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ABSTRACT: The tryptophans in the gramicidin channel play a crucial role in the organization and function
of the channel. The localization and dynamics of these tryptophans have been studied using fluorescence
spectroscopy, especially utilizing environment-induced effects on the rates of solvent relaxation around
these residues in membranes. When incorporated into model membranes of dioleoyl-sn-glycero-3-
phosphocholine (DOPC), the tryptophans in the gramicidin channel exhibit a red edge excitation shift
(REES) of 6 nm, In addition, fluorescence polarization shows both excitation and emission wavelength
dependence. Fluorescence lifetime analysis shows a biexponential decay, corresponding to a short- and a
long-lifetime component. The mean lifetime was found to be dependent on both excitation and emission
wavelengths. Analysis of time-resolved emission spectra (TRES) shows a heterogeneous environment for
the tryptophans consistent with the lifetime information. Taken together, these observations point out the
motional restriction experienced by the tryptophans in the gramicidin channel. This is consistent with other
studies in which such restrictions are thought to be imposed due to hydrogen bonding between the indole
rings of the tryptophans and the neighboring lipid carbonyls. The significance of such organization in terms
of functioning of the channel is brought out by the fact that substitution, photodamage, or chemical
modification of these tryptophans is known to give rise to channels with altered conformation and reduced
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conductivity.

Maintenance of appropriate ion balance inside and outside
a biological membrane is crucial for cellular integrity and
function. The concept of specificionic pathways in membranes
hasnow evolved to the point where selectivity can be addressed
in terms of the three-dimensional conformation of the primary
sequence of ion channel proteins (Guy, 1988; Andersen &
Koeppe, 1992). The elucidation of ion channel function could
thus be viewed as a more general problem in membrane
structural biology—that of modulation of the structure,
organization, and dynamics of the ion channel by its immediate
membrane milieu (Andersen et al., 1992).

Thelinear gramicidins are a family of prototypical channel-
formers and are extensively used to study organization,
dynamics, and function of membrane-spanning channels [for
reviews on gramicidin, see Andersen (1984), Cornell (1987),
Wallace (1990), Killian (1992), and Busath (1993)]. Dueto
their small size, ready availability, and the relative ease with
which chemical modifications can be performed, gramicidins
serve as excellent models for transmembrane channels.
Gramicidins are linear pentadecapeptide antibiotics with a
molecular weight of ~1900. They are produced by the
bacterium Bacillus brevis, and consist of alternating L- and
D-amino acids (Sarges & Witkop, 1965; Rinehartetal., 1977).
The natural mixture of gramicidins, often denoted as grami-
cidin A’ or gramicidin D, consists of ~85% of gramicidin A,
which has four tryptophan residues at positions 9, 11, 13, and
15. Gramicidin A’ is readily available commercially and is
fluorescent, due to the presence of the tryptophan residues.
It has one of the most hydrophobic sequences known (Segrest
& Feldmann, 1974), and has been widely used as a model
peptide for membrane-spanning regions of intrinsic membrane
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proteins (Chapman et al., 1977, Weidekamm et al., 1977,
Rice & Oldfield, 1979; Susi et al., 1979).

Gramicidin forms channels in lipid membranes which are
selective for monovalent cations (Hladky & Haydon, 1972;
Finkelstein & Andersen, 1981; Andersen, 1984). The peptide
dimerizes spontaneously in lipid bilayers to form single-file
cation channels. While the interior of the channel is thought
to be formed by the peptide backbone, the side chains project
outward and modulate the channel conductance.

The presence of alternating D- and L-amino acids in
gramicidin produces secondary structures not generally
encountered in the case of peptides and proteins which contain
only L-amino acids. Several structural models exist in the
literature for gramicidin incorporated into membranes (Urry,
1971; Urry et al., 1971; Ramachandran & Chandrasekaran,
1972; Veatch & Blout, 1974; Wallace, 1986). It is generally
believed (Urry et al., 1971; Wallace, 1990; Killian, 1992)
thatin its membrane-bound form, gramicidin exists as a head-
to-head (amino terminal-to-amino terminal) single-stranded
63-helical dimer, originally termed the 7 p helix, which is
stabilized by six hydrogen bonds and forms a continuous water-
filled channel. According tothis model, thereare 6.3 residues
per turn and a central hole about 4 A in diameter. The dimer
would be about 25-30 A in length, which approximates the
size necessary to span a lipid bilayer. The carboxy termini
insuch a conformation are exposed to the membrane surface,
while the amino termini are buried in the lipid bilayer.

