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ABSTRACT The phenomena reported are part of a study about the effects of ionizing radiation on membrane transport. We found that the
conductance of lipid membranes in the presence of the polyene-antibiotics nystatin or amphotericin B is reduced to virtually zero
following irradiation. Ion channels formed by these substances seem to represent extremely sensitive structures being inactivated by
radiation doses in the range of a few Centigray (1 cGy = 1 rad) at sufficiently small dose rates. Inactivation shows a so-called inverse
dose-rate behavior, i.e., at constant radiation dose the effect increases with decreasing dose rate. Similar to radiation-induced lipid
peroxidation the phenomenon may be understood on the basis of a radical chain mechanism initiated by free radicals of water radiolysis.
The process-via peroxidation of the polyene part of the molecules-is suggested to modify the hydrophobic exterior and to destabilize
the barrel-like structure of the ion channels.

INTRODUCTION
Biological membranes have repeatedly been considered
as an important target for the development of cellular
radiation damage ( 1-4). The molecular basis of radia-
tion action on membrane transport, however, has re-
mained rather obscure. We have been studying the effect
of ionizing radiation on a series of model compounds,
which have been well-characterized with respect to their
ability to increase the ion permeability ofbiomembranes
and ofartificial lipid membranes. The radiation-induced
modification ofion transport, induced by channel-form-
ing substances or by ion carriers in lipid membranes,
may serve as a clue for possible radiation effects on more
complicated transport structures of biological mem-
branes.
The conductance of planar (black) lipid membranes

in the presence of model compounds was observed to
increase or to decrease by several orders ofmagnitude on
irradiation of the membrane and its aqueous environ-
ment (for a review see (5)). The function of a transport
system may be influenced by ionizing radiation in two
ways: a) The efficiency of a system may increase or de-
crease due to a modification ofthe lipid matrix (by radia-
tion induced lipid peroxidation). This was found to be
the case in the presence of ion carriers of the valinomy-
cin type (6). b) The system may become inactivated.
Inactivation may result from a chemical reaction with
free radicals generated by water radiolysis. The mem-
brane conductance induced by gramicidin A is reduced
by many orders of magnitude by a reaction ofOH and
ofHO; radicals with the tryptophan residues of the pep-
tide (7-9). The hydroxyl radical OH' and the perhy-
droxyl radical Ho2 (as well as other oxygen radicals) are
well known for their deleterious cellular effects and have
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been discussed in the context with a variety of dis-
eases ( 10).
The present contribution reports about an extreme

sensitivity of the conductance induced by amphotericin
B or nystatin in planar lipid membranes, ifthe latter are
irradiated by x-rays or by fast electrons from a linear
accelerator. Both substances belong to the same class of
polyene antibiotics. They are characterized by lactone
rings, which contain a series ofdouble bonds (a heptaene
in the case ofamphotericin B and a tetraene and a diene
in the case of nystatin). It is these special structural char-
acteristics, which account for the high reactivity of the
compounds towards radiation induced free radicals and
are finally responsible for the strong changes of the ion
permeability observed at irradiation of polyene doped
lipid bilayers.

MATERIALS AND METHODS
Planar lipid membranes were formed from a mixture of lipid and cho-
lesterol dissolved in n-decane (standard for gas chromatography;
Fluka, Buchs, Switzerland) in aqueous solutions containing appro-
priate amounts of either amphotericin B or nystatin. The lipids
(dioleoyllecithin, diphytanoyllecithin, dilinoleoyllecithin, and dilino-
lenoyllecithin) were obtained from Avanti Polar Lipids (Birmingham,
AL, USA), the polyene antibiotics from Sigma Chemie (Deisenhofen,
Germany). Stock solutions ofthe latter in dimethylsulfoxide (DMSO)
were prepared every 1-2 wk and were kept light-protected at -20°C.
Lipid membranes were formed in aqueous solutions (prepared daily)
of either 0.1 M or 1 M NaCl (usually pH 3, unbuffered) to which small
amounts of the stock solutions of the antibiotics were added. Their
concentration was chosen to obtain a membrane conductance in the
range of I0 4-l0-2 Q-' cm-2 (about 50-500 ng/ml amphotericin B or
1-3 gg/ml nystatin, depending on the concentration ofcholesterol and
on the salt concentration). The maximum concentration ofDMSO in
water was less than 30 mM (less than 100 ,l DMSO per 50 ml water).

