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Tryptophan photolysis is responsible for gramicidin-channel inactivation
by ultraviolet light
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The decay of gramicidin fluorescence resulting from ultraviolet exposure was compared to the decay of
conductance from gramicidin-containing planar bilayer membranes under the same conditions of illumina-
tion. The decay rate was the same for both processes. The fluorescence decay was identical whether
gramicidin was dissolved in methanol or incorporated into lipid vesicles, indicating that the peptide
conformation does not affect the sensitivity of gramicidin to photolysis. The correlation of fluorescence
decay and conductance decay imply that conductance loss from gramicidin-doped membranes illuminated
with ultraviolet light is due to photochemical modifications of the channel tryptophans rather than simply to

disturbance of the conformation of gramicidin channels.

Introduction

Many protein functions are inactivated by ex-
posure to ultraviolet light. Among these are the
sodium channels responsible for inducing excita-
bility in nerve and muscle [1-3]. Busath and
Waldbillig [4] have found that gramicidin chan-
nels, small peptide channels formed in lipid bi-
layers [5], are also sensitive to ultraviolet light.
Like sodium channels, gramicidin channels are
most sensitive to 280 nm ultraviolet light, the peak
tryptophan absorption wavelength. Also like sodi-
um channels, gramicidin channels inactivate ex-
ponentially with fluence. Gramicidin was found to
have a high sensitivity coefficient (y = 0.028 cm’/
mW per s [4]) compared to sodium channels (y =
0.0015 cm’/mW per s [1]). The high sensitivity
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could occur because channels formed by dimers of

gramicidin D contain six to eight tryptophans

each. (Gramicidin D is a composite of gramicidins

A (72%), B (9%) and C (19%) [6]. Gramicidin A
1

has the structure: HCO-LVal - Gly - LAla - DLeu -

LAla - DVal - LVal - pVal - LTrp - pLeu - LTrp -
15

pLeu - LTrp - pLeu - LTrp-NHCH,CH,OH. B

and C are pentadecapeptides like A except that
Trp-11 in A is replaced with Tyr-11 or Phe-11,
respectively.)

It is desirable to correlate the rate of loss of
peptide function with that of tryptophan integrity.
This allows one to determine whether channel
photoinactivation is due to chemical modification
of the tryptophans or to some other process such
as disruption of the peptide sequence or the
peptide conformation, or some other amino acid.
Busath and Waldbillig [4] reported a preliminary
experiment where they monitored tryptophan in-
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tegrity using its absorbance at 280 nm. However,
this method is problematic because the products
of gramicidin photooxidation absorb significantly
in the same wavelength region, making the de-
termination of tryptophan absorption difficult. We
report here that gramicidin fluorescence, like
gramicidin-induced membrane conductance, de-
clines monotonically during ultraviolet photolysis.
A preliminary report of this work has appeared

[6].
Materials and Methods

Vesicles were prepared by co-solubilizing gram-
icidin D (ICN Nutritional Pharmaceuticals, Cleve-
land, OH) and dimyristoylphosphatidylcholine
(Avanti Polar-Lipids Inc., Birmingham, AL) in
methanol (HPLC grade, Fischer) and then gently
evaporating the solvent while stirring slowly. De-
ionized, filtered water (Barnstead Nanopure) was
then added to yield a final concentration of 0.1
mg/ml lipid and 0.01 mg/ml peptide. The solu-
tions were vortexed and then sonicated (30-60
min) until the ultraviolet absorption spectrum was
similar to those for the comparison samples of
gramicidin in methanol (also 0.01 mg/ml). Fluo-
rescence spectra were obtained using a Spex
fluorimeter.