Since the tryptophans in gramicidin are all localized near
its C-terminus (Feigenson et al., 1977; Haigh et al., 1979),
the preference for the B%-3-helical conformation in the
membrane environment has been suggested to be due to a
preferred orientation of the tryptophans near the lipid—water
interface. Thisissupported by several examples of membrane
proteins in which tryptophans have been found to be
preferentially localized in this region (Jacobs & White, 1989;
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Michel & Deisenhofer, 1990; Meers, 1990; Chattopadhyay
& McNamee, 1991; Weiss et al., 1991; Schiffer ez al., 1992).
This preferred localization of the tryptophan residues near
the lipid—water interface has been ascribed to the ability of
the tryptophan -NH groups to form hydrogen bonds with the
hydrogen bond acceptors near the lipid head groups, one of
the strongest candidates for such acceptors being the lipid
carbonyls (Ippolito ef al., 1990). Interfacial water molecules
present near the lipid head-group region also form a distinct
class of possible hydrogen bond acceptors. The proposition
that the tryptophan residues of membrane-bound gramicidin
channels are indeed hydrogen-bonded to the neighboring
hydrogen bond acceptors is further supported by the fact that
for the gramicidin chemical mutant in which all four
tryptophan residues are replaced by phenylalanines, which
are more hydrophobic and cannot act as hydrogen bond donors,
the peptide seems to preferentially adopt the alternate
antiparallel double-stranded helical dimer conformation (Bano
etal., 1992), and exhibits drastically reduced channel activity
(Becker et al., 1991; Fonseca et al., 1992). Also in line with
theabove observationsis the fact that a change in permeability
characteristics of the gramicidin channels occurs due to weaker
hydrogen bonding while ether lipids are used instead of ester
lipids (Meulendijks et al., 1989).

In this paper, we have utilized the phenomenon of red edge
excitation shift (REES)! in particular, and the relatively slow
rates of solvent dipole reorientation around the excited-state
tryptophans of gramicidin in general, in order to study the
organization and dynamics of the functionally important
tryptophan residues at the peptide-lipid interface in the
gramicidin channel. A shift in the wavelength of maximum
fluorescence emission toward higher wavelengths, caused by
a shift in the excitation wavelength toward the red edge of the
absorption band, is termed the red edge excitation shift
(REES). This effect is mostly observed with polar fluoro-
phores in motionally restricted media such as very viscous
solutions or condensed phases. The origin of the red edge
effect lies in the change in fluorophore—solvent interactions
in the ground and excited states, brought about by a change
in the dipole moment of the fluorophore upon excitation, and
therateat which solvent molecules reorient around the excited-
state fluorophore (Galley & Purkey, 1970; Demchenko, 1982,
1988; Lakowicz & Keating-Nakamoto, 1984; Chattopadhyay
& Mukherjee, 1993). We have recently shown that REES
serves as a powerful tool to monitor the organization and
dynamics of membrane-bound probes (Chatttopadhyay, 1991;
Chattopadhyay & Mukherjee, 1993; Chattopadhyay &
Rukmini, 1993).

Our present results confirm the restricted environment
experienced by the functionally important tryptophan residues
at the peptide-lipid interface of the gramicidin channel possibly
dueto hydrogen bonding interactions with neighboring groups.
Furthermore, our time-resolved fluorescence studies indicate
that the channel tryptophans can be grouped into at least two
classes experiencing very different microenvironments.

MATERIALS AND METHODS

DOPC was purchased from Avanti Polar Lipids (Birming-
ham, AL). Gramicidin A’ (from Bacillus brevis) and DMPC

! Abbreviations: DMPC, dimyristoyl-sn-glycero-3-phosphocholine;
DOPC, dioleoyl-sn-glycero-3-phosphocholine; NBD, 7-nitro-2,1,3-ben-
zoxadiazol-4-yl; NBD-PE, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)dipalmi-
toyl-sn-glycero-3-phosphoethanolamine; NMR, nuclear magnetic reso-
nance; REES, red edge excitation shift; SDS, sodium dodecy! sulfate;
TLC, thin-layer chromatography; TRES, time-resolved emission spectra;
ULV, unilamellar vesicle.
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were purchased from Sigma Chemical Co. (St. Louis, MO).
Gramicidin A’, as obtained, is a mixture of gramicidins A, B,
and C. Lipids were checked for purity by TLC on silica gel
plates in chloroform/methanol/water (65:35:5, v/v/v). DOPC
gaveonespot with a phosphate-sensitive spray and subsequent
charring (Dittmer & Lester, 1964). Lipid concentration was
determined by phosphate assay subsequent to total digestion
by perchloric acid (McClare, 1971). DMPC was used as a
standard to assess lipid digestion. Solvents used were of
spectroscopic grade. Water was purified through a Millipore
(Bedford, MA) Milli-Q system and used throughout.

Allexperiments were done using unilamellar vesicles (ULV)
of DOPC containing 1% (mol/mol) gramicidin A’. Ingeneral,
1280 nmol of DOPC in chloroform was mixed with 12.8 nmol
of gramicidin in methanol. A few drops of chloroform were
added and mixed well, and the samples were dried under a
stream of nitrogen while warming gently (~35 °C), After
further drying under a high vacuum for at least 3 h, 3 mL of
10 mM sodium phosphate/150 mM sodium chloride buffer,
pH 7.0~7.2, was added, and each sample was vortexed for 3
min to disperse the lipids. The lipid dispersions so obtained
were sonicated for 10 min (in bursts of 1 min, followed by
immediate cooling in ice) using a Branson B-30 sonifier. The
samples were then centrifuged at 15 000 rpm for 20 min to
remove titanium particles and incubated overnight at 65 °C
with continuous stirring in order to induce the channel
conformation (Lograsso et al., 1988; Killian et al., 1988).
Background samples were prepared the same way except that
gramicidin was omitted. All experiments were done with
multiple sets of samples. The spectral shifts obtained with
different sets of samples were identical in most cases. Inother
cases, the values were within £1 nm of the ones reported. All
experiments were done at 23 °C,

