
(4) 4:1-mixture

position of the double bonds of the fatty acid residues

of the lipids. The D5, dose will be larger by almost two

orders of magnitude, if the membrane is formed from

solutions, which contain a large pementage of h:ghly
d lipid (dilinol 1- or di

formed contained 1M NaCl (Merck, Suprapur) at pH 3 hati fine) as 4 with t formed
(unbuffered, air-saturated). The pH and the oxygen lusively from d chain diphy-

ration are i which deter- Iphosphatidylcholine. This indi that the ion
mine the radi: of icidin A [1011] h Is are p d against the radi effect in
C i ilabl icidin (Sigma), a the of lipid double bonds.

of gramicidins A, B and C at approximate ratios 8:1:2
was added to the membrane forming solution (10 ~6-
10~7 M). The presence of the organic

The relationship between the D,, dose and the
mole fraction, x;, of unsaturated iipid shows a compli-

and chloroform was 1l ided, since both sub-
stances 1-k radical gers. The
b d before ir was in the

range 107*-10"3 0!
2°C.

The applied dose rate, D, (varied between 1-20
Gy/min) was chosen in such a way that the D;; dose
was achieved within several minutes.

c¢cm~2 The temperature was

Results

The t d induced m the pres-
ence of the pore-formi b idin A will
be (virtually) d d to the basic d of the

pure lipid bilayer, if the membrane and its aqueous
is d to ionizi radlanon [10-12]
The sensitivity of the ch 1
dent on the position of the lipid bllayer (ct.
Flg 2 and Table I). The radiation dose, D;;,

cated beh (see Fig. 3). At low and at high mole
fractions, x;, the data agree with a linear relationship.

TABLE |
The radiation dose Dy, for inactivation of ion channels formed by

Ain b of different
The D, dose is defined as the radiation dose necessary to reduce
the membrane conductance to 37% of its original value. The data
represent mean values of typically five membranes (+5.D.). The
lipids are characterized by their fatty acid residues and (apart from
the saturated branched chain phytanic acid) by the number and
positions of their double bonds (in brackets).

to reduce the membrane conductance to 37% of ns
original value, depends on the number and on the

Fatty acid residues D5(Gy)
Diphytanoyl

(3,7,11,15-C(16:4CH,,) 1.38+0.28
Dipetroselinoyl (4%-C,g,) 41 +06
Dioteoyl (4%-Cyg.4) 55 +06
Dielaidoyl (trans 4>-Cy.,) 55 +09
Dilinoleoyl (A*12Cy. 103 £23
Di (425.Chq.5) 492
Diarachidonoyl (45310 "-C;, ) 82

2 Values extrapolated from Fig. 3 (x(i)=1).
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Fig. 3. The itivity of in channels via the D,

dose) as a function of the mole fraction x(i)= n(i)/(n(i)+ n(dp))) of
.m unsammed lmld. i, in a saturated lipid (dpl) (dpl

i i=dili
(18:3-PC) or diarachidonoylphosphatidylcholine (20:4-PC)). The bars
indicate the standard deviation observed with at least five different
membranes. The solid lines represent least square fits to the data
assuming a linear relationship between Dy, and x,. The

herol

is il d. There is, | , an addi-
nonal phenomenon in this case, namely the appear-
ance of a more pronounced shoulder in the inactiva-
tion curves. There is a threshold of the radiation dose,
below which the channels appear virtually insensitive
towards an irradiation. The threshold increases with
the concentration of vitamin E. No threshold is ob-
served in the absence of vitamin E. The inactivation
curves d in the or at of poly-
unsaturated lipids show a continuous decrease even at
low radiation doses (not shown in Fig. 2).

Discussion

Gramicidin A is the first ion channel whose mecha-
nism of inactivation by ionizing radiation has been
studied in some detail [10-12]. The radiation-induced
decay of the membrane conductance has been shown
to be due to a d of the single ct 1 conduc-
tance and also due to a reduction of the formation rate
of open ion channels.

tal conditions were as described in the Iegend to Fig. 1.

