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ABSTRACT: Ion channels formed by the peptide gramicidin A in planar lipid membranes have been reported 
to react very sensitively upon irradiation of the membrane by ionizing radiation (radiolysis), by UV light 
(photolysis), or by visible light in the presence of appropriate photosensitizers (photodynamic inactivation). 
In all three cases the effect is due to the presence of the four tryptophan residues of the pentadecapeptide. 
Modifications of these amino acids-due to an interaction with free radicals formed upon water radiolysis 
or due to light absorption-have been found to reduce the membrane conductance by many orders of 
magnitude. The present study was intended to correlate functional changes, observed at the level of 
single ion channels, with changes of the molecular structure identified by mass spectrometry. About 
98% of the inactivated channels showed a single-channel conductance of virtually zero, while about 2% 
of the channels present before irradiation are converted to a state of reduced conductance (and reduced 
lifetime). On the structural level, irradiation in the presence of the photosensitizer Rose Bengal was 
found to produce oxidation and fragmentation of the peptide at the positions of the tryptophan residues. 
Our results provide evidence that the main effect of radiolysis, or of photodynamic treatment, is the cleavage 
of the peptide backbone leading to immediate closure of an open ion channel. 

The action of free radicals on cellular components and its 
relation to certain human diseases are widely investigated 
at present. Our study aims at a clarification of potential 
molecular mechanisms by which free radicals may influence 
transport processes through biological membranes. To this 
end, their effect on certain well-known model systems is 
considered, the normal function of which has been analyzed 
in great detail in the past. We have shown in previous 
publications that ion channels formed by the antibiotics 
gramicidin A (Strassle et al., 1987, 1989; Strassle & Stark, 
1992) or amphotericin B (Barth et al., 1993; Zeidler et al., 
1995) respond very sensitively to the presence of free radicals 
generated by absorption of ionizing radiation in water (water 
radiolysis), or to visible light in the presence of photosen- 
sitizers (photodynamic inactivation). The present investiga- 
tion is intended to provide a more detailed analysis of the 
functional consequences of radical action on the level of 
single gramicidin channels, and to correlate the functional 
aspects with structural changes. The linear pentadecapeptide 
gramicidin A is a channel-forming substance, for which 
detailed structural and functional information is available [see 
Woolley and Wallace (1992), Wallace (1992), Killian (1992), 
and Busath (1993) for recent reviews]. Therefore, this 
compound appears most appropriate for the investigation of 
radical-induced modifications. 

Inactivation of gramicidin channels may be easily detected 
by conductance measurements in planar lipid membranes. 

The conductance induced by gramicidin A has been found 
to decrease by many orders of magnitude on exposure of 
the membrane to UV light (photolysis, Busath & Waldbillig, 
1983; Jones et al., 1986; Strassle et al., 1989), to ionizing 
radiation (radiolysis, Stark et al., 1984; Strassle et al., 1987, 
1989), or to visible light in the presence of photosensitizers 
(photodynamic inactivation, Strassle & Stark, 1992; Ro- 
kitskaya et al., 1993). All three effects have been shown to 
be due to the presence of the four tryptophan residues of 
gramicidin A. Photolysis may be considered as a direct 
radiation effect initiated by light absorption of the tryptophan 
chromophores. Radiolysis, on the other hand, is an indirect 
radiation effect caused by interaction of the radiation-induced 
primary OH' and the secondary HO2' radicals (from water 
decomposition) with the tryptophan residues. Upon photo- 
dynamic inactivation, finally the excitation energy of a 
sensitizereither directly or indirectly via free radicals-is 
eventually transferred to the tryptophan residues. 

The main functional consequence of photolytic, of radi- 
olytic, and of photodynamic tryptophan damage has been 
found to consist of the elimination of open ion channels. 
The present paper is intended to analyze further details of 
this process and to correlate functional and structural changes. 
This was achieved by functional characterization methods 
(inactivation kinetics, single-channel analysis, and noise 
analysis) combined with structural characterization of the 
reaction products by mass spectrometry. 
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Membrane Formation. Planar lipid membranes were 
formed from 0.5 - 1 % (w/v) solutions of diphytanoyllecithin 
(Avanti Polar Lipids, Birmingham, AL) in n-decane (standard 
for gas chromatography; Fluka, Buchs, Switzerland) across 
a hole of 0.2- 1 mm diameter. The latter was drilled through 
a diaphragm of a Lexan (polycarbonate) cuvette separating 
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two aqueous solutions (pH 3) of either 1 M CsCl or 1 M 
NaCl (p.a. quality; Roth, Karlsruhe, Germany). Com- 
mercially available gramicidin D (Sigma Chemie, Deisen- 
hofen, Germany), a mixture of gramicidins A, B, and C at 
approximate ratios of 8:1:2, was added to the membrane- 
forming solution. This mixture will be referred to as 
gramicidin A in the following (Le., the results presented are 
believed to be largely identical for the three analogs). The 
concentration was chosen to obtain the membrane conduc- 
tance desired (10-7-10-5 M for macroscopic values of the 
conductance, 10-*0-10-9 M in order to observe single- 
channel fluctuations). In the case of photodynamic experi- 
ments, the membrane-forming solution also contained a 0.5 
mM aliquot of the dye Rose Bengal (95%, Aldrich, Stein- 
heim, Germany). The temperature of all experiments was 
21 f 1 "C. 