Steady-state fluorescence measurements were performed
with a Hitachi F-4010 steady-state spectrofluorometer using
1-cm path-length quartz cuvettes. Excitation and emission
slits with a nominal band-pass of 5 nm were used. Background
intensities of samples in which gramicidin was omitted were
subtracted from each sample spectrum to cancel out any
contribution due to the solvent Raman peak and other
scattering artifacts. Fluorescence polarization measurements
were performed using a Hitachi polarization accessory.
Polarization values were calculated from the equation (Chen
& Bowman, 1965):

- Iyy - Glyy (1)

Iyy + Glyy
where Ivy and Iyy are the measured fluorescence intensities
with the excitation polarizer vertically oriented and the
emission polarizer vertically and horizontally oriented, re-
spectively. G is the grating correction factor and is equal to
Iuv/Iyu.

Fluorescence lifetimes were calculated from time-resolved
fluorescence intensity decays using a Photon Technology
International (London, Western Ontario, Canada) LS-100
luminescence spectrophotometer operated in the time-cor-
related single photon counting mode. This machine uses a
thyratron-gated nanosecond flash lamp filled with nitrogen
as the plasma gas (15 £ 1 in. of mercury vacuum) and runs
at22-25kHz. Lamp profiles were measured at the excitation
wavelength using Ludox as the scatterer. To optimize the
signal to noise ratio, 10 000 photon counts were collected in
the peak channel. All experiments were performed using slits
with a nominal band-pass of 8 nm or less. The sample and
the scatterer were alternated after every 10% acquisition to
ensure compensation for shape and timing drifts occurring
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during the period of data collection. The data stored in a
multichannel analyzer were routinely transferred to an [BM
PC/AT computer for analysis. Intensity decay curves were
fitted as a sum of exponential terms:

F(f) = _a exp(t/7) )

!

where oy is a preexponential factor representing the fractional
contribution to the time-resolved decay of the component with
a lifetime 7;. The decay parameters were recovered using a
nonlinear least-squares iterative fitting procedure based on
the Marquardt algorithm (Bevington, 1969). The program
also includes statistical and plotting subroutine packages
(O’Connor & Phillips, 1984). The goodness of fit of a given
set of observed data and the chosen function was evaluated
by the reduced x?2 ratio, the weighted residuals (Lampert et
al., 1983), the autocorrelation function of the weighted
residuals (Grinvald & Steinberg, 1974), the runs test
(Hamburg, 1985), and the Durbin-Watson parameters
(Durbin & Watson, 1950). A fit was considered acceptable
when plots of the weighted residuals and the autocorrelation
function showed random deviation about zero with a x2 value
not more than 1.9, Mean (average) lifetimes, (r), for
biexponential decays of fluorescence were calculated from
the decay times and preexponential factors using the equation
(Lakowicz, 1983):

cxl‘rl2 + Clszz

(1) = 3)

oyTy 4+ a,T,

Fractional intensities corresponding to each lifetime com-
ponent were calculated using (Lakowicz, 1983)

Ty

Za,v-,.

i

fi= 4

In order to obtain the time-resolved emission spectra
(TRES), a series of fluorescence decays were acquired over
a range of emission wavelengths (310-350 nm), using a
constant excitation wavelengthof 297nm. Allthedecay curves
were then individually fitted as a sum of exponential terms
using the Marquardt algorithm as discussed above. The net
result of such an analysis was a set of deconvoluted intensity
decays at various emission wavelengths. This set of decon-
voluted decays was then used to reconstruct a pseudo-three-
dimensional TRES plot after renormalizing the intensities of
the individual curves to that of the integrated emission
intensity. This method has the advantage that convolution
distortion is avoided because each curve is individually
deconvoluted before the construction of the final TRES plot.
The final TRES plot has an emission wavelength axis in
nanometers, a time axis in nanoseconds, and a fluorescence
intensity axis (O’Connor & Phillips, 1984).

RESULTS

The shift in the maxima of fluorescence emission? of the
tryptophan residues of gramicidin A’ in DOPC vesicles as a
function of excitation wavelength is shown in Figure 1. As
the excitation wavelength is changed from 280 to 310 nm, the

2We have used the term maximum of fluorescence emission in a
somewhat wider sense here. In every case, we have monitored the
wavelength corresponding to maximum fluorescence intensity, as well as
the center of mass of the fluorescence emission. In most cases, both these
methods yielded the same wavelength. Incases where minor discrepancies
were found, the center of mass of emission has been reported as the
fluorescence maximum.
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Figure I: Effect of changing excitation wavelength on the wavelength
of maximum emission for gramicidin A’ in DOPC vesicles. Fluo-
rophore to lipid ratio was 1:100 (mol/mol). See Materials and
Methods for other details.

