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The ion channels formed by gralmcldl A in planar lipid may be i d by appli of ivel;
small doses of ionizing radiatis lysis) or by UV irradiati photolysis). Both effects are reduced by several
orders of de, if the four tr y of icidin A are replaced by ph ines or by
naphthylalanines. The present communication reports on the influence of 2 varying number of tryptophan residues per
gramicidin monomer. The sensitivity of the channels towards photolysis was found to be roughly proportional to the
number of tryptoph The Is show p i in the p of only one tryptophan residue per
monomer. In the case of radiolysit lete inactivation was ob: d for normal gramicidin A only. For those

having only cnie (or two) tr h id part of the initial conductance was found to be
insensitive towards irradiation. As only small changes ol lhe single-channel characteristics (amplitude and life-time)
were ol:served, the radiation-sensitive part was mainly attributed to a reduced rate of channel formation. It is interpreted
as a radiati d inhibition of the aggregation of icidin dimers. Aggregation, f; d by Trp-Trp is
thought to represent ar essential step for channel opening.

peptide which, g 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

Introduction this
The conductance of planar lipid membranes in the
of ion ct s formed by icidin A has
been found to decrease by many orders of itud

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
tr h id ‘While p lysis may be consid-
ered as a direct radiation effect initiated by light ab-

ion of the tryptoph h [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 reacuon of OH and HO, radicals

four tryptoph id Anal of valine-gr

din A with a diff number of tryptopk idi
were synthesized and were compared with respect to
their channel inactivation by radiolysis and photolysis.
Ch istic  diff b the two kinds of
inactivation were observed, which allow further insight
into the mechanism of formation 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

with the tr P pt of gr idin A.
Our previous study was confined to normal gramncn-
din A. There are four different tryptoph of !
of the anal of in A (GA) investigated are

presented in Fig. 1, p. 306.

Correspondence: G. Stark, Fakultdt fiir Biologie, Universitit Kon-
stanz, Postfach 5560, D-7750 Konstanz 1. F.P.G.

d either by tyrosines (analogue GT), O-benzyl-
L-tyrosines (analogue GT(Bzl)), or by naphthylalanines
(analogues GN, GN*'15, GN'" and GN™%). The
analogues were prepared as described by Trudelle and
Heitz {7} and by Ranjalahy-RasoloanJao ez al. [8].

In addition to the \} d so far, the
study of the analogue GM~ which has the four tryp-
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HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val
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:L ~Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-NHC:H.OH
9 0 n 27 =] % s

Valine-Gramicidin A (GA)
Fig. 1. Structure and abbreviations of the different analogues investi-
gated throughout the present study.

ST Ty IGA
GT(Bal): [BeTyr>13151GA

(Tyr 2 L-tyrosine)

(T(Bzl) = BzTyr 2 O-
benzyl-L-tyrosine)

(N = Nap £ L-naphthylalanine)

GN'I3; [Nap'M3|GA

GN: [Nap™M1731GA
GN®!%: [Nap™*IGA:
GN®113; [Nap™l3S]GA;

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

Radiolysis 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-Meitner-Institut. Details of these
experiments have been described previously [4].

Photolysis experiments wise performed using UV
light from a xenon lamp (Osram XBO 150W /1) focused
onto the membrane. The light was passed through an
infrared water filter and through filter UG11/1mm
(Schott) to adapt the wavelength spectrum to the ab-
sorption spectrum of tryptophan (250-300 nm). The
diameter of the membranes (1-3 mm) was small enough
to provide for a homcgeneous illumination. A mechani-
cal shutter was used to control the time of illuminati
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F-g 2. Radmuon maclwalwn by 220 kV X-rays. The membranes

d were formed in air-saturated
aqueous solutions of 1 M NaCl (pH 3, unbuffered) containing trace
amounts of gramicidin A (+) or GN*'M5 (@), The membrane
current, £, at a ccastant voltage of 60 mV was measured as a function
of time, while the membranes were exposed 10 a constant dose rate of
2.9 Gy/min. The initial current, ,, before irradiation was 1.5 gA
(GA) and 5.6 nA (GN®!''%) (membrane arca 5-10~2 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 GN*'15 application of a
radiation dose as large as 150 Gy gives rise to only a
comparatively small reduction (about 50%) of the mem-
brane Further irradi (up to at least
600 Gy) does not lead to any further decrease of the
conductanoe, ie. only the pan I,— I, of the current
may be i d by i iation, where 1, re-
presents the virtually radiation-insensitive current ob-
served at large doses (state 1).