For measurements of the gramicidin fluores-
cence loss, a cuvette containing a cubic sample (1
cm on each side) of dispersed gramicidin was
positioned in the unfiltered beam of a 150 W
xenon lamp (Photochemical Research Associates,
Oak Ridge, TN). Channel photolysis has been
shown to result primarily from 280 nm light [4].
We used unfiltered light from the xenon lamp to
maximize intensity. Using a small pinhole and a
photometer (United Detector) we found that the
intensity in the area of the beam exposing the
cuvette varied +25% from the mean. Some heat-
ing of the solutions (2-3 Cdeg) results from long
illuminations. Heating alone had no effect on the
absorbance or fluorescence spectra. In a typical
experiment, samples were illuminated for short
periods to partially photolyse them and then
transferred to the spectrophotometer for the mea-
surement of the fluorescence spectra within about
15 min. This procedure was then repeated for the
same sample until no gramicidin fluorescence
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could be detected. Photolysis from the spectropho-
tometer lamp during a spectrum scan was unde-
tectable: a second spectrum obtained after a typi-
cal scan showed no decrease in fluorescence.

For measurements of membrane conductance
loss, planar lipid bilayers were formed on the tip
of a polyethylene pipette (40 um diameter) using
monoolein (Nucheck Prep Inc., Elysian, MN) dis-
persed in n-hexadecane (50 mg/ml, Aldrich) as
described previously [4]. Gramicidin D (0.01
mg,/ml in methanol was added to the chamber in
2-ul aliquots and the membrane current due to a
100 mV applied potential was sampled continu-
ously with the analog-to-digital converter of a
Masscomp computer. The membrane was il-
luminated for photolysis using the same lamp and
under the same conditions as the cuvettes de-
scribed above. The bilayer was placed in an area
of the beam which was found using the pinhole
mentioned above to have the average light inten-
sity. The membrane conductance decay was mea-
sured during both continuous and intermittent
exposures with similar results. All measurements
were made with solutions equilibrated with air at
room temperature.

Results

Figs. 1 and 2 show the progressive changes in
the fluorescence spectra after various ultraviolet
exposures for methanolic and vesicle-incorporated
gramicidin, respectively. At the lamp intensity
used, the tryptophan fluorescence peak disap-
peared irreversibly after 5 min of exposure. Both
vesicle and methanol solutions show a steady de-
cline of the 360 nm peak height and a concomitant
small increase in nonspecific fluorescence in the
350-450 nm range during photolysis. The small
broad-spectrum increase could be due to photo-
products. Scattering artifact peaks at 280 nm, 440
nm and 560 nm are not affected by the photolysis
process. Fig. 3 shows a plot of the exponential
decay in peak fluorescence versus the total lamp
exposure time for methanolic (a) and vesicle-
packed (b) gramicidin solutions from an experi-
ment similar to those shown in Figs. 1 and 2. Both
solutions show a minor fast component which
decays after 3 s of exposure and a slower exponen-
tial component which has a time constant of 12.5 s
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Fig. 1. The decline in fluorescence (arbitrary units) during
photolysis. Gramicidin D in methanol was exposed to broad-
spectrum ultraviolet light from a xenon lamp. Total exposure
times were: curve a, no exposure; b, 5s; ¢, 15s; d, 30 s; and ¢,
S min.

in both cases. In five experiments, the main-com-
ponent time constant averaged 13.5 s (+2.2 s,
S.D.) for photolysis of gramicidin dissolved in
methanol and 13.7 s (+1.3 5, S.D.) for vesicle-
packed gramicidin.

We compared the rate of loss of tryptophan
fluorescence to the rate of inactivation of
gramicidin channels assayed by the loss of current
across a planar bilayer under the same conditions
of illumination. Fig. 4 shows data from a photoly-
sis experiment done on a monoolein bilayer. Since
the current associated with a single channel is
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Fig. 2. The decline in fluorescence (arbitrary units) for
gramicidin in vesicles. Gramicidin D in DMPC vesicles was
exposed to ultraviolet illumination under the same conditions
as in Fig. 3. The total exposure times were: curve a, no
exposure; b, 5s; ¢, 15s; d, 30 s; e, S min.
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Fig. 3. Peak fluorescence decline (arbitrary units) vs. ultraviolet
exposure. Curve a is for a methanol preparation (like that in
Fig. 1), curve b for vesicles (like that in Fig. 2). Peak values
were obtained by subtracting a baseline value from the highest
fluorescence value in the 348-360 nm region. The dashed lines
are exponential functions with time constants of 12.5 s.