emission maximum is shifted from 331 to 337 nm, which
corresponds toa REES of 6 nm. Itis possible that there could
be further red shift when gramicidin is excited beyond 310
nm. We found it difficult to work in this wavelength range
because of the very low signal to noise ratio and artifacts due
to the Raman peak that remained even after background
subtraction. Observation of such a shift in the wavelength of
maximum emission with a change in the excitation wavelength
implies that the tryptophan residues of gramicidin channels
are in an environment where their mobility is considerably
reduced. Sincetheaveragelocationof the tryptophanresidues
of gramicidin channels is at the lipid—water interface (Killian,
1992), estimated to be ~14 A from the center of the bilayer
(Boni et al., 1986), such a result would directly imply that
this region of the membrane offers considerable restriction to
the reorientational motion of the solvent dipoles around the
excited-state fluorophore. This is in agreement with our
previous observation that the NBD group of NBD-PE, which
is located at a similar position in the DOPC bilayer (Chat-
topadhyay, 1990), also experiences a considerable restriction
to its mobility from the surrounding membrane environment
(Chattopadhyay & Mukherjee, 1993). Gramicidin A’ is a
multi-tryptophan peptide, and thus the red edge shift, in the
strictest sense, is only indicative of the average environment
experienced by the tryptophans.

In addition to the shift in the emission maximum on red
edge excitation, fluorescence polarization is also known to be
dependent on the excitation wavelength in viscous media
(Weber, 1960a,b; Valeur & Weber, 1977, 1978; Lakowicz,
1984; Chattopadhyay & Mukherjee, 1993; Chattopadhyay
& Rukmini, 1993). Due to strong dipolar interactions with
the surrounding solvent molecules, there is a decreased
rotational rate of the fluorophore in the relaxed state. Onred
edge excitation, a selective excitation of this subclass of
fluorophores occurs. Because of strong interactions with the
polar solvent molecules in the excited state, one may expect
these “solvent-relaxed” fluorophores to rotate more slowly,
thereby increasing the polarization (Lakowicz, 1984).

The excitation polarization spectra (i.e., a plot of steady-
state polarization vs excitation wavelength) of gramicidin A’
in model membranes of DOPC, and in methanol, are shown
in Figure 2. The polarization of gramicidin in methanol
remains essentially invariant over the range of excitation
wavelengths. On the other hand, polarizations in the
membrane change upon altering the excitation wavelength,
with a sharp increase occurring toward the red edge of the
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FIGURE 2: Fluorescence polarization of gramicidin A’ as a function
of excitation wavelength in methanol (O) and in DOPC vesicles (@®).
Polarization values were recorded at 331 nm. Fluorophore to lipid
ratio was 1:100 (mol/mol) in DOPC vesicles. Concentration of
gramicidin A’ in methanol was 4.3 uM. See Materials and Methods
for other details.

absorption band. Such an increase in polarization upon red
edge excitation for peptides and proteins containing tryp-
tophans as well as other aromatic fluorophores, especially in
media of reduced mobility such as propylene glycol at low
temperatures, has been reported before (Weber, 1960b; Valeur
& Weber, 1978). This reinforces our previous conclusion
that the tryptophan residues in gramicidin A’ are localized in
a motionally restricted region of the membrane.

It is known that tryptophan has two overlapping Sq — S,
electronic transitions (1L, and !Ly) which are almost per-
pendicular to each other (Weber, 1960a; Song & Kurtin, 1969;
Yamamoto & Tanaka, 1972; Eftink, 1991). Both So — 1L,
and So — !L,, transitions occur in the 260-300-nm range. In
nonpolar solvents, !L, has higher energy than 'L,. However,
in polar solvents, the energy level of 'L, is lowered, making
it the lowest energy state. This inversion is believed to occur
because the L, transition has a higher dipole moment (as it
isdirected through the ring —-NH group), and can have dipole—
dipole interactions with polar solvent molecules. Whether
1L, or 'Ly is the lowest S; state, equilibration between these
two states is believed to be very fast (of the order of 10-12s),
so that only emission from the lower S; state is observed
(Ruggiero et al., 1990). In a motionally restricted polar
environment, absorption at the red edge photoselects the lowest
energy S; (1L, in this case), and thus the polarization is high
since only depolarization due to small angular differences
between the absorption and emission transition moments and
solvent reorientation, if any, occurs. Excitation at the shorter
wavelengths, however, populates both !L, and 'L states.
Equilibration between these two states produces a depolar-
ization due to the approximately 90° angular difference
between !L, and 'Ly moments. Thus, near 290 nm, there is
a sharp dip in polarization due to maximal absorption by the
1L, state. Figure 2 shows such a characteristic dip around
290 nm in the excitation polarization spectrum of gramicidin
A’. Thus, the sharp increase in polarization toward the red
edge of the absorption band is probably because the extent of
depolarization in gramicidin is reduced at the red edge not
only due to a decreased rotational rate of the fluorophore in
the solvent-relaxed state but also due to photoselection of the
predominantly 'L, transition, which in turn reduces the
contribution to depolarization because of 'L, — 'L, equili-
bration.

