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The ion channels formed by gramieidin A in planar lipid membranes may be inactivated by application of comparatively 
small doses of ionizing radiation (radiolysis) or by UV irradiation (pbotolysls). Both effects are reduced by several 
orders of magnitude, if the four tryptophan residues of gramicidin A are replaced by phenylalanines, tyrosines or by 
naphthylalanines, The present communication reports on the influence of a varying number of tryptophan residues per 
gramicidin monomer. T~,.e sensitivity of the channels towards photolysis was found to be roughly proportional to the 
number of tryptophans. The channels show complete inactivation in the presence of only one tryptophan residue per 
monomer. In the case of radiolysis, complete inactivation was observed for normal gramicidin A only. For those 
analogues having only ene (or two) tryptophan residues per monomer, part of the initial conductance was found to he 
insensitive towards irradiation. As only small changes of the single-channel characteristics (amplitude and life-time) 
w e r e  observed, the radiation-sensitive part was mainly attributed to a reduced rate of channel formation. It is interpreted 
as a radiation-induced inhibition of the aggregation of gramicidin dimers. Aggregation, favoured by Trp-Trp contacts, is 
thought to represent an. essential step for channel opening. 

Introduction 

The conductance of planar lipid membranes in the 
presence of ion channels formed by gramicidin A has 
been found to decrease by many orders of magnitude 
on exposing the membrane either to UV light (photoly- 
sis) or to ionizing radiation (radiolysis) [1-4]. Both 
effects have been shown to be due to the presence of 
tryptophan residues. While photolysis may be consid- 
ered as a direct radiation effect initiated by light ab- 
sorption of the tryptophan chromophores [1,2], radioly- 
sis is an indirect radiation effect caused by radiation-in- 
duced water radicals [3,4]. Experiments performed in 
the presence of different radical scavengers [4] have led 
to the conclusion that channel inactivation by radiolysis 
is due to a subsequent reaction of OH and HO2 radicals 
with the tryptophan residues of gramicidin A. 

Our previous study was confined to normal gramici- 
din A. There are four different tryptophan residues of 

Abbreviations of the analogues of gramicidin A (GA) investigated are 
presented in Fig. 1, p. 306. 
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this pentadecapeptide which, according to Urry's [5,6] 
helical model of dimeric channel structure, are pre- 
sumed to be in close contact with the aqueous phase. 
The present communication is aimed at the role of the 
four tryptophan residues. Analogues of valine-gramici- 
din A with a different number of tryptophan residues 
were synthesized and were compared with respect to 
their channel inactivation by radiolysis and photolysis. 
Characteristic differences between the two kinds of 
inactivation were observed, which allow further insight 
into the mechanism of forn-ation of open gramicidin 
channels. 

Materials and Methods 

The structures of the different analogues used 
throughout the present study are illustrated in Fig. 1. 
The tryptophan residues of normal gramicidin A are 
replaced either by tyrosines (analogue GT), O-benzyl- 
L-tyrosines (analogue GT(Bzl)), or by naphthylalanines 
(analogues GN, GN °'1l'15, GNUa3~ and GNgaS). The 
analogues were prepared as described by Trudelle and 
Heitz [7] and by Ranjalahy-Rasoloarijao et al. 181. 

In addition to the analogues mentioned so far, the 
study of the analogue G M -  which has the four tryp- 
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Valine-Gramicidin A (GA) 

Fig. 1. Structure and abbreviations of the different analogues investi- 
gated throughout the present study. 

GT: [Tyrg'~m3"tSlGA (Tyr "---- L-tyrosine) 
GT(Bd): [BzTyr'~'IL]3"ZS]GA (T(Bzl) -~ BzTyr "-- O- 

beozyI-L-tyrosine) 
GN: [Napg"lmxZS]GA (N "-- Nap -~ L-naphthylalanine) 
GN9.Zs: [Napg.IS]GA: GNH.Z3: [NapII.13]GA 
GN9.1LI~: [Napg-t t.t ~ IGA; 

tophan residues replaced by phenylalanines, was con- 
tinued [9,4]. 

Radiolys'~ was investigated using either a conven- 
tional X-ray source (Siemens Stabilipan) or pulses of 14 
MeV electrons delivered from the linear accelerator 
(Linac) of the Hahn-Meimer-lnstitut. Details of these 
experiments have been described previously [4]. 

Photolysis experiments we.to performed using UV 
light from a xenon lamp (Osram XBO 150W/l )  focused 
onto the membrane. The light was passed through an 
infrared water filter and through filter U G l l / l m m  
(Schott) to adapt the wavelength spectrum to the ab- 
sorption spectrum at tryptophan (250-300 nm). The 
diameter of the membranes (1-3 ram) was small enough 
to provide for a hom(,geneous illumination. A mechani- 
cal shutter was used to control the time of illumination. 

For further details of the experiments (both materials 
and methods) the reader should consult our previous 
publication on this topic [4]. All experiments were per- 
formed at room temperature (19 + 1 ° C). 