Irradiation of the membranes and their aqueous environment by 80
kV x-rays was performed as described in detail in a previous publica-
tion ( 11). A PTFE-cuvette was used for the formation of horizontal
lipid membranes (of 1 mm diameter). Thereby, the water layer above
the membrane could be kept sufficiently thin ( 1-3 mm) to ensure a
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FIGURE I Inactivation by 80 kV x-rays of ion channels formed by the
antibiotic amphotericin B in planar lipid membranes. The radiation-
induced decay ofthe electric current, I, at a constant voltage of 50 mV,
was followed as a function of the radiation dose. The original conduc-
tance (Io = current before irradiation) was between 10-3_10-2 1-1
cm-2 Experiments were performed at different dose rates, D. Mem-
branes were formed from solutions of 1% lecithin and 0.8% cholesterol
in n-decane. The aqueous solutions separated by the membrane con-
tained 0.1 M NaCl (pH 3, unbuffered, air-saturated) and 50 ng/ml
amphotericin B.

small attenuation ofthe x-ray intensity. The dose rate-measured with
an ionization chamber-was varied via the current amplitude of the
x-ray tube (Philips-Muller RT100; Philips, Freiburg, Germany), by
changing the distance to the cuvette and the thickness of an additional
Cu-Filter (0-3 mm). The maximum dose rate was about 40 Gy/min.

Larger dose rates were obtained by using sequences of pulses of 14
MeV electrons (pulse length 10 ns, repetition time 40 ms) supplied by
the linear accelerator (LINAC) ofthe Hahn-Meitner-Institut. The dose
rate was varied via the pulse amplitude in this case. Average dose rates
(including the repetition time) of up to 104 Gy/min were used. For
further details of the method of pulse radiolysis (as applied at planar
lipid membranes) the reader should consult references (8) and ( 12).

Independent of the method of irradiation, the membrane conduc-
tance was monitored as a function of time via the electric current at a

constant voltage of 50 mV. The data (current and dose rate) were fed
into a computer and were analyzed by using the software package Asyst
(Keithley Instruments, Germering, Germany). By integrating the dose
rate the conductance was obtained as a function of the radiation dose.
Membranes were normally formed in air-saturated aqueous solu-

tions. In some experiments the oxygen concentration was reduced by
one to two orders ofmagnitude by flushing the cuvette with argon ( 12).
All experiments were performed at 20°C.

The range of dose-rate values was extended to 4-5
orders of magnitude by application of the method of
pulse radiolysis in addition to the x-ray studies. The data
in Fig. 2 suggest a linear relation (slope ) between the

sensitivity of the channels (expressed by I/D37) and the
inverse square root, D1-/2, of the dose rate. The rele-
vance of this finding for the interpretation ofthe effect is
discussed below. The D37-dose was found to vary by a
factor of 330 within the applied range of dose rates.
The effects of ionizing radiation on living matter are

usually divided into direct and indirect radiation effects.
In the former case, radiation is absorbed directly by the
molecule considered, while in the latter case the effect is
produced by free radicals generated by radiolysis ofother
molecular species (mainly water). Inactivation of poly-
ene channels is clearly an indirect radiation effect. A the-
oretical argument as well as a series ofexperimental find-
ings are in support of this conclusion:

1 ) Hit theory may be applied to estimate the D37-dose
(by the direct effect) for the molecular species in
question. For a molecule with the mass ,u, D37 (di-
rect) is obtained from the equation (see, for exam-
ple, ( 13))

(1)

with WH = mean hit energy (WH 60 eV for bio-
logical material). Assuming a molar massM = L,u
(L = Avogadro's constant) of 104 g/mol (this is
the order of magnitude estimated from the
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RESULTS