The photoselection of the 'L, state toward the red edge
could also account for the rather sharp change in the emission

Mukherjee and Chattopadhyay

Table 1: Lifetimes of Tryptophans in Gramicidin Channels as a
Function of Excitation Wavelength4 ’

excitation
wavelength (nm) o 71(ns) A a; T72(ns)  f» x?
294 0.89 0.8 0.64 0.11 36 036 1.7
297 090 06 064 0.10 30 036 1.2
305 0.95 0.4 0.72 0.05 3.0 028 1.9
313 0.98 0.4 0.83 0.02 4.0 0.17 19
316 0.99 0.4 0.91 0.01 3.9 0.09 1.6

2 Emission wavelength 340 nm.

maximum with excitation wavelength for gramicidin A’ in
membranes, as is apparent from Figure 1. The excited-state
interactions with the solvent dipoles will be stronger for the
1L, state because of its higher dipole moment. This would
enhance the extent of red shift in the emission maximum at
higher excitation wavelengths.

As has been discussed earlier, the origin of the red edge
effect lies in differential extents of solvent reorientation around
the excited-state fluorophore, with each excitation wavelength
selectively exciting a different average population of fluoro-
phores. Since the fluorescence lifetime is known to be sensitive
to excited-state interactions, differential extents of solvent
relaxation around a given fluorophore could be expected to
giverise to a difference in its lifetime. Also, gramicidin being
a multi-tryptophan peptide, any steady-state fluorescence data
will represent a statistical average of the contributions from
individual tryptophans, and, hence, such steady-state infor-
mation is only indicative of the average environment expe-
rienced by the tryptophans. Although time-resolved fluo-
rescence studies do not always provide information regarding
each individual fluorescing species, they are sensitive enough
toresolve two or more different environments around the same
fluorophore.

Table 1 shows the lifetimes of the tryptophan residues of
gramicidin channels in DOPC vesicles as a function of
excitation wavelength, keeping the emission wavelength fixed
at 340 nm. As can be seen from Table 1, when gramicidin
A’ in DOPC vesicles is excited at 297 nm, the decay fits a
biexponential function, with the major lifetime component
(preexponential factor 0.90) having a very short lifetime of
0.6 ns and the minor component (preexponential factor 0.10)
having a relatively longer lifetime of 3.0 ns. The decay profile
with its biexponential fitting and the various statistical
parameters used to check the goodness of the fit are shown
in Figure 3.

When the excitation wavelength was gradually shifted from
294 to 316 nm, i.e., toward the red edge of the absorption
band, keeping the emission wavelength constant at 340 nm
(see Table 1), it was found that the individual lifetimes did
not change significantly. Interestingly, the preexponential
factor for the short-lifetime component as well as the fractional
intensity associated with it increased steadily, with a con-
comitant reduction in the above parameters for the relatively
long-lifetime component. The mean fluorescence lifetimes of
the tryptophan residues of gramicidin were calculated using
eq 3 and are plotted as a function of excitation wavelength
in Figure 4. Asshownin this figure, thereis a steady decrease
(~61%) in the mean lifetime with increasing excitation
wavelength from 294 to 316 nm. Such a marked shortening
of lifetime at the red edge of the absorption band is indicative
of slow solvent reorientation around the excited-state fluo-
rophore (Castelli & Forster, 1973; Valeur & Weber, 1978).
The emission wavelength was set at 340 nm in order to avoid
scattering artifacts at longer excitation wavelengths.

Table 2 shows the lifetimes of tryptophan residues of
gramicidin channels in DOPC vesicles as a function of the
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FIGURE 3: Time-resolved fluorescence intensity decay of gramicidin
A’in ULVs of DOPC. Excitation was at 297 nm, which corresponds
to a peak in the spectral output of the nitrogen lamp. Emission was
monitored at 340 nm. The sharp peak on the left is the lamp profile.
The relatively broad peak on the right is the decay profile, fitted to
a biexponential function. The two lower plots show the weighted
residuals and the autocorrelation function of the weighted residuals.
Fluorophore to lipid ratio was 1:100 (mol/mol). See Materials and
Methods for other details.
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FIGURE 4: Mean fluorescence lifetime of gramicidin A" in DOPC
vesicles as a function of excitation wavelength. Emission wavelength
was kept constant at 340 nm. Mean lifetimes were calculated from
Table 1 using eq 3. Fluorophore to lipid ratio was 1:100 (mol/mol).
See Materials and Methods for other details.

emission wavelength, keeping the excitation wavelength
constant at 297 nm. All decays corresponding to different
emission wavelengths could be fitted to biexponential functions.
As can be seen from the table, the tryptophan residues exhibit
twolifetimes at all the emission wavelengths studied, the major
component (preexponential factor ~0.9) having a lifetime of
0.5-1.6 ns and the minor component (preexponential factor
~0.1) having a lifetime of 2.6-8.8 ns. As the emission
wavelength is gradually shifted from 330t0 380 nm, i.e., toward
the red edge of the spectrum, the preexponential factors and
fractional intensities remain essentially the same, but both
lifetime components increase steadily with increasing emission