Results 

The strong influence of the number of tryptophan 
residues on the sensitivity of gramicidin channels to- 
wards radiolysis or photolysis is demonstrated by ex- 
periments illustrated in Figs. 2-5. Fig. 2 indicates that 
the channels formed by the analogue GN 9't]'zs, which 
has only one tryptophan residue per monomer, are 
hardly influenced by X-rays within a dose range of 
1-10 Gy. Application of such a dose, on the other hand, 
gives rise to an almost ez.:npiete inactivation of channels 
formed by " z , , a i  gramicidin A. 

i o  study radiolysis of GN 9'11A5 larger doses must be 
applied. To keep the exposure time in the range of 
several minutes, such experiments were performed at 
the linear accelerator (Linac) of the Hahn-Meitner-ln- 
stitut, supplying 5-100-ns pulses of 14 MeV electrons of 
sufficiently high intensity. The membranes were irradia- 
ted by a sequence of pulses (repetition time 40 ms). The 
effect on the membrane conductance is represented in 
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Fig. 2. Radiation inactivation by 220 kV X-rays. The membranes 
(dioleoylphosphatidylcholine/n-decane) were formed in air.saturated 
aqueous solutions of 1 M NaCI (pH 3, unbuffcred) containing trace 
amounts of gramicidin A (+) or GN 9'n'15 (rn). The membrane 
current, I, at a coastant voltage of 6O mV was measured as a function 
of time, while the membranes were exposed to a constant dose rate of 
2.9 Gy/min. The initial current. I o, before irradiation was 1.5 ,aA 
(GA) and 5.6 nA (GN 9"If'Is) (membrane area 5-10 -3 cm:). The full 

line represents a fit to Eqn. 14 of Ref. 4. 

Fig. 3. For membranes formed from dioleoylphosphati- 
dylcholine in the presence of G N  9'tl't5 application of a 
radiation dose as large as 150 Gy gives rise to only a 
comparatively small reduction (about 50%) of the mem- 
brane conductance. Further irradiation (up to at least 
600 Gy) does not lead to any further decrease of the 
conductance, i.e. only the part I o - 1  t of the current 
may be influenced by ionizing radiation, where It re- 
presents the virtually radiation-insensitive current ob- 
served at large doses (state 1). 

The introduction of a second tryptophan residue 
(analogues G N  9"t5 and G N  n't3) leads to a considerable 
increase of the radiation-sensitive fraction 0 = ( I  o -  
11)/lo of the membrane conductance (0 > 98%). In the 
case of normal gramieidin A, with four tryptophan 
residues per monomer, It  is at least 4 orders of magni- 
tude smaller than 1 o. The final level, 11, observed for 
gramicidin A in Figs. 3 and 4 is of the order determined 
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Fig. 3. Radiation inactivation by pulses of  14 MeV eleetmns. The 
experiments, apart from the radiation source, were performed under 
identical conditions to those described in the legend to Fig. 2. The 
initial conductance, Ao, was between 1.10-" and 5.10 -4 S/cm 2 in 
each case. The scale of the dose is 1 Gy/unit (GA and GN 9'is) and 

10 Gy/anit (GN 9'llAs). respectively. 
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Fig. 4. Radiation inactivation by pulses of 14 MeV electrons. The 
experimental conditions were identical to those described in the 
legends to Figs. 2 and 3, except that the membranes were formed from 
diphytanoylphosphatidylcholine/n-decane. The initial conductance, 

~o, was 1.6-10 -2 S/cm 2 (GA) and 6.10 -5 S/cm 2 (GN9"H'Is). 

by  the basic conductance  of  the unmodi f ied  (pure)  
bilayer. A t  high initial conductance  of  the m e m b r a n e  
(X z 0.1 S / cm2) ,  a decrease of  the current  by  up  to 6 
orders  of  magn i tude  was  observed.  In  general ,  the mag-  
n i tude  of  the  decrease is de te rmined  only by  the  rat io of  
the initial conductance  to the basic conduc tance  of  the 
pu re  bilayer. 

The  sample  of  gramicidin A used throughout  the 
present  s tudy was of  natural  origin, i.e., it was  a mixture  
of  the three analogues gramicidin  A, B, and  C with the 
approx imate  rat io 8 : 1 : 2. The  analogues B and  C con-  
tain a phenylalanine (B) o r  a tyrosine (C) in posi t ion 11 
( instead o f  a t ryptophan) .  Therefore ,  2 0 - 3 0 ~  o f  the 
gramicid in  molecules have  only three T i p  residues pe r  
monomer .  The  vir tually comple te  inact ivat ion,  found in 
the  presence of  normal  G A ,  allows the conclusion that  
three  T r p  residues are  sufficient for the  channel  closure. 

The  results shown in Fig. 4 were  obta ined with 
m e m b r a n e s  fo rmed  f rom diphytanoylphosphat idylcho-  
line. The  radiat ion-sensit ive par t ,  0, of  the  conductance ,  
in the presence o f  the  analogue G N  9'tt'ts was  found to 
be  considerably larger  (0  ~ 95%) as c o m p a r e d  to m e m -  
branes  fo rmed  f rom dioleoylphosphatidylcholine (0  
50%). This  indicates an  influence of  the lipid s t ructure 
on  the radiolysis of  the channels.  