The i duction of a second tryptophan residue

For further details of the experiments (both materials

(analogues GN®'* and GN''"'?) leads to a considerable

and methods) the reader should consult our p
publication on this topic [4]. All experiments were per-
formed at room temperature (19 + 1°C).

Results

The strong influence of the number of lryptophan
residues on the itivity of
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*'""*, which
has only one tryptophan residue per menomcr, are
hardly influenced by X-rays within a Jose range of
1-10 Gy. Application of suck a duse, on the other hand,
gives rise to an almost piete inactivation of channels
formed by rc..uai gramicidin A,

o study radiolysis of GN®!!* 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-In-
stitut, supplying 5-100-ns pulses of 14 MeV electrons of
sufficiently high intensity. The membranes were irradia-
ted by a sequence of pulses (repetluon time 40 ms). The
effect on the is r d in

of the radi; fraction 8= (J1,—
1,)/1, of the membrane conductance (8 > 98%). In the
case of normal gramicidin A, with four tryptophan
residues per monomer, 1, is at least 4 orders of magni-
tude smaller than I,. The final level, 7, 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 clectrons. The
experiments, apart from the radiation source, were performed under
identical conditions to those described in the legend to Fig. 2. The
initial conductance, A, was between 1-10™% and 5-107* S/cm? in
each case. The scale of the dose is 1 Gy/unit (GA and GN*'*) and
10 Gy/ anit (GN15), 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,
Ao» Was 1.6-1072 $/cm? (GA) and 6-107% S/cm? (GN>'15),

by the basic conductance of the unmodified (pure)
bilayer. At high initial di of the
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TABLE |

Relative values of the radiation dose Dy, for channel inactivation by 14
MeV electrcns
The Dy, value is defined as the radiation dose necessary to reduce the
difference I, — 1/, to 37% of its initial value (see text). The value
obtained for normal GA is 5+09 Gy (mean+S.D.). The values
(mean of five diiferent membranes) hold for membranes formed from
i ine (for further details see
legend to Fig. 2). In the case of analogue GN. no conduc

decrease was observed up to doses 5 300¢ GY. A similar behaviour
was also found for GT{Bzl) and GM ™.

Analogue
GA
G
GN!LY
GNOIS
GN

GT
GT(Bzl)
GM~™

Tryptophans/monomer Dy3(X)/Dy; (GA)

1

1
12
8

50

coco—MN A

(A=0.1 S/cm?), a decrease of the current by up to 6
orders of magnitude was observed. In general, the mag-
nitude of the decrease is determined only by the ratio of
the initial d to the basic cond of the
pure bilayer.

The sample of icidin A used through the
present study was of natural origin, i.e., it was a mixture
of the three analogues gramicidin A, B, and C with the
approximate ratio 8:1:2. The analogues B and C con-

taina henylal (B)ors (C) in position 11
’ofau_. Theref¢ 20-30% of the
gramicidin molecules have only thrce Trp residues per
The ion, found in

the presence of normal GA, allows the conclusion that
three Trp residues are sufficient for the channel closure.

The results shown in Fig. 4 were obtained with
membranes formed from diphytanoylphosphatidylcho-
line. The radiation-sensitive part, 8, of the conductance,
in the presence of the analogue GN*'!> was found to
be considerably larger (8 = 95%) as compared to mem-
branes formed from dioleoylphosphatidylcholine (8 =
50%). This indicates an influence of the lipid structure
on the radiolysis of the channels.

One may ask for the radiation dose, Dj;, necessary
to reduce the radiation-sensitive part, I, — I,, to 37% of
its initial value. As summarized in Table I, the D, dose
was found to be rather similar for the analogues GA,
GN®', and GN'", In the presence of only one Trp
residue (analogue GN®'1%) however the sensitivity is
decreased by a factor of 8.