Table 2: Lifetimes of Tryptophans in Gramicidin Channels as a
Function of Emission Wavelength?

emission

wavelength (nm) o« 71 (ns) £ a; 7a(ns) fr X
330 0.93 0.5 072 0.07 2.6 028 1.6
340 090 06 064 0.10 3.0 036 1.2
350 0.89 0.9 0.68 0.11 34 032 1.8
360 0.94 1.3 0.80 0.06 52 020 14
370 0.95 1.4 0.81 0.05 6.2 0.19 138
380 0.96 1.6 0.81 0.04 8.8 019 1.5

b Excitation wavelength 297 nm.
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FIGURE 5: Mean fluorescence lifetime of gramicidin A’ in DOPC
vesicles as a function of emission wavelength. Excitation wavelength
used was 297 nm. Mean lifetimes were calculated from Table 2
using eq 3. All other conditions are as in Figure 4.

wavelength. The mean lifetimes, calculated using eq 3, are
plotted as a function of emission wavelength in Figure 5. The
mean lifetime increases by ~62% with increasing emission
wavelength from 330 to 380 nm. Such an observation has
been reported previously for fluorophores in environments of
restricted mobility (Easter et al., 1976; Lakowicz & Cherek,
1980; Matayoshi & Kleinfeld, 1981; Lakowicz et al., 1983).
Such increasing lifetimes across the emission spectrum may
be interpreted in terms of solvent reorientation around the
excited-state fluorophore as follows. Observation at the short
emission wavelengths selects for predominantly unrelaxed
fluorophores. Their lifetimes are shorter because this popula-
tion is decaying both at the rate of fluorescence emission at
the given excitation wavelength and by decay to longer
(unobserved) wavelengths. In contrast, observation at the
long-wavelength (red) edge of the emission selects for the
more relaxed fluorophores, which have spent enough time in
the excited state in order to allow increasingly larger extents
of solvent reorientation.

Such longer-lived fluorophores, which are also those which
emit at higher wavelengths, should, in principle, have more
time to rotate in the excited state, giving rise to lower
polarization. Figure 6 shows the variation in the steady-state
polarization of tryptophan residues of gramicidin in DOPC
vesicles and in methanol, as a function of wavelength across
its emission spectrum. As seen from the figure, while
polarization values do not show any significant variation over
the entire emission range in methanol, there is a considerable
decrease in polarization with increasing emission wavelength
in the case of membrane-bound gramicidin. The lowest
polarization is observed toward the red edge where the relaxed
emission predominates. Similar observations have previously
been reported for other membrane-bound fluorophores (Matay-
oshi & Kleinfeld, 1981; Lakowicz et al., 1983; Sommer et al.,
1990; Chattopadhyay & Mukherjee, 1993; Chattopadhyay
& Rukmini, 1993).
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FIGURE 6: Fluorescence polarization of gramicidin A’ as a function
of emission wavelength in methanol (O) and in DOPC vesicles (®).
The excitation wavelength was 280 nm. Fluorophore to lipid ratio
was 1:100 (mol/mol) in DOPC vesicles. Concentration of gramicidin
A’ in methanol was 4.3 uM. See Materials and Methods for other
details.

Figure 7 shows the time-resolved emission spectra (TRES)
of membrane-bound gramicidin channels at early and late
time points. Two distinct emission peaks were observed: one
around 320 nm and the other around 340 nm. Asis apparent
from the figure, the peak at 320 nm decays extremely fast,
corresponding to a very short lifetime. The long-wavelength
(340 nm) peak, on the other hand, decays much more slowly,
indicating that it has a relatively long lifetime. Figure 7a
shows a clear rise time for the 340-nm peak; i.e, the intensity
of the peak increases for a while after the lamp pulse, only
after which it starts decaying. Such a rise time for a time-
resolved fluorescence peak is clearly indicative of solvent dipole
reorientation around the excited-state fluorophores (Easter
et al., 1976; Lakowicz, 1983; Sommer et al., 1990).

DISCUSSION

Tryptophan residues in gramicidin channels are believed to
be crucial for maintaining the structure and function of the
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channel (Huet al.,1993). The importance of the tryptophans
has been demonstrated by the observation that the cation
conductivity of the channel decreases upon substitution of
oneor all of the tryptophan residues by phenylalanine, tyrosine,
or naphthylalanine (Bamberg et al., 1976; Heitz et al., 1982;
Prasad et al., 1983; Trudelle & Heitz, 1987; Daumas et al.,
1989; Becker et al., 1991; Fonseca et al., 1992), and also upon
ultraviolet irradiation or chemical modification of the tryp-
tophan rings (Busath & Waldbilling, 1983; Jones et al., 1986;
Strassle et al., 1989). In fact, it has been proposed that the
tryptophan dipoles facilitate ion entry into the gramicidin
channels by aligning with the lipid head group electric field
and producing a contrary field that reduces the surface
potential of the membrane, which under normal circumstances
inhibits ion entry into the bilayer (Busath, 1993).