If lipid membranes, doped with channels from either
amphotericin B or nystatin, are irradiated by 80 kV x-
rays, a strong decrease of the membrane conductance is
observed (see Fig. 1). The decrease may extend up to 5
orders of magnitude (not shown) and finally leads to the
low level of membrane conductance, which may be at-
tributed to the conductance of the pure (unmodified)
lipid bilayer. The effect is strongly dependent on the dose
rate applied. A reduction of the dose rate leads to a de-
crease of the characteristic inactivation dose, D37, which
is defined as the radiation dose for which I = IO/e (e =
Euler's number).

FIGURE 2 Radiation sensitivity as a function of the dose rate. The
inverse of the characteristic radiation dose, I/D37, is plotted as a func-
tion ofthe inverse of the square root ofthe dose rate, 1/D61/2. The data
were obtained from inactivation curves such as shown in Fig. 1. They
refer to membranes formed from dioleoyllecithin ( 1% ) and cholesterol
(0.8%) in n-decane in the presence of 1-3 ,ug nystatin in the aqueous
phases (0.1 M NaCl, pH 3 unbuffered, air-saturated). The data at com-
paratively small values of the dose rate, (+), refer to irradiation by 80
kV x-rays, those at comparatively large dose rates, (0), were obtained
by irradiation of the membrane and its aqueous environment by se-
quences of pulses of 14 MeV electrons (pulse length 10 ns, repetition
time 40 ms) supplied by the linear accelerator (LINAC) of the Hahn-
Meitner-Institut. The average dose rate (including the repetition time)
is plotted in this case. The solid line obtained by a least square
fit corresponds to the equation log (Gy/D37) = 1.13 log (Gy min-'/
D)"/2 - 0.81.
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currently discussed channel structure, see Discus-
sion), D37 (direct) 6 x IO0Gy is obtained from

Eq. 1. This is many orders of magnitude largei
than the D37-values reported in the present publi-
cation (a few cGy = 10-2 Gy up to about 500 Gy).

2) A further important argument in favor of an indi-
rect radiation effect may be derived from experi-
ments in the presence of radical scavengers. The
argument is based on the observation that the
characteristic radiation dose, D37, is increased in
the presence ofcompounds which show high reac-
tivity towards free radicals ofwater radiolysis. The
compounds, acting as radical scavengers, exert a
protective effect on the channels.

The primary radicals of water radiolysis-generated
by ionization and by dissociation of water molecules-
are the hydroxyl radical OH', the hydrogen atom H ,
and the hydrated electron e7q (see, for example (14,
15)). In the presence of oxygen, the hydrated electron
and the H-radical are converted to the secondary super-
oxide radical 02- and to the perhydroxyl radical HO2.
The two oxygen radicals are in a pH-dependent equilib-
rium:

HO O=+°2--H+. (2)

The pK,C ofthe weak acid HO2 is 4.8, so that at pH < 4.8
the perhydroxyl radicals and at pH > 4.8 the superoxide
radicals are predominant. The two oxygen radicals also
play a role in the normal cell metabolism (i.e., in the
absence ofirradiation) and have been suggested to repre-
sent a major factor of oxygen toxicity in biological sys-
tems (10).
The main radical species present in air-saturated solu-

tions are the OH radical and the oxygen species HO2/
02-. Both types of radicals contribute to the radiation
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FIGURE 3 Inactivation of ion channels formed by nystatin at different
oxygen concentrations. The membranes (formed from 1% dioleoyllec-
ithin and 0.8% cholesterol) and their aqueous environment (contain-
ing 0.1 M NaCl/pH 3) were irradiated by pulses of 14 MeV electrons
from time t = 0 up to the times indicated by arrows. ( 1 ): air saturated
solution; total dose D = 960 Gy. (2): the cuvette used for membrane
formation was flushed with argon to reduce the oxygen concentration
by one to two orders of magnitude (total dose D = 1250 Gy).