about 4.7 pA, the prephotolysis current level in
Fig. 4 represents approximately 2000 conducting
channels. Upon ultraviolet-exposure, the gramici-
din-induced membrane current undergoes a rapid
initial decline followed by a slower exponential
decline with a time constant of 12.5 s. In a group
of five conductance decay experiments done under
the same conditions of illumination, the main
(slower) component had a time constant which
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Fig. 4. The decay of conductance in a planar bilayer containing
gramicidin D during exposure to ultraviolet illumination. The
straight line represents an exponential function having a time
constant of 12.5 s.



TABLE I

THE CONDUCTANCE DECAY RATE AS A FUNCTION
OF MEMBRANE POTENTIAL

A monolein bilayer containing many gramicidin channels was
repeatedly exposed to short flashes of ultraviolet light while
being held at any of the four different membrane potentials
used in a random sequence. Each flash reduced the membrane
current by approx. 5%. The time constant of conductance
decay was calculated from the fractional decrese of conduc-
tance and the duration of the flash: == flash duration/
fractional conductance loss.

Ve (mv) 7 (8) S.D. n
20 123 20 3
50 11.3 21 3

100 11.4 0.8 3

175 11.6 - 1

averaged 13.1 s (+2.1 s, S.D.). Thus the ratio of
the main-component time constants for fluores-
cence loss for vesicle-packed gramicidin and con-
ductance loss in the planar bilayer is 1.04.

The experiments with vesicles were performed
in conditions that would yield no transmembrane
potential, whereas in the conductance decay ex-
periment we utilizied a membrano potential of 100
mV. We examined the effect of membrane poten-
tial on the conductance photolysis rate in planar
bilayers. The results for the main-component pho-
tolysis rate are given in Table I. The main-compo-
nent time constant is not affected to any degree by
membrane potential.

Discussion

The goal of this study was to determine whether
photolytic channel inactivation results from chem-
ical modification of the tryptophans or from non-
destructive peptide conformation changes. The de-
cay of gramicidin fluorescence during ultraviolet
photolysis follows a time course paraliel to that of
the decay of membrane conductance. The fluores-
cence decay is most likely related to chemical
modification of the tryptophan indole ring rather
than changes in peptide conformation alone.

The conformation assumed by the gramicidin
peptide depends on its solvent environment.
Several lines of evidence indicate that when
gramicidin is incorporated into vesicles the pre-
dominant structure is the left-handed 8% helix
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[7-9). Two monomers associate head-to-head, for-
ming a dimer [10] via hydrogen bonds at their
amino termini [11]. The peptide side-chains radiate
from the helix into the lipid. The channel through
the center of the helix should accomodate water
molecules and monovalent cations according to
various molecular calculations [12-17] and is the
presumed conductance pathway. In organic sol-
vents such as methanol, gramicidin assumes a
random-coil conformation when at low concentra-
tions and forms a family of double helices at high
concentrations [18-20]. We have compared the
absorbance and fluorescence characteristics of
gramicidin when in the channel conformation (in-
corporated into lipid bilayers) to those of the
random-coil conformation (dissolved in low con-
centration in methanol). The fluorescence in
vesicles was about 3-fold lower than in methanol
(compare traces a in Figs. 1 and 2), suggesting
that the channel conformation results in quench-
ing of some of the tryptophans. The fluorescence
loss follows the same time course whether the
peptide is in the ‘channel’ or ‘random-coil’ config-
uration (Fig. 3).