There is a transition between the two regions at x,=

ds by an indirect radiation effect,

0.2-0.3, which may indicate a lateral phase separation
inside the membrane (see below) Membranes formed

from dilinol 1- or di

phatidylcholine were found to be rather unstable.
Therefore, the corresponding D, values of Table I
were obtained by extrapolation from Fig. 3 (x(i)=1).

Gramicidin channels also appear to be protected
against the effect of ionizing radiation in the

ie. by a of free radicals of water radiol
with one of the tryptopt idues of icidin A.
The process of mactlvanon stans by attack of OH"
Is (or of duced by OH ",
such as Cl57) which is followed bya reacnon with HO,
A+R; > A )
A+R,~B @
A = gramicidin A, R;=OH" (Cl;"), R,=HO;, B=

of a-tocopherol (c.f. Fig. 4). As in the case of unsatu-
rated lipids, channel inactivation will be observed at
higher radiation doses, if the concentration of a-

1.0
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dose/Gy
Fig. 4. Radiation inactivation of gramicidin channels in the presence
of a-(ooophcml Thc membranes were formed from solutions of
ine (1%) and in n-decane
(Gnolar ratio 1:0 (1), 5:1 (2) and 3:1 (3)). The D;; dose values
obtained are 1.2 Gy (1), § Gy (2), and 7.6 Gy (3).

inactivated state.

Eqns. 1 and 2 have been tested by the action of
radical scavengers, by the analysis of the shape of
inactivation curves as well as by studying the kinetics of
inactivation by using the method of pulse radiolysis
[11]. The experiments agree with the assumption that
reactions (1) and (2) with a single tryptophan residue of
a gramicidin channel are sufficient to convert the chan-
nel into a state of virtually zero conductance. This
holds for normal gramicidin A with four tryptophan
residues per monomer. In the case of gramicidin ana-
logues havmg only one or two tryptophan re5|dues per
monomer, leads to a reduced
nel conductance. The necessity of more than one tryp—
tophan residue per for
inactivation — in combination with a smgle residue that
has to be modified by radical attack only - has been
explained by intramolecular energy transfer leading to
a chemical modification of all tryptophan residues of
the respective monomer [12].

The free radical OH' — apart from its importance
for the inactivation of transport systems inside a lipid
bilayer — is well-known for its ability to initiate lipid




peroxidation (for a review, see for example, Refs. 16—
21). This process, by way of a radical chain mechanism,
leads to the formation of lipid peroxides, and finaily to
short chain decomposition products such as aldehydes
and alkanes. A simplified model of the radical chain
mechanism explaining the formauon of lipid peroxxdes
and including initiation, p and termi

is given by Eqns. 3 to 6:

Initiation (by a radical species X, e.g. OH"):

k
LH+X =L+XH 3

Propagation of the chain:

&,
L'+0,-L00" )
kl'
LOO +LH—~LOOH+L" 5)

Termination of the chain:

&y
LOO +LOO" —nonradical product (6)

It has been found that radlatlon-mduced lipid per-
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deuhle bends

1ipid bilayer

tryptophan

A gramicidin diner
residues

Fiz. 5. ic ar of a in dimer in a lipid
Lilayer membrane with one double bond per fatty acid residue.

effect discussed above. Protection (expressed via the
D;; dose, c.f. Table 1) increases with the number of
double bonds per fatty acid residue. The D,; dose is
identical for oleoyi- and elaidoyl-residues (i.e. cis- ver-
sus frans-residues) and is slightly smaller for dipet-

linoylphosphatidylcholine as ¢ d with di-

oleoylphosphatidylcholine.
Protection against free radical attack will show a
discontinuity, if membranes are formed from mixtures
idylcholine and diarachidonoyl

phc ine (c.f. Fig. 3). Two alternative inter-

id: has a profi on ion transport f dipk Iohosok
ey 1 Ol Giphy
across lipid membranes J by ion PR
carriers [22].