time/s

FIGURE 4 pH-dependence of the radiation effect. Membranes were
irradiated by pulses of 14 MeV electrons up to times indicated by
arrows. The experimental conditions were as described in the legend to
Fig. 3.

effect considered. This may be deduced from an increase
of the D37-dose, which is observed in the presence of
t-butanol, formate, or hydrogen peroxide (to be pub-
lished in detail in a forthcoming publication).
The functional dependence of /D37 on the dose rate

(see legend to Fig. 2) is explained on the basis ofa radical
chain mechanism (see Discussion). The mechanism of
inactivation resembles in many respects the phenome-
non ofradiation-induced lipid peroxidation. The radical
chain mechanism is initiated by OH--radicals (or by sec-
ondary radicals derived from this species), and is aug-
mented by oxygen radicals O2-/HO2. The kinetic chain
length, v, which is introduced to describe the efficiency
of peroxidation of the polyene antibiotics, is inversely
proportional to the square root of the dose rate, D (see
Eq. 8).
The important role of oxygen in the inactivation pro-

cess-via oxygen radicals O2-/HO2 and via the sug-
gested peroxidation process-is apparent from Fig. 3. A
pronounced decrease of the rate of inactivation is ob-
served, if the oxygen concentration in the system is re-
duced by one to two orders of magnitude. Fig. 3 also
shows that the inactivation process-after initiation by
irradiation for about 20 s-continues in the absence of
irradiation. Inactivation may extend over about half an
hour after irradiation (not shown). This is a time range
which is several orders of magnitude larger than the life-
time of the initiating radical species. The phenomenon
may be explained, assuming that the radical chain mech-
anism continues after irradiation is stopped (i.e., after
the initiating radicals have disappeared).
The response of the membrane conductance at an

irradiation was found to depend on the pH of the
aqueous solution (see Fig. 4). A continuous inactivation
after the start of irradiation was observed at pH 3 (see
Fig. 1 ). This holds irrespective ofwhetherthe membrane
is irradiated by 80 kV x-rays or by pulses of 14 MeV
electrons. At pH 7.5, however, the behavior of the con-
ductance was found to depend on the kind ofirradiation.
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While at comparatively small dose rates (x-ray experi-
ments) a continuous inactivation was observed, there
was a transient conductance increase followed by a de-
layed conductance decrease, if the membrane was irra-
diated by pulses of electrons of comparatively high dose
rate.
There is no definite explanation for the pH-depen-

dence of the radiation effect at present. It might possibly
be caused by the presence of different species of oxygen
radicals. The perhydroxyl radical HO is predominant at
pH 3, while the superoxide radical O2- is the prevalent
species at pH 7.5. Independent ofthe pH, however, inac-
tivation is the more important radiation effect. This is
clearly evident from the x-ray experiments. Only inacti-
vation was observed in this case, i.e., the transient con-

ductance increase is buried within the more important
inactivation process. It is only under the conditions of
the very high dose rates of pulse radiolysis (and at com-
paratively high pH values) that the transient increase
can be observed.

Further experimental results (to be presented in detail
elsewhere) are as follows:

1) The D37-dose ofinactivation decreases with the de-
gree ofunsaturation ofthe fatty acid residues ofthe
lipid used for membrane formation. The phenome-
non may be understood via a participation of un-
saturated fatty acid residues in the radical chain
mechanism suggested to cause inactivation (see
Discussion).

2) The sensitivity of nystatin channels is about twice
that found for amphotericin B. This is in line with
the well-known experience ofan increased suscepti-
bility of allylic H-atoms for abstraction by OH
radicals. Hydrogen atoms ofthe methylene groups
between the diene and the tetraene of the lactone
ring ofnystatin presumably represent the most vul-
nerable positions when attacked by radicals.