One  m a y  ask for  the radiat ion dose,  /)37, necessary 
to reduce the radiat ion-sensit ive part ,  1o - I t ,  to  3770 o f  
its initial value. As  summar ized  in Tab le  1, the  D37 dose 
was  found to be  ra ther  similar for the analogues G A ,  
G N  9"t$, and  G N  tt't3. In  the presence of  only one  T r p  
residue (analogue GNg"tms) ,  however  the sensitivity is 
decreased by  a factor  o f  8. 

Photolysis of  gramicidin  A and  of  the analogue 
O N  9'n't~ is i l lustrated in Fig. 5. I t  was found that  the  
current ,  at  a cont inuous i l lumination of  the membrane ,  
could be fitted by  a sum of  two exponential  te rms 
according to 

l ( t ) / I  o ~ a exp( - t / ¢  I) + (l - a) exp( - t /¢2)  (l) 
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TABLE 1 

Relative values of the radiation dose D37 for channel inactivation b v 14 
MeV electrons 

The D37 value is defined as the radiation dose necessary to reduce the 
difference 1 o - / I to 37% of its initial value (see text). The value 
obtained for normal GA is 5+0.9 Gy (mean+S.D.). The values 
(mean of five diiierent membranes) hold for membranes formed from 
dioleoylphosphatidylcholine (for further experimental details see 
legend to Fig. 2). In the case of analogue GN. no conductance 
decrease was observed up to doses g 3 . ~  GY. A similar behaviour 
wa~ ~ls,~ Cnun~ ¢~: GT(Bzl) and GM-. 

Analogue T ryptophans/monomer D37(X)/D37 (GA) 
GA 4 l 
Gn 9"15 2 1 
GN tI')3 2 1.2 
GN 9.H')~ 1 8 
GN 0 
GT 0 50 
GT(Bzl) 0 
GM- 0 

Eqn. 1 implicates that  photolysis, cont rary  to radiolysis, 
leads to comple te  inactivation of  the channels.  This  it  
suppor ted  by the experimental  data.  though in tnc case 
of  G N  9"tt'ts due  to the long period of  the process, 
inact ivat ion was  followed only to the 1% level of  the 
initial conductance .  There  is, however,  a further con-  
t inuous decrease of  conductance  indicating that  the 
final value is far below that  level. In the case of  normal  
gramicidin  A, due  to its higher  sensitivity (see below), 
the initial m e m b r a n e  conductance  was  found to de-  
crease by  up  to 6 orders  of  magni tude.  

A fur ther  difference to radiolysis consists in the 
dependence  o f  the radiat ion sensitivity on  the n u m b e r  
of  t ryp tophan  residues (cir. Tab le  II). The  sensitivity 

-3 
0 1000 2000 3~0 

Fig. 5. Radiation inactivation by UV light. The membranes (di- 
phytanoylphosphatidyleholine/n*decanel were formed in air-saturated 
aqueous solutions of 1 M NaCI (pH 3, unbuffered) containing trace 
amounts of gramicidin A (+)  or GN 9"n'ms ({3). The membrane 
current. I. at a constant voltage of (30 mV was measured as a function 
of time, while the membranes were exposed to a constant intensity of 
UV light. "]he initial conductance.. ~o- before irradiation was 4-10 -s 
S/cm 2 (GA) and 1.7- l 0 - s S/cm 2 (GN 9.11.15) (membrane area 7.10- 2 

cm2). The full line represents a fit to Eqn. 1. 
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Fig. 6. Probability P(A ) of the observation of a cond=:ctance fluctuation A in the presence of single channels of the gramicidin analogue GN 9"11"15 
before and after exposure to X-rays (A) or to UV light (B). The membranes were formed from monoolein-n-decane in the presence of 1 M CsCI. 
(A) A nominally 10 -6 M solution of GN 9"1LI5 in ;, M CsCI (pH 3) was irradiated with 2000 Gy, a radiation dose sufficient to convert virtually all 
GN 9"ILI5 to state 1 (see Figs. 3 or 4). A small amount of this solution was added to the aqueous solutions surrounding the membrane and the 
resulting fluctuations were observed as a fu=,ction of time at a constant voltage of 150 mY. The total number of analyzed channels was 928 
(nonirradiated) and 894 (irradiated). The mean value. A. of conductance fluctuations was 20.9 pS (control) and 17.3 pS (irradiated). (B) A 
(nominally) 10 -5 M solution of G~'! °'il'~ in 1 M CsCI was UV-irradiated for a time interval sufficient to reduce the macroscopic conductance 
(according to Fig. 5) to less than 1%. A small amount of this solution was added to the aqueous solutions surrounding the membrane and the 
resulting fluctuations ~;ere observed as a function of time at a constant voltage of 150 inV. The total number of analyzed channels was 928 

(non;rradmted) and 1012 (irradiated). The mean value, ~., of conductance fluctuations was 20.9 pS (control) and 11.8 pS (irradiated). 

(expressed either by the values of  the characteristic t ime 
constants v I and ~'2 or by the t ime t37 needed to re~luce 
the current, I, to 37% of the init ial  value, lo)  is roughly 
proport ional  to the number  of  t ryptophan residues per  

monomer. 
The different behaviour  of the channels towards radi-  

olysis and photolysis is also apparent  at  the level of  the 
single channel. Previous studies have shown that  the 

histogram of the ampli tudes  of  conductance fluctua- 
t ions as well as the mean life-time of  the channels in the 
open state are virtually identical before and after radi- 
olysis of normal gramicidin A [4]. This  indicates that  
radiolysis of  normal  G A  is an ' a l l -or -nothing process', 
i.e. on the microscopic level only those channels con- 

tr ibute to the conductance, which are not  affected by 
radiation. Photolysis, on the other hand,  was shown to 
produce low conductance states of  the channel  which, 
on further exposure to UV light, show transi t ions to 
even smaller values [1]. 