As stated earlier, the preference for the @#53-helical
conformation of the gramicidin channel in the membrane
environment has been suggested to be due to a preferred
orientation of the tryptophans near the lipid—water interface.
This preferred localization, in turn, has been ascribed to the
ability of the tryptophan —NH groups to participate in
hydrogen bond formation with acceptors near the lipid head
groups, one of the strongest candidates for such acceptors
being the lipid carbonyls (O’Connell et al., 1990; Ippolito et
al., 1990; Becker et al., 1991; Scarlata, 1991; Killian, 1992).
Also, being localized at the membrane interface, hydrogen
bond formation with the surrounding interfacial water
molecules is a distinct possibility. Such hydrogen bonding
could play an important role in stabilizing the channel in the
lipid bilayer and in modulating the hydration of cations passing
through the channel. The role of hydration at the peptide—
lipid interface of gramicidin channels has recently been
addressed by Ho and Stubbs (1992). These authors point out
that in the case of membrane proteins, the level of hydration
at the protein-lipid interface could have modulatory effects
on the structure and function of the protein.

A close look at the 363 helix reveals that for any residue
in the primary sequence (residue i), the adjacent residue
(residue { + 1) and the seventh residue from it (residue i +
6) are close together in space. An interaction is therefore
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FIGURE 7: Time-resolved emission spectra (TRES) of gramicidin A’ in DOPC vesicles at (a) early time points and (b) late time points.
Excitation wavelength used was 297 nm. Thereduced x?ratio, the weighted residuals, and the autocorrelation function of the weighted residuals
were checked at each emission wavelength monitored. See text for other details.
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FIGURE 8: Schematic diagram of the membrane bilayer showing the orientation and location of gramicidin A. The molecular model of the
gramicidin channel is adapted from Wallace (1990). The coordinates of the gramicidin molecule, as determined by Roux and Karplus (1988),
are those obtained after energy minimization of the model proposed by Urry et al. (1971). The tryptophans (9 and 15) which could be involved
in aromatic-aromatic interaction are shown (see text). The middle line indicates the center of the bilayer.

possible between Trp-9 and Trp-15 due to their close proximity.
Data from fluorescence, circular dichroism, and solid-state
NMR spectroscopy suggest that tryptophans-9 and -15 could
be involved in a specific aromatic—aromatic interaction which
has been previously interpreted as a stacking interaction
(Cavatorta et al., 1982; Masotti et al., 1986; Wallace, 1986;
Scarlata, 1988, 1991; Ketchem et al., 1993). Interactions
among such closely spaced aromatic amino acids have
previously been implicated as a possible mechanism of protein
structure stabilization (Burley & Petsko, 1985).

Such interactions among the closely localized tryptophan
residues and the bulky nature of their side chains, in addition
to their proposed hydrogen bonding with the lipid carbonyls
(or interfacial water), may be expected to reduce the
conformational flexibility and the range of motions of the side
chains. This is consistent with the reported correlation times
(~2 X 1077 5) of gramicidin tryptophans as determined by
deuterium nuclear magnetic resonance (Macdonald & Seelig,
1988). In this paper, we have shown that the tryptophan
environments in membrane-bound gramicidin channels are
indeed motionally restricted, as seen by a shift in the maximum
of fluorescence emission as a function of excitation wavelength
(REES), and also by a dependence of the fluorescence
polarization as well as lifetimes on both excitation and emission
wavelengths.

Further, our studies show that the fluorescence decays of
the tryptophan residues of membrane-bound gramicidin A’
exhibit a biexponential character at all the excitation and
emission wavelengths studied. One of these is a very short-
lifetime component (0.4-1.6 ns) with a relatively large
contribution to the total fluorescence (fractional intensity
~0.6-0.9), and the other is a longer lifetime component (2.6—
8.8 ns) with a smaller fractional intensity (~0.1-0.4). The
time-resolved emission spectra of membrane-bound gramicidin
A’ are consistent with these lifetime data. Two distinct
emission peaks are observed: one at ~320 nm and the other
at ~340 nm. Asis apparent from Figure 7, the peak at 320
nmdecays extremely fast; i.e., it has a very short lifetime. The
long-wavelength peak, on the other hand, decays much more
slowly; i.e., it has a relatively long lifetime.

The resolution of the emission maximum into two different
peaks on the time axis may have its origin either in the ground-
state heterogeneity or in an excited-state interaction (Badea
& Brand, 1979). Ground-state heterogeneity arising either

due to the presence of gramicidin in the bulk aqueous phase
or due to the presence of gramicidin monomers in the
membrane can be ruled out as follows. No contribution can
come from gramicidin monomer in water, because gramicidin,
being very hydrophobic, has extremely low solubility in aqueous
solutions (~5 X 10-7 M) (Kemp et al., 1972). Also, Veatch
etal. (1975) calculated the dimerization constant of gramicidin
A in DOPC black lipid membranes to be ~2 X 10!3 mol-!
cm?. This means that at the peptide concentration generally
employed for spectroscopic experiments in lipid vesicles, the
fraction of monomers is negligible. Inaddition, heterogeneity
because of minor components in gramicidin A’ (gramicidins
B and C) is eliminated since it has been reported that the
emission spectra and lifetimes of pure gramicidin A in model
membranes are identical with those obtained for the com-
mercially available gramicidin A’ samples (Camaleno-Delango
et al., 1990).