Photolysis of gramicidin A and of the 1

Eqn. 1 lmphcates l‘\at phololysns, contrary to radiolysis,
leads to p ion of the This is
supported by the experimental data, though in thc case
of GN*''* due to the long period of the process,
inactivation was followed only to the 1% level of the
initial d There is, h a further con-
tinuous of d 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 membrane conductance was found to de-
crease by up to 6 orders of magnitude.

A further difference to radlolysns consists in the
d de of the radi; ivity on the number
of tryptophan residues (cf. Table lI) The sensitivity
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Fig. 5. Radiation machva!loll by UV light. The membranes (di-

GN*'"¥ i illustrated in Fig. 5. It was found that the
current, at a i il of the b

could be fitted by a sum of two exponential terms
according to

I(t)/I,=aexp(—t/n) +(1—a)exp(—t/7) m

‘n-decane) were formed in air-saturated
aqueous solutions of 1 M NaCl (pH 3, unbuffered) containing trace
amounts of gramicidin A (+) or GN*'5 (@). The membrane
current, /. at a constant voltage of 60 mV was measured as a function
of time, while the membranes were exposed to a constant intensity of
uv lnghl “The initial conductance, A, before irradiation was 4-10~%
S/em (GA)and 1.7-10~5 S fem? (GN°I11%) (membrane area 7-10~2
cm?). The full line represents a fit to Eqn. 1.
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Fig. 6. Probability P(A) of the of a condt: A in the presence of single channels of the gramicidin analogue GN*!!1

before and after exposure to X-rays (A) or to UV lizht (B). The membranes were formed from monoolein-n-decane in the presence of 1 M CsCl.
(A) A nominally 10~® M solution of GN*'*'3 in 1 M CsCl (pH 3) was irradiated with 2000 Gy, a radiation dose sufficient to convert virtually all
GNOILI5 46 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 fuction of time at a constant voltage of 150 mV. 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~% M solution of GM™*"' in 1 M CsCl 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 were observed as a function of time at a constant voltage of 150 mV. The total number of analyzed channels was 928

(nonirradiated) and 1012 (irradiated). The mean value, A,

(expressed either by the values of the characteristic time
constants 7, and 7, or by the time t;; needed to reduce
the current, I, to 37% of the initial value, I,) is roughly
proportional to the number of tryptophan 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 amplitudes of conductance fluctua-
tions 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 GA is an ‘all-or-nothing process’,
i.e. on the microscopic level only those channels con-
tribute 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 transitions to
even smaller values [1].

TABLE 11

Inactivation parameters found for photolysis of gramicidin A and its
analogues

The data (mean values + S.D. of five membranes) refer to membranes
formed from diphytanoylphosphatidylcholine/ n-decane (see legend to
Fig. 5). The time £3,(GA) necessary to reduce the initial current in the
presence of GA to 37% was 42.21 7.5 s. The parameters e, 7, and 7,
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 o

0.45+0.24
0.48+0.21
0.83+0.09
0.53+0.26

n (s}
207+133
504%17
8424244
142 147

7 ) 157(X)/ 137 (GA)
61+ 9 1
129+ 43 23
206+ 48 2
397£200 59

GA
GNIS
GNIB
GNOILIS

of conductance fluctuations was 20.9 pS (control) and 11.8 pS (irradiated).

Previous experiments were extended by studying the
behaviour of those gramicidin analogues which have
only one or two tryptop idues per Fij
6B illustrates that the pronounced shift to smaller val-
ues of the distribution of single-channel amplitudes
after partial photolysis is also observed in the case of
GN®!'%, This indi that the pl (includ-
ing the broadening of the distribution) is due to a
light-induced modification of a single tryptophan re-
sidue and is not generated by a modlﬁcauon of a
different number of tryptopkh on
the other hand, even after complete conversion to the
state 1 observed at very large radiation doses (D = 2000