TABLE II 

Inactivation parameters found for phorolysis of gramicidin A and its 
analogues 

The data (mean values 4- S.D. of five membranes) refer to membranes 
formed from diphytanoylphosphatidylcholine/n-decane (see legend to 
Fig. 5). The time t37(GA ) necessary to reduce the initial current in the 
presence of GA to 37,~ was 42.25:7.5 s. The parameters a, ~'1 and ¢2 
correspond to those in Eqn. 1. In the case of GT, GT(Bzl) and GN, 
no significant decrease of the current during illumination was ob- 
served. 

Analogue a 'q (s) ez (s) t37(X)/t37 (GA) 

GA 0.45+0.24 20.7+13.3 61+ 9 1 
GN 9'1~ 0.48+0.21 50.4+17 129+ 43 2.3 
GN ]1"13 0.834-0.09 84.24-24.4 2064- 48 2 
GN 9"11"15 0.53+0.26 142 :1:47 3974-200 5.9 

Previous exper iments  were extended by s tudying the 
behaviour  of  those gramicidin  analogues which have 
only one  or two t ryp tophan  residues per  monomer.  Fig. 
6B il lustrates that  the pronounced shift  to  smaller  val- 
ues o f  the d is t r ibut ion  o f  single-channel ampl i tudes  

after par t ia l  photolysis  is also observed in the case of  
G N  9'tt'ts. This  indicates that  the phenomenon (includ- 

ing the b roaden ing  of  the d is t r ibut ion)  is due to a 
l ight- induced modif ica t ion  o f  a single t ryp tophan  re- 

s idue and is no t  generated by a modif icat ion o f  a 
different  number  o f  t ryp tophan  residues. Radiolysis,  on 
the other  hand,  even after complete  conversion to the 
state 1 observed at  very large radia t ion doses ( D  = 2000 

0,ts I ~ = X;i~7~;~ted 
o.t 

0,05 

2b ~o 6'o s'o 
Alp5 

Fig. 7. Probability P(A ) of the observation of a conductance fluctua- 
tion A in the presence of single channels of the gramicidin analogue 
GN 9'15 before and after exposure to X-rays. The membranes were 
formed from monoolein/n-decane in the presence of 1 M CsCI. A 
nominally 10 -6 M solution of GN 9'Is in 1 M CsCI (pH 3) was 
irradiated with 2000 Gy, a radiation dose sufficient to convert virtu- 
ally all ON 9Js to state 1 (see Figs. 3). A small amount of tiffs solution 
was added to the aqueous solutions surrounding the membrane and 
the resulting fluctuations were observed as a function of time at a 
constant voltage of 5O inV. The total number of analyzed channels 
was 1180 (nonirradiated) and 1278 (irradiated). The mean value, A, 
of conductance fluctuations was 44.2 pS (control) and 25.2 pS (irradi- 

ated). 
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Fig. 8. Open times of GNg'tt'lS-channels under the experimental conditions of Fig. 6. d N,/dt is the number of channels per time interval, dr. 
showing a transition from the open (conducting) to the closed {nonconducting) state. The time, = 0 is defined as the transition from the closed to 
the open state. (A) Channels radiolyzed according to Fig. 6A as compared with the control. The total number of analyzed channels was n = 1036 
(control) and n = 999 (irradiated with 2000 Gy). The mean life-time was r = 115 ms in both cases. I B) Channels photolyzed according to Fig. 6B 

(n = 1132). The data show the existence of a small subpopulation. The mean life-times are "q = 67 ms and ~ = 388 ms. 

Oy), was found to produce a nearly identical distribu- 
tion of conductance states (Fig. 6A). Only a small shift 
of the maximum of the distribution to (slightly) smaller 
values was observed. 

Channels formed by gramicidin monomers having 
two tryptophan residues (GN '~'ls) after complete con- 
version to the radiolyzed state 1, showed a more pro- 
nounced shift to lower conductance values and concom- 
itantly a broadening of the distribution (Fig. 7). This is 
indicative of a continuous 1o ~,ering of the mean channel 
conductance in the radiolyzed state with an increasing 
number of tryptophan residues per monomer. For chan- 
nels formed from normal gramicidin A the channel 
amplitude in state 1 could not be resolved within the 
experimental accuracy (see above). 

Contrary to the strong influence of radiolysis and 
photolysis on the single-channel amplitude, there is only 
a relatively weak influence on the life time of the open 
channels. An exponential decay of the number of open 
channels as a function of time was observed for GN 9"1 t.t5 
in the normal (nonirradiated) state and also in the 
radiolyzed state 1 (Fig. 8A). The mean life-time of the 
channels is virtually identical for both states. Similar 
results were obtained with the analogue GN 9"t5. The 
mean life-time of photolyzed GNg"n'tS-channels (Fig. 
8B) is reduced by about a factor of 2. At the same time 
a small subpopulation of channels with a longer life 
time was observed. 