Zrradiation Procedures. Photodynamic inactivation of 
gramicidin channels was studied by illuminating the mem- 
brane and its surrounding annulus with a conventional light 
source. The light was filtered through an IR water filter and 
a UV cutoff filter (Strassle & Stark, 1992). To investigate 
free radical-induced channel inactivation, the membrane and 
its aqueous environment were exposed to 80 kV X-rays. The 
setup has been described in previous publications (Barth & 
Stark, 1991; Stark 1991; Barth et al., 1993). X-ray absorp- 
tion in water and the concomitant radiolysis of water 
molecules generate the primary radicals OH', H', and ea;- 
[see, e.g., Buxton (1987) and v. Sonntag (1987)l. In the 
presence of oxygen, H', and ea;- are converted into the 
secondary superoxide radical 02*- and into the perhydroxyl 
radical H02'. The two oxygen radicals represent a conju- 
gated acid-base pair. The pKa of the weak acid HO2' is 
4.8. Therefore, at pH < 4.8, the perhydroxyl radical is 
predominant, and at pH > 4.8, the superoxide radical is 
predominant. As a consequence, air-saturated solutions at 
sufficiently low pH essentially contain OH' and HO2' 
radicals. The presence of both types of radicals is required 
for inactivation of gramicidin channels (Strassle et al., 1987). 
Radiolysis of water allows generation of well-defined 
concentrations, cR, of radicals R. At a given radiation dose, 
D (in Gy), CR is determined by the GR value of the radical 
[GR(OH') = 2.7; GR(O~'-/HO~') = 3.21 according to 

cR = (1.03 x io-' M) x G, x (DIGY) (1) 

Kunz et al. 

this purpose, which was based on the software package Asyst 
(Keithly MetraByte). 

Noise Analysis. The single-channel characteristics (i.e., 
conductance amplitude and mean open time of the channel) 
may also be obtained from a study of the electrical noise in 
the presence of many open ion channels (Zingsheim & 
Neher, 1974; Kolb et al., 1975; Kolb & Bamberg, 1977). 
The fluctuation of the electric current was analyzed using 
either the (one-sided) spectral power density, Sr(f), or the 
autocorrelation function, C(t) = [dJ(t) x dJ(t + z)]. The 
membrane current (at constant voltage) was amplified (Model 
427 of Keithly Instruments and Model 113 of Princeton 
Applied Research) and transferred into the computer via the 
analog/digital board DAS- 1602. Discrete values Sl(fk) were 
obtained from the formula [see, e.g., Bendat and Piersol 
(1986)l: 

The kinetics of inactivation were studied by following the 
time course of the membrane current (at a constant voltage 
of 50- 100 mV) as a function of time after irradiation. The 
current, after amplification, was fed into an IBM-compatible 
PC equipped with analog/digital board DAS- 1602 (Keithly 
MetraByte, Taunton, MA). 

Single-Channel Experiments. Inactivation of ion channels 
was studied over several orders of magnitude. Starting at 
the macroscopic level, the membrane current was decreased 
until the discrete current fluctuations of single ion channels 
could be analyzed. A special amplifier built in our electronic 
workshop was used to detect the stepwise increase (or 
decrease) of the electric current, which is indicative of the 
opening (or closing) process of an ion channel. From the 
current fluctuations, after transfer of the digitized data into 
the computer, the distribution of the single-channel conduc- 
tance and the mean dwell time of the open channel state 
were obtained. An automatic program was developed for 

f = frequency, At = time interval of data points, N E number 
of data points, nm = number of measurements, Zi(fj)At = 
discrete values of the Fourier transform of the current Z(t), 
i.e. 

N -  1 

Ti( fk)  = ZZ(nAt)  exp(-2zikn/N), 
n=O 

f k  = k/NAt, k = 0, 1, ..., N - 1 (3) 

In order to avoid aliasing errors, the band width of the setup 
was limited according to the Nyquist frequency f N  = 1/2At. 
The following experimental settings were used throughout: 
At = 30 ms, N = 4096, n, = 1-15. In view of the 
comparatively large value chosen for At, open channel noise 
(Sigworth et al., 1987) could be neglected. All calculations 
were performed using the software package Asyst. 

Mass Spectrometry. Fast atom bombardment mass spec- 
trometry (FAB-MS) of gramicidin A and irradiation products 
was obtained with a Finnigan MAT 312/AMD-500 (AMD- 
Intectra, Harpstedt, Germany) double-focusing magnetic 
sector mass spectrometer, equipped with a 24 kV cesium 
primary ion source. Instrumental details and conditions for 
acquisition of FAB spectra were as previously described 
(Przybylski et al., 1985; Heidman et al., 1988; Glocker et 
al., 1994). Gramicidin A was dissolved in methanol (300 
pM). In addition, the solution contained an equimolar 
amount of the sensitizer Rose Bengal. Following light 
irradiation, p-nitrobenzyl alcohol as the matrix and NaI were 
added in equal volumes to a 40 p L  sample aliquot. The 
resulting solution was concentrated to approximately 10 pL 
in a speed-vac centrifuge, put on a stainless-steel sample 
target, and then directly inserted into the ion source of the 
mass spectrometer. 