3 X-irradiated
2 control

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® before and after exposure to X-rays. The membranes were
formed from monoolein/n-decane in the presence of 1 M CsCl. A
nominally 10 M solution of GN®' in 1 M CsCl (pH 3) was
irradiated with 2000 Gy, a radiation dose sufficient to convert virtu-
ally all GN™' to state 1 (see Figs. 3). A small amount of this 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 50 mV. The total number of analvzed channels
was 1180 (nonirradiated) and 1278 (irradiated). The mean value, A,
of conductance fluctuations was 44.2 pS (control) and 25.2 p$ (irradi-
ated
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Fig. 8. Open times of GN*'""*.channels under the experimental conditions of Fig. 6. dN,/dr is the number of channels per time interval, d7.
showing a transition from the open (conducting) to the closed (nonconducting) state. The time 7 = 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 7 =115 ms in both

B) Channels photolyzed according 1o Fig. 6B

(n=1132). The data show the existence of a small subpopulation. The mean life-times are 7, = 67 ms and 7. = 388 ms.

Gy), 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™'%) 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 lo ering of the mean channel
conductance in the radiolyzed state with an increasing
number of tryptoph idues per 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

lysis on the sing) 1 ampli there is only
a relatively weak influence on the life time of the open
channels. An exponential deczy of the number of open
channels as a function of time was observed for GN*''1*
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*'. The
mean life-time of photolyzed GN*''"P_channels (Fig.
8B) is reduced by about a factor of Z. At the same time
a small subpopulation of channels with a longer life
time was observed.

Thus the main effect of radiol and photolysi:

residue of the ion channel formed by gramicidin A or
by one of its analogues. The substitution of the tryp-
tophans either by naphthylalanine, by tyrosine, by O-
benzyl-L-tyrosine, or by phenylalanine leads to a strong
reduction of the sensitivity towards both kinds of radia-
tion (cf. Tables 1 and II). 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 photolysis 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

Fu'st we will bneﬂy summanze the results of our
ly, we will show

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 d isa
strong reduction of the formauon rate of the channels.

Discussion

Both p diolysis and photot are ini-
tiated by a modification of (at Ieasl) a smgle tryptophan

how P ideas have to be moduhed and suppl.-
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 bc OH or a sec-
ondary radical produced by OH. such as Cl3) and a
radical R2 (presumed to be HQ,) at a ‘single’ tryptophan
residue of a gramicidin A:
A+RI— A’ [e3)

A'+R2-B 3y
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The species A, A" and B represent nonconducting
granucndm dimers (or monomers, see below), which
may to t s AA by

K
A+A=AA )

Eqn. 4 has been proposed to proceed ziso 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 species
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,
radicals for channel inactivation. Eqns. 2 and 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 i ion curves at a i irradia-
tion of the membrane at constant dose rate. The pro-
nounced shoulder il d in Fig. 2 di if (by

ddition of a ger) the of one of the
two lypes of radicals becomes rate hmumg [4].
ivation curves are obtained under these

condmons indicative of a one-hit phenomenon. If in-
activation required an attack of water radicals at two
(or more) loci, shoulder curves would also be cbserved
in the p of C ly, analysis of
macuvauon 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 depend of the i 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 rep a idi
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*'"1* (and also for GN®'* and GN'1%).
This indicates that the modification of more than two

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

e P may be d, however,
ing the well d d 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
macromolecule 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
mamvauon) Starung from radlcal—mduced changes at
tryp lar radical transforma-
uons, such as <lectron transfer, are well established in
numerous peptides [13].

According to the hehca] structure proposed by Urry
[S], the tr; ph in icidin 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
radwal attack This is supported by the largely identical

behavi of the 1 GN 15 and
GN'3_ with two tryptopk idues in p 9
and 15 and in p 11 and 13, respectively. The
close sequential and spatial ar 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 ®)

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
tryptor per di

We now turn to question (a) and we try to analyze
state 1, ie., 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), [ is determined by the conductance of
the unmodified (pure) lipid bilayer. For N < 2, however,
1, is clearly different from the basic conductance of the
pure lipid bilayer, ne l1 is determined by channels
formed by radiol idin. Tt contrary to
normal GA, the nature of the radiolyzed channels of the
analogues GN"‘""S, GN®' and GN'*3 can be studied.