Thus the main effect of radiolysis and photolysis 
found at the single-channel level is a reduction of the 
single-channel amplitude. The further analysis of the 
data will show, however, that the predominant radiation 
effect on the macroscopic membrane conductance is a 
strong reduction of the formation rate of the channels. 

Discussion 

Both phenomena, radiolysis and photolysis, are ini- 
tiated by a modification of (at least) a single tryptophan 

residue of the ion channel formed by gramicidin A or 
by one of its analogues. The substitution of the tryp- 
topbans either by naphthylalanine, by tyrosine, by O- 
benzyt-L-tyrosine, or by phenylalanine leads to a strong 
reduction of the sensitivity towards both kinds of radia- 
tion (cf. Tables I and I!). The nature of the molecular 
events finally leading to the strong decrease of the 
membrane conductance is, however, only partly known 
so far. The experiments on the gramicidin analogues 
with a varying number of tryptophan residues have 
contributed to answering some important issues. The 
latter may be summarized as follows: 

(a) How do the different tryptophan residues of nor- 
mal GA contribute to pbotolysis and to radiolysis? Are 
the two phenomena based on a cooperative action of 
the tryptophans? 

(b) Is the decrease of the membrane conductance 
due to a reduced single-channel conductance, due to an 
increase of the rate of channel closure or due to a 
reduced rate of channel formation? 

The answer to these questions differs for radiolysis as 
compared to photolysis and will be discussed in connec- 
tion with the aggregational model of the gramicidin 
channel recently proposed ]10]. 

(1) Radiolysis 

First we will briefly summarize the results of our 
previous communications. Subsequently. we will show 
how previous ideas have to be modified and supph.- 
mented by the results of the present communication. 

Our previous studies [3,4] have led to the conclusion 
that radiolysis of gramicidin A is due to the subsequent 
attack of a radical R1 (presumed to be OH or a sec- 
ondary radical produced by OH, such as CI~) and a 
radical R2 (presumed to be HO2) at a 'single' tryptophan 
residue of a gramicidin A: 

A + RI ~ A" (2) 

A '+R2~B (3, ~ 
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The species A, A' and B represent nonconducting 
gramicidin dimers (or monomers, see below), which 
may associate to conducting channels AA by 

A+A~---K AA (4) 

Eqn. 4 has been proposed to proceed ~Iso for the 
species A' and B with the same equilibrium constant K. 
It was assumed that the species AA, A'A and A'A' show 
the same single-channel conductance, while the specle~ 
AB, A'B and BB were treated as nonconducting. This 
assumption will have to be revised according to the 
result of the present communication (see below). 

The model was based on the following experimental 
findings [3,4]: 

(a) Inactivation experiments performed in the pres- 
ence of different radical scavengers, in the presence and 
absence of oxygen, and at different pH of the aqueous 
solutions support the importance of OH and of HO 2 
radicals for channel inactivation. Eqns. 2 ,rod 3 also 
agree with a fundamental mechanism suggested for the 
radiolysis of the amino acid tryptophan in aqueous 
solution [11]. 

(b) The model has allowed the description of the 
shape of the inactivation curves at a continuous irradia- 
tion of the membrane at constant dose rate. The pro- 
nounced shoulder illustrated in Fig. 2 disappears, if (by 
addition of a scavenger) the concentration of one of the 
two types of radices  becomes rate limiting [4]. 
Exponential inactivation curves are obtained under these 
conditions, indicative of a one-hit phenomenon. If in- 
activation required an attack of water radicals at two 
(or more) loci, shoulder curves would also he observed 
in the presence of scavengers. Consequently, analysis of 
inactivation curves suggests that the attack of radicals 
at a single tryptophan residue is sufficient for radiolysis. 

(c) The 'all-or-nothing behaviour' observed at the 
level of single channels agrees with the assumption of 
only two channel states (open and irreversibly in- 
activated). 

(d) The model was found to provide a fair descrip, 
tion of the time dependence of the inactivation follow- 
ing pulse radiolysis. 

The experimental data (a-d)  are in full agreement 
with the inactivation model depicted above. Previous 
data did, however, not allow a distinction between the 
dimer and the tetramer hypotheses of the open channel 
[10], i.e., Eqns. 2 - 4  were also found to be valid assum- 
ing the species A to represent a gramicidin monomer 
instead of a dimer [4]. 

The findings of the present paper, at least in part, 
seem to contradict the simple model of channel in- 
activation. Only partial radiolysis was observed for the 
analogue GN 9'1L15 (and also for GN 9'15 and GN1L13). 
This indicates that the modification of more than two 

tryptophan residues is required for the (virtually) com- 
plete closure of the channel. 

The discrepancy may be resolved, however, consider- 
ing the well documented ability of biological macro- 
molecules to allow for intramolecular energy transfer. A 
wealth of different studies has provided evidence (see, 
for example, Ref. 12) that the energy conveyed to a 
maeromolecule by the action of ionizing radiation may 
be transferred over considerable distances (e.g., to the 
active centre of an enzyme molecule, leading to its 
inactivation). Starting from radical-induced changes at 
tryptophan residues, intramoleeular radical transforma- 
tions, such as electron transfer, are well established in 
numerous peptides [13]. 