252Cf-plasma desorption mass spectra (PDMS) were ob- 
tained on a BioIon-20K time-of-flight spectrometer (BioIon, 
Uppsala, Sweden) equipped with 10 pCi of 252Cf as primary 
ion source (Schneider et al., 1990). The sample was prepared 
by adding an equal volume of chloroform to the irradiated 
gramicidin solution (see above). An aliquot of the resulting 
solution was deposited on a nitrocellulose sample target. 
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FIGURE 1: Kinetics of the decay of the conductance, 1, after the 
start of illumination (arrow) with visible light of a membrane in 
the presence of the dye Bengal Rose (the time-independent 
conductance, 10, in the absence of illumination was 7.3 x S). 
(A) Original data. (B) Analysis of the conductance decay. Zero 
time corresponds to the onset of illumination. The dashed line is a 
fit of eq 4 to the data with the following values of the parameters: 
T I  = 6.65 s, t2 = 38.24 s, a = 0.00239, c = 7.54 x 

RESULTS 

Functional Consequences of Irradiation. The conductance 
of pure lipid membranes separating aqueous solutions of 
NaCI, or CsCl, is known to be extremely small (i-e., of the 
order of S cm-*). This is a consequence of the 
very low solubility of inorganic ions in the hydrophobic 
membrane interior. The addition of small amounts of the 
peptide gramicidin A, either to the aqueous phases or to the 
membrane-forming solution, gives rise to a drastic increase 
by many orders of magnitude of the membrane conductance. 
This is the result of the formation of porelike ion channels 
by the peptide which allow the free passage of alkali ions, 
as was first shown by Hladky and Haydon (1972). The 
discrete fluctuations of the membrane current observed by 
these authors at extremely low peptide concentrations have 
been interpreted as the opening and closing of ion channels. 
The strongly enhanced membrane conductance induced by 
gramicidin A in lipid membranes may be eliminated by 
irradiation of the membrane and its aqueous environment 
by X-rays, by UV light, or by visible light in the presence 
of the dye Rose Bengal as a photosensitizer. The decrease 
is due to the elimination of open ion channels formed by 
gramicidin A. This may be concluded from the appearance 
of the characteristic conductance fluctuations-indicative of 
the presence of only a few open channels-after the 
membrane has been irradiated for a sufficiently long period 
of time. The effect is illustrated by photodynamic inactiva- 
tion of the membrane conductance (Figure 1). The mean 
value, A, of the conductance increment induced by single 
gramicidin channels is 36.5 pS under the experimental 
conditions applied (see below). Therefore, the time- 

FIGURE 2: Current tracings representing the opening and closing 
of ion channels formed from gramicidin A in diphytanoyllecithin 
membranes at a constant applied voltage of 100 mV (1 M CsCl in 
water, pH 3, band width 100 Hz, sample rate 200 s-'). (A) Control. 
(B) A membrane (with a conductance equivalent to about 900 open 
channels) was irradiated by X-rays until the typical current 
fluctuations of single ion channels became apparent. 

independent initial conductance, 10, of 7.3 x lov5 S 
corresponds to 2 x lo6 open gramicidin channels. There is 
a decrease by more than 5 orders of magnitude after about 
10 min of illumination. Increase of the electrical noise at 
this time is due to the statistical fluctuations of 10-20 
channels between their open and closed states. After further 
illumination, the conductance is reduced to show the typical 
fluctuations of single ion channels (cf. Figure 2). 

The decay of the conductance, A, may be formally 
described by the equation: 

l.(t)/A, = [(I - a)  exp(-t/z,) + 
a exp( - th,) + c]/( 1 + C) (4) 

The first 2 orders of magnitude of the decay may be fitted 
by a single-exponential term with the characteristic time 
constant, zI (Figure 1B). There is, however, clear evidence 
for the presence of a second exponential term of compara- 
tively small amplitude. The constant, c, accounts for the 
final conductance, & = Aoc/(l + c), of the membrane after 
complete inactivation of the ion channels (c << 1). 

Equation 4 is in line with a simple model of inactivation 
(see below), which is based on two parallel reaction 
pathways: 

The model assumes that photodynamic inactivation converts 
part of the active ion channels (state A) into an inactive state, 
B, of zero conductance. The rest of the channels are 
transformed into state C. This is a state of lower, but 
nonzero, channel conductance, which may become com- 
pletely inactivated (state D) by a second light-dependent step. 
The model is certainly a simplification of a more complicated 
phenomenon (see below). It is, however, in line with the 
shape of the inactivation kinetics (Figure l), with the results 
of the single-channel studies (Figures 2-5), and with the 
analysis of the electrical noise (Figures 6-7). 