The membrane conductance, A, is determined by the
product of the singl&channel conductance, A, and of
the number of channels, N,, in the open state:

A=AN, ©



values of the

For GN*113 (GN“s) lhe rauo A(O)/A(l) 0f the mean

3m

proceeds via one or several states of reduced channel

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 ananogues were mcorporated in mem<
branes formed from diphy

The ratio A(0)/A(1) of the macroscoplc membrane
conductances in the presence of GN%'!*_ on the other
hand, corresponds to about 2-20 depcnding on the lipid
environment of the channel (see Figs. 3 and 4). In the
case of the analogue GN*'° 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 N, of open channels.

The di ion inside the b
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, 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 ch ls must be responsible for the d of

as was by single-ch: 1 experi-
ments [1]. The present study has shown that the shift to
Iower conductance values of pamally photolyzed
idin and the cc dening of the dis-
tribution of single-channel ampliwdes is observed also
for GN*''* ... in the presence of only one tryptophan
residue per monomer (Fig. 6B). Though radiolyzed
GN*' shows a siinilar behavicur (Fig. 7). the two
phenomena differ at least in one important aspect:
While Fig. 7 shows the >in°le—channel distribution after
ion to tne radiolyzed state 1 observed
at a ‘saturating’ radiation dose, Fig. 6B illustrates a
transient state of partially photolyzed GN*'"'>_ 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 of only one
tryptophan residue per . since a qualitatively
similar behaviour was found for GN*'"'5 and GA.
Further 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-

N,, 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, @, on the lipid
environment of the channels (cf. 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 decreasmg number,

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 pholo-
lyzed icidin, the litude of the single-ch
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

/o> Of open 1 wuh g ion dose is in photolytic inactivation described by Eqn. 1 does not

to our p pti of an identical depend on the number of tryptophans per monomer. It
equilibrium K of icidi ion for may be interesting to note in this context that the decay
the species A and B (cf. Eqn. 4). It was found of the tryptophan fl ing photoly-
that this assumption is of minor importance for the sis of di- or tripepti in lution was also

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

found to obey Eqn. 1 [14]. ln 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 prooerty 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 II).
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The differences observed in the mechanisms of radio-
Iytic ard photolytic channel i mirror the
different nature of the inactivation process. While pho-
tolysis is a direct radiation effect initiated by light
absorpticn of the target group, radiolysis of gramicidin
channels is based on the radiation chemistry induced by
water racucals The iadividual molecular stcps of the

including the detailed nature of
d, are so far un-

the chemical products finally p
known.

(3) Consequences for the channel structure
The single-channel fluctuations observed in the pres-

ence of idin A are fi ly explained on the
basis of the istical fl; i accompanying a
monomer-dimer equilibrium:

M+M=D )

where D is believed to represent the open channel.
Indeed, evidence fron: different experimental ap-
proaches, such as the concentration depzndence 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 supported 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 teraperature-jump and voltage-jump
experiments, the kmetlcs of channel formation was
shown to rep a governed
by at least two different rclaxauon times. Since the
relaration behaviour was found to be largely identical

for normal icidin A and for chemically dimerized
malonyl-bis(desformylgramicidin), an aggregate of two
paraliel dimers was suggssted to rep the 1]

gramicidin to self-associate may even strongly influence
the structure of lipid b the

ture of phase transitions o1 triggering the transition of 2
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 ttroughout
conductance mcasurcments. The process of formation
of a supramolecular structure will, however, extend over
many orders of Ge in the ion, 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*'* and GN®"¥ 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.» dimer h h The radical-i
duced modification of a Trp-resndue 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 aggregational model of channel open-
ing, on the other hand, is based on dimer-dimer interac-
tions for which Trp-Trp contacts have been suggesied to
be of great relevance (see above). Thus, the radiation
induced reduction of the rate of channel formation (| e.
the d of the aggreg; rate) b