3) The D37-dose was found to decrease with increas-
ing concentration ofNaCl in the aqueous solution.
The mean lifetime of highly reactive primary OH'
radicals is extremely short. In aqueous NaCl solu-
tions (i.e., in the presence ofCl- ions), part ofOH
radicals is converted to secondary C12- radicals of
considerably longer lifetime ( 16-18). As a conse-
quence, the radical-induced modification of poly-
ene molecules seems to proceed with higher effi-
ciency. A further decrease of the D37-values was
observed, if NaCl was replaced by NaBr. The
higher reactivity of the Br2-- radical was already
discussed in the context of radiation-induced lipid
peroxidation (detected via an increased mem-
brane capacitance) ( 19).

The great sensitivity of polyene channels at high con-

centrations of NaCl and NaBr (1 M) and at sufficiently
small dose rates (D 0.01 Gy/min) is illustrated by the

following data. D37-doses ofthe order ofa few cGy (i.e., 9

and 3.4 cGy, respectively) were observed under these
conditions.

DISCUSSION
The polyene antibiotics nystatin and amphotericin B
show a series ofbiological effects such as antifungal, anti-
viral, and antitumor activity. Amphotericin B is widely
used as a drug to treat systemic fungal infections. It is
generally thought that the compounds act at the mem-
brane level. Their influence on the properties of cellular
membranes has been the subject of numerous studies
(for a review, see (20, 21 )).
An important property of nystatin and of amphoteri-

cin B is their ability to form ion channels in sterol-con-
taining biological membranes or in artificial lipid mem-
branes. The conductance ofplanar lipid membranes, sep-
arating two salt solutions, is increased by many orders of
magnitude, if submicromolar concentrations ofampho-
tericin B (or micromolar concentrations of nystatin) are
added to the aqueous phase (for a review ofearly experi-
ments see (22)). A strong enhancement of the mem-
brane permeability for monovalent cations or anions
(with a small preference for anions) is responsible for
this effect. The phenomena have been interpreted on the
basis of aqueous channels formed by aggregates of poly-
ene antibiotics and sterol molecules (22, 23). Each ag-
gregate has been suggested to consist of two "barrels"
hydrogen-bonded end to end. The barrels are assumed to
be formed by 8-10 amphotericin B (nystatin) mono-
mers arranged circumferentially as staves and stabilized
by sterol molecules. Single barrels, formed by one-sided
addition ofpolyenes, are also active, though only at com-
paratively thin lipid bilayers and at higher antibiotics
concentration. The pore-like nature of the conductance
induced by polyene antibiotics was confirmed by single-
channel measurements (24-26).
The conductance induced by polyene channels in

planar lipid membranes is reduced to virtually zero after
irradiation of the membrane and its aqueous environ-
ment by ionizing radiation (see Results section). The
inactivation curves show the strange phenomenon ofan
inverse dose-rate effect. This term has been introduced in
the literature to describe radiation effects which show an
increasing sensitivity with decreasing dose rate (at an
equal radiation dose applied). The normal dose-rate ef-
fect, which has been frequently observed in the field of
radiation biology, shows an increasing radiation effect at
increasing dose rate.

Inverse dose-rate effects have been observed at the cel-
lular level in the form of radiation-induced neoplastic
transformations (27, 28) or mutations (29). At the mo-
lecular level, radiation-induced (30-34) or chemically-
induced (35) lipid peroxidation has been found to show
a pronounced inverse dose-rate behavior (see (5) for a
review on this subject). The present paper reports about
the first observation of an inverse dose-rate effect at the
level of ion channels in membranes.
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There seems to be a rather close relationship of the
mechanisms ofradiation-induced lipid peroxidation and
of radiation-induced inactivation of polyene channels.
The relationship is based on the following experimental
findings:

1) Both phenomena seem to depend on the presence
of the same kind of free radicals, OH and HO2
02---

2 ) The two phenomena are strictly dependent on the
presence of oxygen.

3 ) The extent ofradiation-induced lipid peroxidation
as well as that of channel inactivation (D37-dose)
was found to be inversely proportional to the
square root of the dose rate, D.