Since the two lifetimes obtained by us at all excitation and
emission wavelengths are drastically different from each other
and, also, two clear peaks are seen in the TRES plot, we are
tempted to conclude that the tryptophan residues of gramicidin
A’ are in two distinct environments in the membrane. We
propose that the short-lifetime component in the fluorescence
decays and also the fast-decaying TRES peak correspond to
an interacting tryptophan pair. This pair could be tryp-
tophans-9 and -15 because of their close proximity in a 863
helical configuration [as also suggested by Masotti et al.
(1986)]. The presence of suchan interacting tryptophan pair
(9 and 15) has previously been suggested from structural
studies of gramicidin channels in lipid bilayers using solid-
state NMR spectroscopy (Hu et al., 1993; Ketchem et al.,
1993). The longer wavelength (340 nm) TRES peak having
alonger lifetime, as well as the long-lifetime component in the
fluorescence decays, may therefore represent the average
environment experienced by the remaining two tryptophans,
namely, Trp-11and Trp-13. Sincethis component hasa longer
lifetime, the solvent dipolar relaxation can be clearly seen as
arise time for this peak; i.e., the intensity of this peak increases
for a while after the lamp pulse, only after which it starts
decaying. Such a rise time for a time-resolved fluorescence
peak strongly suggests slow solvent dipole reorientation around
the excited-state fluorophores (Easter et al., 1976; Lakowicz,
1983).
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The above interpretation of our time-resolved fluorescence
data is not in complete agreement with the model of the
gramicidin channel in SDS micelles derived from NMR
spectroscopy (Arseniev et al., 1986). However, the precise
configuration of the gramicidin channel in the micellar
environment may differ from that in the bilayer because of
(i) the intrinsic difference in the radius of curvature (the
micellar surface hasa much larger curvature than the bilayer)
and (ii) the important interfacial characteristics of the
phospholipid bilayer, which is crucial for the appropriate
orientation and localization of tryptophans in this region (as
discussed earlier) and is lacking in the SDS micelles. It is of
interest tonote here that although the short-lifetime component
has a high fractional intensity, its contribution to the steady-
state spectrum will still be very low because of its very fast
decay.

In conclusion, our studies suggest that the tryptophan
residues of gramicidin are present in motionally restricted
regions of the membrane and can be grouped into at least two
classes experiencing very different microenvironments. Ac-
cording to our interpretation, one of these classes could be
tryptophans-9 and -15, which are proposed to participate in
aromatic—aromatic interaction, and the other class could be
the average environment experienced by tryptophans-11 and
-13, which shows clear evidence of slow solvent reorientation
in the fluorescence time scale. Such evidence of motional
restriction experienced by the tryptophans in the membrane-
bound gramicidin channel, in addition to the evidence presented
for the slow rate of solvent dipole reorientation, is clearly
indicative of the localization of these tryptophans at the lipid—
water interface of the membrane (see Figure 8). This region
of the membrane is characterized by unique motional and
dielectric characteristics (Ashcroft et al., 1981; Stubbs et al.,
1985; Perochon et al., 1992; Slater et al., 1993) different
from the bulk aqueous phase and the more isotropic hydro-
carbon-like deeper regions of the membrane. This specific
region of the membrane is also known to participate in
intermolecular charge interactions (Yeagle, 1987) and hy-
drogen bonding through the polar head group (Boggs, 1987;
Shineral.,1991). Thesestructural features which siow down
the rate of solvent reorientation have previously been recog-
nized as typical features of solvents giving rise to significant
red edge effects (Itoh & Azumi, 1975).

In more general terms, our results also suggest that caution
should be exercised while interpreting emission characteristics
and fluorescence lifetimes of the tryptophan residues in proteins
and peptides. The excitation maxima of tryptophan and
tyrosine residues are very close (280 and 275 nm, respectively).
In order to selectively excite tryptophan residues, therefore,
proteins are often excited at 295 nm (red edge of the tryptophan
absorption band, having minimal interference from the tyrosine
excitation), instead of 280 nm, which is the mean excitation
wavelength for tryptophan (Teale, 1960; Longworth, 1971).
If all the tryptophan residues of the protein are well exposed
to the solvent, it is unlikely that the red edge effect will be
operative in fluid solutions. Insuch a case, excitation at 295
nm will not introduce any artifacts in either the emission
maximum or the lifetime of the tryptophan residues. However,
tryptophans in polar yet restricted environments (e.g., buried
or membrane-bound tryptophans having water or other amino
acid side chains or lipid carbonyl dipoles in its immediate
vicinity) may well be subject to this effect. Under such
conditions, excitation of the protein at 295 nm could introduce
a red shift in its emission maximum, as well as a reduction
in its mean lifetime, both of which may be incorrectly
interpreted as tryptophan residues being more exposed to the

Mukherjee and Chattopadhyay

bulk aqueous phase than they reallyare. Thus, it isimportant
to consider the choice of wavelengths in such experiments.
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