The existence of an intermediate channel state, C, may 
be directly deduced from the single-channel fluctuations 
shown in Figure 2. The fluctuations induced by the residual 
channels after irradiation by X-rays (Figure 2B) show a 
number of events of smaller current amplitude. Though such 
events are also present at the control, they represent very 



11898 Biochemistry, Vol. 34, No. 37, 1995 Kunz et al. 

A 

0 10 20 so 40 80 
conductance I pS 

0 10 20 30 40 
conductance I QS 

0.08 7 

0.06 

C 

I 

0 10 20 u) 40 80 
conductance I pS 

FIGURE 3: Distribution of the amplitudes of single-channel fluctua- 
tions of gramicidin A ion channels before and after photodynamic 
or radiolytic inactivation. The relative number of events per bin 
(i.e., per a conductance interval of 1 pS = lo-’* A N )  is plotted as 
a function of the channel conductance, A. (A) Control (cf. Figure 
2A): Analysis of 607 discrete conductance fluctuations in the 
absence of irradiation (mean value, A = 37.3 pS). (B) Photody- 
namic inactivation: A membrane containing about lo5 open 
channels was irradiated until the single-channel behavior (2805 
events similar to Figure 2R) could be analyzed. The mean value, 
A, of the fluctations was 20.8 pS in this case. (C) Radiolytic 
inactivation: The conductance of a membrane (originally containing 
about 2400 open channels) was reduced to the single-channel 
level (2154 events similar to Figure 2B, mean value, A = 23.6 
PSI. 

rare processes, whose frequency is clearly increased by 
irradiation. The same behavior was observed after photo- 
dynamic inactivation. There is an enhanced probability for 
the observation of smaller current amplitudes, which is 
evident when the distributions of the fluctuation amplitudes 
of the current are compared (Figure 3). Normal (unmodified) 
gramicidin A shows a pronounced peak at about 40-42 pS 
and a smaller peak around 35-36 pS (from contaminations 
with gramicidins B and C). There is a broad background of 
events with smaller amplitude. The occurrence rate of these 

“mini-channels” is, however, comparatively small [see 
Busath and Szabo (1981) and Sawyer et al. (1990) for a 
discussion of this problem]. The amplitude histogram of 
photodynamically inactivated, or radiolyzed gramicidin A, 
on the other hand, contains a comparatively broad maximum 
culminating around 8-10 pS, in addition to the normal 
maxima. The new maximum is assigned to state C of the 
reaction scheme (see above). On further irradiation of the 
membrane, the single-channel fluctuations were found to 
disappear. This is interpreted as a transition of the inter- 
mediate state, C, into an inactive state, D. It cannot be 
excluded that this transition occurs via one or several 
additional conducting channel states, as has been suggested 
in the case of photolytic inactivation (Busath & Waldbillig, 
1983). The comparatively broad distribution of low con- 
ductance amplitudes would be consistent with such an 
assumption. The finding of a relatively broad maximum 
might, however, also indicate that the intermediate species, 
C, consists of different chemical species reflecting several 
parallel pathways of inactivation. For the sake of simplicity, 
the possible heterogeneity of C is neglected in the forthcom- 
ing analysis. 

The proposed channel state, C, shows a reduced dwell 
time. Figure 4 indicates that the fraction of open channels 
of normal gramicidin A (after transition into the open state) 
decays exponentially with time. This is indicative of a 
largely uniform mean dwell time (of about 600 ms) of the 
open channel state. The corresponding decay of the number 
of open channels after radiolytic or photodynamic inactiva- 
tion requires a sum of two exponential terms (at least) for 
an adequate description. Therefore, these channels represent 
two classes (at least) with different mean dwell times. The 
data in Figure 4 were obtained by analysis of current traces 
similar to Figure 2B (Le., by analysis of channels in state C 
and of residual channels in state A). The time constant t2 
(within a factor of 2) agrees with that of unirradiated 
channels. The time constant z1 is smaller by a factor of 4-6. 
T I  is caused by channels in state C, as was found by separate 
analysis of low-conductance single-channel events. 

The combination of the single-channel data and of the 
kinetic experiments allows to determine the rate constants 
of the model. The decay of the conductance after photo- 
dynamic inactivation of gramicidin channels (Figure 1) may 
be calculated by application of standard kinetic techniques. 
The reaction scheme predicts the same time dependence of 
the conductance (cf. eq 4) as has been observed experimen- 
tally (apart from the final radiation insensitive conductance 
of the pure lipid membrane not included in the model, Le., 
c = 0). The constants t l ,  t2, and a are obtained as 

( 5 )  
1 A, k2 a=--- 1 

t1 =- 
k ,  + k,’ z2 = k3) A, k ,  4- k ,  - k ,  

AA and AC represent the mean conductance values of the 
open channel in states A and C, respectively. Equation 5 
was derived with the condition that the aggregation behavior 
of gramicidin A (e.g., the dimerization reaction) is not 
relevant to the photodynamic inactivation. This means that 
the channels in states A and C are assumed to fluctuate 
between their respective closed and open conformations (for 
a justification, see Discussion). 