Lipid peroxidation is usually interpreted on the basis
of a radical chain mechanism, which explains all three
findings and which (in its simplest form) may be written
as follows:
Initiation (by a radical species X-, e.g., OH'):

LH + X -* L + XH, (3)

Propagation of the chain:

L- +02 LOO- (4)

LOO + LH > LOOH + L-, (5)

Termination of the chain:

LOO + LOO - nonradical product. (6)

The reaction chain is initiated by reaction of a radical
species X with a lipid molecule LH. The chain propa-
gates via formation ofperoxyl radicals LOO which-by
abstraction of H atoms-form stable lipid hydroperox-
ides at the expense of further lipid radicals L-. Thus, the
peroxidation process continues until the radical species
are eliminated by radical-radical interactions (e.g., Eq.
6). Eqs. 3-6 predict an inverse dose-rate behavior. The
length of the radical chain is limited by the bimolecular
termination reaction. Its importance increases with the
second power of the radical concentration LOO, which
depends linearly on the dose rate, D.
The reaction chain may be analyzed by introducing

the kinetic chain length, v, defined by

number of 02 molecules consumed (7)v = initiating radical X-

v is equal to the number of lipid hydroperoxides formed
per initiating radical. The formal analysis ofthe reaction
scheme yields (assuming v > 1, see (5) or (35)):

oLH
=(ab)1/2' (8)

with o = kp/(2k,)112, LH = concentration of the lipid,
aD = formation rate of radicals X-.

Eq. (8) predicts the same dose rate dependence for the
kinetic chain length, v, as found experimentally for the
D37-dose of channel inactivation (see Fig. 2). We think
that channel inactivation is the result of a peroxidation
process of the polyene antibiotics. Further support for
this conclusion is obtained from the following argu-
ments:

1 ) The lactone ring ofamphotericin B contains a hep-
taene, that of nystatin a tetraene and a diene. In
this respect the two molecules resemble highly un-
saturated fatty acid residues of lipid molecules,
which are well-known for their susceptibility to
peroxidation. Similar to unsaturated lipids, the
polyene antibiotics show the phenomenon of au-
toxidation (21, 36).

2) The D37-dose is decreased, ifthe channels are incor-
porated into a lipid membrane with a higher con-
tent of double bonds. This may be understood on
the basis ofan increased kinetic chain length in the
presence of lipids with a higher degree ofunsatura-
tion. The radical chain seems to comprise both,
lipid molecules and polyene antibiotics. The radia-
tion effect is, however, also present in the absence
of oxidizable fatty acid residues (membranes
formed from diphytanoyllecithin), though at
larger D37-values.

Eqs. 3-6 certainly represent only a minimum model
for the channel inactivation. The model does not include
the oxygen radicals O2-/HO2. Their role-as in the case
of lipid peroxidation-might consist in an elongation of
the radical chain by decomposing lipid hydroperoxides
LOOH to alkoxy radicals LO (see (5) for a discussion of
this controversial problem).

In summary, the high sensitivity towards ionizing radi-
ation of ion channels formed by the polyene antibiotics
amphotericin B and nystatin may be explained by assum-
ing a peroxidation process initiated by free radicals of
water radiolysis. The polyene chains ofthe lactone rings
-according to present ideas about the channel structure
(22, 23, 26) -are believed to represent the hydrophobic
exterior of the channel. Peroxidation of this part of the
molecule could destabilize the barrel-like structure.
The general structural principle of ion channels con-

sists in a hydrophobic exterior surface in contact with the
lipid phase and a hydrophilic inner surface exposed to
water and ions. The radiation-induced peroxidation pro-

cess may reduce the hydrophobic character of the exte-
rior surface, i.e., may modify the energy balance of the
channel structure. This should have consequences for
the probability and lifetime ofopen channels. So far, the
study has concentrated on providing a mechanistic in-
terpretation of the inverse dose-rate behavior. The exis-
tence of such a behavior, which forms the basis of sub-
stantial effects at very low doses of ionizing radiation, is
reported for the first time at the level of ion channels.
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The effect of radiation on the single-channel properties
will be a matter of future investigations.

We are obliged to Dr. A. Henglein for giving us the opportunity to use
the facilities of the Hahn-Meitner-Institut.