There is a further argument supporting the idea that
aggregation of dimers is imrortant for the channel
opening. It is based on a comparison of the UV-sensitiv-

unit of the open channel. The dimerization process
mentioned above (Eqn. 7) was interpreted as an associa-

ity of gr and of sodium channels of
excnable membranes. Studies by different authors
[27 31] have shown, that sodnum channels of different

tion of two nonconducting dimers D to a T
(compare Eqn. 4). Aggregate formauon was suggested
to be jed by the op of the aq

channel inside one or both of the dimers.
The possibility of aggregate formation by dimer-
dimer interactions was first discussed by Urry [6]. Based
on conformational studies, aggregate formation (up to
the formation of a supramolecular structure of parallel
rows of aggregates of icidi: dlmers) was p
to be due to tryptop of
neighbouring dimers. Expenmentally, aggregation was
observed by different methods: Fluorescence quenchmg

may be p d. Conti et
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 fmm squid axon [31]. The numbers
refer to the i yata length of
280 nm. y is defined through Eqn. 8:

due to Trp-Trp mteracuons [)3]. dlelecmc 1
studies of lysoph icidi

channels [24], and electron mncroscoplc studies of
gramicidin A incorporated into dispersions of lysophos-
phatidylcholine [25]. It was found that the tendency of

1(1)/1(0) = exp( - vi, 1) ®

1(1), it current at time #; i, radiant intensity:
(GA} =0.028 cm* - mW ™' - 57" [1},(SC) = 1.52- 107
em?-mW™'-571 [29],

(SC)=1.22-10"3 cm? - mW . 57! {31] (SC, sodium
channel).



In the case of idin A Eqn. 8
proximation (see Eqn. 1).

Two effects may contribute to explam (he different
UV-sensitivity of sodium and grami Is: A

P an ap-
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fore, the data do not allow the prediction of the associ-
ation behaviour of the species B.

Ack Tod,

different number of tryplophan residues per channel
and a different quantum efficiency of the photochem-
ical effect. If the latter 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 argument, repeatedly used in the litera-
ture, is in i with the aggr ional

We arc obliged to Dr. A. Henglein for giving us the
opportunity to use the facilities of the Hahn-Meitner-
Institut. We thank Dr. Y. Trudelle, Centre de Bio-
physique Moléculaire, CN RS Orléans for providing us
with ples of the g gt GT and
GT(Bzl). The performance of the single-channel mea-

model, it does not, however, represent a definite de-
termination of the size of the aggregate. This would
require a measurement of the quantum efficiency, as
was performed at the photolysis of the amino acid
tr han and ds [32,33].

Appendix

The infl of gr aggreg

matical form of inactivation curves
The time dependences, (), of the electric current

foll d radiolysis may

on the mathe-

ing pulse radio} or
be expressed by

= [enpi— —exp(- oy —22___\|"
o/, [exp( BDY+(1-exp( BD))(Y/D*-I—exP(—I?r))]
a1

and
22 = ¢ A2
10/1= | GG ent-an - 0] 4

For a derivation of Eqns. A-1 and A-2, including the
definition of the symbols, see Ref 4. Both equations
were obtained under the condi lined in DISC\.IS<
sion, i.e., the same iation beh for
the species A, A" and B (cf. Eqn. 4). =2 is found in
this case.

The experi with the ! GN>II15 have
shown, h , that the iati dency of the
species B is iderably smaller pared to that of

the species A. In the following we neglect the associ-
ation of B. By using the same procedure as in Ref. 4,
one finds that for two limiting cases Eqns. A-1 and A-2
are still valid, however, with a different value for the
parameter £ in one of the two cases. If the number, N4,
of dimers A is considerably larger than the number,
Nja, of tetramers AA (ie., Ny > N,,), 2=2 is again
found For NM>NA, on the other hand, 2=1 is
b d. The 1 data p d in Ref. 4
may be descnbed setting 2=2 or =1, with only
minor changes of the other parameters required. There-

has greatly profited from the expert advice of
Dr. H.-J. Apell. Universitit Konstanz. We thank Dr. R.
Clarke for carefully reading the manuscript. The study
was supported by the Ministerium fiir Wissenschaft und
Kunst Baden-Wiirttemberg and by the Deutsche For-
schungsgemeinschaft (Az. Sta 236/2).