Equation 5 allows determination of the rate constants kl ,  
k2. and k3 as a function of the experimental quantities z1, z2, 
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FIGURE 4: Dwell time of open gramicidin A ion channels before 
and after photodynamic or radiolytic inactivation (normalized 
survivor plot). Zero time corresponds to the opening of the channels. 
The solid lines represent a fit of the data to the equation: al exp- 
( - r / t l )  + a2 exp(-t/sz). (0) Control: 385 single events, al = 1, 
tl = 602 ms, a2 = 0. (0) 377 single events after photodynamic 
inactivation of 14 OOO open channels: al = 0.7, tl = 130 ms, a2 
= 0.3, t 2  = 1014 ms. (m) 677 single events after radiolytic 
inactivation of 8700 open channels: al = 0.82, t1 = 106 ms, a2 
= 0.18, t 2  = 525 ms. 

a,  A*, and Ac .  The mean values obtained from 22 
independent measurements are kl = 0.16 s-l, k2 = 4.0 x 
lop3 s-l, k3 = 0.034 s-l. The data hold for the light intensity 
employed. The ratio, PC = kd(k1 + k2), is, however, 
independent of the intensity and allows estimation of the 
relative importance of the two reaction paths. PC corresponds 
to the probability of formation of the intermediate state C 
during photodynamic inactivation. The comparatively small 
value of Pc = 2.4 x indicates that inactivation via state 
C represents a side reaction. About 98% of the inactivation 
events proceed by direct transition of the fully active state 
A into the inactive state B. 

The analysis was confirmed by two independent qualitative 
approaches. The main conclusion, namely, the comparatively 
rare occurrence of channels in state C, was tested by the 
single-channel analysis and by analysis of the electrical noise 
of a multipore system: If a small number (of the order of 
10) of channels in the normal state A is inactivated to observe 
the fluctuations of an individual channel, the probability for 
this channel to be in the intermediate state C is small (less 
than 22%). For that reason, the single-channel histogram 
obtained from such an experiment will mainly show fluctua- 
tions of large amplitude, which are characteristic of residual 
intact channels; Le., the histogram will resemble the control 
shown in Figure 3A. The probability of observing channels 
in state C during this procedure (Le., the relative height of 
the maximum at 10 pS) is expected to increase with the 
number of original channels before irradiation. This was 
qualitatively conf i i ed  throughout our single-channel studies, 
and is illustrated by Figure 5. Both the mean values of 
the channel conductance, I\, and of the channel dwell time, 
t, were found to decrease with increasing number of channels 
before irradiation. This is consistent with the smaller values 
of the single-channel conductance, and of the channel dwell 
time in state C. Though qualitatively correct, the data do 
not, however, allow a quantitative analysis: In view of the 
comparatively long period of time required for the measure- 
ment of a sufficient number of single-channel fluctuations, 
the diffusion of intact gramicidin molecules from the torus 

(I) 
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1 1 o2 10‘ 1 os 
number of channels before irradiation 

FIGURE 5: Mean values of the channel conductance (0) and of the 
channel dwell time (0) after radiolysis of a different number of 
channels as measured by the single-channel meth_od (for experi- 
mental conditions, see Figure 2). Control values: A = 36.5 & 0.5 
pS, t = 610 * 33 ms. 

of the membrane cannot be neglected. As a consequence, 
there is a significant overestimation of the number of 
channels in state A throughout this kind of measurements 
(cf. Figure 3B,C). It was found, however, that the effect of 
diffusion is small enough to be neglected in the measurement 
of inactivation kinetics (Figure 1). 

Single-channel properties may also be obtained from a 
multipore system by analysis of the spectral power density, 
 SI(^), or of the autocorrelation function, C(t), of the electric 
current. Following Kolb and Bamberg (1977), the spectral 
power density, S~cf), of the current noise induced by the 
opening and closing of intact gramicidin channels is of a 
Lorentzian-type: 

u2 = (So2, variance. The correlation time, to is related to 
the comer frequency, f c ,  and (according to the fluctuation 
dissipation theorem) corresponds to the relaxation time of 
the system. The single-channel conductance, A, is obtained 
from the relation: 

(7) 

- 
I = mean current at the applied voltage V. Equation 7 is an 
approximation, the validity of which is restricted only at very 
high membrane conductances, 1. A further important 
prerequisite of this equation is the presence of a population 
of channels having uniform values of their single-channel 
conductance. Equation 7 may, however, be applied in a 
qualitative way in order to indicate a shift of the mean 
channel conductance to lower values, if a new population 
of reduced conductance appears throughout channel inactiva- 
tion (e.g., channels belonging to the intermediate state C). 
The relevant experiments are illustrated in Figures 6 and 7. 
Figure 6 shows a typical power spectrum of intact gramicidin 
channels. It compares well with the previous results of Kolb 
and Bamberg (1977). The shape of SI(/) was found to remain 
largely identical during the inactivation process. The value 
of SI(O) = 4tCA7V (cf. eqs 6 and 7), however, is reduced by 
many orders of magnitude. Figure 7 illustrates the behavior 
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FIGURE 6: Spectral power density of the current noise as a function 
of frequency at a constant voltage of 100 mV. Upper trace: Analysis 
of the current across a diphytanoyllecithin membrane of 0.3 mm 
diameter separating aqueous solutions of 1 M CsCl and an 
appropriate amount of gramicidin A to ensure a mean membrane 
conductance of 7 x lo-' S. The data represent averages of five 
successive spectra requiring a total time of 10.24 min (nm= 5, cf. 
eq 2) .  The theoretical curve represents a fit of eq 6 to the data with 
the following parameters: S(0) = 9.4 x A2 Hz-l,f, = 0.19 
Hz. Lower trace: This control experiment shows the response of a 
lipid membrane in the absence of gramicidin A (membrane 
conductance '7 x lo-" S) with a resistor of lo6 Q in parallel 
(average of two spectra). The solid line represents the level of the 
thermal noise for this resistor calculated according to the Nyquist 
relation. 
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FIGURE 7: Change of the quantity a2/(?V) (cf. eq 7) after 
photodynamic inactivation of gramicidin channels (see text for 
details). At the arrow, the specific membrane conductance (7 x 