According to the helical structure proposed by Urry 
[5], the tryptophan residues in gramicidin A are arranged 
in close proximity at  each end of the dimer forming the 
channel. Since all the tryptophan residues are close to 
the channel mouth, all of them may be accessible to 
radical attack. This is supported by the largely identical 
inactivation behaviour of the analogues GN 9as and 
GN 11'13, with two tryptophan residues in positions 9 
and 15 and in positions 11 and 13, respectively. The 
close sequential and spatial arrangement of the (maxi- 
mum) four tryptophan residues favours energy transfer 
between these groups. 

Therefore, supplementing the simple model of chan- 
nel radiolysis (and at the same time answering question 
(a)) in the first part  of this section), we suggest that a 
radical-induced modification of one of the tryptophan 
residues leads, by way of intracellular energy transfer, 
to a modification of all tryptophan residues of the 
monomer. We think that radical attack according to 
Eqns. 2 and 3 initiate a series of radical transformations 

B-~  . . . .  R (5) 

which, via an unknown number of intermediate prod- 
ucts, finally leads to the radiolyzed state R of gramici- 
din. The nature of R depends on the number N of 
tryptophan residues per gramicidin monomer. 

We now turn to question (a) and we try to analyze 
state 1, i.e., the state of radiation independent mem- 
brane conductance observed at  very large radiation dose 
(See Figs. 3 and 4). For N = 3 or N = 4 (i.e. for normal 
gramicidin A), 11 is determined by the conductance of 
the unmodified (pure) lipid bilayer. For N < 2, however, 
I l is clearly different from the basic conductance of the 
pure lipid bilayer, i.e., 11 is determined by channels 
formed by radiolyzed gramicidin. Therefore, contrary to 
normal GA, the nature of the radiolyzed channels of the 
analogues GN 9'u'ls, GN 9'15 and GN n'13 can be studied. 

The membrane conductance, h, is determined by the 
product of the single-channel conductance, A, and of 
the number of channels, No, in the open state: 

h ffi A N O (6) 



For GN 9'11'15 (GN 9'~5) the ratio A(O)/A(1) of the mean 
values of the amplitude_" of conductance fluctuations 
between the normal state 0 and state 1 is only 1.21 
(1.75) (see Figs. 6A and 7). Similar values were ob- 
tained, if the analogues were incorporated in mem- 
branes formed from diphytanoylphosphatidylcholine. 

The ratio h(0)/h(1)  of the macroscopic membrane 
conduetanees in the presence of G N  9"11'15, o n  the other 
hand, corresponds to about 2-20 depending on the lipid 
environment of the channel (see Figs. 3 and 4). In the 
case of the analogue GN 9"~5 the ratio is even >_ 100. 
Consequently, applying Eqn. 6, the main effect of ioniz- 
ing radiation on the transport system under study is a 
reduction of the number No of open channels. 

The gramicidin concentration inside the membrane 
may be considered as constant throughout an inactiva- 
tion experiment. This is concluded from the time-inde- 
pendent conductance observed at large radiation doses. 
Therefore, the number N O of open channels is de- 
termined by the rates of channel formation and channel 
dissociation only. This holds irrespective of the struc- 
ture and stoichiometry of the channe! and of the molec- 
ular nature of the opening and closing events. The 
transition rate from the open into the closed state (i.e.. 
the inverse of the mean life-time in the open state) is 
found to be virtually identical in state 1 as compared to 
the control (see Fig. 8A). 

Consequently, a reduction of the formation rate of 
open channels must be responsible for the decrease of 
No, i.e., for the main part of the radiation-induced decay 
of the current. 

A reduced rate of channel formation of irradiated 
gramicidin also allows an explanation of the depen- 
dence of the radiation-sensitive fraction, O, on the lipid 
environment of the channels (eL Figs. 3 and 4): The 
formation of open channels is closely related to the 
formation of aggregates (compare Eqn. 4 and the dis- 
cussion below). 

Aggregate formation could be influenced by struct- 
ural parameters of the surrounding lipid matrix. The 
effect of the latter might be, different for irradiated 
gramicidin as compared with the control. 

The experimental finding of a decreasing number, 
N O , of open channels with increasing radiation dose is in 
contrast to our previous assumption of an identical 
equilibrium constant K of gramicidin aggregation for 
the species A and B (cf. Eqn. 4). It was found, however, 
that this assumption is of minor importance for the 
mathematical description of our previous inactivation 
data (see Appendix). 

(2) Photolysis 

Contrary to radiolysis, photolysis was found to be 
roughly proportional to the number of tryptophan re- 
sidues (see Table II). Moreover, the inactivation process 
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proceeds via one or several states of reduced channel 
conductance as was detected by single-channel experi- 
ments [1]. The present study has shown that the shift to 
lower conductance values of partially photolyzed 
gramicidin and the concomitant broadening of the dis- 
tribution of single-channel amplitudes is observed also 
for GN 9,H,~5, i.e., in the presence of only one tr./ptophan 
residue per monomer (Fig. 6B). Though radiolyzed 
GN 9"15 shows a similar bchaviour (Fig. 7), the two 
phenomena differ at least in one important aspect: 
While Fig. 7 shows the single-channel distribution after 
complete conversion to the radiolyzed state 1 observed 
at a "saturating' radiation dose, Fig. 6B illustrates a 
transient state of partially photolyzed GN 9"u'ls. which 
after prolonged exposition to UV light leads to com- 
plete channel closure. Thus photolysis is a multi-photon 
process. This holds even in the presence Gf only one 
tryptophan residue per monomer, since a qualitatively 
similar behaviour was found for GN 9"ll'ls and GA. 
Furti~er differences between radiolysis and photolysis 
are as follows (data not presented in detail): 

(a) Contrary to radiolysis, which shows a pro- 
nounced pH-dependent [3], the effect of UV light does 
not depend on the pH value of the aqueous phase (pH 
3 -pH 10). 