Lipid peroxidation is most efficient with lipids hav-
ing polyunsaturated fatty acid residues, i.e. this phe-

pretations may be envisaged to explain this phe-
nomenon:

(1) The increase of the D3., dose at x; = 0 3 may be
of di-

in the p X of understood by a
double bcmds As a the of hatidylcholi
the initiating species, OH, inside the membrane may

d to be | d by i g the number of
double bonds per lipid molecule. Therefore, the chemi-
cal modification, by attack of OH , of other membrane
constituents will be diminished. The protection of
gramicidin channels against ionizing radiation, ob-
served in the presence of unsaturated fatty acid resid

around the grami-
cidin channels for x; > 0.3. The formation of an annu-
lus of unsaturated fatty acid residues around the chan-
nel certainly would increase the efficiency of protec-
tion.

{2) The mixture of the two lipids shows the phe-
nomenon of a lateral phase separation leading to the

of two phases at large x,. The two
(c£, Figs. 2 and 3 and Table I) is thought to represent phases differ with respect to their content of diarachi-
an le of a ibly general G Is are
The spatial ar of the channel includin preferentially formed in the phase enriched in the
the I of its tr h Jues is ill d in S d lipid.
Fig. 5. It is lly believed that the icidi

channel is represented by a dimer formed by head to
head i of two [23) The dimeric
structure shows the ph of self-

Both alternatives would give rise to an increase of
the number of lipid double bonds in the neighbour-
hood of the channels and thus would lower the effec-

[24,25] which seems to be related to the process of
channel opening [12,26] (not shown .in Fig. 5). The
length of the dimer of about 25-30 A is considerably
shorter than the thickness of a lipid bilayer formed
from n-decane [27]. The four tryptophan residues of
each monomer are located at the channel mouth. On
the one hand this position allows free access of radicals
from the aqueous phase. On the other hand it is in
close contact with the region of double bonds of the
lipid bilayer which is ible for the

tive cc of OH " radicals at the tryptophan
resicuzs of the channel.

Protection against free radical attack is also ob-
served in the presence of vitamin E (a-tocopherol)
(Fig. 4). The latter is a well-known lipid soluble antioxi-
dant (for a review, see Refs. 28 and 29). Vitamin E has
beea found to react with both types of radicals, OH"
and HO; [30], which - according to Eqns. 1 and 2 -
are responsible for gramicidin inactivation:

OH'+ATOH — ATO"+H,0 [}
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HO; + ATOH — ATO +H,0, (8

ATOH = a-tocopherol.

It has been found that vitamin E also reacts with
lipid peroxyl radicals. The resulting vitamin E radical,
ATO, contrary to lipid peroxyl radicals, LOO", is not
able to abstract hydrogen atoms from fatty acid side
chains. Therefore, vitamin E not only reduces the rate
of initiation but also interrupts chain propagation dur-
ing lipid peroxidation (c.f. Eqns. 3-5).

Thus protection of gramicidin channels by vitamin E
against the effect of ionizing radiation is caused by the
same effect as protection by unsaturated lipids, namely
by a reduction of the effective concentration of free
radicals at the entrance of the channel.

There is a greater efficiency of a-tocopherol as
compared with unsaturated lipids at small doses of
radiation. This is concluded from the pronounced
shoulder, observed in the presence of vitamin E (c.f.
Fig. 4). There is Lardly a radiation effect up to about 2
Gy at a molar ratio lipid /vitamin E (in the membrane
forming solution) of 3: 1. Similar results were obtained
throughout the study of the inhibitory effect of vitamin
E on lipid peroxidation [28,31]. Two different factors
seem to contribute to the extraordinary inhibitory ef-
fect of vitamin E, namely high reaction rates of Eqns. 7
and 8, and the comparatively large lateral diffusion
coefficient of vitamin E [32), which exceeds that of
phospholipid molecules by one to two orders of magni-
tude.

The relative potency of the inhibitory effects of
vitamin E and of pol d lipids is, |
changed at comparatively large radiation doses. The

the s(udy We appreciate the support obtained by the
D F (Az. Sta 236/2).
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