References

1 Busath, D.D. and Waldbitlig, R.C. (1983) Biochim. Biophys. Acta
736, 28-38.

2 Jones. D., Hayon. E. and Busath, D. - 1986) Biochir. Bicphys.
Acta 861, 62--66.

3 Stark. G.. Striissle. M. and Wilhelm, M. (1984) Biochim. Bicphys.
Acta 775, 265-268.

4 Striisste, M.. Stark. G. and Wilhelm, M. (1987) Int. J. Radiat. Biol.
51, 265-286.

$ Urry. D.W. (1971) Proc. Natl. Acad. Sci. USA 68, 672-676.

6 Urry. D.W. (1972) Proc. Natl. Acad. Sci. USA 69. 1610-1614.

7 Trudelle, Y. and Heitz, F. (1987) Int. J. Pept. Protein Res. 30,
163-169.

8 Ranjalahy-Rasoloarijae, L., Lazaro, R., Daumas, P. and Heitz, F.
(1988) int. J. Pept. Protein Res., in press.

9 Heitz, F., Spach, G. and Trudelle, Y. (1982) Biophys. J. 39, 87-89.

10 Stark. G., Striissle. M. and Takacz, Z. (1986) J. Membr. Biol. 89,
23-37.

11 Peter. G. and Rajewsky, B. (1963) Z. Naturforsch. 18b. 110-114.

12 Dertinger. H. and Jung, H. (1970) Molecular Radiation Biology.
Springer, New York-Heidelberg-Berlin.

13 Pritz, W.A., Siebert, F.. Butler, J.. Land, EJ.. Menez, A. and
Montenay-Garastier, T. (1982) Biochim. Biophys. Acta 705,
139-145.

14 Tassin, J.D. and Borkman. R.F. (1980) Photccihem. Photobiol. 32,
577-585.

15 Tosteson. D.C.. Andreoli, T.E.. Tiefenberg. M. and Cock, P.
(1968) J. Gen. Physiol. 51. 3735-384S.

16 Apell, H.-).. Bamberg. E.. Alpes H. and Liuger, P. (1977) J.
Membr. Biol. 31, 171-188.

17 Veatch, W.R.. Mathies, R.. Eisenberg, M. and Stryer, L. (1975) J.
Mol. Biol. 99, 75-92.

18 Bamberg. E. and Liuger, P. (1973) J. Membr. Biol. 11, 177-194,

19 Zingsheim. H.P. and Neher, E. (1974) Biophys. Chem. 2, 197-207.

20 Kolb, H.-A., Liuger, P. and Bamberg, E. (1975) J. Membr. Biol.
20, 133-154.

21 Veatch, W.R. and Stryer. L. (1977) J. Mol. Biol. 113, 89-102.

22 Magzet, J.L., Andersen, O.S. and Koeppe, R.E. (1984) Biophys. J.
45, 263-276.

23 Cavatorta, P., Spisni. A.. Casali. E., Lindner, L., Masotti, L. and
Urry, D.W. (1982) Biochim. Biophys. Acta 639, 113-120.

24 Henze, R., Neher, E., Trapane. T.L. and Urry. D.W. (1982) J.
Membr. Biol. 64, 233-239.

25 Spisni, A.. Pasquali-Ronchetti, I., Casali, E., Lindner, L.. Cava-




314

torta, P.. Masotti, L. and Urry, D.W. (1983) Biochim. Biophys.
Acta 732, 58-68.

26 Killian, J.A. and De Kruijff, B. (1986) Chem. Phys. Lipids 40,
259-284.

27 Fox. J.M (1974) Pfiigers Arch. 351, 287-301.

28 Oxford, G.S.and Pooler. J.P. (1975) J. Membr. Biol. 20, 13-30.

29 Fox. JM.. Neumcke. B., Nonner, W. and Stampfli, R. (1976)
Pfliigers Arch. 364, 143-145.

30 Schwarz, W. and Fox, J.M. (1977) . Membr. Biol. 36, 297-310.

31 Conti, F., Cantu, A.M. and Duclohier, H. (1988) Eur. Biophys. J.
16, 73-81.

32 Vladimirov, Yu.A., Roshchupkin, D.I. and Fesenko, E.E. (1970)
Photochem. Photobiol. 11, 227-246.

33 Creed. D. (1984) Photochem. Photobiol. 39, 537-562.