The study was supported by the Deutsche Forschungsgemeinschaft
(under grant Sta 236/2-4).

Receivedfor publication and in finalform 8 July 1992.

REFERENCES
1. Alper, T. 1979. Cellular Radiobiology. Cambridge University

Press, London. 320 pp.
2. Koteles, G. J. 1982. Radiation effects on cell membranes. Radiat.

Environ. Biophys. 21:1-18.
3. Edwards, J. C., D. Chapman, W. A. Cramp, and M. B. Yatvin.

1984. The effects of ionizing radiation on biomembrane struc-
ture and function. Prog. Biophys. Mo. Biol. 43:71-93.

4. Leyko, W., and G. Bartosz. 1986. Membrane effects of ionizing
radiation and hyperthermia. Int. J. Radiat. Bio. 49:743-770.

5. Stark, G. 1991. The effect of ionizing radiation on lipid mem-
branes. Biochim. Biophys. Acta. 1071:103-122.

6. Strassle, M., G. Stark, and M. Wilhelm. 1987. Effects of ionizing
radiation on artificial (planar) lipid membranes. II. The ion car-
riers valinomycin and nonactin as probes for radiation induced
structural changes of the membrane. Int. J. Radiat. Biol.
51:287-302.

7. Stark, G., M. Strassle, and M. Wilhelm. 1984. Pulse radiolysis at
planar lipid membranes doped with ion carriers or pore formers.
Biochim. Biophys. Acta. 755:265-268.

8. Strassle, M., G. Stark, and M. Wilhelm. 1987. Effects of ionizing
radiation on artificial (planar) lipid membranes. I. Radiation
inactivation of the ion channel gramicidin A. Int. J. Radiat.
Biol. 51:265-286.

9. Strassle, M., G. Stark, M. Wilhelm, P. Daumas, F. Heitz, and R.
Lazaro. 1989. Radiolysis and photolysis ofion channels formed
by analogues of gramicidin A with a varying number of trypto-
phan residues. Biochim. Biophys. Acta. 980:305-314.

10. Halliwell, B., and J. M. C. Gutteridge. 1989. Free Radicals in Biol-
ogy and Medicine. Clarendon Press, Oxford. 540 pp.

11. Barth, C., and G. Stark. 1991. Radiation inactivation ofion chan-
nels formed by gramicidin A. Protection by double bonds and
by a-tocopherol. Biochim. Biophys. Acta. 1066:54-58.

12. Strassle, M. 1986. Strahlenwirkung und Ionentransport. Eine Un-
tersuchung an kunstlichen Lipidmembranen. Ph.D. thesis. Uni-
versity of Konstanz, Konstanz, Germany. 155 pp.

13. Dertinger, H., and H. Jung. 1970. Molecular Radiation Biology.
Springer-Verlag, Heidelberg. 236 pp.

14. Spinks, J. W. T., and R. J. Woods. 1976. An Introduction to Radia-
tion Chemistry. John Wiley & Sons Inc., New York. 504 pp.

15. von Sonntag, C. 1987. The Chemical Basis of Radiation Biology.
Taylor & Francis, London. 515 pp.

16. Anbar, M., and J. K. Thomas. 1964. Pulse radiolysis studies of
aqueous sodium chloride solutions. J. Phys. Chem. 68:3829-
3835.

17. Khorana, S., and W. H. Hamill. 1971. Electronic processes in the
pulse radiolysis of aqueous solutions of halide ions. J. Phys.
Chem. 75:3081-3088.

18. Jayson, G. G., B. J. Parsons, and A. J. Swallow. 1973. Some sim-
ple, highly reactive, inorganic chlorine derivatives in aqueous
solutions. J. Chem. Soc. Faraday Trans. L 69:1597-1607.

19. Strassle, M., M. Wilhelm, and G. Stark. 1991. The increase of
membrane capacitance as a consequence of radiation-induced
lipid peroxidation. Int. J. Radiat. Biol. 59:71-83.