S cm-*), through illumination in the presence of Rose Bengal, 
was reduced by 2 orders of magnitude. 

of a2/7V as a function of time. Applying eq 7, this quantity 
should remain constant irrespective of the value of 7, if 
the mean channel conductance, A, does not change through- 
out the inactivation process. There is, however, a steep 
decrease of this quantity after photodynamic reduction of 
the conductance by 2 orders of magnitude. This may be 
considered a confirmation of the generation of channel 
species with lower conductance values during irradiation. 

Therefore, all three functional methods applied are com- 
patible with the assumption of an intermediate species C. 
The probability of formation of this species is, however, 
rather small. The predominant radiation effect is the direct 
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FIGURE 8: Fast atom bombardment (FAB) mass spectra of intact 
gramicidin A. 

transition of the channels from the fully active state.A into 
the inactive state B. 

Most of the data presented refer to photodynamic inactiva- 
tion. Similar results were also obtained from the radiolysis 
of gramicidin channels. In the case of photolysis, states of 
low channel conductance were first described by Busath and 
Waldbillig (1983). 

Mass Spectrometric Identification of Oxidation and Deg- 
radation Products. The effect of the photodynamic treatment 
on the structure of gramicidin A was studied by fast atom 
bombardment (FAB) mass spectrometry. This technique has 
been employed previously as a powerful method for the 
precise molecular weight and complete primary structure 
determination of peptaibols and related polypeptide antibiot- 
ics (Rinehart et al., 1982; Briickner et al., 1983; Przybylski 
et al., 1984). Figure 8 shows the FAB mass spectrum 
(positive ions) of intact (untreated) gramicidin A from a 
methanol solution, obtained with p-nitrobenzyl alcohol 
(NBOH) as the matrix solvent, to which sodium iodide had 
been added. The most abundant ion is the sodiated molecular 
ion [M + Na]+ observed at m/z 1905 (Mr 1882; [M+H]+ at 
m/z 1883 otherwise, without NaI addition). The accompany- 
ing ions may be attributed to contaminating analogs of 
gramicidin A. Furthermore, a series of sequence-specific, 
N-terminal fragment ions are found, which formally arise 
by cleavage of C,-CCO bonds (or of peptide bonds and 
subsequent CO elimination) and appear as Na adducts. 
These ions enable the exact determination of a large part of 
the sequence from the N-terminus and have been used 
previously to elucidate the structure of peptaibols (Przybylski 
et al., 1984, 1985). In the case of Figure 8, ions at m/z 533, 
632, 731, 917, 1030, 1216, and 1330 represent the partial 
sequences Val6 to Leu12. Relative to these sequence-specific 
FAB-induced fragmentations, other ions formed by hydroly- 
sis at peptide bonds [such as the N-terminal fragment HCO- 
(1-8) by cleavage at the Vals/Trp9 bond] are found only 
with low intensities. 

FAB spectra obtained from gramicidin A samples after 
photodynamic treatment for 10,55, and 75 min are compared 
in Figure 9A-C. Significant changes and degradation were 
already clearly observed after 10 min of irradiation as 
indicated by the drastic decrease in intensity of the molecular 
ion peak at d z  1905. Instead of the pattern observed in 
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cleavage between Val8 and Trp9. Like all molecular ions of 
the intact peptide, these ions represent the sodium salt and 
its [M+Na]+ form, due to the presence of NaI in the matrix. 
Other N-terminal ions are unchanged. There is additional 
strong evidence that the photodynamic degradation specif- 
ically involves the Trp residues of the peptide: All peptide 
fragments identified only comprise the partial sequence (1 - 
8), and the C-terminal fragments (containing the four Trp 
residues of gramicidin A) are detectable neither in the mass 
region d z  250-500 (data not shown) nor above d z  500 
(cf. Figure 9). 

The characteristic photodynamic modifications of grami- 
cidin A by initial oxidation of the intact peptide, and 
subsequent fragmentation, were corroborated by 252Cf-plasma 
desorption mass spectra (data not shown). 