(b) While the effect of ionizing radiation is virtually 
negligible in the absence of oxygen, the sensitivity to- 
wards UV light rather is increased, if the oxygen con- 
centration is reduced to the one percent level. 

These findings indicate a different inactivation mech- 
anism for photolysis. Though both phenomena, radioly- 
sis and photolysis, start at the same amino acid residues 
of the peptide, the process of photolysis seems to pro- 
ceed according to a different reaction path as compared 
with radiolysis. As a final result of completely photo- 
lyzed gramicidin, the amplitude of the single-channel 
conductance is virtually zero even at a single tryptophan 
residue per monomer. A similar estimate as in the case 
of radiolysis shows, however, that the decay of the 
membrane conductance, apart from a reduced single- 
channel conductance, is also strongly influenced by a 
reduced rate of channel opening. 

The mathematical form of the time dependence of 
photolytic inactivation described by Eqn. 1 does not 
depend on the number of tryptophans per monomer. It 
may be interesting to note in this context that the decay 
of the tryptophan fluorescence accompanying photoly- 
sis of di- or tripeptides in aqueous solution was also 
found to obey Eqn. 1 [14]. In the case of normal 
gramicidin A a close correlation between the rates of 
fluorescence loss and the rate of channel inactivation 
was observed [2]. Thus, the two exponential terms mir- 
ror a pr"perty of the single tryptophan residue. The 
presence of more than one tryptophan residue (within 
the experimental accuracy) only leads to a change of the 
characteristic time constants (see Table I1). 
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The differences observed in the mechanisms of radio- 
lytic and photolytic channel inactivation mirror the 
differem nature of the inactivation process. While pho- 
tolysis i~ a direct radiation effect initiated by light 
absorptien of the target group, radiolysis of gramicidin 
channels is based on the radiation chemistry induced by 
water radicals. The individual molecular steps of the 
inactivation processes, including the detailed nature of 
the chemical products finally produced, are so far un- 
known. 

(3) Consequ~'nces fo r  the channel structure 
The sing!e-channel fluctuations observed in the pres- 

ence of gramicidin A are frequently explained on the 
basis of the statistical fluctuations accompanying a 
monomer-dimer equilibrium: 

M+M~D (7) 

where D is believed to represent the open channel. 
Indeed, evidence fron: different experimental ap- 
proaches, such as the concentration dep~.ndence of the 
conductance [15-17], voltage-jump relaxation experi- 
ments [18], noise analysis [19,20], and the observation of 
hybrid channels [16,21,22] has sul~!0orted the idea that a 
dimerization reaction represents an essential step of the 
formation of the open channel. 

It has been found, however, that the process of 
channel activation is more complicated than assumed so 
far [10!. Based on temperature-jump and voltage-jump 
experiments, the kinetics of channel formation was 
shown to represent a multistate phenomenon governed 
by at least two different relaxation times. Since the 
relaxation behaviour was found to be largely identical 
for normal gramicidin A and for chemically dimerized 
malonyl-bis(desformylgramicidin), an aggregate of two 
parallel dimers was suggested to represent the smallest 
unit of the open channel. The dimerization process 
mentioned above (Eqn. 7) was interpreted as an associa- 
tion of two nonconducting dimers D to a tetramer T 
(compare Eqn. 4). Aggregate formation was suggested 
to be accompanied by the opening of the aqueous 
channel inside one or both of the directs. 

The possibility of aggregate formation by dimer- 
dimer interactions was first discussed by Urry [6]. Based 
on conformational studies, ag~egate  formation (up to 
the formation of a supramolecular structure of parallel 
rows of aggregates of gramicidin dimers) was proposed 
to be due to tryptophan-tryptophan interactions of 
neighbouring dimers. Experimentally, aggregation was 
observed by different methods: Fluorescence quenching 
due to Trp-Trp interactions [23], dielectric relaxation 
studies of lysophosphatidylcholine-packaged gramicidin 
channels [24], and electron microscopic studies of 
gramicidin A incorporated into dispersions of lysophos- 
phatidylcholine [25]. It was found that the tendency of 

gramicidin to self-associate may even strongly influence 
the structure of lipid membranes, changing the tempera- 
ture of phase transitions ol triggering the transition of a 
micellar structure into that of a bilayer structure (for a 
review see Ref. 26). 

The effects mentioned above were observed at con- 
centrations far above those usually applied t?,roughout 
cotiductance measurements. The process of formation 
of a supramolecular structure will, however, extend over 
many orders of magnitude in the concentration, resem- 
bling the formation of micelles in aqueous solutions. 
The association of dimers to tetramers may be consid- 
ered as the first step of a complex aggregation process 
of the dimers occurring at extremely small concentra- 
tions and resembling the formation of nuclei, the growth 
of which is induced by an increase of the concentration. 