The small fast component of the decay of fluo-
rescence during illumination (Fig. 3) suggests that
the four gramicidin tryptophans might have differ-
ing sensitivities to ultraviolet [21]. Busath and
Waldbillig [4] found a similar fast component in
their studies of membrane conductance photolysis,
which we also confirm here (Fig. 4). Boni et al.
[22] report that tryptophans in vesicle-packed
gramicidin have differing sensitivities to N-bromo-
succinimide oxidation. From their study it appears
that the tryptophans which can fluorescence are
more sensitive to N-bromosuccinimide because
fluorescence decays faster than absorbance with
increasing N-bromosuccinimide treatment. It is
not unreasonable to suppose that some of
gramicidin’s tryptophans may also be more sensi-
tive to photolysis as well. For instance, it is possi-
ble that quenching of Trp-9 by Trp-15 (and vice
versa) also protects against the loss of the electron
which is thought to lead to tryptophan oxidation
[23].

Finally, we note that the exact connection be-
tween gramicidin tryptophan photolysis and gram-
icidin-channel photolysis needs further examina-
tion. While we have demonstrated that gramicidin
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fluorescence decays as rapidly as channel conduc-
tance and thus that tryptophan modification can
account for channel inactivation, we cannot de-
duce which of a channel’s six to eight tryptophans
is responsible for channel inactivation. If several
of the tryptophans could inactivate a channel, we
would have expected the conductance decay ratg
to exceed the fluorescence decay rate. This issue
may best be addressed by an examination of
gramicidin analogues containing only one chromo-
phore per channel.

Acknowledgements

We wish to thank S.E. Hussain and A. Miller
for technical assistance and Connie Voss for word
processing. The work was supported by NIH GM
33361, and a Biomedical Grant from N.I.LH. to
Queens College.

References

—_

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

2 Oxford, G. and Pooler, J. (1975) J. Membrane Biol. 20,
13-30

Stuhmer, W. and Almers, W. (1982) Proc. Natl. Acad. Sci.
USA 79, 946950

4 Busath, D.D. and Waldbillig, R.C. (1983) Biochim. Bio-
phys. Acta 736, 28-38

Andersen, O.S. (1984) Annu. Rev. Physiol. 46, 531-548

w

wn

6

7

8

=]

10
11
12
13
14

1

wn

16

17

18

19

20

21

22

23

Jones, D., Miller, A., Husain, S., Busath, D. and Hayon, E.
(1985) Biophys. J. 47, 431a

Urry, D.W., Goodall, M.C. Glickson, J.D. and Mayers,
D.F. (1971) Proc. Natl. Acad. Sci. USA 68, 1907-1911
Weisntein, S., Wallace, B.A., Morrow, J.S. and Veatch,
W.R. (1980) J. Mol. Biol. 143, 1-19

Urry, D.W., Walker, J.T. and Trapane, T.L. (1982) J.
Membrane Biol. 69, 225-231

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

Bamberg, E., Apell, H.-J. and Alpes, H. (1977) Proc. Natl.
Acad. Sci. USA 74, 2402-2406

Monoi, H. (1983) J. Theor. Biol. 102, 69-99

Lee, W.K. and Jordan, P.C. (1984) Biophys. J. 46, 805-820
Kim, K.S., Vercauteren, D.P., Welti, M., Chin, S. and
Clementi, E. (1985) Biophys. J. 47, 327-336

Etchebest, C. and Pullman, A. (1985) J. Biomol. Struct.
Dynamics 2, 859-870

Fischer, W. and Brickmann, J. (1983) Biophys. Chem. 18,
323-337

Mackey, D.H.J., Berens, P.H., Wilson, D.R. and Hagler,
A.T. (1984) Biophys. J. 46, 229-248

Veatch, W.R. and Blout, E.R. (1974) Biochemistry 13,
52575264

Ovchinnikov, Y.A. and Ivanov, V.T. (1983) in Conforma-
tion in Biology (Srinivasan, R. and Sarma, R.H., eds.), pp.
155-174, Adenine Press, New York

Wallace, B.A. (1983) Biopolymers 22, 397-407

Harm, W. (1980) Biological Effects of Ultraviolet Radi-
ation, Cambridge University Press, Cambridge

Boni, L.T.,, Connolly, AJ., and Kleinfeld, A.M. (1986)
Biophys. J. 49, 122-123

Amouyal, E., Bernas, A. and Grand, D. (1979) Photochem.
Photobiol. 29, 1071-1077