DISCUSSION 

Gramicidin A is a linear pentadecapeptide with tryptophan 
residues at positions 9, 11, 13, and 15: HCO-L-Val-Gly-L- 
Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D- 
L~u-L-T~~-D-L~u-L-T~~-NHC~&OH. The helical dimer 
formed by association of two monomers is generally believed 
to represent an important principle of the formation of 
hydrophilic, ion-permeable channels through the bimolecular 
lipid phase of biological membranes. The four Trp residues 
have been found to be involved in channel inactivation by 
UV light, by X-rays, or by visible light in the presence of a 
suitable sensitizer. In the case of photolysis, the involvement 
of the Trp residues was deduced from a correlation of the 
decay of the Trp fluorescence and of the conductance induced 
by gramicidin A (Jones et al., 1986). The efficiency of 
radiolytic or photosensitized inactivation was found to 
decrease by several orders of magnitude, if the Trp residues 
were replaced by other aromatic residues such as phenyla- 
lanine or naphthylalanine (Strassle et al., 1987, 1989; Str&sle 
& Stark, 1992). Therefore, photolysis, radiolysis, and 
photodynamic inactivation of gramicidin channels may be 
assumed to originate from a chemical modification of the 
tryptophans. 

There are numerous reports on the radiolysis of the amino 
acid tryptophan (Jayson et al., 1954; Peter & Rajewsky, 1963; 
Armstrong & Swallow, 1969) and on tryptophan-containing 
peptides and proteins (Aldrich & Cundall, 1969; Winchester 
& Lynn, 1970; Masuda et al., 1971; Schuessler & Herget, 
1984; Simpson et al., 1992). A great variety of different 
reaction products has been found. Side chain modifications 
and fragmentation through cleavage of the peptide bond are 
major changes observed at the molecular level of peptides 
and proteins. Degradation of the side chains also represents 
the most important chemical change during the photosensi- 
tized oxidation of biomolecules (Straight & Spikes, 1985). 
The cleavage of peptide bonds, however, seems to occur only 
rarely in photooxidation, and has been reported only for 
lumiflavin-sensitized photooxidation of lysozyme (Gomyo 
& Fujimaki, 1970). Gramicidin A seems to represent another 
exception in this respect (see below). 

Inactivation of gramicidin channels by X-rays was found 
to be initiated by free radicals of water radiolysis (Strassle 
et al., 1987, 1989). The conclusion was based on the analysis 
of the shape of inactivation curves and on the kinetics of 
inactivation in the absence and in the presence of radical 
scavengers. The data were consistent with the assumption 
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FIGURE 9: Fast atom bombardment (FAB) mass spectra of 
gramicidin A after different times of irradiation by visible light in 
the presence of Rose Bengal: (A) 10 min, (B) 55 min, (C) 75 min. 
Some important ions are labeled as follows: FAB-induced frag- 
ments are designated by the C-terminal amino acid (e.g., Val6, see 
also Figure 8). Photodynamically induced fragments are denoted 
by the first and the last member of the sequence (e.g., Val'-Vals). 

Figure 8, a series of molecular ions representing oxidation 
products appear with masses separated by multiples of 16 
amu, respectively, showing incorporation of up to at least 
six oxygen atoms (e.g., d z  1921, 1937, 1953, 1969, and 
1985 in Figure 9A). Moreover, the mass shifts and changes 
of the fragmentation pattern provide evidence for the 
oxidations occumng at Trp residues. Thus, N-terminal 
fragments up to Val8 (m/z 731) were found unchanged, while 
the fragment ion resulting from cleavage at Trp9 is shifted 
to d z  949, equivalent to the formal addition of 0 2  (as are 
other subsequent fragments comprising Trp" and Trp13 
residues). 

Extension of the irradiation times (Figure 9B,C) resulted 
in further oxidation, as shown by the appearance of higher 
oxidized molecular ions. The peak at m/z 1216 is shifted to 
m/z 1280, equivalent to the formal addition of two 0 2  

molecules to the fragment HCO-Val'-Trp" (Le., one 0 2  

molecule per Trp residue). The most important result of an 
extended irradiation time is, however, the complete disap- 
pearance of the molecular ion [M+Na]+, which is indicative 
of photodynamic fragmentation of the peptide. Furthermore, 
the direct identification of the fragmentation pathway is 
provided by the increasing abundance, with increasing time, 
of ions at d z  776 and 798, resulting from specific peptide 



11902 Biochemistry, Vol. 34, No. 37, 1995 

that channel inactivation is initiated by subsequential attack 
of a OH’ radical (or of a secondary radical produced by OH’) 
and of a HOz’ radical at a single tryptophan residue of 
gramicidin A. The nature of the reaction path finally leading 
to channel inactivation has so far, however, remained 
obscure. The same holds for photolytic or photodynamic 
inactivation, where the events after light absorption by the 
tryptophans or by the sensitizer are largely unclear. In the 
case of the latter both, type I and type I1 processes have 
been suggested depending on the nature of the sensitizer 
(Strassle & Stark, 1992; Rokitskaya et al., 1993). 

The results of the present study yield some definite 
molecular information on the final state of inactivated 
channels. The observation of fragmentation, after irradiation 
of gramicidin A with visible light in the presence of the 
sensitizer Rose Bengal, provides a simple explanation for 
the transition of gramicidin channels from the normal state 
A into the inactivated state B. The cleavage of a peptide 
bond may be expected to interrupt the diffusion path of the 
cations through the channel, therefore explaining the direct 
transition to values of the single-channel conductance of 
virtually zero (as was observed for the predominant part of 
the inactivation events). 