20. Bolard, J. 1986. How do the polyene macrolide antibiotics affect
the cellular membrane properties? Biochem. Biophys. Acta.
864:257-304.

21. Brajtburg, J., W. G. Powderly, G. S. Kobayashi, and G. Medoff.
1990. Amphotericin B: Current understanding of the mecha-
nism of action. Antimicrob. Agents Chemother. 34:183-188.

22. Finkelstein, A., and R. Holz. 1973. Aqueous pores created in thin
lipid membranes by the polyene antibiotics nystatin and am-
photericin B. In Membranes. G. Eisenman, editor. M. Dekker,
New York. 377-408.

23. De Kruijff, B., and R. A. Demel. 1974. Polyene antibiotic-sterol
interactions in membranes ofAcholeplasma Laidlawii cells and
lecithin liposomes. III. Molecular structure ofthe polyene antibi-
otic-cholesterol complexes. Biochim. Biophys. Acta. 339:57-70.

24. Ermishkin, L. N., Kh. M. Kasumov, and V. M. Potzeluyev. 1976.
Single ionic channels induced in lipid bilayers by polyene antibi-
otics amphotericin B and nystatin. Nature (Lond.). 262:698-
699.

25. Ermishkin, L. N., Kh. M. Kasumov, and V. M. Potzeluyev. 1977.
Properties of amphotericin B channels in a lipid bilayer. Bio-
chim. Biophys. Acta. 470:357-367.

26. Kleinberg, M. E., and A. Finkelstein. 1984. Single-length and dou-
ble-length channels formed by nystatin in lipid bilayer mem-
branes. J. Membr. Bio. 80:257-269.

27. Miller, R. C., E. C. Hall, and H. H. Rossi. 1979. Oncogenic trans-
formation ofmammalian cells in vitro with split doses ofX-rays.
Proc. Natl. Acad. Sci. USA. 76:5755-5758.

28. Hill, C. K., A. Han, and M. M. Elkind. 1984. Fission-spectrum
neutrons at a low dose rate enhance neoplastic transformation
in the linear, low dose region (0-10 cGy). Int. J. Radiat. Biol.
46:11-15.

29. Crompton, N. E. A., F. Zolzer, E. Schneider, and J. Kiefer. 1985.
Increased mutant induction by very low dose-rate -y-irradiation.
Naturwissenschaften. 72:439-440.

30. Mead, J. F. 1952. The irradiation-induced autoxidation of linoleic
acid. Science (Wash. DC). 115:470-472.

31. Hyde, S. M., and D. Verdin. 1968. Oxidation of methyl oleate
induced by 'Co y-radiation. Part I. Pure Methyl oleate. Trans.
Farad. Soc. 64:144-154.

32. Hyde, S. M., and D. Verdin. 1968. Oxidation of methyl oleate
induced by 'Co y-radiation. Part II. Emulsions ofmethyl oleate
in water. Trans. Farad. Soc. 64:155-162.

33. Petkau, A., and W. S. Chelack. 1976. Radioprotective effect of
superoxide dismutase on model phospholipid membranes. Bio-
chim. Biophys. Acta. 433:445-456.

34. Raleigh, J. A., W. Kremers, and B. Gaboury. 1977. Dose-rate and
oxygen effects in models of lipid membranes: linoleic acid. Int.
J. Radiat. Biol. 31:203-213.

35. Barclay, L. R. C., and K. U. Ingold. 1981. Autoxidation ofbiologi-
cal molecules. 2. The autoxidation of a model membrane. A
comparison ofthe autoxidation ofegg lecithin phosphatidylcho-
line in water and in chlorobenzene. J. Am. Chem. Soc.
103:6478-6485.

36. Lamy-Freund, M. T., V. F. N. Ferreira, and S. Schreier. 1985.
Mechanism of inactivation ofthe polyene antibiotic amphoteri-
cin B. Evidence for radical formation in the process ofautoxida-
tion. J. Antibiotics. 38:753-757.

Barth et al. Inactivation of Polyene Ion Channels 97