The aggregational model of channel formation ob- 
tains further support by the radiolysis experiments of 
the present study. The inactivation of channels formed 
by the analogues GN 9'1s and GN 9'11'15 is, as shown 
above, mainly due to a reduced opening rate of the 
channels. This finding is difficult to explain in the 
frame of the m.mo:uer-dimer hypothesis. The radical-in- 
duced modification of a Trp-residue occurs at the C- 
terminal end, near the membrane /water  interface. For 
the association of monomers to dimers, however, the 
N-terminal end located in the membrane interior is 
responsible. The aggregationai model of channel open- 
ing, on the other hand, is based on dimer-dimer interac- 
tions for which Trp-Trp contacts have been suggested to 
be of great relevance (see above). Thus, the radiation 
induced reduction of the rate of channel formation (i.e. 
the decrease of the aggregation rate) becomes plausible. 

There is a further argument supporting the idea that 
aggregation of dimers is imFortant for the channel 
opening. It is based on a comparison of the UV-sensitiv- 
ity of gramicidin channels and of sodium channels of 
excitable membranes. Studies by different authors 
[27-31] have shown, that sodium channels of different 
organisms may be photochemically inactivated. Con t i e t  
al. [31] argued that photolysis of a single tryptophan 
residue might be responsible for the effect. The UV- 
sensitivity of gramicidin A [1] is about 18-times larger 
than that of sodium channels from myelinated nerve 
[29] and about 23-times larger than the UV-sensitivity 
of sodium channels from squid axon [31]. The numbers 
refer to the inactivation constant y at a wavelength of 
280 nm. y is defined through Eqn. 8: 

I( t ) / l (O) = exp(- yirt) (8) 

l ( t ) ,  membrane current at time t; ir, radiant intensity: 

(GA) ~ 0.028 cm 2. mW -1 • s -1 [1], (SC) = 1.52.10 -3 
cm 2. m W -  1. s - 1 [29], 
(SC) = 1.22.10 -3 cm 2- mW - t  • s -1 [31] (SC, sodium 
channel). 



In the case of  gramicidin A Eqn. 8 represents an ap-  
proximat ion (see Eqn. 1). 

Two effects m a y  contr ibute  to explain the different 
UV-sensitivity of  sodium and gramicidin channels: A 
different  n u m b e r  of  t ryptophan residues per  channel  
and  a different  q u a n t u m  efficiency of  the photochem- 
ical effect. If  the lat ter  is identical for both types of  
channels,  a gramicidin aggregate  forming an open chan-  
nel has to consist of  two or three dimers  at least to 
account  for the different sensitivity. 

Though  this a rgument ,  repeatedly used in the litera- 
ture, is in qualitative agreement  with the aggregational  
model ,  it does not, however,  represent  a definite de- 
terminat ion of  the size of  the aggregate.  This  would 
require  a measurement  of  the q u a n t u m  efficiency, as 
was  pe r fo rmed  at the photolysis of  the amino  acid 
t ryp tophan  and  analogous compounds  [32,33]. 

Appendix 

The influence of gramicidin aggregation on the mathe- 
matical form of inactivation curt, es 

The  t ime dependences,  I (0 ,  of  the electric current  
following pulse radiolysis or  cont inuous  radiolysis m a y  
be  expressed by  

, ( , ) / ,  = 1 o + ( - ~ o . , 1  exp(-~o))( , / o  . /1 '+ 
o t \ ¥ /D+l -exp( -k t ) l J  

(A-l) 

and  

a2 al st 
l(t)/lo=[a-d-~_aexp( . . . .  ) -  a - ~ _  al exp( . . . .  )] (A-2) 

Fo r  a derivat ion of  Eqns.  A-1 and  A-2, including the 
definition of  the symbols,  see Ref. 4. Both equat ions  
were  obta ined under  the condit ions outl ined in Discus- 
sion, i.e., assuming the same association behaviour  for 
the  species A, A '  and  B (cf. Eqn. 4). 12 = 2 is found in 
this case. 

The  exper iments  with the analogue  G N  9`tu5 have  
shown, however ,  that  the association tendency of  the 
species B is considerably smaller  c o m p a r e d  to that  o f  
the species A. In the following we neglect the  associ- 
a t ion of  B. By using the same procedure  as in Ref. 4, 
one  finds tha t  for two l imiting cases Eqns. A-1 and  A-2 
are  still valid, however,  with a different  value for the 
pa rame te r  12 in one  of  the two cases. I f  the number ,  NA, 
o f  dimers  A is considerably larger than  the number ,  
N~,~, of  te t ramers  A A  (i.e., N A >> NAa), 12 = 2 is again 
found.  Fo r  N~, A :~  NA, on  the o ther  hand,  12 = 1 is 
obtained.  The  exper imental  d a t a  presented in Ref. 4 
m a y  be  described sett ing 12 = 2 or  12 = 1, with only 
minor  changes of  the o ther  parameters  required. There-  
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fore, the da ta  do  not  allow the prediction of the associ- 
ation behaviour  of  the species B. 
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