This conclusion is independent from the detailed structure 
of the open channel, which is generally assumed to consist 
of a helical dimer formed by head-to-head association of two 
monomers. The kinetics of association of gramicidin 
monomers have been neglected so far. The data presented 
may be interpreted without making definite assumptions 
about the equilibrium between the channel structure and its 
monomeric elements (i.e., the equilibrium constant may or 
may not depend on the extent of fragmentation generated). 
The shape of the inactivation curves could be described by 
a simple reaction scheme neglecting the association equi- 
librium of gramicidin monomers (cf. Figure 1B). The same 
result has been obtained previously in the case of radiolytic 
inactivation of gramicidin A (Strassle et al., 1989). There 
is further support for the assumption that the association 
equilibrium is of secondary relevance for the inactivation 
process: Busath and Hayon (1988) applied photolytic light 
flashes in order to study the kinetics of inactivation. The 
main part of the current decrease occurred within less than 
1OO,us, Le., within a time scale much shorter than the kinetics 
of channel formation and dissociation. 

The first structural modification, induced by irradiation 
and observed by mass spectrometry, is the oxidation of the 
peptide taking place at the tryptophan residues. This is 
concluded from the absence of oxidations at those fragments 
which do not contain tryptophans. Furthermore, the maxi- 
mum number of 0 2  molecules added to the fragments seems 
to correspond to their number of tryptophan residues. The 
functional consequence of these oxidations is uncertain at 
present (see below). We suspect, however, that oxidation 
precedes fragmentation at the corresponding amino acid 
residue of the peptide. 

While state B of the reaction scheme may be explained 
by fragmentation of the channel, the structural differences 
between channel states A and C remain unclear. In view of 
its heterogeneity (see last section), state C might consist of 
a series of different reaction products which arise from side 
chain modifications of the tryptophan residues. In any case, 
the occurrence of state C is a rare event; Le., the direct 
transition into state B is by far the most important process. 

Kunz et al. 

This holds at least for the radiolytic and photodynamic 
inactivation the present analysis is based on. 

The correlation (as described above) between the func- 
tional channel states A, B, and C and the structures found 
by mass spectrometry needs further discussion. One might 
argue that the main transition A - B (observed upon channel 
inactivation) is the consequence of a chemical transformation 
of the tryptophan residues preceding fragmentation of the 
peptide; i.e., fragmentation is not required for inactivation. 
This argument is supported by the finding that the “channel 
forming activity” of gramicidin A is strongly reduced if the 
tryptophan residues are replaced by other aromatic amino 
acid residues. Therefore, a comparatively small modification 
of the tryptophan side chains might be sufficient for complete 
inactivation of the channels. The importance of the tryp- 
tophans has been explained by two alternative hypotheses. 
Both of them have in common that the presence of the 
tryptophan residues favors the structural alignment of grami- 
cidin dimers (in order to form open ion channels). Stark et 
al. (1986) suggested that the conductive pathways through 
the gramicidin dimers are only opening if the dimers are 
stabilized by formation of lateral aggregates (which are 
thought to be favored by tryptophan-tryptophan contacts 
between adjacent dimers). Becker et al. (1991), on the other 
hand, emphasized that hydrogen bond formation between the 
tryptophans of isolated dimers and the polar membrane- 
water interface is responsible for the stabilization. Irrespec- 
tive of the kind of dimer stabilization, chemical modification 
of the tryptophans may be expected to reduce the formation 
rate of open ion channels, and would, therefore, decrease 
the conductance induced by gramicidin A. The question, 
whether the fragmentation of the peptide is a necessary 
condition for the transition A - B, or whether a chemical 
transformation (preceding fragmentation)-such as oxidation 
or formation of short-lived intermediates not detected by 
mass spectrometry-is sufficient, cannot be answered defi- 
nitely by the existing data. In any case, the observation of 
fragmentation allows a simple and straightforward interpreta- 
tion of irreversible channel inactivation. 

Radiolysis-in view of the more complicated procedure 
required-has not been investigated by mass spectrometry 
so far. Irradiation must be performed in the presence of 
water in this case (e.g., by using gramicidin A containing 
lipid vesicles). Subsequently, gramicidin A and its irradiation 
products would have to be separated from the surrounding 
lipid phase and would have to be transferred to an organic 
solvent. In view of the largely identical functional behavior 
of photodynamically and X-ray-inactivated gramicidin chan- 
nels, we expect the same main structural consequence in both 
cases, namely, fragmentation of the peptide backbone. 

In summary, the essential molecular event at the photo- 
sensitized inactivation of gramicidin channels is shown to 
be the fragmentation of the peptide at the site of the 
tryptophan residues. In view of the largely identical 
functional inactivation behavior, this is also inferred for 
inactivation induced by ionizing radiation. It remains to be 
established whether this result may be generalized to other 
tryptophan-containing ion channels, or whether fragmentation 
is a consequence of a special property of gramicidins A, B, 
and C, namely, of the close spatial proximity of four (or at 
least three) tryptophan residues. 
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